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These are the major points relevant to this study on which we would 
differ from Dr. Sorenson’s interpretation of our work. It is somewhat 
difficult to respond to some of his statements because no data is given to 
support the claims made. For example, Dr. Sorenson challenges the widely 
accepted use of a protein-binding dye and proposes in its place an 
“absorption-induced” hyperemia; no substantiating evidence is presented. 
He proposes a difference in the rate of absorption of the different copper- 
containing species, giving as evidence only an oleyl alcohol/water partition 
coefficient for copper aspirinate/aspirin”. He proposes both  formation 
and decomposition of copper complexes by sonibtion, again with no 
evidence given. Dr. Sorenson states that we neglected to report, in our 
survey of experiments, that he had pointed out in print’* that a Rainsford 
and Whitehouse paper was flawed by the use of an inappropriate 
suspending agent”. No supporting evidence was given. 


In cortclusion. this challenge of our results is not a legitimate one. We 
believe that under the experimental conditions employed, copper aspirinate 
does not appear to be less damaging than aspirin. Further work is in 
process on the mechanism and characteristics of the gastric mucosal 
damage inflicted by the copper complex of aspirin as well as that of aspirin 
in combination with copper. 


After consideration of Dr. Sorenson’s concerns, as well as a review of 
the literature, we believe that a more thorough comparison of models is 
warranted. West and c o - w ~ r k e r s ~ . ~  have compared mucosal damage from 
aspirin and copper aspirinate in the stress-induced, Shay. and drug- 
induced ulcer models. A study is planned to compare these with the 
unstressed model in which the ulcers or erosions are caused by the 
presentation of the drug under study. 


A. A Alichx 
College of St. Scholastica 
Department of Chemistry 
Duluth, M N  5581 1 


L. E .  Wittmers, Jr. 
School of Medicine 
University of Minnesota-Duluth 
Department of Physiology 
Duluth, MN 55812 
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*A. A. Alich. V. J. Welsh. and L. E. Wittmers. Jr.. 1. Pharm. Sci.. 7 2  1457 
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Pharmaceutical Company Data on Drugs in 
Breast Milk 


The World Health Organization Regional Office for Europe has 
recently established a Working Group to produce a monograph describing 
the present state of information about drug excretion in breast milk and 
the hazards, if any, to the suckling infant. The Group is currently 
reviewing published literature but is aware that other data may be 
maintained by drug companies in internal files. The Group would welcome 
the opportunity to evaluate such information with a view to including it in 
the monograph. Drug companies which have in their possession 
unpublished data on excretion of drugs in breast milk are asked to contact: 


P.N. Bennett, M D  FRCP 
School of Pharmacy and Pharmacology 
University of Bath 
Claverton Down 
Bath 
Avon BA2 IAY 
England 


In the article “Determination of Pantothenic Acid in Multivitamin Phar- 
maceutical Preparations by Reverse-Phase High-Performance Liquid 
Chromatography” ( I ) ,  the following should be noted: 


On page 114, Figures 1 and 2 were transposed. 
(1) T. J. Hudson and R. J. Allen, J .  Pharm. Sci. ,  73,  1 13 (1984). 


In the article “Diaspirins of Methylenecitric Acid” ( I ) ,  the following cor- 


On page 419, in the last line in Table I the compound name should read 
rection should,be made: 


[ Bis( 3,5-d;bromo-2-carboxyphenyl)fumarate]. 


( 1 )  S. E. Massil, G.-Y. Shi, and I .  M. Klotz, J. Pharm. Sci., 73,  418 
(1984). 


In the article “Physicochemical Model for Dose-Dependent Drug Ab- 


On page 1278, in the Appendix, the last line should read Ri = kJ,i X 


(1)  J. B. Dressman, D. Fleisher, and G. L. Amidon, J. Pharm. Sci., 73, 


sorption” ( I ) ,  the following correction should be made: 


CI Vl. 


I274 ( I  984). 
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Advances in Chromatography, Vol. 22. Edited by J. CALVIN GIDDINGS, 
ELI GRUSHKA, JACK CAZFS, and PHYLLIS R. BROWN. Marcel 
Dckker, 270 Madison Avenue, New York, NY 10016. 1983.344 pp. 15.5 
X 23.4 cm. Price $49.75. 
The latest volume maintains the high quality that chromatographers have 


come to expect from this invaluable series. Eleven authors present reviews of 
seven contemporary topical areas in  liquid chromatography. 


This volume is comprised of chapters dealing with HPLC and mass spec- 
trometry of neuropeptidcs, HPLC of amino acids, chromatographic resolution 
of racemates, H PLC of metal complexes, chromatography of carotcnoids and 
retinoids, HPLC of porphyrins. and small bore columns in liquid chroma- 
tography. Without exception. these reviews arc authored by individuals ac- 
tively working and publishing in their respective fields and all arc authoritative 
and well written. There is also reasonable uniformity of organization of the 
first six chapters, indicative of active editorial involvement i n  the final pub- 
lication. The final chapter focuses on the theoretical and practical application 
of a technology (small bore columns) rather than on a specificclass of com- 
pounds, and is also well written. albeit organized along different lines. 


Following a brief introduction, each chapter presents a critical rcvicw of 
the specific analytical problem using detailed examples. The summary sections, 
in  which the authors’ views toward the dircction that important developments 
will likely take, separates this treatment from a bland, noncritical review of 
a multitude of published articles. The chapters arc well referenced and gen- 
erally encompass the literature well into 1982, making this a reasonably up- 
to-date volume in  this rapidly changing field. 


Like previous volumes in this series, this book is more useful as a reference 
for scientists from many disciplines involved with separation problems than 
as a textbook in a specific graduate course. Because of its obvious emphasis 
on biologically important molecules (neuropeptides, amino acids, retinoids, 
and porphyrins), it is particularly recornmended to biochemists and clini- 
cal/analytical chemists involved with thcse separation problems. Its treatment, 
however, is sufficiently broad so that many other researchers who utilize 
HPLC should consider adding this to their personal libraries. 


Reoiewed by Jordan L. Cohen 
University of Southern Californiu 
School of Pharmacy 
Los Angeles, CA 90033 


Information Theoretic Indices for Characterization of Chemical Structures. 
By DANAIL BONCHEV. Research Studies Press. John Wiley & Sons, 
h e .  One Wiley Dr., Somerset, NJ 08873. 1983. 249 pp. 15.5 X 23.5 cm. 
Price $54.95 
This book is a presentation of information theory as i t  is applied to chemical 


structures. Regretably, the author devotes only eight pages to the basic 
Shannon equation-its meaning and broad implications in science. Much of 
the work presented in this book is based on Bonchev’s studies. Chapters 3 and 
4 deal with atomic and molecular information, respectively. Under the dis- 
cussion of molecules, the author briefly rcviews graph theory and some of the 
topological indices such as molecular connectivity. These arc not based upon 
probabilities, as is the Shannon equation, and so should not be classcd with 
indices based upon information theory. A large number of indices are reviewed 
i n  Chapter 4 based upon various attributes of molecular structure or their 
graphic representations. It is apparent that there is a rich potential herc for 
structure quantitation; however, practically no examples are presented where 
correlations with real physical properties arc achieved. Only 30 pages at  the 
end of the book are devoted to applications of any of the indices to chemical 
or biological problems. 


Much of the work presented in this book has yet to bear real fruit in terms 
of structure quantitation influencing physical or biological properties. Perhaps 
within a decade much will have been published using this approach in  QSAR 
studies and then this book may be regarded as a classic work. On that basis 
it is valuable to the scientist with a creative and pioneering spirit. I’m glad I’ve 
got a copy: 


Reoiewed by Lemont B. Kier 
Deportment of Medicinal Chemistry 
School of Pharmacy 
Virginia Commonwealth Unitiersity 
Richmond, VA 


The Clinical Research Process in the Pharmaceutical Industry. (Drugs and 
the Pharmaceutical Sciences, Vol. 19). Edited by GARY M. MATOREN. 
Marcel Dekker, Inc., 270 Madison Ave., New York NY 10016. 1984.549 
pp. 16 X 23.5 cm. Price $59.75. 
The first edition of this comprehensive reference covers all of the pertinent 


aspects of industrial pharmaceutical research and development. It represents 
a major step forward in the identification and description of the critical aspects 
of new drug development, which the book terms “pharmogenology.” 


The 27 chapters in this book have been written by a truly distinguished 
group of academicians, industrial scientists, and regulatory experts. Each 
chapter represents a step in the critical path through which each new drug 
must pass on its way towards an N.D.A. submission. In addition. there are 
a number of specialized chapters in this book dealing with critical aspects that 
form the background for the drug development process. In these chapters, the 
following topics are covered: Legal and Ethical Problems in Clinical Research; 
The Monitoring Process; Research Quality Assurance; The Role of Contract 
Research Organizations; The Impact of the Pharmaceutical Industry on 
Health Care; and Career Opportunities in  Industrial Clinical Research. 


The Clinical Research Process in the Pharmaceutical Industry is an in- 
dispensable reference for R&D managers in  the pharmaceutical industry. 
for clinical pharmacists in medical center hospitals, and for academicians and 
students in clinical research and drug regulatory affairs. 


Ketiiewed by Jack W. Keich 
Assistant Dean for  Research 


and Deoelopment 
Creighton Unioersity 
School of Pharmacy 
Omaha. NE 68178 


Drug Dosage and Administration-Modern Theory and Practice. By 
JOSEPH WARTAK. University Park Press, 300 North Charlcs Street, 
Baltimore, MD 21201. 1983. 173 pp. 18 X 26 cm. Pricc $32.50. 
This volume is authored by a research cardiologist from Canada who claims 


it is “intended for medical students and physicians.” The book is divided into 
five parts dealing with “Dosage of Drugs,“ “Drug Concentrations in Blood,” 
“Presentation of Drugs,” “Administration of Drugs,” and “Rational Use of 
Drugs.” Each part is further divided into five or more chapters. I n  addition, 
a slide rule is provided for dosage adjustment and calculations. The current 
volume appears to be closely related to another book, by the same author, 
entitled “Clinical Pharmacokinetics: A Modern Approach to Individualized 
Drug Therapy,” published by Praeger Scientific. 


Part I presents very basic information on drug dosage scales; concepts of 
minimal, maximal, and average doses; and individualimtion of drug dosage 
and dosage adjustment in children and in patients with renal impairment. Use 
of the slide rule is included in the illustrations. 


Part 11 deals with elementary pharmacokinetic principles presented in a 
manner that assumes that the reader is completely unfamiliar with any of these 
concepts. A few comments on the dose-response relationship are also included. 
Drug dosage forms including basic information on solid. semi-solid, liquid, 
long-acting, and sustained release dosage forms arc prescntcd in Part 111. 


Part I V  contains information on different modes of drug administration 
including enteral administration, intravcnous injection and infusion. pulmo- 
nary and local administration. and a few sentences on transdermal drug de- 
livery systems. Planning a treatment program. choice of drugs and thc outcome 
of drug treatment are discussed in Part V .  A bibliography of 5 2  references 
is presented at the end of the book. 


This book is a very superficial presentation of the many concepts embodied 
in  the disciplines of pharmacokinetics and biopharmacokinctics and their 
application to drug therapy. These concepts arc presented in such a simplistic 
fashion that the text can easily be read by a lay person. The book cannot be 
recommended for anyone other than the junior’medical student, nursing staff, 
or other paramedical personnel. It is of very limited value for the pharmacist, 
pharmacy student, academic physician, or pharmaceutical scientist. Its pur- 
chase, therefore, cannot be recommended. 


Reoiewed by lqbal Ramran 
School of Pharmacy 
Ikparrment of Pharmac~eurics 
State Unirersity of N e v  York ar Buffalo 
Buffalo. NY 14260 


1336 I Journal of Pharmaceutical Sciences 
Vol. 73, No. 9, September 1984 












4 a  ... 


l a  --. 


3 a  


F 
IV  


I 2 a  2 
Fpgw 4-Experimental dipole moments (values with arrows) and theoretical 
moments calculated for  each ring orientation for IV, V. and VI. 


steric hindrances between halogens in the 2a structure. Conversely, structures 
I b and 4b would have to be equally possible for VI, because the CI-F and 
the C2-X bonds are practically anti in each case. However, as steric hin- 
drances between the halogen bonded to C-2 and the phenyl ring are minimized 
in  position 1 b, the latter will be more stable. These results are in close agree- 
ment with I3C-NMR data (18). 
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Synthesis and Biological Evaluation of New 
2,3-Dihydrothiazole Derivatives for Antimicrobial, 
Antihypertensive, and Anticonvulsant Activities 
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Abstract 0 A novel series of 2-arylimino-2,3-dihydrothiazole derivatives, 
substituted in the 3-position with a 8-phenethyl moiety and the Cposition with 
substituted aryl functions, was synthesized as potential antimicrobial, anti- 
hypertensive and anticonvulsive agents. While no antimicrobial or significant 
antihypertensive activity was observed for the products, XII, XIII, and XXI 
displayed potent anticonvulsant activity. 


Keyphrases 0 2,3-Dihydrothiazole derivatives-synthesis antimicrobial, 
antihypertensive, and anticonvulsant properties 0 Antimicrobial activity- 
2.3-dihydrothiazole derivatives, antihypertensive and anticonvulsant prop- 
erties 


The synthesis and pharmacological properties of a variety 
of thioureas (1 -3), thiosemicarbazones (4-6), thiosemicar- 
bazides ( I ,  7, 8), thiazoles (2,6,7),  and thiadiazines (9) de- 
rived from various biologically active nuclei (I-5,8),  aromatic 
(6), and heterocyclic compounds (7, 9) have been recently 


described in connection with our studies on the structure- 
activity relationships of certain thio compounds. The high 
bactericidal activity displayed by some 3,4-diarylthiazolin- 
2-oxo-(3-substituted 4-oxoquinazolin-2-y1)hydrazones (7) 
prompted the investigation of a novel series of 2-arylimino- 
2,3-dihydrothiazoles (VIII-XXXIl1) which bear a structural 
similarity to such active thiazolines with respect to the sub- 
stituents in the 4-position. This paper reports the synthesis and 
evaluation of these materials for antimicrobial, antihyper- 
tensive, and anticonvulsant activities. 


RESULTS AND DISCUSSION 


Chemistry-The N-substituted N’-(2-phcnethyl)thiourea derivatives 
(11-VI I ) ,  Scheme I,  were synthesized (Table 1) by treating 2-phcncthylamine 
( I )  with the appropriate aryl- or aralkylisothiocyanate in  rcfluxing ethanol 
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Table I-Synthesized N,N'-Disubstituted Thiourea (11-V11) and CThiazoline Derivatives (VIII-XXXIII). and Their Anticonvulsant Activities ' 


Compound Yield, 90 


Anticonvulsant 
Activity, 9O 


Molecular Formula Protectionb 


I I  
I l l  
IV 
V 


VI 
VII 


V l l l  
IX 
X 


XI 
XI1 


X l l l  
XIV 


IV 
XVI 


XVl l  
XVl l l  


XIX xx 
XXI 


X X l l  
X X l l l  
X X l V  xxv 
XXVl 


82 
85 
79 
85 
80 
83 
84 
89 
87 
81 
86 
88 
88 
93 


I00 
82 
86 
85 
79 
93 
96 
95 
91 
94 
98 


118-120 
106-107' 
101-102 
124- 126 
135- I37 
130- I32 
166-1 67 
207-208 
230-23 1 
180-1 81 
226-227 
229-230 
230-23 1 
266-267 
209-210 
219-220 
240-241 
266-267 
204-205 
235-236 
266-267 
274-275 
233-234 


270-27 1 
269- 270 


C I  AH I a N S  - 
- 
- 
- 
- 
- 


+ I 3  
- 20 
+ I 2  
+53 
+9l  


+I62 
+25 
+ I 2  
+23 


+5  
+37 


+ I  
-17 
+94 
-22 
+24 


- 5  
+ I  
-8 


XXVl l  94 279-280 -5 
X X V l l l  92 269-270 C24H22BrCIN2S -15  


X X l X  I00 264-265 C23H I 9BrC12N2S + I 9  xxx 91 265-266 C ~ ~ H ~ O B T ~ N ~ S  +I7  
XXXI 98 267-268 C23 H I 9Br3N 2s +6 


X X X l l  94 275-276 C23H 19Br2N30zS +25 
X X X l l l  91 263-264 C24HzzBnNzS -7 


All compounds underwent elemental analyses for C and H. Compounds II VIII, XI,  XIV-XVI,  XXII,  XXIII. XXVII.  and X X I X - X X X I  were also analyzed for N; II. V. VIII, 
X. XIII. XV-XVII,  XX, XXI.  X X I I I - X X V ,  XXVIII,and X X X - X X X l l l  were analyzed forS;and IX, XIV. XXII, X X X I .  and X X X l l  were analyzed for Br. All values were within 
f0.490 of the theoretical values. Reported ( I  3) 
nip I I I "C. without confirmation of elemental analysis. 


Percentages of protection for diazepam ( 5  mg/kg po) and chlordiazepoxide (10 mg/kg po) were +I74 and +185, respectively. 
Associated with symptoms of toxicity. 


(10). The products were treated with either phenacyl bromideor the propcrly 
substituted phenacyl bromide in boiling ethanol to give the required 2.3- 
dihydrothiazole derivatives (VIII-XXXIII) as hydrobromide salts (sec Table 
1).  


Biological Screening' -Antimicrobial Acfic;ify-Using the serial dilution 
method in Mueller Hinton agar (6). VIII-XXXIII did not show antimicrobial 
effect against Escherichia coli NCTC 1041 8, Klebsiella aerogene A, Pseu- 


RN=C=S 
: O C H * c * N H C N H R  5 


. .  
C W Y O H  


I 


Performed in accordance with the protocol of the biological screening of the Che- 
motherapeutic Rcsearch Centre. Bcecham Pharmaceuticals, Brockham Park, Betch- 
worth. Surrey, RH3 7AJ. U.K. 


domonas aeroginosa NCTC 10662, Serrafia marcescens US32, Staphylo- 
coccus aureus Oxford, Candida albicans W97, and Bacleroides fragilis BC4, 
NCTC 8560, and 83. 


Anfihyperfensioe Acfioify-The 2-phenylimino-3-phenyl-4-phenyl-2,3- 
dihydrothiazole (XIII) caused a slight fall in blood pressure 6 h after ad- 
ministration of a doseof 100 mg/kg in spontaneously hypertensive rats. The 
2,3-dihydrothiazoles XI and X X  (at a dose of 5 mg/kg) and XXI (at a dose 
of 100 mg/kg), as the other selected examples of the series, did not exhibit 
antihypertensive activity. 


Anliconuulsanf Acfivify-The oral administration of VIII-XXXIII in doses 
of 100 mg/kg in mice 60 min prior to induction of convulsions by pentylene- 
tetrazo12 (8 mg/mL in saline), gave variable anticonvulsant activities ranging 
from +I62 to -22% protection (Table I). The 2,3-dihydrothiazoles XI11 and 
XXI were the most potent, causing +I62 and +94% protection, respectively. 
The +91% protection exhibited by XI1 was accompanied by symptoms of 
toxicity. 


Such results, as compared with those recently reported for the thiazoline- 
2-hqdrazonoquinazolones (7), are indicative of the effect of the bulky phen- 
ethyl group, which is a constant substituent, on the supression of the antimi- 
crobial activity of all products (12). The insignificant antihypertensive effect 
displayed by XI11 as well as the general lack of anticonvulsant activity, despite 
the observed potency of XII, XIII,  and XXI,  could not lead to reliable struc- 
ture-activity relationships in these 2,3-dihydrothiazoles. 


EXPERIMENTAL SECTION3 


N-Aryl-N'-(2-phenethyl)thiourea Derivatives (11-VH-A mixture of 2- 
phenethylamine ( I )  (1.2 g, 0.01 mol) and the appropriate aryl- or aralkyl- 
isothiocyanate (0.01 mol) in ethanol (20 mL) was heated at  reflux for I h. The 
mixture was concentrated under reduced pressure, and the material which 
separated on cooling was removed by filtration, washed with 10% HCI. dried, 
and recrystallized from ethanol. The yields and physical constants of the 
products (11-VII) are presented in Table I. IR (mineral oil) Y: 3370 and 


Metrazol; Sigma, U.K. 
All melting points are uncorrected. IR spectra were measured on a Beckman 4210 


IR Spectrophotometer. IH-NMR spectra werc measured on a Varian A-90, and mass 
spectra on a Finnigan 3200. 
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3250-3160 (NH), 1550-1525,1345,1320-1305, and 945-910cm-' (NCS 
I. 11, 111, and I V  amide bands, respectively) ( I  I ) ;  '11-NMR of I1  (CDCI3): 


C ~ H S C H ~ C H ~ - ) ,  4.41 (d, 2, J = 5 Hz, C6HsCH2-), 5.64 (s, distorted, I ,  
2-phcnethyl-NH, exchangeable), 6.07 (s, distorted, I ,  benzyl-NH. ex- 
changeable), and 7.13 ppm (m. 10, ArH). 


2-Arylimino-4-aryl-3-(2-phenethyl)-2,3-dihydrothiazole Hydrobromides 
(Vlll-XXXIIl)-A mixture of N-aryl-N'-(2-phenethyl)thioureas (11-VII) 
(0.001 mol) and phenacyl bromide or the appropriately substituted phenacyl 
bromide (0.001 1 mol) in absolute ethanol (10 mL) was heated at  reflux for 
4 h. Some of the products separated during the heating, while others crystal- 
lized after cooling the mixture. The products were removed by filtration, dried, 
and recrystallized from benzene containing a few drops of absolute ethanol. 
The yields and physical constants of the products (VIII-XXXIII) are  listed 
in Table I .  1R (mineral oil) Y: 2780-2670 (-NH) and 1610-1590 cm-' 


8 2.82 (t, 2, J = 7.5 Hz, C6HsCH2CH2-), 3.68 (9. 2, J = 7.5 Hz, 


(C-N); 'H-NMR of XXIIl (MQSO-d6): 8 2.41 (s, 3, CHj), 2.94 (t. 2, J 
= 7.5 Hz, C ~ H J C H ~ C H ~ - ) ,  4.46 (1. 2. J = 7.5 Hz, CsHsCH2CHz). 7.26 
(m, 10, ArH and C5-H of the thiazoline ring), 7.70 (d, 2, J = 9 Hz, ArH, 
mefa to nitro group), and 8.44 ppm (d, 2, J = 9 Hz, ArH, orrho to nitro 
group); 'H-NMR for XXVIII: 6 2.41 (s, 3, CH3), 2.87 (t, 2, J = 7.5 Hz, 


Cs-thiazoline proton), and 7.25 ppm (m, 13, ArH); IH-NMR for XXX: 6 2.8 1 


6.80 (s, I ,  C5-thiazoline proton), and 7.29 ppm (m, 14, ArH). MS, m/z (rel- 
ativeabundance 2) for XXIII: M'at 415(7), 312(22), 311(100), 310(20), 
134(19), 105(47), 104(22), 103(26), 91(49), and 89(28). For XXVIII: M' 
a t404andM + 2at406(8),302(36),301(22),300(l00),299(15), 149(27), 
148(51), 147(74), 134(27), 118(31), 115(28), 105(52), 104(21). 103(29), 
and91(48). ForXXX:M'a t435andM+ 2at437(0.9),332(57),331(17), 
330(50), 139(22), 135(31), 134(100), 105(41). 104(49), 103(32), 102(23), 
91(86). 90(24). 89(20),and 82(16). 


Antihypertensive Testing-Rats, maintained in an incubator (32-35'C) 
for 20-40 min, were restrained to measure systolic blood pressure and heart 
rate indirectly by the tail cuff method4. Each determination was the mean of 
at least six recordings. Groups of four animals were used, and measurements 
were made predose (time zero) 1, 2, 4, and 6 h after administration of the 
products, with occasional readings at  24 h. 


Anticonvulsant Testing-The compounds suspended in 1% methylcellulose 
were administered orally (1 mL/100 g) to CD-I male mice ( 1  8-25 g), 10 per 
group, 1 h before intravenous infusion of 8 mg/mL of pentylenetetrazol in 


CsH5CH*CH2-), 4.34 (t. 2, J = 7.5 Hz, C6HsCH2CH2-), 6.87 (s, I ,  


(t, 2, J = 7.5 HG C&IsCH2CHz-), 4.27 (t, 2, J = 7.5 HG C~HSCH~CHZ-) ,  


' W, W8005 B.P. recorder. 


Synthesis of N,N'-Disubstituted 


saline at a rate of 0.5 mL/min. The timcof infusion required to elicit a tonic 
extensor spasm was noted, and the dose of pentylenetetrazol administered was 
calculated. Thc results (Table I )  arc expressed as the percentage change 
compared with controls treated with vehicle only. Statistical significance was 
determined using the Student's t test. 
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Abstract 0 A simple method for obtaining the title compounds was found in 
the alkaline rearrangement of S-2-aminoethylisothiouronium salts, which 
were obtained from the condensation of thiourea or substituted thioureas with 
2-bromoethylamine hydrobromide. No activity was found for the substituted 
guanidines against P388 lymphocytic leukemia in mice, or as  Hz-receptor 
antagonists. 


Keypbrrses 0 N,N'-Disubstituted N"-2-(2-quinolinylmethylthio)ethyl- 
guanidines-anticancer activity, potential Hz-receptor antagonist 0 Anti- 
cancer agents-potential, N,N'-disubstituted N"-2-(2-quinolinylmethyl- 
thi0)ethylguanidines. H2-receptor antagonist activity 


A number of strongly basic compounds have shown appre- 
ciable anticancer activity. Bis(guanidines) and guanylhy- 
drazones are active in leukemia systems (1,2), and bis(guan- 


ylhydrazones) of anthracene-9,lO-dicarboxaldehydes (3) have 
a particularly broad spectrum of anticancer activity. Recently, 
synthesized bis(S-alkyl) (4), and S-alkyl cycloalkylamino ( 5 )  
derivatives of N-methylquinolinium dithioacetic acid showed 
reproducible activity against P388 lymphocytic leukemia in 
mice, the best activity being shown by one of the basic (mor- 
pholino) derivatives. It appeared that further increase in ba- 
sicity of this series was warranted. The basic side chain of the 
cimetidine molecule was selected for inclusion in the quino- 
line-2-methyl structure because of the reported cytostatic and 
immunosuppressive activities of some guanidine derivatives 
(6). Modification of the basicity by inclusion of electron-at- 
tracting or -releasing functions on the guanidine moiety was 
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Hypolipidemic Activity of Tetrakis-p-( trimethylamine- 
boranecarboxy1ato)-bis( trimet h ylamine-carboxyborane)- 
dicopper(I1) in Rodents and Its Effect on Lipid 
Metabolism 
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Abstract 0 A binuclear copper(l1) complex was shown to have potent hypo- 
lipidemic activity in rats and mice at low doses, i.e., 2.5-10 mg/kg/d. The 
agent moderately lowered liver ATP-dependent citratc lyase, acetyl CoA 
synthetase, and phosphatidate phosphohydrolasc activities in uivo. The ap- 
petite of the animal was reduced by drug treatment, and orally administered 
cholesterol absorption from the intestine was markedly lowered. Higher lipid 
levels were found in the chyme and the feces, indicating accelerated excretion 
of lipids by thc drug, probably uia the biliary route. Organs, e.g., livcr and 
small intestine, as well as serum lipoprotein levels, demonstrated lower lipid 
content after drug administration. Thus, this chemical class of agents may 
have potential as a hypolipidemic agent in humans. 


Keyphrases 0 Binuclear copper( I I )  complex-antihyperlipidcmic activity 
in rodents, effect on lipid metabolism 0 Antihyperlipidemic agents-binuclear 
copper(I1) complex, activity in rodents, effect on lipid metabolism 0 Cho- 
lesterol-antihyperlipidernic effect of binuclear copper( 11) complex 


Recently, a series of amine-cyanoboranes and amine-car- 
boxyboranes were observed to be hypolipidemic in mice be- 
tween 5 and 20 mg/kg ip ( I ) .  From in uitro studies of these 
series, the ability to lower serum cholesterol appeared to cor- 
relate positively with the inhibition of the liver regulatory 
enzyme 6-hydroxy-6-methyl glutaryl CoA (HMG CoA re- 
ductase) reductase activity, and the reduction of serum tri- 
glyceride was correlated with inhibition of fatty acid synthetase 
activity (1). Subsequently, a binuclear copper(I1) complex 
derived from trimethylamine-carboxyborane, uiz., tetrakis- 
p- (trimethylamine - boranecarboxylato) -bis( trimethylamine- 
carboxyborane)dicopper( 11) was synthesized, and its effects 
on lipid metabolism is reported. 


EXPERIMENTAL SECTION 


Preparation of Tetrakis-p-(trimethylamine-boranecarboxylato~bis(tri- 
methylamine-carboxyborane)dicopper(II)-Cupric chloride was purchased 
commercially'. Trirnethylamine-carboxyborane was prepared as described 
previously (2). Trimcthylamine-carboxyborane (1.8703 g, 15.9 mmol) was 
dissolved in I M NaOH ( I 6  mL) and water (20 mL). Dropwise addition of 
23 mL of a solution of CuC12.2H20 (1.36 g. 8 mmol) in water (40 mL) pro- 
duced a dark green solution which was allowed to stand overnight. Subsequent 
filtration through a fine-fritted funnel removed a greenish-brown sludge and 
left a dark-green filtrate, which was allowed to evaporate in the atmosphere. 
After 6 d, the solution evaporated, leaving many small green crystals in a clear 
liquor. These crystals were filtered and washed with chloroform (4OOC); no 
( C H ~ ) J N . B H ~ C O O H  crystals were evident. The green crystals were then 
splashed with a minimal amount of cold water to ensure removal of any trace 
of sodium chloride and dried in uacuo. The yield was 0.49 g (23%), mp 165OC 
(dcc.); IR: U B H ,  2350, Y C ~  1665 cm-I. 


Anal.-cak. for C24H6&jCU2N&*: c ,  34.95; H, 8.31; N,  10.19. Found: 
C,  35.00, H, 8.49; N, 10.15. The structure was determined by single-crystal 
X-ray analysis (3). 


Antihvwrlioidemic Screens in Normal Rodents-Compounds to be tested 
were sus&nd;d in 1% aqueous carboxymethylcellulose and administered to 
male C F I  mice (-25 g) intraperitoneally for 16 d or male Holtzman rats 
(-350 g) orally by an intubation needle for 14 d. On days 9 and 14 or 16, blood 
was obtained by tail vein bleeding, and the serum was separated by centrifu- 
gation for 3 min. The serum cholesterol levels were determined by a modifi- 
cation of the Liebermann-Burchard reaction (4). Serum triglyceride levels 
were determined with a commercial kit2 for a different group of animals bled 
on day I4 or 16. 


Testing in Induced Hyperlipidemic Mice-Male CFI mice (-25 g) were 
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Table I-Effects of the Binuclear Copper(I1) Complex on Serum Cholesterol and Triglyceride Levels of Male CFI Mice and Spragw-Dawley Rats’ 


Compound 


Mice Rats 
Serum Serum 


Serum Cholesterol Triglycerides Serum Cholesterol Triglycerides 
Day 9 Day 16 Day 16 Day 9 Day 16 Day 16 


~ ~~ ~~ 


Control ( 1 %  carboxymethylcellulose) 100 f 7b 100 f 6c 100 f 7d 100 f 6‘ 100 f 6/ 100 f 8 8  
Binuclear copper( 11) complex 


- - 2.5 mg/kg 61 f S h  62 f 6 h  50 f 6 h  - 
5.0 mg/kg 67 f 6 h  63 f S h  69 f 6 h  - 


20.0 mg/kg 52 f S h  53 f 4h - - 


- - 
10.0 mg/kg 71 f 6  63 f 5 h  47 f S h  63 f S h  65 f S h  36 f 4 h  


- - 


Expressed as percent of control (mean f SD); n = 6. Compound was administered intraperitoneally to mice and orally to rats. * I I8 mg%. 122 mg%. 137 m g I .  e 73 mg%. 
f78mg96.8 llOmg%.*p S O . 0 0 l .  


Table 11-Effects of Binuclear Copper(l1) Complex on l n  Vilro CFI Mouse Liver Enzyme Activitiess 


Liver Enzyme Activity, %of Control 
Enzyme Parameter Control 50 gm 100 firn 200 g m  


~ ~~~ ~~ 


Mitochondrial citrate cxchange 100 f 76 I05 f 6 104 f 6 103 f 7 
ATP-de ndent citrate lyase 100 f 6c 1 1 0 f 6  98 f 5 105 f 7 
Acetyl 8 A  synthetase 100 f 6d I04 f 5 87 f 4c 84 f 5f 


Cholesterol side-chain oxidation l 0 0 f  5 - 152 f 7f - 
Acetyl CoA carboxylase l 0 0 f 6 ‘  96 f 6 93 f 5 92 f 5 
Fatty acid synthetase 100 f 81 86 f 7 96 f 8 87 f 7 
sn-Glycerol-3-phosphate acyl transferase 100 7‘ 108 f 6 9 2 5 8  89 f 6 
Phosphatidate ohosDhohvdrolasc l 0 0 f 7 ‘  17 f 5f 63 f 6 1  35 f 3f 


HMG CoA reductase 100 f 9; 102 f 8 101 f 9  105 f 8 


~ ~ 


Expressed as mean f SD: n = 6. * 30.8% exchange of mitochondrial citrate. 30.5 rng of citrate hydrolyzed/g of wet tissue/20 min. 28.5 mg of acetyl CoA formed/g of wet 
6080 dpm of CO2 formed/g of wet tissue/I 8 h .  32,010 dpm/g of wet tissue/30 tissue/20 min. c p  5 0.005. f p  I 0.001. 384.900 dpm of cholesterol formed g of wet tissue/60 min. 


min. J 37,656 dpm/g of wet tissue/20 min. 537,800 dpm/g of wet tissuc/ZO min. ’ i6.7 p g  Pi/g of wet tissue/l5 min. 


placed on a commercial diet3 which contained butterfat (400 g), cellulose4 
(60 g), cholesterol (53 g), choline dihydrogen citrate (4  g), salt-mixture oil5 
(40 g), sodium cholate (20 g), sucrose (223 g), vitamin-free casein (200 g), 
and total vitamin supplement for IOd. After the cholesterol and triglyceride 
levels were assayed and observed to be elevated, the mice were administered 
test drugs at 10 mg/kg/d ip for an additional 12-d period. Serum cholesterol 
and triglyceride levels were measured after 12 d of drug administration. 


Toxicity Studies-Animals weights were obtained periodically during the 
experiments and expressed as  a percentage of the weight of the animal on day 
0. After dosing for 14 d with test drugs, selected organs were excised, trimmed 
of fat, and weighed. The organ weights were expressed as a percentage of the 
total body weight of the animal. Food consumption was assessed daily6. 


The acute toxicity (LD5o value) (5) was determined in male C F I  mice by 
administering test drugs intraperitoneally from 5 to 50 mg/kg as a singledose. 
The number of deaths recorded over 7 d in the group was determined for each 
dosage . 


Enzymatic Studies-/n uirro enzymatic studies were determined with 10% 
homogenates of male CFI mouse liver with 50-200 p M  of test drugs. /ti uioo 
enzymatic studies were determined with 10% homogenates of liver from male 
C F I  mice obtained after administering the agents for 16 d at a dose ranging 
from 2.5 to 20 mg/kg/d ip. The liver homogenates for bath in oifro and in oiuo 
studies were prepared in  0.25 M sucrose and 0.001 M EDTA. 


Acetyl CoA synthetase (6) and ATP-dependent citrate lyase (7) activities 
were determined spectrophotometrically at 540 nm a s  the hydroxyamate of 
acetyl CoA formed after 30 min at 37OC. Mitochondrial citrate exchange was 
determined by the procedure of Robinson e l  al. (8 ,9)  with sodium [I4C]bi- 
carbonate (41 mCi/mmol) incorporated into mitochondrial [I4C]citrate after 
isolating rat mitochondria (9000Xg for 10 min) from the homogenates. The 
exchanges of the [I4C]citrate were determined after incubating the mito- 
chondrial fraction, which was loaded with labeled citrate and test drugs, for 
10 min. The radioactivity was then measured in the mitochondrial and su- 
pernatant fractions in scintillation fluid’ and expressed as a percentage. 
Cholesterol side-chain oxidation was determined by the method of Kritchevsky 
and Tepper (10) using (26-14C]cholesterol (50 mCi/mmol) and mitochondria 
isolated from rat liver homogenates. After 18 h of incubation at  37OC with 
test drugs. the generated 14C02 was trapped in the center well in (2-12- 
@-1 .I ,3,3,-tetramethylbutylcresoxy)ethoxy]ethyl)dimethylbcnzylammonium 
hydroxide* and counted’. HMG CoA reductase activity was measured with 


Basal Atherogenic T&t Diet; U S .  Biochemical Corp. 
Celufil. 
Wesson. 
Wayne Blox Rodent Chow. ’ Fisher Scintiverse in a Packard Scintillation Counter. 
Hyamine hydroxide; New England Nuclear Corp. 


[ I-’W]acetate (56 mCi/mmol) and a postmitochondrial supernatant (9000Xg 
for 20 min) incubated for 60 min at 37OC ( 1  I). The digitonidc derivative of 
cholesterol was isolated and countcd (12). Acetyl CoA carboxylase activity 
was measured by the method of Greenspan and Lowenstein ( I  3). Initially, 
the enzyme had to be polymerized for 30 min at 37OC. and then the assay 
mixture containing sodium [14C]bicarbonatc (41 .O mCi/mmol) was added 
and incubated for 30 min at  37OC with test drugs. Fatty acid synthctasc ac- 
tivity was determined by the method of Brady er a/. ( I  4) with [2-’qC]malonyl 
CoA (37.5 mCi/mmol), which was incorporated into newly synthesized fatty 
acids that were extracted with ether and counted’. Acyl transferase activity 
was determined with 1.-[2-~H]glycerol-3-phosphate (7.1 Ci/mmol) and the 
microsomal fraction of thc liver homogenates ( I  5). The reaction was termi- 
nated after 10 min, and the lipids were extractcd with chloroform-methanol 
(1:2) containing I %  concentrated HCI and counted. Phosphatidate phos- 
phohydrolase activity was measured as the inorganic phosphate released after 
30 min from phosphatidic acid by the method of Mavis ef al. (16). The inor- 
ganic phosphate relcased after development with ascorbic acid and ammonium 
molybdate was determined at 820 nm. 


Liver, Small Intestine, and Fecal Lipid Extraction-In maleCFI mice that 
were administered test drugs for 16 d, the liver, small intestine, and fecal 
materials (24-h collection) were removed. and a 10% homogenate in 0.25 M 
sucrose-0.001 M EDTA was prepared. An aliquot (2 mL) of the homogenate 
was extracted by the methods of Floch er al. ( 1  7) and Bligh and Dyer ( IS) ,  
and the number of milligrams of lipid was determined. The lipid was taken 
up in dichloromethane, and the cholesterol level (3). triglyceride levels9, 
neutral lipid content (19). and phospholipid content (20) were determined. 


[3H]Cholesterol Distribution in Rats-Male Holtzman rats (350 g) were 
administered the test agent for 14 d orally. On day 13, 10 pCi of [3H]cho- 
lesterol (40.7 mCi/mmol) was administered intraperitoneally in mice and 
orally in rats, and feces were collected for the next 24 h. Twenty-four hours 
after cholesterol administration, the major organs were excised. and samples 
of blood, chyme, and urine werc obtained. Homogenates (10%) of the tissues 
were prepared, combustedI0, and counted’. Some tissue samples were plated 
on filter paper”, dried, digested for 24 h in base8 a t  4OoC, and counted’. 
Results are expressed as dpm/mg of wet tissue and dpm/total organ. 


Cholesterol Absorption Study-Male Holtzman rats (-400 g) were ad- 
ministered the test drug orally for 14 d at  10 mg/kg/d. On day 13,lO pCi of 
[ 1.2-3H]cholesterol (40.7 Ci/mmol) was administered to the rats orally. After 
24 h, the blood was collected, and the serum was separated by centrifugation 
(21). Both the serum and the precipitate were counted’. 


Bile Cannulation Study-Male Holtzman rats (-400 g) were treated with 


Bio-Dynamics/bmc Triglyceride Kit. 
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Table 111-In Vivo Effects of the Biouclear Copper(11) Complex on CFI Mouse Liver Enzyme Activities After 16 d Dosing a t  10 mg/kg/d i.p. ' 
ATP-Dependent Acetyl CoA HMG CoA 


Compound Citrate Lyase Synthetase Reductase 


Control ( I %  carboxylmethylcellulose) 100 f 7 100 f 8 100 f 8 
Binuclear Copper(l1) Complex 


2.5 mg/kg 70 f 66 62 f 66 1 1 2 f 8  
5.0 mg/kg 79 f 76 77 f 76 I08 f 9 
10.0 mg/kg 72 f 7h 13 f 76 102 f 8 


Acetyl CoA Fatty Acid sn-Glycerol-3-phosphate Phosphatidate 
Carboxylase Synthetase Acyl Transferase Phosphohydrolase 


Control (1% carboxymethylcellulose) 
Binuclear Copper(I1) Complex 


2.5 mg/kg 
5.0 mg/kg 
10.0 m d k a  


l 0 0 f 6  1 0 0 f 7  1 0 0 f 6  100 f 7 


I03 f 6 
95 f 5 


1 2 0 f 7  


102 f 7 
90 f 6 
94 f 5 


95 f 6 
95 f 7 


1 1 9 f 7  


55 f 5 6  
53 f 56 
18 f 3b 


Expressed as percent ofcontrol (mean f SD);  n = 6 .  b p  5 0.001. 


test drugs at 10 mg/kg/d orally for 14 d. The rats were anesthetized with 
chlorpromazine'* (25 mg/kg) followed 30 min later by pent~barb i ta l l~  (22 
mg/kg ip). The duodenum was isolated from the small intestine, and ligatures 
were placed around the pyloric sphincter and distally to a site approximately 
one-third of the way down the duodenum. Sterile isotonic saline was injected 
into the sectioned-off duodenal segment. The saline expanded the duodenum 
and the common bile duct. Once the bile duct was identified, a loose ligature 
was placed around it, an incision was made, and plastic tubing14 was intro- 
duced into the duct. Once past the ligature, the tubing was tied in place, and 
the ligatures around the duodenum were removed. Once bile was freely moving 
down the cannulated tube [ I  .2-3H]cholesterol (40.7 Ci/mmol) was injected 
intravenously into the rats. The bile was collected over the next 6 hand mea- 
sured (in milliliters). Aliquots were counted' and analyzed for cholesterol 
content (4). 


Plasma Lioprotein Fractions---Male Holtzman rats (-400 g) were ad- 
ministered test drugs at 20 mg/kg/d for 14 d. On day 14, blood was collected 
from the abdominal aorta. Serum was separated from whole blood by cen- 
trifugation at 3500 rpm. Aliquots (3 mL) were separated by density gradient 
ultracentrifugation by the methods of Hatch and Lees (22) and Have1 et al. 
(23) into the chylomicrons, very low-density lipoproteins, high-density lipo- 
proteins, and low-density lipoproteins. Each of the fractions was analyzed for 
cholesterol (4). triglycerides9, neutral lipids (1 9), phospholipids (20), and 
protein levels (24). 


RESULTS 


Data are expressed in the tables as  percent of control f SD. The probable 
significant level (p) between each test group and the control group was de- 
termined by the Student's I test. 


The binuclear copper(l1) complex proved to be a potent hypolipidemic agent 
after intraperitoneal administration in mice and oral administration in rats 
(Table I). The reduction of serum cholesterol in normal mice was dose de- 
pendent, with 20 mg/kg/d resulting in the maximal effect of 47%. Serum 
triglyceride levels were reduced by >50% at  2.5 and 10 mg/kg/d. In rats 
administered 10 mg/kg/d, a similar reduction in serum cholesterol levels was 
obscrved as  in mice, i .e.,  37%. However, in rats administered 10 mg/kg/d. 
serum triglyceride levels were reduced 64%. which was greater than the 53% 
reduction in mice at  this dose. In hyperlipidemie-induced mice,. serum cho- 
lesterol levels were elevated 183% (354 mg%) above normal values ( 1  25 mg%), 
which were reduced 5 9 2  to 148 mg% by drug administration over I2 d. 
Hyperlipidemic mice serum triglyceride levels, which were elevated 168% (367 
mg/dL) above control values ( I  37 mg/dL). were lowered 6 7 8  by drug ad- 
ministration to 122 mg/dL. 


Examination of the in oilro liver enzyme studies (Table I I )  demonstrated 
that enzymes involved in the generation of the key intermediate, acetyl CoA 
which is required for cholesterol and fatty acid synthesis as  well as  cholesterol 
synthesis, were not affected by the presence of the drug. The degradation of 
cholesterol by oxidation of the side chain was accelerated significantly (52%) 
in the presence of drug. Fatty acid synthesis enzyme activities and sn-glyc- 
erol-3-phosphate acyl transferase (one of the regulatory enzymes of triglyc- 
eride synthesis) activities were not affected by the agents; however. the other 
regulatory enzymc of triglyceride synthesis, phosphatidate phosphohydrolase 
activity, was suppressed with increasing concentration of the drug. 


I* Thorazine. chlorpromazinc hydrochloride; Smith, Kline and French Laborato- 


I f  Ncmbulal. sodium pentobarbital; Abbot1 Laboratories. 
l4 PE- 10 lntramedic polyethylene tubing. 


ries. 


Studies in oioo after dosing for 16 d in mice (Table 111) showed that there 
was a moderate suppression of ATP-dependent citrate lyase and acetyl CoA 
synthetase activity at 2.5 mg/kg/d. Phasphatidate phosphohydrolase activity 
was reduced in a dose-dependent manner, with 10 mg/kg/d causing 82% re- 
duction. 


Lipid concentrations in the rat liver and small intestine were reduced sig- 
nificantly by drug treatment (Table IV) .  The cholesterol, triglyceride, and 
neutral lipid levels were reduced in both organs, and phospholipids were re- 
duced in the small intestine. The lipid content in the livers of mice treated with 
the drug at  2.5-10 mg/kg/d for 16 d demonstrated similar changes (Table 
V); however, more dramatic effects were observed in the ability of the drug 
to lower triglyceride levels more than cholesterol levels. Higher lipid levels 
were observed in fecal samples of rats after administration of drugs for 2 weeks, 
particularly in the triglyceride, neutral lipid, and phospholipid levels (Table 
IV). 


After separation of the rat serum lipoprotein fractions (Table IV), it became 
evident that the cholesterol, neutral lipids, and triglyceride content of each 
fraction was reduced. The phospholipid and protein content of the fractions 
were not markedly affected by drug treatment. 


In rats after 14 d of treatment. the organ weights (Table VI)  had not sig- 
nificantly altered, although in general, the treated animals had lower organ 
weights. In the control rats over the 2-week period, there was a 9.8% increase 
in body weight, and for the treated rats. there was only a 0.2% increase. The 
drug therapy did interfere with appetite. reducing (26%) the grams of food 
per day per rat from 30.35 to 22.39. 


The absorption of [3H]cholesterol after oral administration (Table VI) was 
reduced 85% over a 24-h period in rats treated for 14 d. [3H]cholesterol dis- 
tribution in major organs after drug therapy generally showed reductions in 
dpm/organ compared with the control, e g ,  [3H]cholesterol was reduced 42% 
in  the liver, 18% in the heart, 46% in the brain, and 91% in the kidney. There 
were higher contents of cholesterol in the stomach (198%), chyme ( I  13%). 
large intestine (27%). small intestine (81%), and urine (336%). The LDso in  
CF:  mice by the intraperitoneal administration route was 39.2 mg/kg. 


DISCUSSION 


Tetrakis-p-( trimethylaminc-boranecarboxylato)-bis(trimethylamine-carb 
oxyborane)dicopper(l I )  was found to be a potent hypolipidemie agent in mice 
and rats. However, its mode of action seemed to be somewhat different from 
previously reported amine-cyanoborane and amine-carboxyborane analogues 
in that HMG CoA reductase and fatty acid synthetase activities were essen- 
tially unaltered both in the in Liico and in citro studies ( I ) .  The binuclear 
copper( I I)  complex was active in the dosage range previously reported for 
borane derivatives as  hypolipidemic agents ( 1 ) ;  nevertheless. i t  was more 
potent than commercially available clofibrate, which at  doses of 150-200 
mg/kg lowers scrum cholesterol 6- 15% and serum triglyceride levels 25% (25). 
Not only is the binuclear coppcr(l1) complex active orally and intraperito- 
neally. i t  is effective in hyperlipidemic mice, lowering serum cholcsterol to 
near normal lcvcls and serum triglycerides below normal levels after admin- 
istration for I2 d. The mode of action of this agent appeared to be by inter- 
fcrcncc with cholesterol absorption from the GI tract and accelerated excretion 
of cholesterol uia the fecal route. Triglyceride levels appear to be reduced due 
to suspension of activity of the regulatory enzyme of de noijo triglyceride 
bynthesis. Lamb el a/.  ( I  5) have shown a positive correlation between lowering 
of serum triglyceride levcls and the inhibition of hepatic and intestinal phos- 
phatidate phosphohydrolase activity with 1 -mcthyl-4-piperidyl-bis(p-chlor- 
ophcnoxy)acetatc and I ,3-bis(p-methylphenoxy)-2-propane. Similar findings 
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Table IV-Effects of the Binuclear Copper(l1) Complex on Rat Liver, Small Intestine, and Serum Lipoprotein Fraction Lipid Content after 14-d Dosing * 


Lipid 
Extracted. mg Cholesterol Triglycerides Neutral Lipids Phospholipids Protein 


Liver 
Control 
Treated 


Small intestine 
Control 
Treated 


Feces 
Control 
Treated 


Lipoprotein fraction 
Chylomicrons 


Control 
Treated 


Very Low-Density 
Control 
Treated 


Low-Density 
Control 
Treated 


Hi h Density 
Eintrol 
Treated 


100 f 7 
51 f 5 8  


100 f 6 
43 f 58 


1 0 0 f 7  
123 f 58 


- 
- 


- 
- 


- 
_- 


- 
- 


100 f 7h 
65 f 6 g  


100 f 7 h  
47 f 6 8  


100 f 6 m  
1 1 0 f 6  


100 f 7' 
88 f 6 


l 0 0 f 6 "  
32 f 38 


100 f ghh 
68 f 68 


I00 f 7k-g 
64 f 58 


~ 


100 f 6< 
76 f 6R 


100 f 5' 
40 f 4 K  


100 f 6" 
133 f 78 


100 f 7s 
58 f 51: 


100 f 6 X  


43 f 48 


100 f 7cc 
70 f 68 


100 f g h h  
31 f 5 8  


~ 


100 f 6 
76 f 7g 


100 f 51 
I7 f 3R 


100 f 8" 
131 f 7 g  


100 f 8' 
67 f 7 R  


100 f 7p 
62 f 58 


100 f gdd 
78 f 7R 


100 f 7" 
72 f 8g 


~ 


loo f 8' 
93 f 9  


100 f 7 k  
46 f Sg 


100 f 7p 
183 f 8 K  


100 f 7" 
96 f 6 


100 f 81  


1 1 0 f 7  


I10 f 8'' 
1 0 5 f 6  


100 f 611 
8 6 5 7  


~ ~~~ 


100 f 6/ 
99 f 7 


100 f 7' 
I l l  f8 


100 f 54 
68 f 6 r  


100 f 6" 
99 f 7 


100 f 704 
9 6 f 7  


100 f 8ff 
101 f 6  


100 f 6kk 
108 f 8 


a At 10 mg/kg/d orally: expressed as percent of control (mean f SD). n = 6. 
7.19 mg. f 4.5 g of protcin/g of wet tissue. g p  5 0.001. 


24.03 mg of cholcsterul/g of tissue. 44. I I mg of neutral lipid/g of tissue. 6.37 mg of triglyceride/g 
28.47 mg/g. 33.94 mg/g. 1.86 mg/g. 


50 mg/ml.. bb 210 
of tissue. 
p 1.39 kg/g. V 6.99 mg/g. ' 337 mg/ml.. 67 mg mL I420 mg/mL. " 149 mg/mL. " 184 pg/mL. 
mg/mL. cc 10 mg/mL. d d  45 mg/mL. 41 mg/mL;ff 122 pg/ml . 


Table V-ln Vivo Effects of the Binuclear Copper(I1) Complex on CFI Mouse Liver Lipid Content after 16 d of Dosing a 


7.82 mg/g. ' 6.98 mg/g. J 1 . I  2 mg/g. 2.06 mg/g. ' 4 2  mg/g. 
190 mg/mL. 98 mg/mL. Y 22 mg/mL 26 mg/ml.. 


544 mg/ml. h h  620 mg/mL. 27 mg/mL. J J  153 mg/mL. h h  657 pg/ml.. 


Neutral 
Compound Lipid, mg Cholcstcrol Trig1 yceridcs Lipids Phospholipids Protein 


Control 1 %  carboxvmethvlcellulose~ 100 f 6 100 f 76 100 f 5' 100 f 6 d  100 f 7' 100 f 5f 
Binuclear Copper(li) Complex 


2.5 mg/kg 
5.0 mg/kg 
10.0 m d k e  


82 f 5K 
85 f 6 h  
95 f 6 


71 f 6 g  
74 f 7n 
77 7g 


40 f 3 R  
38 f 4R 
36 f 5R 


79 f 5; 
86 f 5 
87 f 4h 


67 f 68 
92 f 7 


I52 f 8g 


I05 f 6 
92 f 5 


101 f 8 


a Expressed as,percent of control (mean f SD);  n = 6. 12.24 mg of cholesterol/g of tissue. 4.77 mg of triglyccride/g of tissue. 28.35 mg of neutral lipid/g of tissue. 4.39 
mg of phospholipid/g of tissue. f4.5 mgofprotein/g of tissue. * p  5 0.001. h p 5 0.010. 


have also been made wi th  phthalamide (26). saccharin (27). and 1.8-na- 
phthalamide (28), cyclic irnide derivatives, with mouse liver. These com- 
pounds. as well as clofibrate, also suppressed sn-glycerol-3-phosphatc acyl 
transferase activity, whereas the binuclear copper complex(1 I )  did not. Clo- 
fibrate accelerates cholesterol excretion oia the biliary route (29); however. 
its effects on liver metabolism include inhibition of HMG CoA reductase. 
Thus, the copper complex appears to be different in  its mode of action than 
standard therapeutic agents on the market today. e.R., clofibrate and the resin 
cholestyramine. 


The serum lipoprotein fractions after 14 d of dosing at 10 mg/kg/d dem- 
onstrated consistent reductions in  cholesterol, triglyceride, and neutral lipid 
contcnt. Supposedly. the chylomicron and very low-density fractions contain 
the highest triglyceride levels. which the binuclear complex(1 I) reduced sig- 
nificantly. The low- and high-density lipoprotein fractions contain the majority 
of the cholesterol and its esters under normal conditions. The cholcstcrol 
content of the low-density fraction is important in controlling the amount of 
cholesterol being deposited in atherogenic plaques. Supposedly, the high- 


Table VI-Effects of the Binuclear Copper(l1) Complex on Rat Organ 
Weights and Orally Administered [3HjCholesterol after Dosing for 14 d * 


dcnsity fraction returns thecholesterol from peripheral tissue to the liver. The 
binuclcar copper( I I )  complex reduces cholesterol approximatcly equally in 
both the low- and high-density lipoprote~n fractions. Thus, the ratio of c h e  
lchterol content of low-density to high-density lipoprotein fractions probably 
wiis not altered by drug therapy; however. the absolute content ofcach fraction 
was reduced significantly. 


Lipid5 removed from the serum wcrc not deposited in the organs as dem- 
onstrated by reduced lipid content i n  the liver and small intestine, ['Hlcho- 
lcsterol content i n  the major organs, and the wcights of the organs. Adrenal 
weights were not altered by drug administration, indicating that there was 
no compensatory hyperplasia of the adrenal cortex due to stimulation of 
htcroidogcnesis because of low serum levels. The appetites of the animals 
were reduccd by the drug; however. the magnitude of the effects of binuclear 
coppcr(l1) complex on lipid metabolism and blood levels is unknown. 
Thus, tetrakis-~-(triniethylamine~boranccarboxylato)-~i~(trimethyl-  
;inline-carboxyborane)dicopper( II) appears to bc a potcnt hypolipidemic agent 
i it  low doses. lowering bo th  cholesterol and triglyceride levels. Further chemical 
derivatives of this type and niechanisitic studies need to be invcstigated in the 
futurc. 


Organ Weight, g dpm/Total Organ 
Organa Control Treated Control Treated 


Brain 1.866 I .666 29,l 15  15.783 
Lung 1.766 I .933 15.350 17,106 
Heart 1.333 1.021 24,582 20,060 
Liver 12.000 10.600 47,429 27.695 
Kidnev 2.900 2.167 5.875 565 
Spleen 0.566 0.501 19.388 13.241 
Adrenal 0.036 0.031 
Stomach 2.066 1.766 11,375 33,901 
Small intestine 8.333 6.433 15.29 I 16.514 


- - 


Large intestine 4.100 4.233 47.109 59,665 
Chyme 5.866 5.9333 102,772 218,742 
Feces 5.702 8.633 320,454 294.644 


0 AI 10 mg/kg/d; n = 6. 
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Choline Magnesium Trisalicylate: Comparative 
Pharmacokinetic Study of Once-Daily and Twice-Daily 
Dosages 
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Abstract 0 This randomized crossover study compared the pharmacokinetics 
of choline magnesium trisalicylate tablets administered once daily (3000 mg 
of salicylate) or twice daily (1500 mg of salicylate) for six d. Serum salicylate 
levels were measured by HPLC. Mean “trough” concentrations fell within 
the therapeutic range (5-30 mg/dL) with either regimen and were relatively 
constant, indicating that the steady state had been reached. The 24-h area 
under the salicylate curve (AUC0.24 h) after the final 3000-mg salicylate dose 
averaged about twice the m a n  12-h AUC after the last 1500-mg dose, indi- 
cating that the two dosing regimens were equally bioavailable. Clinical ob- 
servations and results of laboratory safety studies indicate that both dosage 
schedules of the drug are well tolerated. The present findings support the 
once-daily therapeutic usc of choline magnesium trisalicylate. 


Keyphrases 0 Choline magnesium trisalicylate-pharmacokinetic comparison 
of once-daily and twice-daily dosages, humans 0 Bioavailability-choline 
magnesium trisalicylate. once-daily and twice-daily dosage schedules, humans 
0 Pharmacokinetics-choline magnesium trisalicylate bioavailability after 
once-daily and twice-daily dosages, humans 


Complexity of dosage schedule may cause nonadherence 
to self-administered drug regimens (1,2), particularly among 
ambulatory, fully active patients. Conversely, simplicity of 
treatment, as reflected in a single daily drug dose, is desirable 
from the standpoint of compliance (2,3). In terms of this cri- 
terion, conventional salicylates, though widely regarded as 
first-line antiarthritic drugs, are not highly conducive to patient 
cooperation. These substances, notably aspirin, must often be 
taken at frequent intervals during the day, primarily to mini- 


mize GI irritation; daily quantities high enough to yield sus- 
tained therapeutic blood levels may be expected to cause 
prohibitive side effects when given as only one or two doses. 
Paradoxically, however, the inadequate compliance such a 
complex drug regimen might entail could undermine main- 
tenance of therapeutic blood salicylate levels (4). 


Published data indicate the feasibility of reducing the fre- 
quency of salicylate doses in arthritis. A recently developed 
nonacetylated drug of this class, choline magnesium trisali- 
cylate (I) has been successfully used on a twice-daily basis in 
patients with rheumatoid arthritis or osteoarthritis ( 5 - 8 ) .  It 
was of interest to determine whether pharmacokinetic data 
would support even less frequent administration of this drug. 
We therefore conducted the present crossover bioavailability 
study in healthy volunteers to compare once-daily and twice- 
daily treatment schedules of I .  


EXPERIMENTAL SECTION 


Protocol-Twenty-four healthy males, 19-34 years old (mean, 28 years), 
whose weights were within 10%of ideal (58.6-96.1 kg; mean. 74.7 kg), took 
part in the study, which was conducted in accordance with a protocol approved 
by an institutional review board. The subjects had given written informed 
consent and were judged to be in good health on the basis of physical findings 
and the results of blood chemistry determinations, hematological work-up, 
routine urinalysis, and tests for fecal occult blood. None had a history of 
sensitivity to salicylates or of serious G 1, hepatic, renal, or hematological 
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Neutron Activation of Iron Tablets to Evaluate the 
Effects of Glycine on Iron Absorption 
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Abstract 0 Neutron bombardment (neutron flux, 3 X 10l2 neutrons/cm2/s) 
of prepared iron tablets containing glycine-iron or iron alone was performed 
to prepare radioactive tablets to assess the effects of glycine on iron absorption 
from tabletcd formulations. No interfering isotopes of sufficient quantity were 
generated during neutron activation of the iron tablets. Cobalt-60 was the 
major trace mineral detected and accounted for only I .3% of the total activity. 
There may have been trace amountsof zinc45 or chromium-5 I present, but 
they were not detectable above background radioactivity in the final tablet 
produced. Iron-59 represented >98% of the radioactivity present in the tablets 
used in the study. Glycine-containing iron tablets produccd dramatically 
higher amounts of iron in blood and tissues of rabbits (p < 0.05) than did the 
same tablet formulations without glycine. The area under the iron blood 
concentration time curve over 4 h increased by 67% with glycine added to 
the formulation over control iron tablets. Iron concentrations in tissues 4 h 
after iron administration was in the order of blood > liver > hcart > kidney 
> muscle. 


Keyphrases 0 Absorption-iron, effects of glycine, neutron activation of iron 
tablets 0 heutron activation-iron tablets. effects of glycine on iron ab- 
sorption 0 Formulations-tablets, neutron activation to evaluate the effects 
or glycine on iron absorption 


Several investigators have noted that amino acids may in- 
crease iron absorption from the GI tract (1 -7). It was proposed 
that amino acids facilitate increased iron absorption by (a )  
buffering the intestine and delaying the rise in  pH toward 
neutralization at sitcs wherc iron is oxidized to insoluble salt 
forms, ( 6 )  forming iron-amine chelates that act to enhance 
iron absorption, and (c) stimulating iron transport systems 
within the animal (6). 


In previous studies, it has been shown that glycine enhances 
iron absorption (6,7). Also, it has been shown that adminis- 
tration of diets containing glycine compared with diets lacking 
glycine result in a greater amount of iron absorbed (8). It was 
the purpose of this study to determine whether glycine added 
to iron (at a ratio of 2: 1, respectively) in a tablet dosage form 
could increase iron absorption. 


To prepare radioactive iron tablets, neutron activation was 
tested to determine whether this technique offers a viable 
method of preparing intact tableted dosage forms that can 
conveniently be made radioactive after formulation. By pre- 
paring tableted dosage forms first and then making them ra- 
dioactive by neutron activation, there is less of a potential for 


Table I-Radionuclides Expected To Be Activated in Tablets from Neutron 
Flux a 


Element Produced 
During Keutron 


Activation 
Element 
Half-Life 


24Na 15h 
42K 12.4 h 
27Mg 9.5 min 
56Mn 2.6 h 
6OCO 5.26 years 
51Cr 27.8 d 
%I 37.3 min 
"Zn 243.6 d 
5gFe 45.1 d 


0 Ueutron flux. 3 x l o i 2  ncutrons/cm*/s 


contamination of facilities and there are unique opportunities 
to use radiolabeled compounds to test some qualities of solid 
dosage forms. 


EXPERIMENTAL SECTION 


Production of Tablets-Direct compression was used to produce tablets'. 
Two types of tablets were prepared. The first type contained glycine and 
ferrous chloride. The control tablets did not contain glycine. 


Type I Tablei-The average weight of each tablet was 0.42 g. The formula 
for one tablet of type I is (in milligrams/percent): granulated sucrose2 
(296.6/71.4), magnesium stearate (29.7/7.1), glycine (39.5/9.5), and ferrous 
chloride (49.4/11.9). 


Type 2 Tahiet-The avcrage weight of each tablet was 0.41 g. Thc formula 
for one tablet of type 2 is (in milligrams/percent): granulated sucrose? 
(328.1/81), magnesium stearatc (28.9/7.1), and ferrous chloride (48.2/' 
1 I .9). 


Disintegration tests weredone for both tablet types by using a USP tablet 
and disintegration tester3 (9). 


Neutron Activation of Tablets. Tablets were put into small scintillation 
bags4. Each bag was sealed by heating and placed in a polyvia15. The polyvials 
were then sealed by heating. Tablet samples were then put in the Oregon State 
University (OSU) Trigd reactor in thc Lazy Susan and activatcd with a 
neutron flux of 3 X 1 0l2 neutrons/cm2,'s generated by I M W of power from 
the reactor. The irradiation time was 4 h. The tablets were allowed to stand 
for I week after irradiation to allow short-half-life radionuclides to decay. 


Neutron Activation Equation-For neutron activation analysis. the following 
was used: 


A = N@u( I - e-AT)e-A' (Eq. I) 


where A is the activity a t  end of irradiation (disintegrations/s), N is the 
number of atoms, I$ is the flux (neutrons/cm2 s), u is the cross-section (cm2), 
X is the decay constant (s-I). T is the length of irradiation (s), and f is the time 
elapsed between activation and measurement. 


The activity at the time of measurement of radiation depends on the half-life 
of the isotopeof interest and the time that has elapsed between activation and 
measurements (10, 1 I ) .  Activation analysis is subject to a variety of errors. 
These include errors due to flux gradients. self-shiclding. and interfering 
nuclear reactions (10). 


The errors due to neutron flux gradients within the reactor can be minimized 
by rotating or spinning the sample during irradiation (12). The OSU Triga 
reactor is a circulator reactor, and the samples were rotated around the reactor 
core during irradiation in the Lazy Susan. For other reactors. the use of an 
internal standard to determine the flux and to ensure that futuresamples have 
the exact orientation and position of irradiation as  those of previous samples 
reduces the necessity to vary flux gradients ( I  2, 13). 


The effects of self-shielding can be shown to be a function of the sample 
mass and length (1 2). More self-shielding occurs when each of the parameters 
is larger. With samples of <4 g in mass, very little self-shielding occurs ( I  2. 
13). Also, self-shielding is reduced when the sample is homogeneously spread 
in an inert material (e.g., sucrose) ( I  2). Tablets produced for this study were 
small (0.41-0.42 g). and the major ingredient in 71-81% of the tablets is 
granulated sucrose. Both of these factors minimize self-shielding 


Interference in  counting iron-59 may occur from cobalt-60 and zinc-65 
when counting with a sodium iodide detector in a solid scintillation counting 
chamber6. The 1,099- and I ,292-MeV gamma raysof iron-59 with the 1.173- 


' Single-punch tablet machine. model TPK-I 2; Chemical and Pharmaceutical Co.. 


* Dipac, prcparcd by co-crystallization of 97% sucrose and 3% dextrin; Armer- 
Inc. 


stone. 
New England Nuclear Corp. 
Olympic Plastic Co.. Los Angeles. Calif. 
Tracer Northern TN-1705 M C A  40 cc N A I  (TI)  detector. 
Model No. Gcl9ED detector, with Ortcc 572 spectroscopy amplifier. Nuclear-Data 


600 multichannel analyzer; Princeton Gamma Tech., Princeton. N.J .  
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Table 11-Sources of Radioactivity in Tablets Used in Animal Study I Week after Activation 


65Zn Upper 
Sample 6oCo. ppm f 16 51Cr, ppm f 16 Limit. %" 59Fe, cpm mCo, cpm 


Tablet 0.72 f 0.04 ND* >O.O I3 30, I76 392 


Glycine N D  1 . 1  f 0 . 2  N D  N D  N D  
Magnesium stearate N D  N D  N D  N D  N D  
Granulated sucrose* N D  N D  N D  N D  N D  


FeCI, 6.8 k0.l 1 I .O f 3.0 N D  287.75OC 3700c 


(I Value represents thc upper limit lu\ 3 standard deviations of the percentageof Linc activily that may be contained in the tablet that was being hidden by background counts. 
Not detectable. Ratio of count of gOC0-59Fe was equivalent to that of the tablet. 


and I .332-.MeV gamma rays of cobalt-60 and the 1 . 1  15-MeV gamma rays 
of zinc-65 would appear as a single peak in a sodium iodide detector. Other 
radionuclides that produce gamma rays in this range. i.e.. nickel, aluminum, 
copper, manganese, etc., are either not generated to a sufficient extent on 
bombardment by slow thermal neutrons due to their low cross sections or have 
half-lives too short to be active at the end of 1 week of storage. 


To ensure that the tablets contained only trace amounts of cobalt-60 after 
activation, all components of the tablet, the powders used for tablet formu- 
lations, and the tablets were activated and counted for 100 min in a germa- 
nium-lithium [Ge(Li)] detector7 with a multichanncl analyzer. This detector 
was calibrated at I KeV per channel, with the screen having 2048 channels. 
The samples were analyzed for radioactivity having gamma energys in  the 
range of 80 kcV-2.04 MeV, to make certain that the samples to be collected 
later in the animal study could be reliably counted by the NaI detector as  
iron-59 counts. 


Procedure with Rabbits-The iron-glycine activated tablets, as well as the 
control activatcd tablets, were each testcd on groups of four rabbits. The tablets 
were administered to each rabbit before 2 weeks had elapsed from the neutron 
activation of the tablets. Femalc rabbits were used (weight. 2.0-3.0 kg each). 
The ears of each rabbit were shaved with an electric shaver and commercial 
ointment*. The rabbit was then put in a rabbit restrainer with its head out and 
given orally four tablets with a total activity of 1.1 pCi. 


At time periods of 5, 10. 15,20,30,45,60,90, 120. 150, 180.2 10. and 240 
min after tablet administration, 100-pL blood samples were collected from 
the ears with capillary tubes. Bleeding was initiated by pricking the vein of 
the ears with a 20-gauge needle. Procaine was used as a local anesthetic. Blood 
samples were placed into counting vials. The I .099- and 1.292-MeV gamma 
rays of 44.6-d iron-59 of each sample were counted for 4000 s in a solid scin- 
tillation counter chamber. 


At the end of 4 h. the animals were sacrificed by ether administration. and 
liver, kidney, muscle, and heart samples were taken from the animals, weighed, 
and then counted as reported previously (7). 


RESULTS AND DISCUSSION 


When samples are exposed to neulron activation, all elements with atomic 
numbers greater than 10 arc activated. The abundance of the different isotopes 
of the elements that arc to be generated depends on the neutron flux to which 
they are exposed and whether the isotope of the element has a high or low cross 
section to the neutron flux to which it is exposed. For example. iron that is 
subjected to a neutron flux of 3 X 1012 ncutrons/cm*/s produces only iron-59. 
The other isotopes of iron are not produced to any detectable level because 
of their low cross sections when exposed to the neutron flux employed. 


After the tablets and powders were activated by the OSU Triga reactor in 
the Lazy Susan, there was too much radioactivity emanating from them to 
be easily quantitatcd. The tablets and powders were thus sealed in a lead 
storage area and kept for I week. In  Table I is a list of elements that were 
expected to be generated and suspected to be the cause of the initially high 
radioactive emissions of the tablets and powders. All elements except iron-59, 
cobalt-60. zinc-65, and chromium-51 have very short half-lives and would 
become nonradioactive after I week of storage. The tablets and powders were 
counted in  the Ge(Li) detector after I week of storage (Table 11). Iron-59 
accounted for >98% of the radioactivity counted. Cobalt-60 accounted for 
-1.3% of the radioactivity present. Only a trace amount of zinc-65 was ob- 
served, and no detectable levels of chromium-51 were present in the tablets 
to be used in the animal study. The ratio of counts of cobalt-60 in  the tablet 
was obtained as: 


The majority of the radioactivity contained in the tablets (>98%) originated 


~ 


' Nair. 
Vanderkamp; Van-Kel Industries. Edison. N.J. 


from one isotope, iron-59. For this reason, the N a l  detector could be used to 
count the samples obtained from the animal study. 


The tablets prepared by neutron activation for use in  this study were ad- 
ministered to the rabbits before 2 weeks had elapsed from initial activation. 
Allowing the tablets to stand for longer periods would have caused the co- 
balt-60/iron-59 ratio to change in the tablets. After 2 months, the cobalt-60 
would contribute to >3% of the tablet radioactivity instead of the 1.3% of tablet 
radioactivity that was measured. The percentage of radioactivity in the tablets 
due to cobalt-60 would increase the longer the tablets were stored, since iron-59 
has a half-life much shorter than that of cobalt-60. 


Ferrous chloride was used rather than the more commonly prescribed fer- 
rous sulfate because the tablets were to be activated, and the less radioactive 
the tablets. the more conbenient they are for handling. Sulfur-35, with a 
half-life of 88 d, is produced when ferrous sulfate is activated. Chlorine-38, 
with a half-life of 37.3 min, is produced when ferrous chloride is activated ( I  4). 
Since, chlorine-38 decayed very quickly after the end of bombardment, it was 
more convenient to use to count the 45-d iron-59. 


After the tablets were prepared and before neutron activation, disintegration 
tests were conducted by using a tablet disintegration apparatus3. Tablet 
hardness averaged 15 kg/in2 when tested with a tablet hardness tester9. 
Eighteen tablets of each type were tested. Seventeen glycine-iron tablets 
disintegrated within 18 min, whereas the 18th tablet disintegrated in 23 min. 
On the other hand, 16 control tablets disintegrated within 15 min, wherear 
the two others disintegrated within 19 min. Thus, any difference in iron ab- 
sorption should not be due to differences in tablet disintegration after ad- 
ministration. Dissolution studies, which often correlate more closely with 
bioavailability, were not conducted. 


In Figs. I and 2 are shown, respectively, the iron concentration in blood and 
different tissues following oral administration of glycine-iron and iron control 
neutron-activated tablets to rabbits. I t  is evident from these experiments that 
iron appears more quickly and in greater amounts in blood when the tablets 
contained glycine. The area under the iron concentration curve for the time 
during which data were collected increased by 67% *hen the tablets contained 
glycine (Fig. I ) .  From an assessment of the total amount of iron absorbed. 
the iron-glycine tablets showed a statistically significant increase in the 
amount of iron absorbed during the first 4 h postdose (p 5 0.05) based on the 


55 T 


0 100 200 240 


SAMPLE TIME, MIN 


Figure I-Blood iron concentration ( f S D )  versus time curve in rabbiis fol- 
lowing oral administration of four tablets containing 192.92 mg of ferrous 
chloride (0) and four tablets containing 197.64 mg of ferrous chloride and 
IS8.12 mgof glycine f*J. 
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Figure 2-Iron concentration (&SD) in body tissues 4 h after oral adminis- 
tration of four tablets containing 192.92 mgofferrous chloride (control) and 
four tablets containing 197.12 mg of ferrous chloride and 158.12 mg of 
glycine. 


assumption that the area under the iron concentration-time curve (0-4 h) is 
an indicator of absorption. 


The amount of iron in the different tissues was also consistent with iron 
levels in the blood. Iron concentration was highest in the tissues of the rabbits 
that received the glycine-iron tablets (Fig. 2). Iron-glycine tablets generated 
iron concentrations in tissue that were statistically significantly different from 
those of control iron tablets (p < 0.001 for the tissues of the liver, heart, and 
kidney; p < 0.05 for muscle). 


All data were consistent with those from a previous report (7) from our 
laboratory indicating that glycine increases iron absorption into both blood 
and tissues. Neutron activation analysis is known to be very useful in analytical 
problems in which high sensitivity is required (sensitivity can reach 10-9g). 
It is safe, economical, fast, practical in elemental analysis, and nondestructive 
(15). Also, thermal neutrons do not activate isotopes with atomic numbers 
of less than 10; therefore, carbon, hydrogen, oxygen, and nitrogen are not 
activated. 


The data show that neutron activation analysis of final tableted dosage 
forms of iron can be utilized to investigate the effects of variable formulation 
factors on the absorption of iron. Further work is needed in the area utilizing 
multiple dosing, mixed protein hydrolysate, and pure defined amino acid 
mixtures to optimize tablet formulations for iron absorption. The technique 
of neutron-activation analysis can be employed for other minerals such as zinc 
or magnesium and may be used for comparing the rate and extent of absorp- 
tion of minerals from commercially available vitamin-mineral mixtures 
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Abstract 0 A series of methyl-substituted 1,2,3,4-tetrahydrocarbazoles was 
synthesized and screened for in uitro activity against tyrosine hydroxylase 
and dopamine-8-hydroxylase. The most potent compounds were evaluated 
for inhibition of norepinephrine biosynthesis in rats. The results indicated no 
significant decrease in norepinephrine levels a t  three dosage levels. 


It has been shown that the 1,2,3,4-tetrahydrocarbazoIe 
nucleus is an active pharmacophore. Previous studies have 
shown that the various carbazoles exhibit anti-inflammatory 


Keyphrases Tyrosine hydroxylase-in uitro activity, effect of methyl- 
substituted 1,2,3,4-tetrahydrocarbazoles 0 Dopamine-@-hydroxylasc-in 
uitro activity, effect of methyl-substituted I ,2,3.4-tetrahydrwarbar.olcs 0 
Methyl-substituted 1,2,3,4-tetrahydrocarbazoles-effect on tyrosine hy- 
droxylase and dopamine-8-hydroxylase, in uitro 


( 1  -6), antidepressant (7-12), hypoglycemic ( 1  3), analgetic 
(14), cardiotonic ( 1  5 ) ,  anti-infective ( 1  6), and anticancer 
activities (17). It was of interest to extend the initial work of 
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These are the major points relevant to this study on which we would 
differ from Dr. Sorenson’s interpretation of our work. It is somewhat 
difficult to respond to some of his statements because no data is given to 
support the claims made. For example, Dr. Sorenson challenges the widely 
accepted use of a protein-binding dye and proposes in its place an 
“absorption-induced” hyperemia; no substantiating evidence is presented. 
He proposes a difference in the rate of absorption of the different copper- 
containing species, giving as evidence only an oleyl alcohol/water partition 
coefficient for copper aspirinate/aspirin”. He proposes both  formation 
and decomposition of copper complexes by sonibtion, again with no 
evidence given. Dr. Sorenson states that we neglected to report, in our 
survey of experiments, that he had pointed out in print’* that a Rainsford 
and Whitehouse paper was flawed by the use of an inappropriate 
suspending agent”. No supporting evidence was given. 


In cortclusion. this challenge of our results is not a legitimate one. We 
believe that under the experimental conditions employed, copper aspirinate 
does not appear to be less damaging than aspirin. Further work is in 
process on the mechanism and characteristics of the gastric mucosal 
damage inflicted by the copper complex of aspirin as well as that of aspirin 
in combination with copper. 


After consideration of Dr. Sorenson’s concerns, as well as a review of 
the literature, we believe that a more thorough comparison of models is 
warranted. West and c o - w ~ r k e r s ~ . ~  have compared mucosal damage from 
aspirin and copper aspirinate in the stress-induced, Shay. and drug- 
induced ulcer models. A study is planned to compare these with the 
unstressed model in which the ulcers or erosions are caused by the 
presentation of the drug under study. 


A. A Alichx 
College of St. Scholastica 
Department of Chemistry 
Duluth, M N  5581 1 


L. E .  Wittmers, Jr. 
School of Medicine 
University of Minnesota-Duluth 
Department of Physiology 
Duluth, MN 55812 
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Pharmaceutical Company Data on Drugs in 
Breast Milk 


The World Health Organization Regional Office for Europe has 
recently established a Working Group to produce a monograph describing 
the present state of information about drug excretion in breast milk and 
the hazards, if any, to the suckling infant. The Group is currently 
reviewing published literature but is aware that other data may be 
maintained by drug companies in internal files. The Group would welcome 
the opportunity to evaluate such information with a view to including it in 
the monograph. Drug companies which have in their possession 
unpublished data on excretion of drugs in breast milk are asked to contact: 


P.N. Bennett, M D  FRCP 
School of Pharmacy and Pharmacology 
University of Bath 
Claverton Down 
Bath 
Avon BA2 IAY 
England 


In the article “Determination of Pantothenic Acid in Multivitamin Phar- 
maceutical Preparations by Reverse-Phase High-Performance Liquid 
Chromatography” ( I ) ,  the following should be noted: 


On page 114, Figures 1 and 2 were transposed. 
(1) T. J. Hudson and R. J. Allen, J .  Pharm. Sci. ,  73,  1 13 (1984). 


In the article “Diaspirins of Methylenecitric Acid” ( I ) ,  the following cor- 


On page 419, in the last line in Table I the compound name should read 
rection should,be made: 


[ Bis( 3,5-d;bromo-2-carboxyphenyl)fumarate]. 


( 1 )  S. E. Massil, G.-Y. Shi, and I .  M. Klotz, J. Pharm. Sci., 73,  418 
(1984). 


In the article “Physicochemical Model for Dose-Dependent Drug Ab- 


On page 1278, in the Appendix, the last line should read Ri = kJ,i X 


(1)  J. B. Dressman, D. Fleisher, and G. L. Amidon, J. Pharm. Sci., 73, 


sorption” ( I ) ,  the following correction should be made: 


CI Vl. 


I274 ( I  984). 
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Abstract 0 This randomized crossover study compared the pharmacokinetics 
of choline magnesium trisalicylate tablets administered once daily (3000 mg 
of salicylate) or twice daily (1500 mg of salicylate) for six d. Serum salicylate 
levels were measured by HPLC. Mean “trough” concentrations fell within 
the therapeutic range (5-30 mg/dL) with either regimen and were relatively 
constant, indicating that the steady state had been reached. The 24-h area 
under the salicylate curve (AUC0.24 h) after the final 3000-mg salicylate dose 
averaged about twice the m a n  12-h AUC after the last 1500-mg dose, indi- 
cating that the two dosing regimens were equally bioavailable. Clinical ob- 
servations and results of laboratory safety studies indicate that both dosage 
schedules of the drug are well tolerated. The present findings support the 
once-daily therapeutic usc of choline magnesium trisalicylate. 


Keyphrases 0 Choline magnesium trisalicylate-pharmacokinetic comparison 
of once-daily and twice-daily dosages, humans 0 Bioavailability-choline 
magnesium trisalicylate. once-daily and twice-daily dosage schedules, humans 
0 Pharmacokinetics-choline magnesium trisalicylate bioavailability after 
once-daily and twice-daily dosages, humans 


Complexity of dosage schedule may cause nonadherence 
to self-administered drug regimens (1,2), particularly among 
ambulatory, fully active patients. Conversely, simplicity of 
treatment, as reflected in a single daily drug dose, is desirable 
from the standpoint of compliance (2,3). In terms of this cri- 
terion, conventional salicylates, though widely regarded as 
first-line antiarthritic drugs, are not highly conducive to patient 
cooperation. These substances, notably aspirin, must often be 
taken at frequent intervals during the day, primarily to mini- 


mize GI irritation; daily quantities high enough to yield sus- 
tained therapeutic blood levels may be expected to cause 
prohibitive side effects when given as only one or two doses. 
Paradoxically, however, the inadequate compliance such a 
complex drug regimen might entail could undermine main- 
tenance of therapeutic blood salicylate levels (4). 


Published data indicate the feasibility of reducing the fre- 
quency of salicylate doses in arthritis. A recently developed 
nonacetylated drug of this class, choline magnesium trisali- 
cylate (I) has been successfully used on a twice-daily basis in 
patients with rheumatoid arthritis or osteoarthritis ( 5 - 8 ) .  It 
was of interest to determine whether pharmacokinetic data 
would support even less frequent administration of this drug. 
We therefore conducted the present crossover bioavailability 
study in healthy volunteers to compare once-daily and twice- 
daily treatment schedules of I .  


EXPERIMENTAL SECTION 


Protocol-Twenty-four healthy males, 19-34 years old (mean, 28 years), 
whose weights were within 10%of ideal (58.6-96.1 kg; mean. 74.7 kg), took 
part in the study, which was conducted in accordance with a protocol approved 
by an institutional review board. The subjects had given written informed 
consent and were judged to be in good health on the basis of physical findings 
and the results of blood chemistry determinations, hematological work-up, 
routine urinalysis, and tests for fecal occult blood. None had a history of 
sensitivity to salicylates or of serious G 1, hepatic, renal, or hematological 
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Table I-Steadv-State 24-h Serum Salicvlate Levels in a Crossover Comparison of Once- and Twice-hilv Administration of I 


Salicylate Serum Salicylate Values, mg/dLa 
Dosane Baselineb 1 2 4 8 12  18 23.5 - 


1500 mg 13.5 f 5.1 16.5 f 5.1 18.9 f 5.1 18.1 f 4 . 4  14.7 f 4.4 12.3 f 4.6 7.0 f 4.2 3.4 f 3.5 


20.6 f 3.4 17.1 f 4.5 12.1 f 4.4 7.0 f 4.5 3000 mg 9.1 f 4.8 17.8 f 6.1 22.2 f 6.4 22.9 f 4.1 
twice daily 


once dailv 


Mean f SD: n = 24. "Trough" value. 


Table 11-Selected Steady-State Pharmacokinetic Values in a Crossover Study of Serum Salicylate Levels after Administration of I 


Salicylate Observation Pharmacokinetic Values After Last Dose of Regimen" 
Regimen Period. AUC. m a n  tmaab, [I 1 2  (el), kcl. 


16 d) h mn.dL/h mn/dL h h h-I 


I500 mg, I2 114.0 f 47.7 20.0 f 5.1 1.2 f 3.6 0.1 1 f 0.04 2.5 f 1.1 
twice daily 


once daily 
3000 mg, 24 367.3 f 82.8 24.9 f 4.1 4.2 f 3.2 8.2 f 3.5 0.10 f 0.04 


0 Mean f SD; n - 24 b Calculated assuming first-order pharmacokinetics. 


disorders. The volunteers had bgen instructed to take no antibiotics for at least 
I5 d and no other drugs for at least 7 d before the start of the study; no addi- 
tional medication was allowed during the trial. 


Two groups. approximately comparable in terms of the body weights, were 
formed by random assignment; the trial proceeded in two phases, thesecond 
involving reversal of the initial dosage schedules. For phase I ,  12 subjects 
received four tablets of I 1  (equivalent to 3000 mg of salicylate) daily as two 
equal fractions, 12 h apart. for 6 consecutive day .  The remaining I2 volunteers 
were given a single daily four-tablet dose in the evening, also for a 6-d period. 
The subjects reported to the research facility to receive each supervised dose, 
and all doses were ingested after a I-h fast. with 180 mL of water. After a 
I-week wash-out period. the treatment schedules were reversed (phase 2). 
Subjects treated on a twice-daily basis in phase 1 now received the single daily 
dose, and vice verso. All other experimental conditions remained un- 
changed. 


Blood samples were obtained for the determination of "trough" serum sa- 
licylate levels just before drug administration on the evenings of study days 
4-6 and 18-20. Blood specimens were also drawn at I ,  2,4,8, 12, 18, and 23.5 
h after the final doses, i .e.,  those doses ingested in the evenings of day 6 and 
day 20. The subjects were confined to the facility for sampling. The serum 
salicylate values obtained at these time points were used to elucidate the 
pharmacokinetics associated with each dosage schedule. The subjects were 
questioned at least once daily concerning their well-being, and the clinical and 
laboratory evaluations performed at the start (physical examination, blood 
chemistry profile. hematological work-up, urinalysis, and test for fecal occult 
blood) were repeated a t  its conclusion. 


Assay Method-Serum salicylate concentrations were measured by a 
modification of the HPLC method described by Peng era/ (9). After the 
addition of a known amount of phthalic acid as an internal standard, the serum 
was acidified with 8 5 1  phosphoric acid. Salicylate and internal standard were 
extracted into a 5050 (by volume) mixture of benzene-ethyl acetate by vig- 
orous mixing. After centrifugation, the organic phase was transferred to a 
clean tube, made alkaline by the addition of ammonium hydroxide, and 
evaporated to dryness at rwm temperature under a stream of nitrogen. The 
residue was dissolved in a small volume of mobile phase, acetonitrile-0.1 M 
phosphoric acid (4060, v/v). An aliquot was injected onto a reverse-phase 
CIS  high-pressure liquid chromatographic column. The effluent from the 
column was monitored continuously at a wavelength of 237 nm. Average re- 
tention times were 3.0 min for the internal standard and 7.5 min for salicylic 
acid when the mobile phase was pumped at a rate of 1.3 mL/min. The assay 
was linear over the range of salicylate concentrations from 1.5 to 50 mg/dL. 
As little as I .5 mg/dL of salicylate could be measured quantitatively; lower 
concentrations were reported as zero. The day-to-day coefficient of variation 
of the assay was 10.6% at a concentration of 7.5 mg/dL. 


RESULTS 


There was no indication that any of the subjects violated the protocol or 
took drugs other than the assigned tablets. None of the volunteers left the trial 
before its conclusion. 


Blood samples obtained just before drug ingestion on days 4-6 and 18-20 
of treatment yielded consistent "trough" levels. These data indicated that the 


I Trilisatc 750 tablets. lot no. P-55; The Purdue Frederick Co.. Norwalk. Conn. 


volunteers had reached steady-state concentrations by the time of the dose 
administered on the evening of the sixth day of each phase of the study, before 
sampling for the 24-h curves. Mean serum "trough" levels were within the 
therapeutic range of 5.0-30.0 mg/dL of salicylate. 


The mean f I SD values for the b.i.d. schedule were 13.4 f 5.1. 12.4 f 5.0. 
and 13.5 f 5.1 mg/dL for the final 3 d of dosing in sequence. The corre- 
sponding values for the once-a-day dosage regime were 8.4 f 4.9.8.5 f 4.6, 
and 9.1 f 4.8 mg/dL. The 24-h serum salicylate curves showed sustained 
anti-inflammatory blood levels with both schedules (Table I; Fig. I) .  Seventeen 
subjects still exhibited substantial concentrations (>I0 mg/dL) 18 h after 
the once-daily 3000-mg dose. 


The measured areas under the curves (AUC) at steady state (Table 11) were 
proportional to the dose of I administered; the mean area computed over the 
12-h interval after the subjects received 1500 mg of salicylate was about half 
the mean area calculated over the 24-h period after one 3000-mg dose was 
ingested at steady state. 


The bioavailability of the single dose relative to that of the divided dose was 
1.06. This value respresented the ratio of the ALC values (0-24 h/O-I2 h) 
divided by the ratio of the respective doses (3000/1500) and did not differ 
significantly from the theoretical value of 1 .O. Due to the very complex non- 
linear pharmacokinetics of salicylate, the ratio of 1.06 can not be used as ab- 
solute evidence for equal absorption oia the two dosage regimens. However, 
the data do suggest that the relative bioavailability from the two dosage reg- 
imens is probably very similar. 


Two-way analyses of variance yielded the following significant differences 
between treatments in comparisons involving 24-h and 12-h observation pe- 
riods for single 3000-mg and 1500-mg doses of salicylate. respectively: mean 
values for serum salicylate peak levels (Cmaa) and time to peak (tmsx) were 
significantly higher (JJ < 0.001 and p = 0.02. respectively) with once-daily 
administration. No significant differences in elimination half-life (1112 
or the elimination rate constant (k,l) was noted (Table I) .  


The incidence of apparently drug-related complaints was similar wlth both 
dosage schedules (Table 111). They involved a total of eight subjects. three 
affected during the once-daily regimen only and four during the twice-daily 
schedule only; one volunteer experienced undesirable symptoms with both 
regimens (tinnitus with once-daily treatment and "stomach ache" with b.i.d. 
administration). The side effects were those generally expected to occur with 
salicylate use. They were usually transient despite continued treatment. in 
Table 111-Side Effects Associated with Repeated Administrationof I 


Salicyla te 
Side Effects Subject Dosage Scheduleo Period 


A 1 13 tinnitus 
1 18 tinnitus 
1 20 tinnitus 
2 22 tinnitus 
2 22 "stomach ache" 


B 1 2 tinnitus 
I 6 "stomach pain" 
1 7 "upset stomach" 
2 18 "stomach ache" 
I 19 tinnitus 


A 7-d wasb-out riod intervened between dosa e schedules Schedule A is 3000 
mg once daily for 6 &chedule B is I500 rng twice (flaily for 6 d. 
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Figure 1 -Steady-state serum salicylate 
levels in 24 healthy subjects after final doses 
of two 6-d regimens of1 administration. Key: 
I@) at the end of once-daily treatment with 
3000 mg of salicylate; (0) at the end of 
twice-daily treatment with 1500 mg ofsal i -  
cylate. 


0 2 4 6 8 10 12 14 16 18 20 22 24 


Time Since Dose, h 


most cases occurred on a single day only, and did not require any of the subjects 
to leave the study. The complaints were more frequently voiced during the 
first phase of the study than during the second, regardless of treatment 
schedule. 


males studied. While tinnitus appeared to be the predominating side effect 
during the once-daily regimen and GI symptoms occurred mainly with b i d .  
administration, the numbers of subjects involved were too small to indicate 
any trends in this regard. 


DISCUSSION 


Our results indicate the equal bioavailability of single daily and b i d .  doses 
of I under the conditions of this trial and support the feasibility of once-daily 
treatment with this drug. They further show that daily ingestion of four-tablet 
doses yields mean "trough" and peak serum salicylate levels within the ther- 
apeutic range. Howcver, since the pharmacokinetics of salicylate vary sub- 
stantially from individual to individual, the choice of antiarthritic regimen 
should probably be individualized on the basis of blood concentrations and 
clinical response. 


Once-daily use by arthritic patients is not known to be feasible with other 
salicylates now available, and hence, within this class of drugs, appears to be 
limited to choline magnesium trisalicylate (I). Obviously, drug safety is a 
major consideration in this respect. In the present study, physical examination 
and laboratory investigations, as  well as analysis of reported side effects, in- 
dicated comparable safety of both dosage schedules of I in the healthy young 
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Figure 2-Iron concentration (&SD) in body tissues 4 h after oral adminis- 
tration of four tablets containing 192.92 mgofferrous chloride (control) and 
four tablets containing 197.12 mg of ferrous chloride and 158.12 mg of 
glycine. 


assumption that the area under the iron concentration-time curve (0-4 h) is 
an indicator of absorption. 


The amount of iron in the different tissues was also consistent with iron 
levels in the blood. Iron concentration was highest in the tissues of the rabbits 
that received the glycine-iron tablets (Fig. 2). Iron-glycine tablets generated 
iron concentrations in tissue that were statistically significantly different from 
those of control iron tablets (p < 0.001 for the tissues of the liver, heart, and 
kidney; p < 0.05 for muscle). 


All data were consistent with those from a previous report (7) from our 
laboratory indicating that glycine increases iron absorption into both blood 
and tissues. Neutron activation analysis is known to be very useful in analytical 
problems in which high sensitivity is required (sensitivity can reach 10-9g). 
It is safe, economical, fast, practical in elemental analysis, and nondestructive 
(15). Also, thermal neutrons do not activate isotopes with atomic numbers 
of less than 10; therefore, carbon, hydrogen, oxygen, and nitrogen are not 
activated. 


The data show that neutron activation analysis of final tableted dosage 
forms of iron can be utilized to investigate the effects of variable formulation 
factors on the absorption of iron. Further work is needed in the area utilizing 
multiple dosing, mixed protein hydrolysate, and pure defined amino acid 
mixtures to optimize tablet formulations for iron absorption. The technique 
of neutron-activation analysis can be employed for other minerals such as zinc 
or magnesium and may be used for comparing the rate and extent of absorp- 
tion of minerals from commercially available vitamin-mineral mixtures 
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Abstract 0 A series of methyl-substituted 1,2,3,4-tetrahydrocarbazoles was 
synthesized and screened for in uitro activity against tyrosine hydroxylase 
and dopamine-8-hydroxylase. The most potent compounds were evaluated 
for inhibition of norepinephrine biosynthesis in rats. The results indicated no 
significant decrease in norepinephrine levels a t  three dosage levels. 


It has been shown that the 1,2,3,4-tetrahydrocarbazoIe 
nucleus is an active pharmacophore. Previous studies have 
shown that the various carbazoles exhibit anti-inflammatory 


Keyphrases Tyrosine hydroxylase-in uitro activity, effect of methyl- 
substituted 1,2,3,4-tetrahydrocarbazoles 0 Dopamine-@-hydroxylasc-in 
uitro activity, effect of methyl-substituted I ,2,3.4-tetrahydrwarbar.olcs 0 
Methyl-substituted 1,2,3,4-tetrahydrocarbazoles-effect on tyrosine hy- 
droxylase and dopamine-8-hydroxylase, in uitro 


( 1  -6), antidepressant (7-12), hypoglycemic ( 1  3), analgetic 
(14), cardiotonic ( 1  5 ) ,  anti-infective ( 1  6), and anticancer 
activities (17). It was of interest to extend the initial work of 
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Table I-Pbysical Constants of Metbyl-Substituted 1,2,3,4-Tetrahydracarbazoles 


Melting Boiling 
CH3 Point, Point, OC 


Compound Forrnulaa Position R R1 OC (mm Hg) 
Vlll CiiHisN 3 H H I 1  1.0-1 I 1.56*c 130- 134 


(0.8) 


(0.35) 


(0.95) 


IX Ci8H26N~ 3 H (CHdd'J(CHs)2 - 154- I 55d 


X CzoH28Nz 3 H ( C H ~ ) Z N ( C H ~ ) ~ '  70-71' 167-174.f 


XI Ci6HiuN2 3 H ( C H h C N  99- 1008 188- 191 
(0.7) 


XI1 Ci6H 3 H (CHz)zCOOH 104- I05 195-197 


Xll l  Ci.iHi7N 3 H CH3 74-75c - 
XIV CI aH25N302 3 NO2 (CH2)3N(CHsh 
XVI C2oHzsC1N302 3 NO2 (CH~)~N(CHZ)J'J 


XVlI CiaH17N302 3 NO2 (CH2hCN 


XIX c I 8H26N2 2 H (CHZ)~N(CH~)I  


(0.55) 


- 1 02- 103 =.i 
253.5-254.08 
208.0-209.58 
2 16-2 178 


- 
- 
- 


- 114-1 16k 


xx C2oH zuN 2 2 H (CH2)2N(CH2)sC - 180- 184' 


XVIll C I QH do4 3 NO2 (CHhCOOH 


( 1  .O) 


(0.45) 


(0.65) 


(0.6) 


XXI Ci6H 18N2 2 H (CH2hCN 96-97' 184- 185 


XXll  C i 6 H d 0 2  2 H (CH2)zCOOH I 13-1 148 190- I95 


XXIII c iaH26CIN 3 0 2  2 NO2 (CH2hN(Chh 2 19-2208.'' - 


xxv CZOH~UNZ I H (CH2)2N(CH2)sC - 184-1 85" 


XXVl c 16H 1sN2 1 H 


XXVll C16HwN02 I H (CH2hCOOH 133-134' - 


XXlV CisH26Nz I H (CH2)3N(CH3)2 50-5 I 154- 159 
(0.4) 


(0.30) 


(0.7) 
6gC 104-105 


(CHhCN (softens); 
83-84 


Compounds IX-XXVII were analyzed for C, H. and N; in addition X V l  and XXIl l  were analyzed for C1. All values were within f0.4% of the theoretical value. Lit. (20) 
mi 108-1 I 1qC. Methand. Maleate. mp 12O-I2l0C. Piperidinoeth 1.  hydrochloride. mp 208-209'C. Ethanol. knzcne-methanol. Hydrochloride. mp 226-227OC. 


ydrochlorrdc. * Hydrochloride,mp 189.5-190.OoC. Maleate, mp 218.5-21 l.O°C. Maleate. mp 1U4-105°C. Malcate. mp ll l-112°C. 


Mooradian et al. (15) and to systematically evaluate the fol- 
lowing structural modifications of the I ,2,3,4-tetrahydrocar- 
bazole nucleus: the effect of substitution on the aromatic ring; 
the effect of removal of the proton on the indole nitrogen; and 
the effect of the addition of an alkyl group to the tetrahydro 
ring. Representative analogues were evaluated in two in uitro 
systems, tyrosine hydroxylase ( 18) and dopamine-0-hydrox- 
ylase ( I  9) for potential use as antihypertensive agents. The 
reaction sequence for the synthesis of the methyl-substituted 
1,2,3,4-tetrahydrocarbazoles is shown in Scheme I. 


+ 
HZNHN 


I I1 
R = H o r N O z  


1 


The methyl-substituted cyclohexanone (I) was treated with 
the appropriate phenylhydrazine (11) (20,21) using acetic acid 
(R = H) or acetic acid and hydrochloric acid (R = NOz) to 
give the methyl-] ,2,3,4-tetrahydrocarbazoles (111). Treatment 
of I11 with the appropriate base, followed either by the addition 
of methyl iodide, a dialkylaminoalkyl chloride, a cycloami- 
noalkyl chloride, or acrylonitrile, produced the 9-methyl, 9- 
dialkylaminoalkyl, 9-cycloaminoalkyl, or 9-( 3-cyanopropyl) 
derivative (IV), respectively. The latter compound was hy- 
drolyzed to the propionic acid derivative with either acid or 
base. It was shown (22) that 2-methylcyclohexanone under- 
goes the reactions shown in Scheme 11. 


These products, l-methyl-l,2,3,4-tetrahydrocarbazole (V) 
and 2,3,4,4a-tetrahydro-4a-methyl- 1 H-carbazole (VI), were yo + I I : R = H  - + 


CHS 
v 


III: R' = H 
I V  R = CHs, dialkylaminoalkyl,  cycloaminoalkyl,  (CH&CN, 


or (CH2)2COOH 
Scheme I 
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Table 11-Physical Constants of 9-Substituted 2,3,4,4a,9,9a-Hexahydro-4a-metbyl- I ff-carbazoles 


OL 


Melting Boiling 
Point, Point, O C  


Compound Formula" R1 "C (mm Hg) 


X X V l l l  Ct3Ht7N H 52-53b 105-112 
(0.6) 


(0.6) xxx CzoHioNz (CHz)2N(CHz)sd - 165-17 I 
(0.65) 


(0.55) 


XXIX CtuH~sN2 (CHdiN(CH3)z - 146- 1 54br  


XXXl  c I 6H zoN 2 (CH2hCN 70-7 I 178-180 


X X X l l  C t 6 H ~ t N 0 2  (CH2)COOH 9 I -92e - 


Compounds XXVIII-XXXII wereanalyzed for C. H.and N. Allvalues werenithin f0.496ofthetheoretical value. Methanol. Maleate, mp 14O-14IoC. d Piperidinoethyl. 
Ethanol. f Maleate. mp 137-l3S0C. 


of interest in view of varying reports (22-24) on the yields as 
well as investigating a new and related series, 2,3,4,4a,9,9a- 
hexahydro-4a-methyl- 1 H-carbazole (VII),  which occurs on 
reduction of VI. 


Selected compounds from each group were tested for in uifro 
activity against tyrosine hydroxylase and dopamine-0-hy- 
droxylase. The most active compound, X, was tested at three 
dosage levels for inhibition of norepinephrine biosynthesis in 
rats. 


EXPERIMENTAL SECTION 


Instruments-Melting points were obtained using a melting point appa- 
ratusl and are uncorrected. Observed boiling points were also uncorrected. 
IR spectra were obtained on a spectrophotometer2 as  KBr pellets or neat. 
NMR spectra wcrc obtained on a 60-MHz spectrometer3 with tetramcthyl- 
silane as the internal reference. Elemental analyses were also performed4. 
Tritium was assayed on a liquid scintillation counter5. 


Reagents-All ketones6 and phenylhydrazinc' were distilled before use. 
p-Nitrophenylhydrazinc8 was recrystallized. 1.-[3,5-~~l]Tyrosine, L-[)H]- 
epinephrine, [ 'H] tyramine. S-[C3H~]adenosyl-~-methionine, and scintillation 
fluids9 were used without further purification. 1 ,4-Dithiothreitollo, dopamine. 
norepinephrine, epinephrine, and S-adcnosyl-L-methioninell were used 
without further purification. Tyrosine hydroxylasc was prepared (25), purified 
(26). and assayed (27); the protein content was alsodetermined (28). Dopa- 
mine-@-hydroxylase (EC I . I  4.17. I )I2 was assayed (29); phenylethanolam- 
ine-N-methyltransferase (EC 2. I .  I .28)12 was also assayed (30). 


General Procedure for the Preparation of Methyl-Substituted 1,2,3,4- 
Tetrahydrocarbazoles (111, R = NO+-The previous mcthod (2 I )  was mod- 
ified as follows. One-half mole of 4-mcthylcyclohexanone and p-nitrophen- 
ylhydrazinc were dissolved in  I80 g of glacial acetic acid. The mixture was 
heated at reflux for 4 h. chilled to S0C, and filtered. The dried hydrazone was 
dissolved in 1 L of hydrochloric acid and was heated at  reflux for 1 h. The 
product separated as yellow needles (78% yield), mp 166.5-167.5"C [lit. (31) 
165- I66OCJ. 


General Procedure for Alkylation of Methyl-Substituted 1,2,3,4Tetrshy- 
drocarbazdes-Method A (IV, R' = CH3)-The previous method (17) was 
employed using 0.05 mol of 3-methyl- I .2,3,4-tetrahydrocarbazole (VIII) and 
0.05 mol of methyl iodide with 3 g of sodium hydride (Sl%, freed from mineral 
oil) in 25 mL of dimcthylformamide. Chromatography on silica gel afforded 
9.2 g (92% yield) of 3.9-dimethyl-I ,2.3.4-tetrahydrocarbazole (XIII) as white 


~~ ~~ ~~ 


I Thomas-Hoover. * Beckman I R-IXA. 
Varian EM360A. 
Performed by the Schwar~kopf Microdna~ytical Laboratory, Woodside. N.Y. 
Reckman LS-230. 
Eastman Chemicals. 


Aldrich Chemical Co. 
Liquifluor and Econofluor: New England Suclear. 


' Fisher. 


10 Schwarz/Mann. 
I '  Calbiochem-Behring. 
12 Sigma Chemical Co. 


crystals, mp 74-75OC; lH-NMR (CDCI,): 6 I .90 (3, d, J = 4 Hz. CHI), 3.10 
(6, m, CH2), 3.40 ( I ,  m, CH). 3.80 (3. s, CH,-N). and 7.30 ppm (4, m. 
ArH). 


Anal.-Calc. for C14H17N: C, 84.23; H, 8.61; N. 7.06. Found: C, 84.46; 
H. 8.63; N, 7.01. 


Table 111- 1,2,3,4Tetrahydrocarbazoles and 2,3,4,4a,9,9a- 
Hexahydrocarbazoles as Inhibitors of Tyrosine Hydroxylase' 


fSEM, 
Compound Ic50. M b  x 10-4 n 


1,2,3,4-Tetrahydro- >4 x 10-4 0.3 3 


6-Nitro- 1,2,3.4-tetra- >4 x 10-4 0.4 3 


VlI l  >4 x 10-4 0.6 3 
IXC >4 x 10-4 0.6 3 
Xf 4 x 10-4 0.3 4 


XI >4 x 10-4 0.3 3 
XI1 4 x 10-4 0.4 4 


XIVf 2 x 10-4 0.2 6 
XVIf 2 x 10-4 0.3 6 


X V l l  4 x 10-4 0.3 4 
XVl l I  >4 x 10-4 0.6 3 


XIXf >4 x 10-4 0.8 3 
xxe >4 x 10-4 0.7 4 


XXI 4 x 10-4 0.4 4 
X X l l  >4 x 10-4 0.6 3 


XXIIIf 4 x  10-4 0.6 4 
XXlVC >4 x 10-4 0.8 3 
xxve >4 x 10-4 0.9 3 


XXVl  >4 x 10-4 0.7 3 
XXVIl  >4 x 10-4 0.8 3 


XXX'  >4 x 10-4 0.4 3 
DL-a- Methyltyrosines 2 x 10-4 0.2 6 


Each compound was preincubated with the reaction mixture for 5 min before addition 
of L-tyrasine (5 X lo-' M) as substrate. Data represent a rangc of 45-55% inhibition; 
where >4 X lo-' M concentrations are indicated, inhibition was <20% with 4 X lo-' 
M inhibitor. Data from Ref 20. Data from Ref. 21. Maleate. f Hydrochloride. 
p Data from Ref. 18 gives 2.5 X lo-> M. 


Table IV-l,2,3,4-Tetrahydrocarbazdes as Inhibitors of Doparnine- 
B-H ydroxylase 


ca rbazole 


hydrocarbazoled 


~~ ~~ ~ 


In Vitro 
Inhibition, 


Compound" %of Controlb f S E M  n 


XC 44 I .6 4 
XI1 72 7.4 4 


XIV 68 6.8 6 
XVI 55 6.3 4 


X V l l  76 3.6 4 
XXI 59 3.8 6 


XXIl l  94 I .8 3 
0- Benzyl hydroxylamineC 33 2.2 4 


Forthesalt form.seeTable 111. b Each compound ( 5  X M) waspreincubated 
M) as substrate. Significantly different for 15 min before addition of tyramine ( 5  X 


from control. p < 0.05. 
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Table V-In Vivo Assay Results 


Norepinephrine Level 
a-Methyl- 


1 mg/kg 10 mg/kg 50 mg/kg tyrosine 
Assay of x ofX of x (400 mg/kg) Saline 


I 0  ng g of heart tissue 588.6 587.3 594.3 472.5 602.2 
47.5 75.2 70.8 25.1 97.8 


I l *  ng g of heart tissue 182.0 169.0 163.0 156.0 193.0 
14.0 13.0 13.0 17.0 24.0 


Decrease, % 2.3 2.5 I .3 21.5 - 


Decrease, % 5.7 12.4 15.6 19.2 - 


f LEM 


* 8 E M  


I l l 0  ng g of heart tissue 


Decrease, % 
f L E M  


519.9 
46.7 


425.0 
28.0 
9.3 


487.5 
29.7 
- 


351.6 
30.6 
25.0 


468.8 
29.4 
- 


a Data from Ref. 35. b Data from Ref. 36. 


MethodB [IY, R' = (CH2),N(CH,)2J-The-prcvious method (17) was 
employed using 0.05 mol of 3-methyl-I ,2.3,4-tctrahydrocarbazole (VIII) and 
0.05 mol of 3-dimethylaminopropyl chloride ( I  7) in dimethylformamide with 
3 g of the aforementioned sodium hydride to give 16.7 g (75% yield) of IX, 
bp 154-IS5OC (0.35 m m  Hg), as a light-yellow oil. *H-NMR (acetone-d6): 
d 1.82 (3, d . J  = 4 Hz, CH3). 2.05-2.55 (m, CH2h 2.25 (3, s,CHs-N), 3.20 
(6, m, CHI), 3.45 ( I ,  m, CH), and 7.22 ppm (4, m, ArH). 


Anal.-calc. for ClgH26N~: C, 79.88. H, 9.70, N, 10.41. Found: C, 80.00; 
H, 9.87; N, 10.46. 


Method C [ IV ,  R' = (CH2)2CN]-The previous method (17) was em- 
ployed using 0.05 mol of 3-methyl-1,2,3,4-tetrahydrocarbazole (VIII) and 
0.10 mol of acrylonitrile in benzene containing 1.5 mL of trimethylbenzyl- 
ammonium hydroxide to give 9.59 g (80% yield) of XI as a white amorphous 
powder. bp 188-19IoC (0.7 mm Hg), mp 99-10O0C. IR (Kdr): 2250 cm-1. 
(s, C S N ) ;  'H-NMR (acetone&): 6 1.80 (3, d , J  = 4 Hz, CH,), 2.40 ( I ,  d, 
J = 17 Hz, CHCN), 2.80 ( I ,  d, J = 17 Hz, CHCN), 2.90 (2. m, -CHIN), 
3.05 (6, m, CH2). 3.50 (1, m, CH), and 7.20 ppm (4, m, ArH). 


Anal.-calc. for C16HlgN2: C, 80.62; H, 7.63; N. 11.76. Found: C, 80.59; 
H, 7.77; N, 11.55. 


3-Methyl-l,2,3,4-tetrahydrocarbazole-9-propionic acid (XI1)-Compound 
XI (0.03 mol) was dissolved in 400 mL of 90% ethanol containing 0.50 mol 
of potassium hydroxide. The mixture was refluxed for 18 h and then the solvent 
was evaporated under reduced pressure. The residue was dissolved in water, 
dccolorized, and acidified with hydrochloric acid. The product was extracted 
with ether, and the organic phase was washed with water and dried (Na~S04). 
Evaporation of the solvent and distillation of the residue afforded XII, as white 
crystals, bp 195-197OC (0.55 mm Hg), mp 104-105°C. IR (KBr): 1740cm-' 
(s, ( 2 4 ) ;  IH-NMR (acetone-db): 6 1.75 (3, d, J = 4 Hz, CH3), 3.00 (6, m, 
CHI), 3.45 ( I ,  m, CH), 4.45 (3, t , J  = 7 Hz, NCHCH2C). 6.95-7.50 (4, m, 
ArH), and 10.45 ppm ( I ,  s, COOH). 


/ /  
7 'I 


0 50 100 1 So 200 250 


$j X lo-' TYROSINE 


Figure I-Effect of X (m) and XIV (0) on the hydroxylarion ojL-tyrosine. 
Concentrations of L-tyrosine (substrate) varied from I X 
M; (0) control. 


to 4 X 


Ana/.-calc. for C16H19N02: c. 74.66 H. 7.46; N, 5.44. Found C, 74.83; 
H. 7.62; N, 5.16. 


In all alkylation methods when R = NO2, additional solvent was re- 
quired. 


l-Methyl-1,2,3,4-tetrahydrocarbazole (V)-The previous method for the 
preparation of the hydrazone of 111 (R = NO2) was employed. Cyclization 
was accomplished using dilute sulfuric acid (32). The product was isolated 
and distilled, bp 121 - 129OC (0.4 mm Hg), mp 67-68'C as tan crystals [lit. 
(22) bp 142-146OC (0.3 mm Hg), mp 69OCI. 


2,3,4,4a-Tetrahydro-4a-methyl-l H-carbatole (V1)-The aforementioned 
hydrazone was cyclized using glacial acetic acid (32) to give a liquid, bp 
98-106OC (0.9 mm Hg). picrate 17O-17IoC as yellow crystals [lit. (33) bp 
98-lOOOC (0.3 mm Hg), picrate 169-17IoC]. IH-NMR (CDC13): d 1.26 ppm 
(3,  S, (343). 
2,3,4,4a,9,9a-Hexahydro-4a-methyI-1 H-carbatole (VI1)-Catalytic hy- 


drogenation of V (0.1 mol) employing platinum oxide in a mixtuie of hydro- 
chloricacidandalcohol(34)for 8 hgaveVII in82%yield, bp 105-112°C(0.6 
mm Hg), mp 52-53OC as white crystals. IR (KBr): 3425 cm-I (s. NH); 
'H-NMR(CDC13):d 10.2ppm(l,s, NH). 


Anal.-Calc. for C I ~ H ~ ~ N :  C. 83.35; H, 9.17; K, 7.48. Found: C, 83.66; 
H, 9.08; N, 7.48. 


Analytical data for the compounds prepared by the above methods are 
shown in Tables I and 11. 


Enzyme Inhibition- Tyrosine Hydroxylase-Tyrosine hydroxylase in- 
hibitors were screened as previously indicated (27) with the substrate con- 
centration varied from 1 X 10-5 to 5 X M andeach potential inhibitor 
tested at concentrations of 2 X M. DL-a-Methylty- 
rosinen was used as a standard inhibitor for this phase. The results are listed 
in Table 111. 
Dopamine-/3-Hydroxylase-Dopamine-/3-hydroxylase inhibitors were 


screened as previously reported (29). The substrate concentration was 5 X 
10-4 M. O-Benzylhydroxylamine8 was used as a standard inhibitor in this 
study. The data are listed in Table IV. 


In Vivo Determinations-Thirty male Sprague-Dawley rats, weighing 
-200 g, were divided into five groups of six rats each. Each group received 
an injection of either 1 mg/kg of X, 10 mg/kg of X, or 400 mg/kg of 
cu-methyltyrosine or saline. The intraperitoneal doses were in a volume of 1 
mL. After 4 h, the initial dose was repeated and, after an additional 4 h, the 
animals were sacrificed. The brains, hearts, and blood were taken for analysis 
(35.36). Data for each assay are shown in Table V. The experiment was re- 
peated (assay 111) with theexceptions that the seconddose was repeated after 
3 h, the animals were sacrificed 3 h after the last dose, and only the hearts were 
removed and assayed (35). 


M and 4 X 


RESULTS A N D  DlSCUSSION 


From the tyrosine hydroxylase data (Table I l l ) ,  it appears that theactive 
compounds are those that possess a substituent at the 9-position. In the 9- 
[3-(dimethylamino)propyl] series, the 6-nitro substitution is essential for 
activity, as IX and XIX were inactive while both XIV and XXlll wereactive. 
In the 9-[2-( I-piperidino)ethyl] series, both X (the unsubstituted carbazole) 
and XVI (the 6-nitro analogue) were active. In the 9-(3-cyanopropyl) series, 
the initial conclusion reached with the previous analogues held for XI and 
XVII, but failed with XXI and XXVl due to the extreme insolubility of the 
latter. In  the 9-(3-propionic acid) series, the 6-nitro derivative (XVIII) was 
inactive, while XI1 (the unsubstituted analogue) was active. As in the case 
of the cyanopropyl series. theextreme insolubility of XVlll was a prime factor 
in the correlation. The hexahydro analogue of X (XXX) was inactive. Inhi- 
bition of tyrosine hydroxylase by the tetrahydrocarbazoles was noncompetitive 
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with tyrosine, as seen in  Fig. 1 for X and XIV. Whether this effect is exerted 
on either tetrahydrofolate or tetrahydropteridine ( I  8) must await further 
study. All active compounds were assayed for inhibition of dopamine-D-hy- 
droxylase (Table IV). From the data, X was shown to be the most active overall 
in both systems and was selected for the in oioo assay. 


In oiuo results of X (Table V) are explained on the basis of the assays per- 
formed. Assays I and 111 (35) are paired and show no inhibition. Assay I was 
repeated due to a high norepinephrine level after a-methyltyrosine treatment. 
Assay I1  results indicate significant inhibition; however, the correction for 
the recovery of norepinephrine from alumina is not included in assay 11, while 
I and 111 allow for this errorI3. Thus, while X inhibited both tyrosine hy- 
droxylase and dopamine+?-hydroxylase in oirro, it was not active in oiuo. 
Whether X is metabolized too rapidly and fails to attain the required tissue 
concentration is not known. 
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Abstract 0 Needle-like salicylic acid crystals were transformed into a 
spherically shaped dense form during crystallization by the spherical crys- 
tallization techniaue. Agitation of a mixture of ethanol-water-chloroform 


solvent mixture was decreased, and this enhanced the dissolution rate of the 
crystals. The remarkable improvements in the flow and packing of the 
agglomerated crystals enabled the direct compression of the crvstals. 


of the agglomerated crystals increased when the amount of ethanol i n  the 


A novel agglomeration technique to transform a micro- 
crystalline drug into an agglomerated form during the crys- 
tallization process was previously described (1). This technique 


could enable subsequent processes, such as separation, filtra- 
tion, drying, etc. to be carried out more efficiently. Further- 
more, the resultant agglomerated crystals could be easily 
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BOOKS 


X-ray Crystallography and Drug Action. Edited by A. S. t1ORN and C. J. 
DE RAhTER. Oxford University Press, 200 Madison Avenue. New York, 
N Y  10016. 1984.514 pp. 16 X 24 cm. Price: $59.00. 
The International School of Crystallography at the Ettorc Majorana Centre 


in Erice. Sicily. sponsors an annual week-long course devoted to one of the 
various interdisciplinary subdivisions of crystallography. I n  the spring of 1983, 
the ninth course was devoted to the subject of X-ray crystallography and drug 
action. This book is a collection of the twenty-seven papers presented at the 
course. 


The first six papers arc general reviews of the ways in which the results of 
both small molecule and macromolecular crystal structure determinations 
are applied to problems in pharmaceutical chemistry. Discussions of selected 
biisic principles of crystal structure determination and of quantum chemical 
calculations arc included. They arc technically sound. but not so rigorous as 
to encourage a noncrystallographer to pass on to the next paper. The last four 
papcrs in the book arc similarly comprehensive in their coverage of aspects 
of graphics and molecular modeling. 


Most of the volume is  devoted to presentation5 of research studies of a va- 
riety of biological systems. Pharmacologists, biochemists, and crystallogra- 
phers interact in many mutually supportive ways. Two papers on the dihy- 
drofolate reductase-thymidylate synthetase system as a therapeutic target 
for the treatment of a variety of diseases describe this relationship with ex- 
ceptional clarity. Analgesics and neuroactivc drugs arc treated with similar 
thoroughness. The remaining presentations arc so broad in scope that no 
summary of reasonable length could do them ju.itice. 


As with any effort involving many authors, there are places where this book 
falls short of its potential. The reader i s  denied the benefit of summaries of 
what must have been exciting discussions after each presentation. No single 
paper i s  concerned primarily with polymorphism, an omission which w i l l  
disappoint pharmaceutical chemists. Perhaps an even more serious omission 
is that. with several of the contributions discussing enantiomeric effects upon 
drug activity, crystallographic studies of spontaneous resolution in drugs are 
not even considered in the review papers. 


From a technical point of view, the book i s  extremely well produced. The 
typescripts provided by the authors arc generally clear. Very few typographical 
errors were discovered. For the most part, the figures are well done and clcarly 
labeled. A few of the stereoscopic pairs arc so closely set that some individuals 
may encounter difficulty in achieving stereopsis. even with the aid of a viewer. 
The subject index could have been more complete and consistent, particularly 
with reference to citations of drugs by name. Computer programs are indexed 
by name rather than by function. This i s  unnecessarily confusing, since the 
former might well bc obscure to the noncrystallographer, as well as being 
unrelated to the latter. 


When one considers the price of this volunie in relation to others of similar 
coverage. i t  is certainly modestly priced. Even with [he omissions and technical 
shortcomings noted, the overall strength of the discussions of structure activity 
relationship in proteins, enzymes, and their complexes with smaller molcculcs 
makes this book a worthwhile addition to the personal library of most phar- 
maceutical chemists. 


Heuiewd by Wilson I I .  De Camp 
Dicision of Drug Chemisrry 
Food and Drug Adminisrrarion 
Washington, DC 20204 


Fungal Metabolites. Vol. 11. By W .  B. TURNER and D. C ALDRIDGE. 
Academic Press, I I I Fifth Avenue, New York, NY 10003. 1983.631 pp. 
16 X 23.5 cm. Price: S80.00. 
As a frequent and happy user of the first volume of Fungal Merabolites by 


Turner. it was a great pleasure to see the publication of this second volume 
in 1983. The first volume, publishcd in I97 I .  is an extensive compilation of 
secondary (specific) metabolites of fungi organized into chapters largely on 
the basis of their biogenesis. Volume II is essentially a 10 year update that 
includes nearly 2,000 new metabolites. Chapters 1 and 2 from Volume I dealt 
with primary and secondary metabolism, and aspects of cultivation and sec- 
ondary metabolism. These chapters are not included as separate topics in the 
new book, but the few developments in t h a t  areas arc covered in other sections 
where appropriate. References to labeling experiments used in Volume I hdve 


been deleted, but Volume I I  contains much new important information on 
carbon- I 3  isotopic labeling experiments extcnsively utilized during the past 
dccadc in the elucidation of biosynthctic pathways. 


The 1983 edition of Fungal Metabolire.\ i s  divided into seven chapters of 
varying length. Chapters describe groups of metabolites which are: not from 
acetate (40 pp.~-215 refcrcnces); from Pdtty acids (10 pp.- 59 references): 
from polyketidcs (168 pp.-731 rcfcrcnces); from tcrpcnes (141 pp.--593 
references); from tricarboxylic acid cyclc intermediates ( 16 pp. - 4 5  refer- 
ences); from amino acids (72 pp. 389 references); miscellaneous compounds 
(37 pp:- 180 references); and an addendum chapter (62 pp: 281 references). 
References for all but the last chapter date largely in the 1970‘s with a few 
citations from the 1960’s and 1980. The addendum chapter is essentially an 
update of information on a11 classes of fungal metabolites covered in earlier 
chapters, and i t  includes literature citations from 1980, 1981, and a few into 
1982. 


The bulk of this book is  loaded with useful illustrations and references, and 
the text provides good concise coloring for the structures shown. The empirical 
formula. organism, and subject indices niakc the book practically useful. This 
i s  especially so, since the authors ttwk great care to maintain the same orga- 
nimtion used in the original volume. It i s  also easy tocross reference bctwcen 
the two volumes. This i s  an outstanding reference-work and it i s  a must for 
an): laboratory seriously engaged in research on the topic of fungal metabo- 
lites. 


Rmiewed by John P. Rosaz7a 
College of Pharnracy 
Uniwrsirj .  4 Iowa 
Iowa City, I A  52242 


Pattern Recognition Approaches To Data Interpretation. By D I A N E  D. 
WOLFF and MICHAEL 1.. PARSONS. Plenum Press, 233 Spring St., 
New York, N Y  1001 3. 1983. 223 pp. 17 X 26 cm. Price: $29.50. 
This book i s  a “how to” description of the use of multivariate statistical 


packages in the evaluation of large arrays of chemical data. The authors focus 
primarilyon techniques popularized in rccent years undcr the gcncral term. 
“pattern recognition” with a major emphasis on how to use and interpret 
ARTHUR ( B .  R. Kowalski, Laboratory of Chemometrics, Seattle. WA), 
SPSS (Sm, Inc., Chicago, IL), and BMDP (Health Sciences Computing 
Facility. Los Angeles, CA). SAS (SAS Institute Inc., Cary. NC)  and 
CLUSTAN (Scotland) arc described to a somewhat lesser degree. The book 
is intended for investigators with l i t t le  or no prior experiencc withdata analysis 
nor with thc above-mentioned statistical packages. Program descriptions. 
strengths, and implementation are  linked to the pL+rticular versions of the 
packages used by the authors. For example. users of the 1977 and later versions 
of the ARTHUR program would be advised to refer to the manuals for those 
programs for program description and implementation and to the book for 
suggestions on problem statement, analysis, and interpretation. 


Through the example of a single set of pollution data, the authors take the 
reader through the steps of data analysis from problem statement and data 
coding to final evaluation. The numerical techniques described and applied 
to the pollution data include data mapping. supervised and unsupervised 
learning algorithms, and univariate and bivariate statistics. The excellent 
discussion and demonstration of preliminary data evaluation and variable 
relationships isthe major strength of this book. A minor weakness is that the 
opinions expressed by the authors concerning the utility-specific numerical 
techniques seen1 to be based on their experiences rather than rigorous statis- 
tical studies. The comparison of numerical techniques available in two or more 
packages will certainly be valued by chemists who arc uncertain as to which 
packages better address a particular application. 


Pattern Recognition Approaches 10 Data Intcvprerurion i s  a long overdue 
addition to the wealth of monographs on chcmometrics published over the past 
few years. I t  is unique in i ts applications oriented approach. The book i s  a 
recommended reader for novices and a resource for more experienced inves- 
tigators. 


Xeciewed by Alice Harper 
Department of Chemistry 
Unioersity of Texas at El Paso 
El Paso. TX 79968 
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3250-3160 (NH), 1550-1525,1345,1320-1305, and 945-910cm-' (NCS 
I. 11, 111, and I V  amide bands, respectively) ( I  I ) ;  '11-NMR of I1  (CDCI3): 


C ~ H S C H ~ C H ~ - ) ,  4.41 (d, 2, J = 5 Hz, C6HsCH2-), 5.64 (s, distorted, I ,  
2-phcnethyl-NH, exchangeable), 6.07 (s, distorted, I ,  benzyl-NH. ex- 
changeable), and 7.13 ppm (m. 10, ArH). 


2-Arylimino-4-aryl-3-(2-phenethyl)-2,3-dihydrothiazole Hydrobromides 
(Vlll-XXXIIl)-A mixture of N-aryl-N'-(2-phenethyl)thioureas (11-VII) 
(0.001 mol) and phenacyl bromide or the appropriately substituted phenacyl 
bromide (0.001 1 mol) in absolute ethanol (10 mL) was heated at  reflux for 
4 h. Some of the products separated during the heating, while others crystal- 
lized after cooling the mixture. The products were removed by filtration, dried, 
and recrystallized from benzene containing a few drops of absolute ethanol. 
The yields and physical constants of the products (VIII-XXXIII) are  listed 
in Table I .  1R (mineral oil) Y: 2780-2670 (-NH) and 1610-1590 cm-' 


8 2.82 (t, 2, J = 7.5 Hz, C6HsCH2CH2-), 3.68 (9. 2, J = 7.5 Hz, 


(C-N); 'H-NMR of XXIIl (MQSO-d6): 8 2.41 (s, 3, CHj), 2.94 (t. 2, J 
= 7.5 Hz, C ~ H J C H ~ C H ~ - ) ,  4.46 (1. 2. J = 7.5 Hz, CsHsCH2CHz). 7.26 
(m, 10, ArH and C5-H of the thiazoline ring), 7.70 (d, 2, J = 9 Hz, ArH, 
mefa to nitro group), and 8.44 ppm (d, 2, J = 9 Hz, ArH, orrho to nitro 
group); 'H-NMR for XXVIII: 6 2.41 (s, 3, CH3), 2.87 (t, 2, J = 7.5 Hz, 


Cs-thiazoline proton), and 7.25 ppm (m, 13, ArH); IH-NMR for XXX: 6 2.8 1 


6.80 (s, I ,  C5-thiazoline proton), and 7.29 ppm (m, 14, ArH). MS, m/z (rel- 
ativeabundance 2) for XXIII: M'at 415(7), 312(22), 311(100), 310(20), 
134(19), 105(47), 104(22), 103(26), 91(49), and 89(28). For XXVIII: M' 
a t404andM + 2at406(8),302(36),301(22),300(l00),299(15), 149(27), 
148(51), 147(74), 134(27), 118(31), 115(28), 105(52), 104(21). 103(29), 
and91(48). ForXXX:M'a t435andM+ 2at437(0.9),332(57),331(17), 
330(50), 139(22), 135(31), 134(100), 105(41). 104(49), 103(32), 102(23), 
91(86). 90(24). 89(20),and 82(16). 


Antihypertensive Testing-Rats, maintained in an incubator (32-35'C) 
for 20-40 min, were restrained to measure systolic blood pressure and heart 
rate indirectly by the tail cuff method4. Each determination was the mean of 
at least six recordings. Groups of four animals were used, and measurements 
were made predose (time zero) 1, 2, 4, and 6 h after administration of the 
products, with occasional readings at  24 h. 


Anticonvulsant Testing-The compounds suspended in 1% methylcellulose 
were administered orally (1 mL/100 g) to CD-I male mice ( 1  8-25 g), 10 per 
group, 1 h before intravenous infusion of 8 mg/mL of pentylenetetrazol in 


CsH5CH*CH2-), 4.34 (t. 2, J = 7.5 Hz, C6HsCH2CH2-), 6.87 (s, I ,  


(t, 2, J = 7.5 HG C&IsCH2CHz-), 4.27 (t, 2, J = 7.5 HG C~HSCH~CHZ-) ,  


' W, W8005 B.P. recorder. 


Synthesis of N,N'-Disubstituted 


saline at a rate of 0.5 mL/min. The timcof infusion required to elicit a tonic 
extensor spasm was noted, and the dose of pentylenetetrazol administered was 
calculated. Thc results (Table I )  arc expressed as the percentage change 
compared with controls treated with vehicle only. Statistical significance was 
determined using the Student's t test. 
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Abstract 0 A simple method for obtaining the title compounds was found in 
the alkaline rearrangement of S-2-aminoethylisothiouronium salts, which 
were obtained from the condensation of thiourea or substituted thioureas with 
2-bromoethylamine hydrobromide. No activity was found for the substituted 
guanidines against P388 lymphocytic leukemia in mice, or as  Hz-receptor 
antagonists. 


Keypbrrses 0 N,N'-Disubstituted N"-2-(2-quinolinylmethylthio)ethyl- 
guanidines-anticancer activity, potential Hz-receptor antagonist 0 Anti- 
cancer agents-potential, N,N'-disubstituted N"-2-(2-quinolinylmethyl- 
thi0)ethylguanidines. H2-receptor antagonist activity 


A number of strongly basic compounds have shown appre- 
ciable anticancer activity. Bis(guanidines) and guanylhy- 
drazones are active in leukemia systems (1,2), and bis(guan- 


ylhydrazones) of anthracene-9,lO-dicarboxaldehydes (3) have 
a particularly broad spectrum of anticancer activity. Recently, 
synthesized bis(S-alkyl) (4), and S-alkyl cycloalkylamino ( 5 )  
derivatives of N-methylquinolinium dithioacetic acid showed 
reproducible activity against P388 lymphocytic leukemia in 
mice, the best activity being shown by one of the basic (mor- 
pholino) derivatives. It appeared that further increase in ba- 
sicity of this series was warranted. The basic side chain of the 
cimetidine molecule was selected for inclusion in the quino- 
line-2-methyl structure because of the reported cytostatic and 
immunosuppressive activities of some guanidine derivatives 
(6). Modification of the basicity by inclusion of electron-at- 
tracting or -releasing functions on the guanidine moiety was 
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Table I-Physical Properties of N,N'-Disubstituted N"-2-(2-QuinolinylmethyIthio)ethylpyuanidines (I-HX) and Antileukemic Activities in Mice 
_ _ _ _ ~ ~ ~  ~ ~ 


Yield, Dose, Weight Median Survival 
Compound R R' HX Formulab mp, O C  % mg/kgc Difference (T - C) Time, TIC%" 


la H H 2HCl C I ~ H I ~ N &  189-1 91 44e 100.0 -1.1 
2HCI.1.5H30 50.0 0.6 


Ib H CH3 2HCl C ~ ~ H I ~ N ~ S :  220-223 43-f 
2HCI.3H20 


2HCI*H,O 25.0 -0.5 
Ic CH3 CH3 2HCI ClsH2oNQ. 158-160 63n 50.0 -3.3 


12.5 -0.5 
Id CH3 CsH5CHz 2HCI C ~ I H I ~ N ~ S  122 (dec.) 84h 50.0 -2.0 


2HCI-1.5Hz0 25.0 -0.3 
12.5 -0.4 


Ie CH3 C 6 H 6 0 2  2HBr CzoHzzN402Sz. 80-90 (dec.) 77 200.0 -0.5 
2HBr-2H20 100.0 0.4 


50.0 0.7 
I f  CH3 C N  Ci5H i7N$ 93 100.0 -1.2 


50.0 0.0 


101 
94 


112 
1 I8  
115 
101 
109 
98 


100 
106 
106 
94 


115 
~~ ~ 


a CD2Ft mice were inoculated wi th  P388 lymphocytic leukemia. 


Recrystallized from MeOH. f Recrystalli7.ed from MeOH-EtOAc. I Recrystallized from acetone-water. 


All compounds were analyzed for C, H. and N;  in addition, la was andlyred for CI. and Ib-d were analyzed 
A T/C% value o f t  125 is considered a psit ive result. for S. All values were within *0.4% of the theoretical values. Drugs were administered intraperitoneally on days 1, 5 .  and 9. 


Recrystallized from ether. 


made, giving compounds of the I series. Since quinoline-2- 
methyl analogues of cimetidine have not becn prepared or 
tested as H2-receptor antagonists, this activity was also in- 
vestigated for these derivatives. 


R=H, CH3, C&,CH2 CN, C G H ~ S O ~  
R = H ,  CHa 


I 


DISCUSSION 


Chemistry-Most synthetic methods used for cimetidine analogues have 
involved the use of cyanamide (7, 8) or a derivative such as N-cyanoimino- 
dithiocarbonic acid dimethyl ester (9) or N-methyldicyanodiamide (10) and 
treatment with appropriate amines or halides. It was found more convenient 
to synthesize the guanidinoethylmercapto moiety by alkaline rearrangement 
of N,N'-disubstituted S-2-aminoethylisothiouronium salts (1 I). These were 
prepared by condensation of N,N'-disubstituted thioureds with 2-bro- 
moethylamine hydrobromide. When an electron-withdrawing function was 
present on the thiourea, salts were not formed, and rearrangement was carried 
out on the neutral molecule. The resulting mercapto compounds were con- 
verted to the sodium salts and condensed with 2-chloromethylquinoline. Yields 
of the N-2-(2-quinolinylmethylthio)ethylguanidines ranged from 42 to 93%. 
based on the isothiuronium compounds. Physical constants of the compounds 
obtained are recordal in Table I. This method of synthesis is shown in Scheme 
1. It may be considered an improvement over previously used methods for ci- 
metidine analogues because of fewer synthetic steps and more stable starting 
materials. 


IH-NMR spectra of the products agreed with the proposed structures. 
Quinoline protons appeared at  6 8.46-8.60 ppm as salts and at  6 7.68-7.76 
ppm as neutral molecules. The 2-quinolinylmethyl protons appeared as singlets 
at 6 4.52-4.64 ppm for the salts and at 6 3.90-3.99 ppm for the neutral mol- 
ecules. The S-CH2 protons were seen at d 2.78-3.55 ppm for the salts and 
at  6 2.59-2.65 ppm for the neutral compounds. The N-CH2 protons had 
chemical shifts a t  6 3.50-3.55 ppm for the salts and at  6 3.41-3.43 ppm for 
the nonsalt forms. The N-CH3 protons were found at  6 2.75-2.96 ppm for 
the salts and at 6 2.74-2.78 pprn for the nonsalts. The doublet of the N-CHj 


RNH b HR' + BrCHzCH,NHz.HBr - 
R N d N H R I  . 2 H B r  Ns 


NR 


HSCHzCHzNH ' NHR' -I- a C H 2 C ,  - ' 
Scheme I 


protons became a singlet in the presence of D20, indicating the proximity of 


Biological Test Results --Antileukemia testing of the N-2-(2-quinolinyl- 
methy1thio)ethylguanidines was done at the National Cancer Institute in mice 
with P388 lymphocytic leukemia using the NCI protocol (12). Details re- 
garding dose and survival of the treated animals are recorded in Table 1. None 
of the compounds showed positive activity (a T / C  X 100 ratio of 2 125). and 
all were appreciably toxic. Doses >I00 mg/kg were generally fatal. 


Screening of the compounds for possible H2-receptor antagonism was 
carried out with guinea pig atria a t  doses of 10-4-10-5 M. Cimetidine and 
tripelennamine were employed as H2- and H 1-antagonists, respectively, and 
histamine was used as the H2-agonist. None of the compounds had the ability 
to interact with the Hz-receptor, as determined by an isolated right atrial 
preparation from the guinea pig. The N-bcnzyl-N'-methylguanidine derivative 
slowed atrial rate but was not acting oiu an Hz-receptor. 


N-H. 


EXPERIMENTAL SECTION' 


N-Methyl-S-2-aminoethylisothiouronium Bromide Hydrobromide-A 
mixture of N-methylthiourea (4.5 g. 0.05 mol) and absolute ethanol (50 mL) 
was refluxed for 30 min. 2-bromoethylaminc hydrobromide (10.25 g, 0.05 
mol) was added, and the mixture was refluxed for 2 h. The mixture was cooled, 
and the white precipitate was removal by filtration, dried at reduccd pressure, 
and recrystallized from methanol to give 13.39 g (91%), mp 220-222OC; Rj 
0.60. IR(KBr): 3300, 3260,3080 (NH.  NH2+, and NH3+), 1940 (amino 
HBr). and 1648 (N-C=N) cm-I; 'H-NMR: 6 8.90(br s, 6. NH, NH2+ and 
NH3+), 3.55 (t. 2, N-CHz), 3.19 (t. 2, S--CH2), and 2.99 ppm (s, 3, 
CH3). 


And-Calc. for C ~ H I I N ~ S ~ H B ~ :  C, 16.28; H, 4.44; N,  14.24. Found: 
C, 16.43; H, 4.61; N,  14.37. 
N,N'-Dimethyl-S-2-aminoethylisothiouronium Bromide Hydrobro- 


mi&-To a solution of N,N'-dimethylthiourea (5.20 g, 0.05 mol) in absolute 
ethanol (50 mL) was added 2-bromoethylamine hydrobromide (10.25 g, 0.05 
mol) and the solution was refluxed for 2 h. The mixture was cooled (ice-bath), 
and the white solid was isolated and dried at reduccd pressure. Recrystalli- 
zation from methanol gave 12.59 g (82%). mp 215-216OC (dec.); Rf 0.59. 
IR(KBr): 3260,3120.3070 (NH2+, NH3+). 2020 (aminoHBr), 1630, and 
1620 (N-C=N, NH3+) em-I; 'H-NMR: 6 8.70 (br s, 5 ,  NH2+ and NH3+), 
3.68 (t, 2, N-CHI), 3.18 (1, 2, S-CHl), and 3.04 ppm (s, 6, 2CH3). 


And-Calc. for CsHl3N&ZHBr: C, 19.43; H. 4.89; N, 13.60. Found: 
C,  19.65; H, 5.01; N, 13.46. 
N-Benzyl-N'-methyl-S-2-aminoethylisothiouronium Bromide Hydrobro- 


mi&-N-Benzyl-N'-methylthiourea was prepared in  95% yield from ben- 
zylamine and methyl isothiocyanatc in methanol, stirring for 20 h and re- 
crystallizing from aqueous methanol to give white crystals, mp 71 -73OC. The 
thiourea (9.01 g, 0.05 mol) was refluxed in absolute ethanol (50 mL) for 30 
min, 2-bromoethylamine hydrobromide (10.25 g, 0.05 mol) was added, and 


Meltin points were determined in capillary tubes with a Mel-Temp block and are 
uncorrectef. 'H-NMR spectra were obtained in Me2SO-ds with a Varian T-60 spec- 
trometer using Me& as internal standard. IR spectra were obtained on a Perkin-Elmer 
457A grating spectrophotometer using KBr pellets. TLC was carried out using Eastman 
silica gel plates with fluorescent indicator and a solvent system of I-butanol-acetone- 
water ( 4 5 1 ) .  Elemental analyses were done by F. R. Straws, Oxford, England. Organic 
reagents were supplied by Aldrich Chemical Co. and Fisher Scientific Co., and the hy- 
drogen chloride by Matheson Gas Products. 
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the mixture was refluxed until it became homogeneous. It was cooled (ice- 
bath), and the white precipitate was removed by filtration and dried at reduced 
pressure. A second crop rcsultcd on reducing the volume of the filtrate to 20 
mL and cooling at  -2OOC. The combined solids were recrystalli7.d from 
methanol to give 13.66 g (72%). mp 219-221OC; Kf0.65. IR(KBr): 3330, 
3230,3100 (NH2+ and NH3+), 2020 (amine-HBr). 1620, and 1615 (N--  
C=N. NH3+) cm-I; 'H-NMR: 8 8.53 (bs, 5, NH2+and NH3+), 7.93 (s, 5, 
ArH), 4.74 (s, 2. CH2). 3.67 (t. 2, N-CHl), 3.18 (1. 2, S--CH2), and 3.09 
ppm (s. 3, CH3). 


Anal.-Calc. for C I I H I T N ~ S - ~ H B ~ :  C. 34.30; H,  4.97; N,  10.91. Found: 
C,34.52;H,5.18;N,  10.82. 
N-Benzenesulfonyl-Nf-methyl-S-2-aminoethylisothiourea-To a solution 


of benzenesulfonamide (8.65 g. 0.055 mol) in dimethylformamide (30 mL) 
at 4OC was added a solution of sodium hydroxide (2.22 g) in water (3 mL) 
and methyl isothiocyanate (4.02 g, 0.055 mol), and the solution was stirred 
for 30 min. 2-Bromoethylamine hydrobromide (10.25 g, 0.05 mol) in di- 
methylformarnide (20 mL) was added and stirring was continued at  room 
temperature for 7 h. The mixture was added to water (500 mL) and extracted 
with I-butanol (350 mL), and the extract was washed with water (2 X 250 
mL). The organic phase was evaporated and the resulting syrup solidified on 
storage at -2OOC. The white solid was recrystallized from methanol, to yield 
4.23 g (28%). mp 114-1 16OC; /$0.50. IR(KBr): 3340,3260 (NH and NH2), 
1570(NH), 1200,and I135 (S02)cm-I; 'H-hMR:6 7.62(m, 5,ArH),7.20 
(br 1.2, NH2), 3.35 (m, 2, N-CHz), 2.72 (d, 3, CH,), and 2.60 ppm (m, 2, 


KCyano-N'-methyl-S-2-aminoethylisothiourea-T0 a solution of cy- 
anamide (2.31 g, 0.055 mol) in dimethylformamide (30 mL) at  4°C were 
added a solution of sodium hydroxide (2.2 g) in water (3  mL) and methyl 
isothiocyanate (4.02 g, 0.055 mol), and the solution was stirred for 30 min. 
2-Bromoethylamine hydrobromide (10.25 g, 0.05 mol) in dimethylformamide 
(20 mL) was added, and the mixture was stirred at  room temperature for 18 
h. The solvent was evaporated at  reduced pressure and the residue was ex- 
tracted with I-butanol (2  X 30 ml,). The extract was washed with water (2 
X 30 mL), and the organic phase was evaporated at reduced pressure to give 
4.50g (52%) ofasyrup; Rf0.81. IR(KBr film): 3350,3240,3170 (NH and 
N H 3 ,  2180 (CN), 1580; and 1540 (NH and NH2) cm-l; 'H-NMR: 6 6.80 
(br s, 3.NH and NH2), 3.35 (m,2,N-CH2), 2.72(d,3,CHs),and 2.60 ppm 
(m.2.S-CH2). 


Representative Procedures for the Preparation of N,N'-Disubstituted 
~--t(2~uinotioylmethyItbio)etbylguanidines- N-2-(2-Quinolinylmerhyl- 
thi0)ethylguanidine Dihydrochloride-S-2-Aminoethylisothiouronium 
bromide hydrobromide (1 1) (28.10 g, 0.1 mol) in 50 mL of water was treated 
with concentrated ammonium hydroxide (1 5 mL, 0.25 mol) and stirred at  
room temperature for 2 h. The mixture was evaporated to dryness, and the 
residue was dried at reduced pressure. This material was dissolved in 25 mL 
of methanol, and a solution of sodium methoxide (5.40 g, 0. I mol) in methanol 
(50 mL) was added. To the solution of the sodium salt of 2-mercaptoethyl- 
guanidine was added a solution of 2-chloromethylquinoline, prepared from 
the hydrochloride (21.41 g, 0.1 mol) and sodium methoxide (5.40 g, 0.1 mol), 
in methanol (50 mL). The mixture was stirred a t  room temperature for 18 
h, the sodium chloride was removed by filtration, and the filtrate was evapo- 
rated to dryness. The residue was extracted with water (75 mL) and ether (75 
mL), and the residual oil was reextracted with water (50 mL) and ether (50 
mL). The aqueous extracts were evaporated to a syrup and dried at reduced 
pressure. The residue was treated with methanolic hydrogen chloride (75 mL). 
prepared by saturation at O°C for 20 h. The methanol was evaporated, and 
the residue was recrystallized from methanol to give 14.59 g (44%) of beige 
crystals, mp 189-19IoC; Rf0.52. IR(KBr): 3380,3300,3120(NH and N H d ,  
2720-2600 (amine-HCI), and 1630 (N-C=N and NH3+) cm-I; 'H-NMR: 
6 11.58 (br s, 1. quinoline.NH+), 8.47 (m, 6, quinoline). 7.48 (br s, 5, NH, 
NH2,and NH2+),4.59(s,2,CH2),3.50(q,2,N-CH2),3.20(s,HzO),and 
2.78 ppm (t. 2, S-CH2). 


N -  Benzenesulfonyl- N'-methyl-Nn-2-(2-quinolinylme~hyl~hio)ethy1- 
guanidine Hydrobromide-N-Benzenesulfonyl-N'-methyl-~-2-amin~th- 
ylisothiourea (2.73 g, 0.01 mol) was added to 30 mL of methanol saturated 
with ammonia at O O C ,  and stirred at O°C for 18 h. The mixture was evaporated 
to dryness, and the residue was treated with acetone (20 mL) and sodium 
hydroxide (0.4 g) in water (10 mL). To  the resulting solution was added 2- 
chloromethylquinoline (1.78 g, 0.01 mol) and stirring was continued at  room 
temperature for 4 h. The mixture was evaporated to half volume, water (20 
mL) was added, and the solution was extracted with 1-butanol(2 X 30 mL). 


S-CH2). 


The extract was washed with water (2 X 30 mL). evaporated to a syrup,and 
dried at  reduced pressure to give 3.21 g (77%), which was converted to the 
hydrobromide, mp 68OC (color change), 80-90OC (dec.); RJ 0.84. 'H-NMR 
(cmI3): 6 7.68 (m, 11, ArH). 6.60 (br s, 2, 2 NH),  3.90 (s, 2, CH2). 3.41 (9. 
2, N-CHz), 2.74 (d, 3, CH3). and 2.59 ppm (t. 2. S-CHz). 


N-Cyano-N-methyl- N u  -2- (2-quinolinylmethylthio)ethylguanidine- 
N-Cyano-N'methyl-S-2-aminoethylisothiourea (3.35 g, 0.021 mol) was 
added to methanol (30 mL) saturated with ammonia at OOC, and stirred at 
O°C for 18 h. The mixture was evaporated to a syrup and dried at  reduced 
pressure. The residue was added to a solution of sodium methoxide (0.81 g) 
in methanol (30 mL), 2-chloromethylquinoline (2.67 g, 0.01 5 rnol) was added, 
and the solution was stirred at room tcmpcrature for 3 h. The mixture was 
filtered, and the filtrate was evaporated to a syrup which was dried at reduced 
pressure. The residue was extracted with I ,2-dichloroethane (50 mL), washed 
with water (2  X 30 mL), dried (Na2S04), and filtered. The filtrate was 
evaporated to a syrup and dried at reduced pressure to give 4.18 g (93%); RJ 
0.84.1R (film): 3280.3160 (NH), and 2170 (CN) cm-I; 'H-NMR (CDC13): 
6 7.76 (m. 6, quinoline), 6.18 (br s, 2, 2 NH), 3.99 (s, 2, CH2). 3.43 (m, 2. 
N-CHz), 2.78 (d, 3,CH3),and 2.65 ppm (m, 2,S-CHz). 


Hz-Receptor Antagonist Tat-Compounds were tested for H2-receptor 
antagonist activity using the guinea pig right atrial preparation described by 
Yellen et a / .  (13) and Lumley and Broadley (14). The isolated atrium was 
placed in  a 50-mL tissue bath at 3OoC and filled with Krebs-bicarbonate 
solution oxygenated with oxygen-carbon dioxide (955). Connected to a Grass 
Force displacement transducer, a 750-mg tension was applied to the atrium. 
and the tissue was allowed to cquilibrate for 60-90 min. Cumulative dose- 
response curves were constructed using lo-' M histamine2 in the 
presence or absence of cimctidine3. tripelennaminc dihydrochloride2, or 
propranolol hydrochloride4. None of the compounds tested was capable of 
shifting the cumulative dose-response curve to histamine. 
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with tyrosine, as seen in  Fig. 1 for X and XIV. Whether this effect is exerted 
on either tetrahydrofolate or tetrahydropteridine ( I  8) must await further 
study. All active compounds were assayed for inhibition of dopamine-D-hy- 
droxylase (Table IV). From the data, X was shown to be the most active overall 
in both systems and was selected for the in oioo assay. 


In oiuo results of X (Table V) are explained on the basis of the assays per- 
formed. Assays I and 111 (35) are paired and show no inhibition. Assay I was 
repeated due to a high norepinephrine level after a-methyltyrosine treatment. 
Assay I1  results indicate significant inhibition; however, the correction for 
the recovery of norepinephrine from alumina is not included in assay 11, while 
I and 111 allow for this errorI3. Thus, while X inhibited both tyrosine hy- 
droxylase and dopamine+?-hydroxylase in oirro, it was not active in oiuo. 
Whether X is metabolized too rapidly and fails to attain the required tissue 
concentration is not known. 
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Abstract 0 Needle-like salicylic acid crystals were transformed into a 
spherically shaped dense form during crystallization by the spherical crys- 
tallization techniaue. Agitation of a mixture of ethanol-water-chloroform 


solvent mixture was decreased, and this enhanced the dissolution rate of the 
crystals. The remarkable improvements in the flow and packing of the 
agglomerated crystals enabled the direct compression of the crvstals. 


of the agglomerated crystals increased when the amount of ethanol i n  the 


A novel agglomeration technique to transform a micro- 
crystalline drug into an agglomerated form during the crys- 
tallization process was previously described (1). This technique 


could enable subsequent processes, such as separation, filtra- 
tion, drying, etc. to be carried out more efficiently. Further- 
more, the resultant agglomerated crystals could be easily 
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compounded with other pharmaceutical powders due to their 
spherical form. We refer to this technique as “spherical crys- 
tallization.” 


Spherically agglomerated crystals of aminophylline were 
prepared directly by agitating a mixture of chloroform, etha- 
nol, and water which contained ethylenediamine and theo- 
phylline (2). It was found that sodium theophylline monohy- 
drate crystals, produced by salting out, were simultaneously 
agglomerated into spherical shapes in a mixture of an ethyl- 
enediamine solution of theophylline, an aqueous solution of 
sodium chloride, ethanol, and chloroform (3) .  


In the present study, the needle-like salicylic acid crystals 
simultaneously formed and agglomerated into a spherical 
shape in a mixture of water, ethanol, and chloroform. The aim 
of the study was to elucidate the effects of the composition of 
crystallization solvent on the physicochemical properties of 
the resultant agglomerated crystals, e.g., crystalline form, 
crystallinity, wettability, dissolution rate, and micromeritic 
properties. The agglomeration behavior of the crystals was also 
investigated by measuring the sedimentation volume of the 
resultant crystals in liquid. 


EXPERIMENTAL SECTION 


Spherical Crystallization Process--Method I --Salicylic acid’.2 (0.5 g) 
was dissolved in ethanol ( 1  -5  mL) in a test tube thermally controllcd at 60°C. 
After cooling the ethanol solution to room temperature, 10 mL of water was 
added to the solution to yield the needle-like salicylic acid crystals. The mixture 
was allowed to stand for 1 h, then chloroform (0.3-0.5 mL) was added and 
the mixture was shaken hori7ontally at 200-400cpm. using a shaker2, for 10 
min. The mixture was transferred to a measuring cylinder (25 mL) to measure 
the equilibrium sedimentation volume of the agglomcrated crystals. The 
agglomerated crystals were separated and dried. 


Method 2-Fifty milliliters of the ethanol solution (containing 12.5 g of 
salicylic acid maintained at 4OOC) was poured into a mixture of chloroform 
(9 mL) and water (250 mL). The system was thermally controlled at 5OC and 
was agitated at 600 rpm by a turbine agitator with 6 blades for I h. The re- 
sultant crystals were separated and dried and their micromeritic properties 
were measured. 


Measurement of Physicochemical Properties-The crystalline form of the 
agglomerated salicylic acid was determined using an X-ray diffra~tometer~ 
with 0.15418 nm radiation. Thc relativc diffraction intensity of salicylic acid 
(20 = 17.1’) to that ofsodium chloride (20 = 31.6’), used as an internal 
standard, was taken as a measure of the crystallinity of salicylic acid. Sodium 
chloride particles fractionated into 150-200 mesh were incorporated into the 
diffraction samples with an agate mortar and pestle. The coefficient of vari- 
ation of the relative intensities of diffraction peaks, due to the preferred or- 
ientation of particles in a powder, was 0.24. Wcttability of the agglomerated 
crystals for water was determined by the contact angle of water to the 
agglomerated crystals and measured by the method of Lerk et al. (4). The 
agglomerated crystals weighing 2 g were compressed into a tablet (19.9 mm 
diameter, 5.3-5.8 mm thickness) at 50-60 kg/cm2. The pressure was applied 
for 10-15 min to obtain an acceptable tablet without disintegration during 
the measurement. A large drop of saturated solution of salicylic acid was 
placed on the tablet surface, and the height of the drop was measured by a 
cathetometer. The contant angle (0) was determined by using the following 
equations: 


0 > 9 0 °  c o s 0 = - 1  +d-(L- 2 I )  (Eq. I) 
3( I - 6) Bh2 


Bh 
( E q .  2) d 3 (  1 - c ) (  I - Bh2/2) 


0 > 90” cos 0 = I - 


where h is the height of the drop. c is the porosity of the tablet, and p and y 
are the density and the surface tension of the liquid drop. The porosity of the 


‘ Nakarai Chemicals, Ltd.. Japan. * V-S type; lwaki Co., Japan. 
J D X  type; Nihon Dcnahi. Co.. Japan. 


Table I-Solubility and Degree of Supersaturation 
~~ 


Ethanol 
Fraction 


in the Degree of 
Solvcnt, % Conc.. pg/mL Supersaturation 


With 
Agglomeration 8.8 


16.0 
22.4 
28.0 


2.39 
3.16 
4.65 


19.02 
13.19 
8.27 


9.05 3.95 
32.7 16.39 2.03 


Agglomeration 8.8 2.22 20.48 
16.0 2.82 14.78 
22.4 4.00 9.62 
28.0 6.87 5.20 
32.7 14.28 2.33 


Without 


tablet was determined by measuring the apparent density ot the tablet and 
the true density of the agglomerated crystals using a helium-air comparison 
pycnometer4. The surface tension of the salicylic acid saturated solution was 
measured by a surface tensiometer5. The dissolution test of the agglomerated 
crystals was carried out by the rotating basket method specified in USP at 
100 rpm and 37OC (5). One hundred milligrams of the agglomerated crystals 
were dissolved in deaerated distilled water. Two-milliliter aliquots were 
withdrawn at appropriate intervals and an equal volume of water was replaced 
to the vessel. Salicylic acid was assayed spectrophotometricallyh at  530 nm 
after adding I %  ferric nitrate to the aliquot. 


Measurement of Micromeritic Properties of the Agglomerated Crystals-As 
a measure of the flow of the crystals, the angle of repose of the agglomerated 
crystals was measured by pouring powder on a plate (10 cm diameter)’. Thc 
packing ability of the agglomerated crystals was investigatcd by tapping them 
into a 50.mL measuring cylinder using a tapping machine’. The ability of the 
crystals to be formed into tablets was tested by using a single punch machine*. 
The average weight and dimension of the tablets were: 0.382 g, 10.05 mm 
diameter, and 4.1 4 mm thickness, respectively. The hardness was measured 
by a moving plate hardness tester9. 


RESULTS AND DISCUSSION 


Agglomeration Behavior of Salicylic Acid Crystab in Liquid-The recovery 
of the crystals agglomerated by spherical crystallization (method I )  sharply 
decreased with >25-30% ethanol in the solvent mixture (Fig. I ) .  With 33% 
ethanol in the solvent mixture, 28% of the loading was recovered as agglom- 
erated crystals. Without agglomeration. when no chloroform was added to 
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Figure I -Recocery and bulk density of agglomerated crystals. Key: (0)  
recovery of the agglomerated crystals. (A) recocery of the primary crystals. 
and (0) bulk density of the agglomerated crystals. 
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Figure 2-  Photographs of agglomerated crystals prepared with various ethanol fractions by methods I and 2: (a), (h), and (c) agglomerated crystals prepared 
by method I (the ethannl fractions in the solcent are 8.8, 22.4, and 28.0%. respectively); (d) spherically agglomerated crystals prepared by method 2. 


the system, the recovery of the crystals was 63%. This finding indicated that 
the solubility of salicyclic acid in the solvent for spherical crystallization, i.e., 
ethanol-water-chloroform, was higher than in the ethanol-water mixture 
without agglomeration, as suggested in Table 1. 


The sedimentation volume of the agglomerated crystals prepared by 
spherical crystalliiation (method I )  was measured to investigate the effect 
of the composition of the solvent mixture on the agglomeration behavior. Bulk 
density of the agglomerated crystals, defined as the weight of the crystals 
recovered divided by the equilibrium sedimentation volume, was plotted 
against the ethanol fraction of the solvent. The bulk density decreased linearly 
when the amount of ethanol in the solvent mixture was increased (see Fig. 1). 
The size of the particles composing the agglomerated crystals decreased with 
a decrease in the amount of ethanol in the solvent mixture as shown in Fig. 
2. Elworthy and Worthington (6) reported that finer sulfadiazine crystals were 
produced in more highly supersaturated solvents. The degree of supersatu- 
ration ( S d )  was defined by: 


c o  
Sd =- 


Ce 
where Co and Ce are the initial loading and the remaining drug concentrations 
after crystallization in  the solvent, respectively. 


As shown in Table I, decreasing the amount of ethanol increased the degree 
of supersaturation, resulting in fine crystals. The larger agglomerated crystals 
were loosely compacted and elongated as shown in Fig. 2, resulting in a higher 
sedimentation volume. i.e., a lower bulk density. The strength of the agglo- 
merated crystals prepared in a solvent mixture with 28.0% ethanol was not 
enough to hold an agglomerated form after drying. In this study, the solvent 
mixture with small amount of ethanol afforded the dense, spherically agglo- 
merated crystals. 


Physicochemical Properties of the Resultant Crystals-The X-ray dif- 
fraction patterns of the agglomerated crystals are shown in Fig. 3; all the 
patterns coincided with that of the original salicylic acid. and no change in 


t 


L 
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Figure 3 X-ray powder dijfraction parrerns of agglomerated sulicylic acid 
crystals. The ethanol fractions for (u / ,  (b). and (c) are 8.8, 22.4. and 28.0%, 
respecti~~ely; (*) dennres the dij/raction peak of sodium chloride. 


the crystalline form of the basic crystals was found, even after agglomeration. 
The diffraction intensity varied with the amount of ethanol in the solvent 
mixture, and may be dependent on the basic crystal size. Increasing the amount 
of ethanol in the solvent mixture caused the diffraction peaks to increase. The 
relative diffraction intensities of salicylic acid (17.1 ') to that of sodium 
chloride (31.6') are  shown in Fig. 4 as  a function of the amount of ethanol 
in the solvent mixture. The relative diffraction intensities were assumed as 
the crystallinity of the elementary crystals composing the agglomerate. As 
expected, the crystallinity increased when the amount of ethanol in the solvent 
mixture was increased. The crystallinity of the agglomerated crystals were 
influenced more strongly by the amount of ethanol in the solvent mixture than 
the crystals that were not agglomerated. Recrystallization of salicylic acid 
from chloroform occluded in the agglomerated crystals during drying may 
have increascd the crystallinity of the dried agglomerated crystals. when 
compared with those that were not agglomerated. 


Wettability of the agglomerated crystals by water was investigated by 
measuring the contact angle of water to the compressed crystals. It was ex- 
pected that the contact angle would vary with the amount of ethanol in the 
solvent mixture, since the crystallinity and the elementary crystal size of the 
agglomerated crystals varied with the amount of ethanol. Gulinkina et a/ .  (7) 
found that a dyecrystal with a low crystallinity was more wettable than a dye 
crystal with a high crystallinity. The contact angles of the agglomerated 
crystals produced in the solvent with >25% ethanol were higher than those 
of the crystals that were not agglomerated, as  shown in Fig. 5 ,  due to their 
higher crystallinities. When the amount of ethanol was <25%, the contact 
angles of the agglomerated crystals became smaller than those of the primary 
crystals that were not agglomerated. This may be due to the fact that the basic 
crystal size of the agglomerated material produced in the solvent mixture with 
small amounts of ethanol was larger than that of the crystals that were not 
agglomera ted. 


The differences in the wettability of the crystals suggested that the disse  
lution behavior of the crystals might vary. The time required for 50% of solute 
dissolution of the agglomeratcd crystals prepared from the rolvent with 22.4% 
ethanol (TSO = 7 min) was significantly shorter than the othcrs (T5o = 20-22 
min) at  the 1% level, since the crystals were easily wetted, as  shown in Fig. 
5. Furthermore, their specific surface areas were fairly large, compared with 


t ' /  c / 
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Ethanol fract ion.  I 


Figure 4-Effect of ethanol fraction in the solcent on the crystallinity of 
salicylic acid. Key: (@) agglomerated crystals and (A) primary crystals. 
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Figure 5-Contact angles of agglomerated and primary crystals as a function 
ojthe ethanol fraction in the solvent. Key: (0) agglomerated crystals and 
(A) primary crystals. 


those of the agglomerated crystals prepared with 8.8% ethanol, as suggested 
in Fig. 2. Although the agglomerated crystals prepared with 28.W0 ethanol 
had large specific surface areas, their poor wettability resulted in a slower 
dissolution rate (Fig. 6). The dissolution rate of the spherically agglomerated 
crystals in Fig. 2d did not decrease as much as predicted from their low specific 
surface areas because of their improved wettability (Fig. 5). 


Micromeritic Properties of Agglomerated Salicylic Acid Crystab Prepared 
by method 2-The agglomerated crystals prepared by method 2 were more 
compact and more spherical than those prepared by method I ,  as shown in 
Fig. 2. The average diameter of the agglomerated crystals was 930 pm, with 
a size range from 460 to 12 I0 pm. The micromeritic properties of the agglo- 
merated crystals were significantly improved compared with those of the 
crystals that were not agglomerated. The angle of repose of the agglomerated 
crystal was 36O. while that of the crystals that were no: agglomerated was 5 1’. 
The packing ability was investigated by tapping the crystals in a measuring 
cylinder. The data were analyzed by Kawakita and Liidde (8) and Kuno (9) 
equations, represented by Eqs. 5 and 6, respectively: 


!!,’+!! 
c ab a 


Disso lu t ion  time, min 


Figure 6-Dissolution patterns of agglomerated crystals. Key: ethanol 
jracfions 0fr.J 8.8, (A) 22.4, and I.) 28.0%. 


Table 11-Micromeritic Properties of Primary Crystals and Agglomerates 


Micromeritic 
Properties Agglomerates Primary Crystals 


aa 0.0955 0.3397 
b” 0.0466 0.0295 
k b  0.0049 0.0092 


Closest packing 
density 0.488 g/cm3 0.160 g/cm: 


Tablet Compressible‘ Not Compressible 


Parameter in Eq. 5 .  bParameter in Eq. 6. Tablet properties: diameter. 10.05 mm; 
thickness, 4.14 mm; average weight, 0.382 g; weight variation, 2.56% (the maximum 
percentage difference from the mean weight). 


Angle of repose 36O 51°  


where a and bare the constants, n is the tap number, and VO, Vn, and V, are 
the powder bed volumes at initial, nth tapped, and equilibrium state, respec- 
tively. 


PI - P n  = (PI - PO) exp(-kn) (Es. 6) 


where p,, pn, and po are the apparent densities at equilibrium, nth tapped, and 
initial state, respectively, and k is the constant. All the data satisfied the re- 
lationships represented by Eqs. 5 and 6. The packing ability was assessed by 
comparing the constants a, b, and k in Eqs.  5 and 6, respectively, as shown 
in Table 11. The constant u represents the proportion of consolidation at the 
closest packing attained. The reciprocals of b and k represent the packing 
velocity. The constant a for the agglomerated crystals was smaller than that 
for the crystals that were not agglomerated. This indicated that the agglom- 
erated crystals were easily packed, even without tapping. The larger b value 
for the agglomerated crystals proved that the packing velocity of the agglo- 
merated crystals by tapping was slower than that of the crystals that were not 
agglomerated. The smaller k in Eq. 6 for the agglomerated crystals coincided 
with the above finding. The slow packing velocity corresponded with the 
proportion of the consolidaticn, of powder bed per tap, which was low. The 
closest packing density of the agglomerated crystals was larger than that of 
the crystals that were not agglomerated. Due to the improved flow properties 
and packing ability of the agglomerated crystals, they were directly com- 
pressible; whereas, the crystals that were not agglomerated were not com- 
pressible due to their poor flow properties. 
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In Viuo Uptake of Polyisobutyl Cyanoacrylate 
Nanoparticles by Rat Liver Kupffer, Endothelial, and 
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Abstract 0 Polyalkyl cyanoacrylate nanoparticles were previously developed 
as a biodegradable, ultrafine, solid drug carrier. Distribution studies in the 
rat showed an intense and rapid hepatic uptake. This liver accumulation ap- 
pears to represent, to a certain extent, extracellularly bound nanoparticles. 
During liver perfusion, I5-20% of the liver-associated nanoparticles were 
washed out. The cellular distribution of strongly cell-associated nanoparticles 
was determined. At different intervals after injection of radioactive nano- 
particles to rats. the cells were isolated according to a recently developed, 
low-temperature procedure during which processing of the carrier was in- 
hibited. At all testcd times, a relativcly intense capture by Kupffer cells in 
comparison with endothelial and especially parenchymal cells was observed. 
This distribution pattern was not influenced by the size of the nanoparticles 
(0.08-0.21 5-pm diameter). This specific interaction of nanoparticles with 
Kupffer cells opens possibilities for the treatment of some parasitic diseases 
involving this cell type. 


Keyphrases 0 Nanoparticles-polyisobutyl cyanoacrylate. in oiuo uptake, 
rat liver Kupffer, endothelial, and parenchymal cells 0 Polyisobutyl cy- 
anoacrylate-in oioo uptake of nanoparticles, rat liver Kupffer, endothelial, 
and parenchymal cells 0 Distribution-in uico uptake of polyisobutyl cy- 
anoacrylate nanoparticles, rat liver Kupffer. endothelial, and parenchymal 
cells 


The incorporation of a drug into a carrier such as liposomes, 
macromolecules. or solid colloidal nanoparticles modifies the 
body distribution of the drug ( 1  -3) .  This change in the dis- 
tribution pattern can be used to direct a drug specifically to 
the target tissue or to protect a tissue from the toxic effects of 
a drug. For this purpose a carrier consisting of polyalkyl cy- 
anoacrylate nanoparticles was developed (4, 5 ) .  These sub- 


I I 
PAREN - 


KUPFFER CHYMAL THELIAL CELLS WHOLE ENDO- 


CELLS CELLS 
Figure 1 -Distribution of J'4Clpolyisobutyl cyanoacrylate nanoparticles 
(0.2iS-pm diameter) in the rat h e r  Kupfler, endothelial. and parenchymal 
cells 30 min after intracenous administration. 
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microscopic spheres, <0.3 pm in diameter, are degraded under 
physiological conditions (6 ,  7). Associated with a cytostatic 
drug, they provoke an enhancement of the therapeutic activity 
(8) or a reduction of the toxicity (9). The body distribution of 
these carriers was studied, and, as for most carriers, an intense 
and rapid capture by the organs rich in reticuloendothelial cells 
was observed ( 10, 1 I ). 


Since the majority of nanoparticles were captured by the 
liver, the intrahepatic distribution of the carriers as a function 
of time is important. Whether the interaction between nano- 
particles and parenchymal cells could be affected by admin- 
istration of nanoparticles smaller than the fenestrated lining 
of the liver sinusoids (0.1 pm) was studied. 


EXPERIMENTAL SECTION 


Preparation of Radioactive Nanoparticles-Radioactive monomer was 
prepared according to a previously published method ( I  2). [14C]Formalde- 
hyde was used in the synthesis; as  a result, the monomer was tagged on the 
C-3 atom. The specific activity of the radioactive monomer1 was 1.4 mCi/ 
mL. 


To a 10-mL solution of 1% dextran 70 and 0.05 M H3P04 was added 0.1 
mL of the radioactive monomer, with stirring. After 2 h of polymerization, 
the suspension was made isotonic with glucose and neutralized with 0.5 M 
NaOH. Smaller nanoparticles were prepared in a similar way, except the 
polymerizirion medium was a 5% glucose in M HCI solution. The nan- 
oparticles size was measured using a particle counter2, based on laser beam 
scattering. 


Isolation and Separation of Rat Liver Parenchymal, Kupffer, and Endothelial 
Cells-After intravenous administration of radioactive nanoparticles to rats 
(Wistar R1)3, at  different intervals, cell isolation was started by a liver per- 
fusion, first with Ca2+-free Hank's buffer at 8OC and then with I mM CaCl2 
Hank's buffer at 8°C containing eithcr 0.5% (w/v) collagenase4 for paren- 
chymal cell isolation or 0.25% protease5 for Kupffer and endothelial cell iso- 
lation. Further isolation was performed at O°C to minimize degradationand 
redistribution of the internalized nanoparticles. Further purification of the 
Kupffer and endothelial cells was performed according to a modified version 
of a published method (13). which is described in  detail clsewhere together 
with the parenchymal cells isolation technique (14). Kupffer and endothelial 
cells were obtained by, successively, 400Xg centrifugation, metrizamide6 
density cushion centrifugation, and centrifugal elutriation7. 


The absence of parenchymal cell remnants was indicated by the absence 
of L-type pyruvate kinase ( 1  5 ,  16). The characterization of Kupffer and en- 
dothelial cell preparations was realizcd by light microscopic examination after 
staining for peroxidase activity with diaminobenzaldehyde ( 1  7) followed by 
a Papanicolaou counter-staining ( I  8). After this treatment Kupffer cells were 
easily recognized by their brown appearance, while endothelial cells were blue. 
The purity of the endothelial cells preparations was >95%, while the purity 
of the Kupffer cells preparations was between 70 and 90%. the remainder being 
endothelial cells. 


I.R.E.. Fleurus. Belgium. 


200 U/mg. type I ;  Sigma. St. Louis. Mo. 
Pronase. 50.000 PUK/mg. B-grade; Calbiochem-Behring, La Jolla, Calif. 
Metrizamide; Nyegaard and Co.. A-S. Oslo. Norway. 
Beckman Elutriaton Rotor Syhtem; Beckman Instruments. Palo Alto, Calif. 
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Figure 2--h'adioactioity present in fractions of the liquid collected from the 
rat liver during a perfusion with Hank's medium at 8"Cstarted 30 min after 
intracenous administrarion o// 14C/polyisoburyl cy~noacrylate nanoparticles. 
Radioactiiiity was measured in the pellets (*) and supernatants (@) ofthe 
fractions after a 5-min centrifugation at 600Xg. 


Parenchymal cells were isolated by repcated low-speed centrifugations. 
essentially in the same way as reported previously ( 1  9). The parenchymal cell 
preparations were free ofother cell types, as checked by light microscopy. 


The total liver value was calculated from the radioactivity present in a liver 
lobe which was tied off after an 8-min perfusion with Ca2+-free Hank's buffer, 
just prior to perfusion with proteolytic enzymes. The liver lobe, isolated cells, 
and samples of the nanoparticle preparation wcre oxidized8 and radioactivity 
was counted by liquid scintillation9. The protein content in the samples was 
determincd according to the method of Lowry (20). using bovine serum al- 
buminlo as a standard. 


To determine the amount of loosely bound nanoparticlcs, radioactivity was 
measured in the postperfusion medium during an 8-min perfusion with Hank's 
Ca2+-free medium at 8°C. This perfusion was started 30 min after the i n -  
jection of nanoparticles and just after a liver lobe had been tied-off and excised 
to serve as a nonperfusion control. Furthermore. the different samples were 
centrifuged at 600Xg for 5 min to check whether thc radioactivity was due 
to nonsediment nanoparticles or to nanoparticle-carrying cells. All these 
samples were then counted for radioactivity. 


RESULTS AND DISCUSSION 


lntrahepatic Distribution of Nanopartieles-Figure I shows the distribution 
of the 0.2 15-nm i4C-labelcd polyisobutyl cyanoacrylate nanoparticles between 
the different liver cell types 30 min after intravenous administration. Nano- 
particles were recovercd mainly in the Kupffer cells. The association of nan- 
oparticles to Kupffer cells (expressed per milligram of cell protein) was 


Time : min 


Figure 3 -Distribution of 1 ~4C/polyisohutyl cyanoacrylate nanoparticles 
10.215-pm diameter) in the Kupffer (A), endothelid (@), and parenchymal 
(.) cells of a rat lioer as a function ojtime after intracenous administra- 
tion. 


8 Packard Tri-Carb Oxidirer; Packard. Downcrs Grove. 111. 
Packard Tri-Carb I.iquid Scintillation Spectrometer; Packard. Downers Grove, 


Fraction V; Sigma. St. L.ouis. Mo. 
I l l . ,  
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Figure 4- Distribution of [ I  4C]polyi.robutyl cyanoacrylate nanoparticles 
(0.08-pm diameter) in the rat liver Kupfler. endothelial, and parenchymal 
cells 30 min after intravenous administration. 


100-fold higher than with the major liver cell type (parenchymal cells). An 
intermediate cell accumulation value was observed for endothelial cell prep- 
arations. 


Based on the relative contribution of Kupffer, endothelial, and parenchymal 
cells to total liver, the recovery of the radioactivity in the isolated cells as  
compared with that originally present in the whole liver can be calculated. 
This calculation indicates that the nanoparticles, present in the liver just before 
the perfusion with proteolytic enzymes, were quantitatively recovered in the 
isolated cells. This high recovery is only possible if the nanoparticles were either 
intcrnali7.ed or strongly associated with the liver cclls. However, it wasobserved 
that during the Ca2+-frec perfusion, the loosely bound nanoparticles were 
removed ( 1  5 2 0 %  of the initial liver-associated radioactivity). 


The total rat liver accumulation of radioactivity after an 8-min perfusion 
at  8°C was 13% of the injected dose. This value is somewhat lower than for 
the nonperfused liver (17% of the injected dose). This differencecan only be 
explained by the release of loosely bound nanoparticles. Indeed, when the 
postperfusion medium was centrifuged at 600Xg for 5 min, practically all 
radioactivity was found in the supernatant (Fig. 2). This result excludes the 
hypothesis of radioactive nanoparticle-containing cell release during the 
perfusion. 


Liver Distribution a s  a Function of Tim-Figure 3 shows the time course 
of the accumulation of nanoparticles into the different rat liver cell types. The 
association to Kupffer cells occurs very rapidly, while the maximal association 
to endothelial cells is clearly slower. However. at all time intervals tested, 
nanoparticles were always recovered mainly in the Kupffer cells. The radio- 
activity ratios of Kupffer to parenchymal cells were 173, 101, and 119, re- 
spectively, for intervals of 530 ,  and 120 min. For the same intervals, the ratios 
of Kupffer to endothelial cells were 21.2,4.9, and 5.9. 


Influence of Nanoparticle Size on Liver Distribution-The endothelial lining 
of the rat liver sinusoid contains fenestrae arranged in "sieve plates;" the pores 
of the fenestrae are 4 . 1  p m  in diameter (21). It can be argued that the low 
in oico uptake of nanoparticles by the parenchymal cells is caused by this 
morphological barrier. I f  this is true, a drop in the particle size would enable 
an interaction with the parenchymal cells. For this purpose, the cellular dis- 
tribution of particles with a mean diameter of 0.08 pm was studied 30 min 
after intravenous administration (Fig. 4). The uptake ratios of Kupffer to 
parenchymal cells and of Kupffer toendothelial cells were 92 and 3.6 for the 
0.08-pm particles as compared with 101 and 4.2 for the 0.215-pm particles. 
These data indicate clearly that the interaction of nanoparticles with the 
different liver cells is not influenced by the size difference of the carrier. 


CONCLUSIONS 


After intravenous administration to rats, nanoparticles are localized in 
various compartments inside the liver. The data show that Kupffer cells are 
the major liver site for cell accumulation of the nanoparticles. This specific 
interaction is independent of the particle size in the range studied (0.08- 
0.21 5-p  diameter). Endothclial and especially parenchymal cells show a very 
low cell association with the nanoparticles. It is important to note that part 
of the nanoparticles remain loosely attached to the cells and can be released 
from their site by perfusion. 


The interaction of nanoparticles with Kupffer cells should lead to specific 
drug delivery from this colloidal carrier. For the treatment of Kupffer cell- 
associated diseases, use of nanoparticlcs could be significant in achieving 
appropriate drug targeting. 
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Abstract Three novel series of 4-oxoquinazohe derivatives were prepared 
and evaluated as potential antimicrobial agents. Evaluation of the antimi- 
crobial activity of a variety of 4-substituted- I-thiosemicarbazides, 3.4-di- 
substituted thia7olines. and 3-substituted-5-thiazolidones reveals that the 
iixijority possess significant in citro activity against Gram-positive organisms. 
Some derivatives also exhibited antifungal activity. 


Key phrases 0 4-Oxoquinazoline analogues-synthesis, antimicrobial activity, 
i t i  r i r ro  screen 0 Antimicrobial agents-potential, 4-oxoquinazoline ana- 
logues, synthesis 


There has been considerable interest in various 4-oxoqui- 
nazoline analogues. Some have shown a wide spectrum of bi- 
ological effects ( 1-5) including antitubercular (6), antibac- 
terial (7), and antifungal (8)  activities. Thiazoline analogues 
were also reported to exhibit antitubercular (9) and antibac- 
terial (10) activities. These observations prompted us to syn- 
thesize a variety of compounds containing the thiazoline nu- 
cleus and examine them for antimicrobial activity (1 1) .  Re- 
cently, the antimicrobial activities of some 4-oxoquinazoline 
thiosemicarbazides and thiazoline derivatives were investigated 
( 1  2). 


In a continuing effort to develop new antimicrobial agents, 
1 - [4- (2-rnethyl-4-oxoquinazoline-3-yl)benzoyl] -4-alkyl-, 
-aryl-, and -aralkyl-3-thiosemicarbazides (Vll-X),  3,4-di- 
substituted thiazolinc-2-oxo[4-(2-methyl-4-oxoquinazo- 
line-3-yl)benzoyl]hydrazones (XI-XlV), and 3-substituted 
5-1 hiazolidone-2-0x0- [4-( 2-methyl-4-oxoquinazoline-3-yl)- 


benzoyl]hydrazones (XV-XVIII) were synthesized and 
evaluated as potential antimicrobial agents. 


RFSULTS AND DISCUSSION 


Chemistry- Treatment of 2-substituted-4-oxoquinazolines, with hydrazine 
hydrate results i n  hydrazinolysis of the quinazolone ring to give 3-amino-2- 
substituted-4-oxoquinazolines ( 13). I n  the present investigation, as shown 
in Scheme I, heating 3-(4-carbethoxyphenyI)-2-methyl-4-oxoquinazolone 
( I )  with hydrazine hydrate resulted in the formation of three products: p- 
;iiniriobcnzoic acid hydrazide (11). 44 2-methyl-4-oxoquinazoline-3-yl)ben7.oic 
~ c t d  hydrazide ( I  I I )  (as a minor product), and 3-amino-2-methyl-4-oxoqui- 
n;iioline ( I V ) .  Compounds I I  and I V  were identified by TLC, IR. and mixed 
inclting point comparisons with authentic samples prepared by the previously 
rcportcd methods (14, IS). while I l l  was identified by IR spectrometry and 
ciciiwntal analysis. The formation of these three different products might 
indicaic that hydrazine attacks first the cster side chain of I .  then the quina- 
/olonc nucleus. This appears to be true since the trcatment of I l l  wi th  hy- 
drii7inc. resultcd in  the formation of I I  and I V .  More evidence was obtained 
when we found that the hydrazinc hydrate can replace substituted hydra~ine 
froiii the quinnzolone nucleus. This was shown by the hydrazinolysis of 3- 
(4-cnrbethoxyphenylamino)-2-methyl-4-ox~uina~oline ( V )  into IV and 
p-hydrazinobenzoic acid hydrazide (VI) (Scheme I ) .  


I n  thc prcsent work, the intermediate 4-(2-methyl-4-oxoquinazoline-3- 
yl)bcnzoic acid hydrazide (I II) was prepared in a higher yield, under carefully 
controlled reaction conditions by treating hydra7ine hydrate with I at room 
temperature for 1 h. As outlined in Scheme II. trcatment of I l l  w i th  these- 
lcctcd alkyl-. aryl-. or aralkylisothiocyanate in  refluxing ethanol afforded the 
desired thiosemicarbazides ( V I I  .X) (Table I). Reaction of the formed 
thiosmicarbazides with phenacyl brornidc or ethyl brornoacetate gave the 
thi;woline ( X I - X I V )  or thiazolidone ( X V - X V l l l )  derivativcs, as shown in 
Table II and Table I l l ,  respectively. The products were identified by elemental 
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BOOKS 


X-ray Crystallography and Drug Action. Edited by A. S. t1ORN and C. J. 
DE RAhTER. Oxford University Press, 200 Madison Avenue. New York, 
N Y  10016. 1984.514 pp. 16 X 24 cm. Price: $59.00. 
The International School of Crystallography at the Ettorc Majorana Centre 


in Erice. Sicily. sponsors an annual week-long course devoted to one of the 
various interdisciplinary subdivisions of crystallography. I n  the spring of 1983, 
the ninth course was devoted to the subject of X-ray crystallography and drug 
action. This book is a collection of the twenty-seven papers presented at the 
course. 


The first six papers arc general reviews of the ways in which the results of 
both small molecule and macromolecular crystal structure determinations 
are applied to problems in pharmaceutical chemistry. Discussions of selected 
biisic principles of crystal structure determination and of quantum chemical 
calculations arc included. They arc technically sound. but not so rigorous as 
to encourage a noncrystallographer to pass on to the next paper. The last four 
papcrs in the book arc similarly comprehensive in their coverage of aspects 
of graphics and molecular modeling. 


Most of the volume is  devoted to presentation5 of research studies of a va- 
riety of biological systems. Pharmacologists, biochemists, and crystallogra- 
phers interact in many mutually supportive ways. Two papers on the dihy- 
drofolate reductase-thymidylate synthetase system as a therapeutic target 
for the treatment of a variety of diseases describe this relationship with ex- 
ceptional clarity. Analgesics and neuroactivc drugs arc treated with similar 
thoroughness. The remaining presentations arc so broad in scope that no 
summary of reasonable length could do them ju.itice. 


As with any effort involving many authors, there are places where this book 
falls short of its potential. The reader i s  denied the benefit of summaries of 
what must have been exciting discussions after each presentation. No single 
paper i s  concerned primarily with polymorphism, an omission which w i l l  
disappoint pharmaceutical chemists. Perhaps an even more serious omission 
is that. with several of the contributions discussing enantiomeric effects upon 
drug activity, crystallographic studies of spontaneous resolution in drugs are 
not even considered in the review papers. 


From a technical point of view, the book i s  extremely well produced. The 
typescripts provided by the authors arc generally clear. Very few typographical 
errors were discovered. For the most part, the figures are well done and clcarly 
labeled. A few of the stereoscopic pairs arc so closely set that some individuals 
may encounter difficulty in achieving stereopsis. even with the aid of a viewer. 
The subject index could have been more complete and consistent, particularly 
with reference to citations of drugs by name. Computer programs are indexed 
by name rather than by function. This i s  unnecessarily confusing, since the 
former might well bc obscure to the noncrystallographer, as well as being 
unrelated to the latter. 


When one considers the price of this volunie in relation to others of similar 
coverage. i t  is certainly modestly priced. Even with [he omissions and technical 
shortcomings noted, the overall strength of the discussions of structure activity 
relationship in proteins, enzymes, and their complexes with smaller molcculcs 
makes this book a worthwhile addition to the personal library of most phar- 
maceutical chemists. 


Heuiewd by Wilson I I .  De Camp 
Dicision of Drug Chemisrry 
Food and Drug Adminisrrarion 
Washington, DC 20204 


Fungal Metabolites. Vol. 11. By W .  B. TURNER and D. C ALDRIDGE. 
Academic Press, I I I Fifth Avenue, New York, NY 10003. 1983.631 pp. 
16 X 23.5 cm. Price: S80.00. 
As a frequent and happy user of the first volume of Fungal Merabolites by 


Turner. it was a great pleasure to see the publication of this second volume 
in 1983. The first volume, publishcd in I97 I .  is an extensive compilation of 
secondary (specific) metabolites of fungi organized into chapters largely on 
the basis of their biogenesis. Volume II is essentially a 10 year update that 
includes nearly 2,000 new metabolites. Chapters 1 and 2 from Volume I dealt 
with primary and secondary metabolism, and aspects of cultivation and sec- 
ondary metabolism. These chapters are not included as separate topics in the 
new book, but the few developments in t h a t  areas arc covered in other sections 
where appropriate. References to labeling experiments used in Volume I hdve 


been deleted, but Volume I I  contains much new important information on 
carbon- I 3  isotopic labeling experiments extcnsively utilized during the past 
dccadc in the elucidation of biosynthctic pathways. 


The 1983 edition of Fungal Metabolire.\ i s  divided into seven chapters of 
varying length. Chapters describe groups of metabolites which are: not from 
acetate (40 pp.~-215 refcrcnces); from Pdtty acids (10 pp.- 59 references): 
from polyketidcs (168 pp.-731 rcfcrcnces); from tcrpcnes (141 pp.--593 
references); from tricarboxylic acid cyclc intermediates ( 16 pp. - 4 5  refer- 
ences); from amino acids (72 pp. 389 references); miscellaneous compounds 
(37 pp:- 180 references); and an addendum chapter (62 pp: 281 references). 
References for all but the last chapter date largely in the 1970‘s with a few 
citations from the 1960’s and 1980. The addendum chapter is essentially an 
update of information on a11 classes of fungal metabolites covered in earlier 
chapters, and i t  includes literature citations from 1980, 1981, and a few into 
1982. 


The bulk of this book is  loaded with useful illustrations and references, and 
the text provides good concise coloring for the structures shown. The empirical 
formula. organism, and subject indices niakc the book practically useful. This 
i s  especially so, since the authors ttwk great care to maintain the same orga- 
nimtion used in the original volume. It i s  also easy tocross reference bctwcen 
the two volumes. This i s  an outstanding reference-work and it i s  a must for 
an): laboratory seriously engaged in research on the topic of fungal metabo- 
lites. 


Rmiewed by John P. Rosaz7a 
College of Pharnracy 
Uniwrsirj .  4 Iowa 
Iowa City, I A  52242 


Pattern Recognition Approaches To Data Interpretation. By D I A N E  D. 
WOLFF and MICHAEL 1.. PARSONS. Plenum Press, 233 Spring St., 
New York, N Y  1001 3. 1983. 223 pp. 17 X 26 cm. Price: $29.50. 
This book i s  a “how to” description of the use of multivariate statistical 


packages in the evaluation of large arrays of chemical data. The authors focus 
primarilyon techniques popularized in rccent years undcr the gcncral term. 
“pattern recognition” with a major emphasis on how to use and interpret 
ARTHUR ( B .  R. Kowalski, Laboratory of Chemometrics, Seattle. WA), 
SPSS (Sm, Inc., Chicago, IL), and BMDP (Health Sciences Computing 
Facility. Los Angeles, CA). SAS (SAS Institute Inc., Cary. NC)  and 
CLUSTAN (Scotland) arc described to a somewhat lesser degree. The book 
is intended for investigators with l i t t le  or no prior experiencc withdata analysis 
nor with thc above-mentioned statistical packages. Program descriptions. 
strengths, and implementation are  linked to the pL+rticular versions of the 
packages used by the authors. For example. users of the 1977 and later versions 
of the ARTHUR program would be advised to refer to the manuals for those 
programs for program description and implementation and to the book for 
suggestions on problem statement, analysis, and interpretation. 


Through the example of a single set of pollution data, the authors take the 
reader through the steps of data analysis from problem statement and data 
coding to final evaluation. The numerical techniques described and applied 
to the pollution data include data mapping. supervised and unsupervised 
learning algorithms, and univariate and bivariate statistics. The excellent 
discussion and demonstration of preliminary data evaluation and variable 
relationships isthe major strength of this book. A minor weakness is that the 
opinions expressed by the authors concerning the utility-specific numerical 
techniques seen1 to be based on their experiences rather than rigorous statis- 
tical studies. The comparison of numerical techniques available in two or more 
packages will certainly be valued by chemists who arc uncertain as to which 
packages better address a particular application. 


Pattern Recognition Approaches 10 Data Intcvprerurion i s  a long overdue 
addition to the wealth of monographs on chcmometrics published over the past 
few years. I t  is unique in i ts applications oriented approach. The book i s  a 
recommended reader for novices and a resource for more experienced inves- 
tigators. 


Xeciewed by Alice Harper 
Department of Chemistry 
Unioersity of Texas at El Paso 
El Paso. TX 79968 


1878 I Journal of Pharmaceutical Sciences 
Vol. 73, No. 12, December 1984 












EDITORIAL 


Every two to three years since 1965, we have witnessed the ap- 
pointment and installation of a new Commissioner to head the U S .  
Food and Drug Administration. And, although their respective in- 
terests, expertise, and styles of operation have varied, we can honestly 
say that each performed capably and with distinction. Each of them 
was a credit to the Agency, to the health care professions, and to the 
nation. 


We have often used the occasion of a new Commissioner’s ap- 
pointment to devote our editorial to welcoming him to Washington 
and to his new position. But the “welcome” was only an incidental 
message packaged in with some other key point that appeared to us 
to be pertinent and timely. 


For example, when Commissioner Arthur Hull Hayes assumed 
office we noted the prevailing change in the national regulatory cli- 
mate (“FDA Takes a Turn in the Road”). With Commissioner Jere 
Goyan we addressed his philosophic approach to education versus 
regulation (“FDA: Policeman or Teacher?”). The Alexander M. 
Schmidt to Donald Kennedy transition prompted us to comment on 
how each Commissioner has left his own individual imprint on the 
Agency (“Passing the Baton at  FDA”). And, in addition to welcoming 
the new Commissioner, we have also expressed concern that the fre- 
quent rate of turn-over in that office has had a damaging effect on 
the FDA and the morale of its staff (“A Plea for FDA Stability”). 


The opening two paragraphs from that latter editorial, in July 1979, 
are again all too relevant and seem to merit repeating: 


“Kings, popes, and presidents come and go with the passing of 
time. It should not be strange, therefore, that the same is true of Food 
and Drug Commissioners. 


“Nevertheless, the departure of the last several FDA Commis- 
sioners has seemed to have come too soon, too abruptly, and all too 
unexpectedly. Indeed, each of them seems to have little more than 
arrived, got settled in office, established an operating style, devel- 
oped a rapport with the health professions and the regulated in- 
dustry, when >ooj?’-they were gone from office!” 


With that lamentation regarding all-too-brief tenure now aside, 
it is our pleasure to welcome the latest resident to the “hot seat” of 
the Parklawn Building where FDA is headquartered. 


Frank E. Young, M.D., Ph.D., comes to the Agency with little 
previous FDA or,regulatory background, but with a solid reputation 
as a microbiological scientist. He is noted for his work in genetics and 
recombinant DNA-an area that is soon going to require some 
landmark FDA attention and regulation. Consequently, we may again 
see a fortuitous situation at  FDA in that the right person was in the 
job a t  just the right time to handle the chief problem or problems of 
the period. 


But the key observation that we would like to bring out in this ed- 
itorial relates to the increasing complexity of the decisions that the 
FDA Commissioner is required to make as technology advances and 
life in general becomes more and more complicated. 


Consider, for example, one of the items that Commissioner Young 
found near the top of his “in box” when he assumed office: namely, 
the Pandora’s Box of artificial sweeteners. 


At various times, FDA has approved three artificial sweetening 
agents: saccharin, cyclamate, and aspartame. Subsequently, it re- 
scinded its approval of cyclamate and that agent is currently off the 
market in the U.S. (but continues to be available in Canada and some 
other countries). Later, it acted to rescind its approval of saccharin, 


“Scientific Proof”-An Elusive Goal 


I Edifork Note Dr FeMmann’seditoriab arc an eaprcsm of pcnonal opinion and do IWI n-nly 
reflect new8 or ~ o l i c i o  of APhA Thc editorials are intcndcd to be Drwocative and to stimulate 


Readers having reactions. either pro or con. are invited to submit them for publication 
in the Oarn Farum section. 


but Congress stepped in and, via legislation, applied a year-by-year 
staying action on that ban. And, although it has yet to respond offi- 
cially (as of this writing), FDA is now the object of a request to 
Congress by the consumer-oriented lobbying group Common Cause 
to investigate the merit and justification for FDA’s approval of as- 
partame. Common Cause has been joined by a second organization, 
the Community Nutrition Institute, which has also mounted a legal 
challenge to the approval of aspartame. 


The basic problem common to all three of these regulatory actions 
dealing with the artificial sweeteners is the Delany Amendment to 
the Federal Food, Drug, and Cosmetic Act. That clause prohibits the 
marketing of any food additive that, under virtually any conditions 
of use or testing, has been shown to cause cancer. The specific wording 
reads: “no (food) additive shall be deemed to be safe if it is found to 
induce cancer when ingested by man or animal.” 


Deceptively simple sounding, this provision leads to incredible 
complications. In animal studies, for example, animals have been 
tested for their full life-time with daily dose-levels a t  thousands of 
times what would normally be ingested; then perhaps only a few an- 
imals developed tumors-but a t  just slightly higher levels than the 
control group. Under these circumstances, how does a scientist make 
a judgment that the agent induced cancer or not? 


Dr. Young will soon find that even the legendary wisdom of Solo- 
mon would be sorely tested in deciding upon the artificial sweetner 
question. Specifically, in  addition to the above mentioned brouhaha 
over aspartame, the Congressional stay on the saccharin ban will 
expire in April 1985 and, if the stay is not extended, FDA will need 
to take some action. But perhaps even more significant is the recon- 
sideration now being given to cyclamate. 


The FDA’s cancer assessment committee concluded in April that 
cyclamate is not a carcinogen after all, and the National Research 
Council (NRC) has been commissioned to issue an independent 
judgment. 


The NRC’s Commission on Life Sciences reported on its accep- 
tance of this study assignment in that organization’s Summer 1984 
newsletter. In the lead article, entitled “Cyclamates Revisited,” the 
NRC reporter begins with a quote from the September 16,1980, issue 
of the Federal Register: “Cyclamate has not been shown not to cause 
cancer; and . . . cyclamate has not been shown not to cause heritable 
genetic damage.” The reader is literally tied in knots by the double 
negatives! 


The difficult position of the FDA Commissioner was further em- 
phasized to us recently in a private conversation with a past Com- 
missioner in which he told us that he saw no proof that saccharin was 
carcinogenic; but he also saw no absolute proof that it wasn’t carci- 
nogenic either. Hence, he felt that the law obligated him to recom- 
mend it be banned-demonstration of safety being a prerequisite of 
marketing approval. 


But how can safety be proven? Especially absolute safety, and 
proven in terms that satisfy scientists, the public, and the Con- 
gress? 


Commissioner Young will probably be forced “to bite the bullet” 
in this issue, to a far greater degree than any of his predecessors. It 
will be a most difficult decision. For his own sake, as well as that of 
science, the FDA, and the public at large, we hope that he has the 
scientific wisdom-as well as the scientific knowledge-to make the 
right choice. 


-EDWARD G. FELDMANN 
American Pharmaceutical Association 


2215 Constitution Avenue, N.W. 
Washington, DC 20037 
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Abstract 0 A reverse-phase HPLC system was used for the determination 
of inorganic chloride liberated in oioo from two biphenyl compounds in the 
rat. Oral administration of [4-36Cl]chlorobiphenyl resultcd in a total yield 
of 27.6% of the original dose excreted over 10 d in the urine and included 1.7% 
of the dose as inorganic chloride. For [4,4’-36Cl]dichlorobiphenyl, the ra- 
dioactivity of the original dose in the urine was 39.8% after 10 d, which in- 
cluded 11.5% of the dose as inorganic chloride. These results appear to rep- 
resent the first direct determination of dechlorination by measurement of the 
inorganic chloride and suggest that biodechlorination plays a greater role in  
the metabolism of these compounds than previously expected. 


Keyphrases 0 Dechlorination-chloride in rat urine, 4-chloro- and 4,4’-di- 
chlorobiphenyl 0 Chloride determination-rat urine, 4-chloro- and 4,4’- 
dichlorobiphenyl 0 4-Chlorobiphenyl--in oioo dechlorination in rats 
4,4’-Dichlorobiphenyl-in oioo dechlorination i n  rats. 


The metabolism of polychlorinated biphenyls (PCBs), the 
ubiquitous environmental pollutants, leading to rnacrorno- 
lecular binding (1 -3) and mutagenicity (3)  has been reported. 
Although metabolic activation appears to involve arene oxides 
(1 -3), biodechlorination may play a role in the formation of 
bound metabolites and subsequent toxicity. Metabolic de- 
halogenation has been noted for polychlorinated biphenyls 
(4-6), bromobiphenyls (4-6), and iodobiphenyl(7). This paper 
describes an extension of these in uiuo dehalogenation studies 
to 36CI-labeled 4-chlorobiphenyl and 4,4’-dichlorobiphenyl 
in an effort to assess the extent of biodehalogenation by direct 
chloride measurement. 


EXPERIMENTAL SECTION 


Copper(I1) [ j 6 C I ~ l 0 r i d e - [ ~ ~ C I ]  Hydrochloride’ ( I  .4 M, 1.0 mL. 50 pCi) 
and copper(l1) oxide (55.9 mg, 1.7 mmol) were slowly heated to I 15- 125OC 
in a closed flask. This temperature was maintained for 8 hand then thevessel 
was cooled. opened, heated to dryness at 1 50°C for 3 h ,  and then stored in a 
desiccator. The brown product was rcdried immediately before use at 25°C 
and 0.3 mm pressure for 12 h. 


[4-J6CI)Chlorobiphenyl-ln a modification of the general procedure of 
Doyle et a/. (8) unlabeled copper(l1) chloridc (1.1 976 g, 8.9 mmol) and iso- 
amyl nitrate (2.812 g, 24.0 mmol) were added to [36Cl]CuC12. After anhy- 
drous acetonitrile (20 mL) was added, the mixture was maintained at O°C 
to -5°C with stirring for 25 min before 4-aminobiphenyl(1.3528 g, 8.0 mmol) 
in anhydrous acetonitrile (10 mL) was slowly added. The mixture was stirred 
for 2 h at 0°C to -5°C and then for 3 h at room temperature before it was 
poured into 150 mL of 20% HCI and extracted with ether (3 X 150 mL). The 
ether was dried over sodium sulfate and the solvent was removed under reduced 
pressure. The aqueous phase was neutralized (pH 6-7) with 40% NaOH and 
extracted with ether. The ether was dried and the solvent rcmovcd as before. 
The resulting solid was then combined with the original solid. The product 
was isolated by column chromatography using silica gel and hexane as the 
mobile phase. After removal of the solvent, 925 mg (61.3%) of product with 
a specific activity of 2.24 pCi/mmol was obtained (mp 76-77°C). The IR, 
melting point, and NMR data of the product (synthesized in the same manner 
but with unlabeled CuC12) were identical with spectra of a known, pure 
(>99%) sample of 4-chlorobiphenylz. 


[4,4’-~]Dichlorobiphenyl-Copper(ll) oxide (62.0 mg, 1.89 mmol) and 
1 .O mL of 1.54 M [36Cl]hydrochloride (61 pCi) were mixed as described to 
produce labeled copper(1l) chloride. Unlabeled copper( 11) chloride (1.08 I9 


1 New England Nuclear. Boston, Mass. 
2 Aldrich Chemical Co.. Milwaukee. Wis. 


g. 8.0 mmol) and isoamyl nitrite (2.8 12 g, 24.0 mmol) were added to labeled 
copper(l1) chloride with the aid of 20 mL of anhydrous acetonitrile. Benzidine 
(740.2 mg, 4.0 mmol) in 15  mL of anhydrous acetonitrile was added slowly 
to the mixture which was at 0°C to -5°C. The mixture was stirred for 5 h a t  
that temperature. Workup was as described for [4-36Cl]chlorobiphenyl with 
a yield of 502.1 mg (56.3%) of white solid, mp 144.5-147.OoC (reference 
compound2, 147-148OC). The specific activity was 4.61 l C i / d m o l .  l ’he 
chromatographic behavior of the product that was synthesized in the same 
manner, except using unlabeled copper(l1) chloride, matched the behavior 
of the known, pure (>99%) reference sample of 4,4’-dichlorobiphenyI2. Both 
labeled chlorobiphenyl compounds were found to be free of inorganic chlo- 
ride-36 by HPLC using a C I S  column and methanol-water (90:lO). 


In Vivo Studies-Male Sprague-Dawley rats weighing 250 300 g were 
quarantined for 2 d prior to administration of substrates by gastric intubation. 
The dosing regimens of substrates in corn oil were as follows: three rats were 
dosed with 0.5 mL of [4-36Cl]chlorobiphenyl, containing 197,000 dpm of 
substrate; three rats were dosed with 0.9 mL of [4,4’-36Cl]dichlorobiphenyl. 
containing 60,000 dpm; another rat was given twice the dose of the others. 
Rats were allowed food and water a d  libitum. Urine was collected daily and 
stored frozen. 


Chlorine-% Analysis-Total Actioity-Urine (100 pL) was measured for 
total radioactivity by scintillation counting3. A storage period of 24 h in the 
dark, after addition of the cocktail4 (I0 mL) and before counting, was required 
to avoid chemiluminescence. 


Inorganic Chloride-Urine was acidified to pH 6-7 with dilute sulfuric 
acid and centrifuged. The supernatant was combined with the supernatant 
resulting from recentrifugation of the washed pellet (0.5 mL of water), and 
I .O mL was injected intoa Cl8 HPLC system (9). The mobile phase consisted 
of methanol-water-glacial acetic acid (12.5:86.5:1.0) a t  a flow rate of 1 
mL/min. Inorganic chloride-36 was determined in the eluant 2-6 min after 
injection; methanol ( I  .O mL) and cocktail4 (14 mL) were added with counting 
for 10 min. Between injections the HPLC system was flushed with methanol 
(30 mL) and reequilibrated with mobile phase. 


RESULTS AND DISCUSSION 


Anelytical System-The metabolism of the chlorinated biphenyls was ex- 
pected to yield phenols (5) and their glucuronides (10). Therefore, an HPLC 
procedure that would separate inorganic chloride prior to highly polar me- 
tabolites was desired. We used the system devised by Mitchell et al. ( 1  1) for 
the separation of metabolic conjugates which happened to be similar to a 
system we have used for the determination of inorganic halides (9). In a test 
mixture of chloride in the presence of the glucuronide and sulfate of p-nitro- 
phenol, chloride was recovered quantitatively well before completely resolved 
peaks for these conjugates. 


In Vivo Dechlorination- [4-36CI]Ch/orobipheny/-Figure I outlines the 
excretion of total urinary radioactivity expressed as an average of the per- 
centage of dose for three rats. The excretion of radioactive substances ( 1  7.7 
f 6.45%) after the first day constituted at  least half the total radioactivity 
over 10 d and agreed with thedata in the literature 125.8 f 13.3% (12)] for 
oral administration. Excretion of total radioactivity after intravenous ad- 
ministration has been reported ( I  2, 13) to be even more rapid, with 80% of 
the dose excreted within 24 h and almost total excretion after 2 d. In the 
present study, urinary excretion of radioactivity decreased to 2.5 f 1.5% for 
the second day and remained relatively constant through day 10. 


Injection of an aliquot of a composite urine sample from each of the three 
rats indicated that 1.7 f 0.5% (mean for three animals, I 1  injections) of the 
dose of [4-36Cl]chlorobiphenyl was excreted as  inorganic chloride-36 over 
a 10-d period. This was less than the in oioo deiodination of [4-125I]iodobi- 
phenyl(14), as  expected, due to the stronger carbon-chloride bond. The low 
levels of total radioactivity in daily urine samples prevented determination 
of liberated chloride-36 on a daily basis. 


3 Model 9000 scintillation counter; Beckman, Berkeley, Calif. 
ACS; Amersham. Arlington Heights. 111. 
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Figure 1 -Cumulative total urinary radioactivity expressed as a percentage of dose from 14- 36Cllchlorobiphenyl (A) for 3 rats and 14.4‘- 36Cl/dichlorobiphenyI 
IS) from 4 rats where the rat denoted with a “+“received twice the dose. 


These results appear to be the first to show dechlorination of 4-chlorobi- 
phenyl and the first to follow dechlorination by direct determination of inor- 
ganic chloride. Previous studies in  the rabbit (10) and in a variety of other 
species (5) reported no dechlorinated metabolites. The rapid excretion of total 
radioactivity coupled with the slow rate and low percentage of dechlorination 
may explain why no dechlorinated metabolites have been found in these in 
oivo studies. 


[4.4’-36CGI]Dichlorob~phenyl-The cumulative daily excretion of total 
radioactivity (percent of dose) for the four rats tested is summarized in Fig. 
I .  The total urinary radioactivity for the first day was 20.5 f 3.9%. which 
agrees with the literature value of 22.9 f 3.1% (12). Daily excretion of total 
radioactivity decreased rapidly, so that the day 2 through day 10 excretion 
ranged between 1 and 4.25% daily. This resulted in  a small but continuous 
rise in  the cumulative total urinary radioactivity for the dichloro compound 
in comparison to an earlier leveling off of radioactivity with 4-chlorobiphenyl 
for the 10-d period studied. 


A composite urine sample for each of four rats was analyzed for chloride 
by HPLC, and the percentage of original dose was found to be 11.5 f 2.7% 
(the mean of three measurements for each of four animals). This was 10-fold 
more dechlorination than found for [4-36Cl]chlorobiphenyl. In  addition to 
the twofold greater amount of original chloride, this increased dechlorination 
might have been a result of the increased importance of the dechlorination 
of an intermediate 3-hydroxy.4-chloro metabolite. 


Tulp el al. (15) have shown that 4-chloro-3’-hydroxybiphenyl is an inter- 
mediate in the metabolism of 4.4’-dichlorobiphenyl and that the ortho hydroxy 
group in this metabolite and related compounds (16) activates dehalogenation. 
In  the present study it is assumed that such activated dehalogenation would 
be more important in  the 4,4‘-dichlorobiphenyl than in the 4-ehlorobiphenyl 
compound. In  the former case there would be greater opportunity for the 
presence of a hydroxy group ortho to the increased number of chlorides. I n  
the latter compound, there is the established (5, 10) hydroxylation of the 
unsubstituted ring with the elimination of the compound prior to the formation 
of 3-hydroxy-4-chlorobiphenyl. 


The direct measurements of dechlorination for both 4-chloro- and 4.4’- 
dichlorobiphenyl would indicate that aromatic dechlorination plays a more 


important role in the metabolism of these compounds than previously 
noted. 
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Abstract 0 Dispersions containing 40% hydrocortisone were prepared by the 
solvent metHod in polyethylene glycol 4000. Dispersions in polyvinylpyrroli- 
done were prepared by slow evaporation of solvent (type A) and by fast 
evaporation of solvent (type B). These dispersions were stored at 25OC for 30 
d. Plots of time required for 50% (15%) and 70% (17%) of the hydrocortisone 
dispersion to dissolve (beaker method) yersus time were obtained. Hydro- 
cortisone-polyethylene glycol showed no apparent significant change in either 
dissolution rate, X-ray spectra, or scanning elcctron micrographs. Type A 
disperslons showed an increase in dissolution rate up to 8 d. Type B dispersions 
showed an initial decrease followed by an increase in dissolution rate. The 
initial decrease in dissolution rate of type B dispersions is due to hydrocortisone 
crystallizing out of the polyvinylpyrrolidone matrix. The increased dissolution 
for both types of polyvinylpyrrolidone dispersions was not expected and is 
explained by an increased proportion of the high-energy amorphous compo- 
nent. based on X-ray spectra. Other possibilities such as  the presence of 
polymorphic forms of hydrocortisone and/or reduction in particle aggregation 
could not be discounted. 


Keyphrases 0 llydrocortisone- dispersions with polyethylene glycol 4000 
and polyvinylpyrrolidone. effect of aging 0 Aging---effect on dispersions, 
hydrocortisone-polyethylene glycol 4000, hydrocortisone-polyvinylpyrrol- 
idone. 


Incorporation of water-soluble carriers with poorly soluble 
drugs, to increase the dissolution rate of the latter, has been 
widely studied and extensively reviewed (1,2). Polyethylene 
glycol (3-5) and polyvinylpyrrolidone (6-8) have been popular 
choices as inert carriers for dispersions prepared by solvent or 
coprecipitation methods. 


The effect of aging on solid dispersion systems has not been 
reported extensively. Aspirin was reported to undergo faster 
degradation in solid dispersions (9), whereas dissolution pro- 
files for dicumarol-polyethylene glycol tablets did not change 
appreciably after 1 year of storage (3). Changes in dissolution 
profiles of other solid dispersions have not been reported. The 
corticosteroids continue to be of interest due to their poor water 
solubility and unpredictable dissolution rates (4-7, 10, 11) .  
The present investigation reports the dissolution characteristics 
of hydrocortisone-pol yvinylpyrrolidone dispersions stored at 
25OC for 30 d. 


EXPERIMENTAL SECTION 


M a t e r i b -  Micronized hydrocortisone', polyethylene glycol 40002, and 
polyvinylpyrr~lidone~ (average mol. wt. 30,ooO-40,OOO) were used. All other 
reagents and solvents there of analytical grade. 


Sample Preparation and Storage -The solid dispersions of hydrocortisone 
in polyethylene glycol were prepared by the solvent method ( I .  4). Hydro- 
cortisone and varying quantities of carrier were accurately weighed and dis- 
solved in 20 mL of 96% ethanol. The solvent was evaporated under a stream 
of nitrogen. The resultant solid dispersions were then dried under reduced 
pressure at 37OC over silica gel for I d. The hardened mass was powered and 
85/235-mesh (sieve s i x )  particles were used. 


The solid dispersions of hydrocortisone-polyvinylpyrrolidone were prepared 
using the same technique. During an earlier investigation (6) it was found that 
the rate of evaporation of the solvent had an effect on dispersions. Dispersions 


' Hoechqt. Frankfurt, Federal Republic of Germany. 
Union Carbide. h p l a n d .  ' May and Baker. EnRland. 


were prepared by slow evaporation (type A )  and by rapid evaporation (type 
B) of solvent. All samples were prepared in duplicate and stored in  amber 
bottles in a desiccator over silica gel at 25OC. 


Dissolution Studies-Approximately 50 mg of the solid dispersion was in- 
troduced directly on the surface of 500 mL of distilled water in a I-L beaker 
a t  25 i O.IoC and stirred at  100 rpm. Thedissolution was followed by with- 
drawing 4-mL samples with a glass syringe fitted with a filter4 (0.45 fim) to 
exclude particles. Hydrocortisone was assayed spcctrophotometrically at 247.5 
nm. Corrections were made for any absorption due to the carrier. The slope 
of the Beer's law plot was 0.0454 mg-l (SEM = 0.0316, r = 0.9997). 


The r5m and 17% values were obtained from plots of percent hydrocortisone 
dissolved versus time. All plots were obtained in duplicate. The results were 
analyzed for significance using the SPSS program for a one-way ANOVA 
with interval testing and a two-tailed I test. 


X-ray Diffraction Studies-Dispersions were spread on glass slides as a thin 
layer with a small amount of petroleum jelly. CuK radiation was used. Dif- 
fraction patterns5 were obtained by scanning at  I "/min in terms of the 20 
angle. 


Thin-Layer Chromatography Studies-silica gel-coated plates6 were 
spotted with solutions containing 10 mg of dispersions in 5 mL of 95% ethanol. 
The plates were chromatographed using a two-dimensional method. The 
solvent system used was acetone-benzene (50:50. v/v) followed by dichloro- 
ethane-methanol-water (92:8:0.5, v/v/v). The plates were developed with 
tetrazolium blue (0.05%) and sodium hydroxide (8%) in  methanol. 


Scanning Electron Microscope Studies-Scanning electron micrographs 
were obtained from powdered dispersions mounted on stumps with double- 
sided cellophane tape and coated with gold. 


RESULTS AND DISCUSSION 


All dispersions contained 40% hydrocortisone; this selection was based on 
the results of an earlier study (6). At 40% concentration, hydrocortisone- 
polyvinylpyrrolidone dispersions showed the following changes in dissolution 
rate. Plots of time required for 50% and 70% of the hydrocortisone in the 
dispersion to dissolve Germs percent hydrocortisone yieldcd 7ero slopes for 
dispersions with <40% hydrocortisone and positive slopes for dispersions with 
>40% hydrocortisone; dispersions with >40% hydrocortisone also exhibited 
an increased crystalline structure as evidenced by X-ray diffraction spectra 
(6). A limited study of the effect of aging on 40% hydrocortisone dispersions 
was therefore undertaken. 


Effects of Storage for 30 d on Hydrocortisone-Polyethylene Glycol 4000 
Dispersions-The dispersions were white. Thin-layer chromatography de- 
tected no decomposition during this study. 


1 


DAYS 


Figure 1-Plot of t705b (A) and t505b (0) for  hydrocortisone in hydrocorri- 
sone-polyelhylene glycol 4000 di.rpersions versus lime. 
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Figure 2-X-ray difjraction spectra of polyvinylpyrrolidone (A), hydro- 
cortisone (B), hydrocortisone-polyvinylpyrrolidone {type A) dispersion on 
day 2 (C), and hydrocortisone-polyvinylpyrrolidone (type B )  dispersion on 
day 3 (0). 
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Figure 3-Plot of t70% (A) and t50% (OJfor hydrocortisone-polyvinylpyr- 
rolidone dispersions versus time. Dispersions were prepared by the solvent 
method using a slow rate (upper curve, type A) and afast rate (lower curve. 
type 81 of evaporation. 


Figure 1 shows a plot of t5m and t7m (time required, respectively, for 50% 
and 70% of the hydrocortisone in the dispersion to dissolve) cersus time. A 
one-way ANOVA with interval testing yielded a significant difference between 
t 5 ~  and 1 7 0 s  (p = 0.07); the two-tailed t test yielded p < 0.001. There does 
not appear to be any change in the dissolution of hydrocortisone over the 30-d 
storage period. These results are consistent with an earlier study of other 
polyethylene glycol dispersions (3). 


X-ray diffraction spectra showed slight variations in peak heights at  dif- 
ferent days. T h e  spectra also showed a slight increase in the scattering hump 
of the dispersions; however, no apparent trend was discernible over the period 
of this study. Thus, minor changes in X-ray diffraction spectra are not con- 
sidered significant with respect to the observed dissolution rates. The scanning 
electron micrographs also did not show any apparent change in these disper- 
sions. 


X-ray Diffraction of Polyvinylpyrrolidone and Hydrocortisone-Polyvin- 
ylpyrrolidone, a high-molecular-weight polymer, is known to exist in a glass 
state and to have a relatively high glass-transition temperature of 17S0C (12). 
Physically this polymer is a yellowish, transparent, brittle, glass solid, but the 
X-ray diffraction pattern (Fig. 2) shows that it is not completely amorphous. 
Weak diffraction peaks show a degree of order; the ordered portion seems 
small and the major portion of the solid seems amorphous. This is evident by 
the presence of the large diffused scattering hump in the spectrum. The diffuse 
reflection at 18O(28) corresponds to a spacing of approximately 0.5 nm, 
possibly the distance between the polymer chains. 


Hydrocortisone is a crystalline compound. A small scattering hump (Fig. 
2) is also evident in the diffraction patterns of hydrocortisone and may indicate 
the p r a n c e  of a small amount of amorphous hydrocortisone. Such scattering 
may be caused by the small size of the hydrocortisone crystals. 
Effects of Storage for 30 d on Hydrocortisone-Polyvinylpyrroliine Dis- 


persions-Figure 3 shows plots of t 5 m  and 170s versus time for type A and 
B dispersions. For type A dispersions results of a one-way ANOVA with in- 
terval testing yieldedp = 0.01; the twcbtailed t test yielded p < 0.001. For type 
B dispersions the first four values in a one-way ANOVA with interval testing 
resulted in p = 0.08; two-tailed t test yielded p = 0.002. The last four values 
in a one-way ANOVA with interval testing resulted in p = 0.02; the twcbtailed 
t test yielded p < 0.001. For the type A dispersions, 15096 and f7m initially 
declined over 10 d and then became constant, indicating an increased disso- 
lution rate in the first 10 d. The type B dispersions show -50% decrease in 
dissolution rate in the first 3 d and then a steady increase until about day 10 
before leveling off. No attempt was made to develop any mathematical rela- 
tionship between variables. 
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Figure 4-X-ray dgfraction spectra of hydrocortisone-polyvinylpyrrolidone 
type A dispersions stored at 25°C. Key: (A) affer I d; (B) after 30 d. 
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Figure 5-X-ray diffraction spectra of hydrocortisone-polyoinylpyrrolidone 
iype B dispersions stored af 25°C. Key: (A) after 2 d: (B) after 14 d; (C) afier 
30 d.  


Figure 2 shows X-ray diffraction spectra for hydrocortisone-polyvinyl- 
pyrrolidone dispersions. The X-ray diffraction pattern for type A shows the 
crystalline structure of hydrocortisone. Type B dispersions show an absence 
of crystalline structure. Type A dispersions would be expected to show de- 
creased dissolution rates compared with type B. This was observed (Fig. 3) 
and is consistent with an earlier interpretation (4,6). However, it is interesting 


to note that the degree of crystallinity and the resultant modification in dis- 
solution are dependent on the rate of evaporation of solvent during the p r e p  
aration of these dispersions. 


These dispersions are considered to be glassy suspensions of hydrocortisone 
in polyvinylpyrrolidone. Since such systems are in a metastable state, they 
may undergo aging transformations yielding stable forms. The rate of the 
transformations vary with materials and storage conditions. Iopanoic acid 
and chloramphenicol palmitate were reported to crystallize from a poly- 
vinylpyrrolidone glass solution ( I ). The initial decrease in the dissolution for 
type B dispersions (Fig. 3)  could be readily explained in terms of hydrocor- 
tisone crystallizing out of the polyvinylpyrrolidone matrix. 


The increased dissolution rate after an early decrease for type B dispersions 
and the increased dissolution rate for type A dispersions were unexpected. 
Figures 4 and 5 show changes in X-ray diffraction spectra for type A and type 
B dispersions, respectively. Both types of dispersions show increased scattering 
humps in X-ray diffraction spectra, indicating an increased proportion of an 
amorphous component. The amorphous forms are high-energy forms and 
generally possess higher solubility, explaining the increased dissolution. Other 
possibilities such as the presence of polymorphic form of hydrocortisone in 
polyvinylpyrrolidone matrix, reduction of particle aggregation, erc., should 
not be discounted. 
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Abstract Three novel series of 4-oxoquinazohe derivatives were prepared 
and evaluated as potential antimicrobial agents. Evaluation of the antimi- 
crobial activity of a variety of 4-substituted- I-thiosemicarbazides, 3.4-di- 
substituted thia7olines. and 3-substituted-5-thiazolidones reveals that the 
iixijority possess significant in citro activity against Gram-positive organisms. 
Some derivatives also exhibited antifungal activity. 


Key phrases 0 4-Oxoquinazoline analogues-synthesis, antimicrobial activity, 
i t i  r i r ro  screen 0 Antimicrobial agents-potential, 4-oxoquinazoline ana- 
logues, synthesis 


There has been considerable interest in various 4-oxoqui- 
nazoline analogues. Some have shown a wide spectrum of bi- 
ological effects ( 1-5) including antitubercular (6), antibac- 
terial (7), and antifungal (8)  activities. Thiazoline analogues 
were also reported to exhibit antitubercular (9) and antibac- 
terial (10) activities. These observations prompted us to syn- 
thesize a variety of compounds containing the thiazoline nu- 
cleus and examine them for antimicrobial activity (1 1) .  Re- 
cently, the antimicrobial activities of some 4-oxoquinazoline 
thiosemicarbazides and thiazoline derivatives were investigated 
( 1  2). 


In a continuing effort to develop new antimicrobial agents, 
1 - [4- (2-rnethyl-4-oxoquinazoline-3-yl)benzoyl] -4-alkyl-, 
-aryl-, and -aralkyl-3-thiosemicarbazides (Vll-X),  3,4-di- 
substituted thiazolinc-2-oxo[4-(2-methyl-4-oxoquinazo- 
line-3-yl)benzoyl]hydrazones (XI-XlV), and 3-substituted 
5-1 hiazolidone-2-0x0- [4-( 2-methyl-4-oxoquinazoline-3-yl)- 


benzoyl]hydrazones (XV-XVIII) were synthesized and 
evaluated as potential antimicrobial agents. 


RFSULTS AND DISCUSSION 


Chemistry- Treatment of 2-substituted-4-oxoquinazolines, with hydrazine 
hydrate results i n  hydrazinolysis of the quinazolone ring to give 3-amino-2- 
substituted-4-oxoquinazolines ( 13). I n  the present investigation, as shown 
in Scheme I, heating 3-(4-carbethoxyphenyI)-2-methyl-4-oxoquinazolone 
( I )  with hydrazine hydrate resulted in the formation of three products: p- 
;iiniriobcnzoic acid hydrazide (11). 44 2-methyl-4-oxoquinazoline-3-yl)ben7.oic 
~ c t d  hydrazide ( I  I I )  (as a minor product), and 3-amino-2-methyl-4-oxoqui- 
n;iioline ( I V ) .  Compounds I I  and I V  were identified by TLC, IR. and mixed 
inclting point comparisons with authentic samples prepared by the previously 
rcportcd methods (14, IS). while I l l  was identified by IR spectrometry and 
ciciiwntal analysis. The formation of these three different products might 
indicaic that hydrazine attacks first the cster side chain of I .  then the quina- 
/olonc nucleus. This appears to be true since the trcatment of I l l  wi th  hy- 
drii7inc. resultcd in  the formation of I I  and I V .  More evidence was obtained 
when we found that the hydrazinc hydrate can replace substituted hydra~ine 
froiii the quinnzolone nucleus. This was shown by the hydrazinolysis of 3- 
(4-cnrbethoxyphenylamino)-2-methyl-4-ox~uina~oline ( V )  into IV and 
p-hydrazinobenzoic acid hydrazide (VI) (Scheme I ) .  


I n  thc prcsent work, the intermediate 4-(2-methyl-4-oxoquinazoline-3- 
yl)bcnzoic acid hydrazide (I II) was prepared in a higher yield, under carefully 
controlled reaction conditions by treating hydra7ine hydrate with I at room 
temperature for 1 h. As outlined in Scheme II. trcatment of I l l  w i th  these- 
lcctcd alkyl-. aryl-. or aralkylisothiocyanate in  refluxing ethanol afforded the 
desired thiosemicarbazides ( V I I  .X) (Table I). Reaction of the formed 
thiosmicarbazides with phenacyl brornidc or ethyl brornoacetate gave the 
thi;woline ( X I - X I V )  or thiazolidone ( X V - X V l l l )  derivativcs, as shown in 
Table II and Table I l l ,  respectively. The products were identified by elemental 


902 I Journal of Pharmaceutical Sciences 
Vol. 73, No. 7, July 7984 


0022-35491 841 0700-0982$0 1.001 0 
@ 1984, American Pharmaceutical Association 







V 
NHNH2 


VI  
Scheme I 


analyses, IR, and for some representative examples by HI-NMR and MS. 
The HI-NMR spectrum for thiazoline derivative X I V  showed a singlet a t  S 
5.7 ppm characteristic for the thiazoline proton, while the spectrum for X V l l l  
showed a singlet a t  6 3.85 ppm characteristic of the thiazolidone protons. The 
mass spectra of both derivatives X I V  and X V l l l  showed molecular ion, a t  m/z 
543 and 483. respectively, and a base peak at  m/z 91 corresponding to the 
tropylium ion. 


Antimicrobial Activity-Compounds VII- -XVIII  were tested for antimi- 
crobial activity by the agar diffusion method (16). The test organisms used 
were Staphylococcus aureus NCTC 4163. Escherichia coli NCTC 5933, and 
Candida albicans 3501 I. The preliminary results obtained (Tables 1-111) 
indicate that most of the tested compounds possess considerable antimicrobial 
activity against Gram-positive bacteria (S. aureus) and showed no activity 
against Gram-negative bacteria (E. coli). I n  addition, many of the tested 
compounds showed inhibitory activity against C. albicans. 


EXPERIMENTAL SECTION2 


3-(4-Carbethoxyphenyl~2-methyl-4-oxoquinazoline ( I )  and 3-(4-Car- 
hethoxyphenylaminok2-methyl-4-oxoquinazoline (V )  Compounds I and V 
wcrc prepared according to a previously reported method ( 17): I (80% yield), 
inp lhL)-I70"C [lit. (17) mp 169-170°CJ:V (72%yield)mp 149-150°C [lit. 


Heartion of Hydrazine Hydrate with 2-(4-Carbethoxyphenyl)-2-methyl- 
J-oxoguinazoline(1)--A mixture of hydrazine hydrate (5  mL)  and I (0.92 g. 
3 niniol) in ethanol ( I  5 mL) was refluxcd for 30 min, diluted with water, and 
cxkictcd with ethyl acekite. The organic phase was washed with water then 
dricd ovcr anhydrous sodium sulfate. The residue obtained after evaporation 
0 1  thc solvent to dryness. showed thrce spots on TLC. This mixture was 
chromatographed on a silica gel column [chloroform-ethanol (9:1)]. The first 
I'riiction afforded 3-amino-2-mcthyl-4-oxoquinazoline ( I V )  as white necdlc 
cr)sialb I'rom q u e o u s  ethanol in 53% yield mp 149-151"C [lit. (15) mp 
I LI - I52"Cl. The second fraction furnished p-aminobenzoic acid hydrazide 
( 1 1 )  iilr white needles from ethanol in 35% yield, mp  221 -223°C [lit. (14) mp 
222°C 1. The third fraction gave 44 2-mcthyl-4-oxoquinazoline-3-yl)benzoic 
x i d  hydrazidc ( I l l )  a s  white prisms from chloroform-benzene (10% yield). 
iiip 220-221°C: IR :  3380-3350 ( N H ) .  1670. and 1650cm-' (C=O). 


Anal. -Calc. for C16H14N402: C. 65.31: H, 4.76; N. 19.05. Found: C, 
65.20: H .  4.80; N,  19.30. 


Rcaction of Hydrazine Hydrate with Ill-A mixture of Ill (0.29 g. 0.001 
i i iol)  and hydrazinc hydrate (2 mL) in  ethanol (5 mL) was heated under reflux 
[or 30 min. diluted with water, and extracted with ethyl acetate. The organic 
ph,isc was washed with water, dried over anhydrous sodium sulfate, and the 
wlvcnt was evaporated to dryness. The residue was chromatographed on silica 
gel [chloroform-ethanol (9: I)]. The initial fraction afforded IV, while the 


(17)  111p 149- I50"Cl. 


I The standard strain was obtained from thc lnstitut of Microbiology, Gottingen, West 
Germany. 


All melting points were determined in open glass capillary tubes and are reported 
uncorrected. IR spectra were measurcd in NUJO~ mulls on a Beckman 4210 spectropho- 
tometer. HI-NMR spectra were obtained on a Bruker HX-270. and the chemical shift 
was expressed in ppm downfield from a n  internal tctramethyldane standard. Mass 
spectra were recorded on a Finnigan 45 10 GCMS at an electron energy of 70 eV. 


h t c r  fractions afforded 11, identical in all respects with the aforementioned 
qecimcns.  


Reaction of Hydrazine Hydrate with 3-(4-Carbethoxyphenylamino)-2- 
methyl-4-oxoquinazoline (V)-A mixture of V (0.32 g, 0.001 mol), hydrazine 
hydrate (2  mL). and ethanol (I0 mL) was refluxed for 30 min. The mixture 
wiis treated in a manner similar to that above. The initial fraction afforded 
I V  11s white needles from aqueous ethanol (65% yield), mp 150- 152°C [lit. 
( 15) I5 I - I  52"CI. The later eluatc furnished p-hydrazinobenzoic acid hy- 
dri17ide (VI)  as white needles from methanol (30% yield), mp 163-165°C [lit. 
(18) mp 165"Cj. 


4-(2-Methyl-4-oxoquinazoline-3-yl)benzoic Acid Hydrazide (111)-Hy- 
drazine hydrate (5 mL) was added to a solution of 3-(4-~arbethoxyphenyl)- 
2-mcthyl-4-oxoquinazoline ( I )  (0.92 g, 3 mmol) in benzene (9 mL) and ethanol 
( I  inL). The mixture was stirred for I h a t  room temperature. then diluted 
w i t h  water. The remaining ester I was removed by extraction with benzene. 
The aqueous layer was then adjusted pH 6 with HCI and then extracted with 
chloroform. The extract was washed with water, dried over anhydrous sodium 
sulratc, and the solvent was evaporated in uacuo at  room temperature. The 
rcsiduc was crystallized from chloroform -benzene togive 111 as white prisms: 
(33% yield). mp 220-221°C; IR: 3380-3350 ( N H ) ,  1670, and 1650 cm-I 
(C=O) .  


Anal.-Calc. for ClbH14N402: C,  65.31; H,  4.76: N,  19.05. Found: C,  
65.20; H. 4.80; N. 19.30. 


I-~4-(2-Methyl-4-oxoquinazoline-3-yl)~nzoyl~4-alkyl-, aryl-, or -aral- 
kyl-3-thiosemicarbazides (VII-X)-A solution of equimolecular amounts of 
an alkyl-, aryl-. or aralkylisothiocyanate (2 mmol) and 4-(2-methyl-4-oxo- 
quinazoline-3-yl)benzoic acid hydrazide (Ill) (0.58 g, 2 mmol) in ethanol (20 
mL) was heated under reflux for 15 min. The mixture was concentrated, 
cooled. and left overnight a t  room temperature. The precipitate was removed 
by filtration and recrystallized from ethanol (only VI1 was recrystallized from 
;iqucous ethanol). The yields and physical constants of the productsarc listed 
i n  Table I; IR:  3270-3140 (NH).  1700-1670 (C=O and C=N). and 
IS50 1520. 1340-1330. 1070-1050,and 870-830cm-' [-N-C=S I. 11, 
1 1 1 .  and I V  mixed-vibration bands. respectively (19)]. 


3.4-Disubstituted Thiazoline-2-oxo(4-(2-methyl-4-oxoquinazoline-+ylk 
hensoyllhydrazones (XI-XIV)-A mixture of the appropriate thiosemicar- 
hiiidcs ( V l l - X )  (0.01 mol), phenacyl bromide (0.01 mol), and anhydrous 
sodium acctate (0.04 mol) in absolute ethanol (40 mL)  was refluxed for 2 h. 


Table I-Properties and Antimicrobial Activity of 1-[4-(2-Methyl-4- 
oxoquinazoline-3-yl)benzoyl]-4-alkyl-, -aryl- or -aralkyl-3- 
thiosemirarbazides 


Com- Yield, 
;p, 


Molecular Antimicrobial Activityb 
pound 9% C Formula S. aureus E. coli C. alhicans 


V l l l  85 214-215 C ~ I H ~ O N I O S  I I  13 
VI1 70 141-142 C2iH23N50zSC I I  (-) I I  


4 Compounds VII-X were analyzed for C. H. N .  and S; unless otherwise noted, all 
Expressed in  tcrmsof in v i m  in- results were within f0.4% of the theoretical values. 


hibition zones in millimeters. Calc. for S, 7.82: found, 7.40. 
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C6H5COCH2Br BrCyCOOC2H5 


Scheme / I  


Table 11-Properties and Antimicrobial Activity of 3,CDisubstituted Thiazoline-2sxo(C(2-methyl-4-oxoquinazoline-~yl)benzoyl~hydrazo~ 


Yield, Recrystallization Molecular Antimicrobial Activityb 
Compound ?6 Solvent mp, OC Formula S. uureus E. coli C. albicans 


Compounds XI-XIV were analyzed for C .  H, N. and S; all results wcrc within f0.4% of the theoretical valucs. Expressed in terms of in  cifro inhibition zones in millime- 
ters. 


Table Ill-Properties and Antimicrobial Activity of %Substituted 5-Thiazol idone-2-ox~~2-methyl -4 -ox~uinazol in~%yl~nzoyl ]hydrazo~ * 


Yield, Recrystallization Molecular Antimicrobial Activityb 
Comwund Solvent mo. OC Formula S. aureus E. coli C. albicans 


Compounds XV-XVIII were analped for C, H, N, and S; unless otherwise noted, all re-sults were within f0.4% of the theoretical valucs. Expressed in terms of in uirro inhibition 
zones in millimctcrs. c Calc. for N. 14 49; found, 16.00. 


The mixture was cooled, diluted with water. and allowed to stand. The solid 
iiiiitcriiil was removed by filtration and recrystallized from the appropriate 
wlvcnt. The yields and physical constants of the products are  summarized 
i n  Table I I :  IR: 3300-3200 (NH) ,  1680-1650 (C=O), 1543-1530 (NH) ,  
and 1330-1300cm-' (C-N); HI-NMR forXlV (CDCI3):62,24(~.3,CH3). 
4.6 (s, 2, benzyl). 5.75 (s, I ,  thiazoline proton), 7.39,7.75. and 8.1 (3m, 19, 
ArH), and 8.3 ppm (br s, I ,  N-H); MS for XIV. m/z (relative intensities): 
M t a t  543 (0.06). 500 (0.02), 409 (38). 326 (0.29), 279 (2). 263 ( 1  2). 143 (24). 
131 (2). I05(13) ,91 (100) ,and76(8) .  


2-Substituted 5-Thiazolidone-2sx~4~2-methyl-4-oxoquinazoline-3-yl~ 
benzoylJhydrazones (XV-XVIIl)-Thesc compounds were prepared by 
applying the same molar amounts and solvent volumes as in the preparation 
of XI -XIV. but using ethyl bromoacetate instead of phenacyl bromide. The 
yields and physical data of the products are recorded in Table Ill; IR: 
3250-3200 (NH) ,  1740-1720 (C=Oofthiazolidone), 1680-1650 (C=O). 
1543-1530 (NH) ,  and 1370-1320 cm-I (C-N); HI-NMR for XVll l  
(CDCI,): b 2.25 (s, 3, CH4.3.85 (s .  2, thiazolidone protons), 5.0 (s, 2 bcnzyl), 
7.33, 7.76, and 8.05 (3 m, 13, ArH), and 8.49 ppm (br s, I ,  N-H); MS for 
XVIII. m/z (9'0): M t  a t  483 (13). 409 (7), 279 (4), 263 (59). 236 (41, 143 
( S O ) ,  I21 (6). 116(4). IOS(3),91 (100) ,and76(14) .  


Antimicrobial Testing Antimicrobial testing was performed by the agar 
diffusion method ( I  6). The prepared compounds were dissolved in propylene 
glycol (2  m g i m l ) .  Sterile nutrient agar (oxoid) was incubated with the test 
organisms (S. UUMUS. t'. eoli. and C'. albicons). Each 100 mLof the medium 
received 1 ml. of 24-hr broth culture, and 3 drops of the tested compound wcrc 
placed separately in cups (8-mm diameter) cut i n  the agar. The plates were 
incubated at 37OC for 24 h a n d  the resulting inhibition zones were measured 
(Tables 1-111) .  
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Abstract 0 A high-performance liquid chromatographic method for the de- 
termination of acetazolamide in whole blood, plasma, and urine was developed. 
Samples of biologicdl fluids containing various concentrations of acetazol- 
amide were spiked with the internal standard, sulfadiazine. Samples were then 
mixed with a 5070 ammonium sulfamate solution. Whole blood samples were 
heated for 25 s in boiling water. All samples were extracted with ethyl acetate; 
a phosphate buffer (pH 8.0) was used to wash the extracts. Acetazolamide 
Has back-extracted intoa glycine buffer (pH 10.0). which was then washed 
with ether. Separation of acetazolamide and internal standard from other 
biological constituents was achieved on a 10-pm C I S  reverse-phase column 
using an acetonitrile-methanol-acetate buffer (pH 4.0). The eluant was 
monitored at 254 nm. All calibration curves were linear, and the results from 
reproducibility studies were excellent. Application of the method to human 
pharmacokinetic studies was demonstrated. 


Keyphrases 0 Acetazolamide- -biological fluids, reverse-phase HPLC, 
pharmacokinetics 0 HPLC-acetazolamide, biological fluids, pharmacoki- 
netics 


Acetazolamide, a carbonic anhydrase inhibitor widely used 
in  the medical management of glaucoma, lowers intraocular 
pressure by reducing the rate of aqueous humor formation. 
Acetazolamide is also used as an antiepileptic drug, where its 
effect is thought to result from inhibition of brain carbonic 
anhydrase. There is evidence that effective intraocular hypo- 
tensive and anticonvulsant actions are seen at plasma con- 
centrations of 5-20 and 10 pg/mL, respectively (1-4). The 
drug is concentrated in erythrocytes, a site of action which has 
received little attention in the clinical literature. In humans, 
high erythrocyte levels have recently been associated with 
significant toxicity (4, 5). This is attributed to carbon dioxide 
retention resulting from inhibition of erythrocyte carbonic 
anhydrase, an important enzyme that greatly facilitates carbon 
dioxide exchange and transport in the capillary beds ( 6 ) .  Ac- 
etazolamide is completely eliminated unchanged oia the kid- 
ney; determination of its clearance by this organ may prove 
useful for adjusting acetaxolamide plasma concentrations. 


Several high-performance liquid chromatographic (HPLC) 
assays have been published for determining acetazolamide 
levels in  plasma or serum (7-9), and they have been an im- 
provement on the older, less sensitive enzymatic assays (10, 
1 1 ) .  A sensitive GC method is available, but it requires an 
electron-capture detector (12). Some of the recent HPLC 
procedures require repeated and/or successive extractions and 
dry-down procedures. None of the HPLC methods can 
quantitate acetazolamide in whole blood [erythrocytes indi- 
rectly ( 1  2)] or urine, fluids from which clinically important 
information may be ascertained. 


The present report describes an HPLC method that (a) ob- 
viates time-consuming solvent evaporation steps, ( b )  displays 
excellent sensitivity and reproducibility, and (c) can be applied 
to several different biological fluids. 


EXPERIMENTAL SECTION 


Reagents and Materials-Acetazolamide' and sulfadiazine* were used as 
supplied. The solvents used for extraction and chromatography wereall HPLC 
grade3. All chemicals were analytical reagent grade4. 


Standards-Separate stock solutions containing 1 .O mg/mL'of acetazol- 
amide and sulfadiazine (internal standard) were prepared weekly by dissolving 
these agents in 0.005 and 0.01 M NaOH, respectively. Aqueous solutions of 
lower concentrations (i.e., 0.01 -0.5 mg/mL) were prepared extemporaneously 
as  needed from the stock solutions. Buffer solutions of 0.032 M glycine (pH 
10.0) and 0.1 M phosphate buffer (pH 8.0) were prepared monthly. All so- 
lutions were stored at  4OC when not in use. 


Extraction-Urine and heparinized whole blood were obtained from 
drug-free, normal, human volunteers. Plasma was obtained from an aliquot 
of whole blood using heparin as anticoagulant. Two hundred-microliter ali- 
quots of plasma, whole blood, or urine (diluted 1:lO) were added to 13 X 
100-mm borosilieate glass tubes. 


I Sigma Chemical Co., St. Louis, Mo. 
ICN Pharmaceuticals Inc., Cleveland, Ohio. 
Burdick and Jackson, Muskegon. Mich. 
Fisher Scientific. Fair Lawn, N.J. 
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BOOKS 


X-ray Crystallography and Drug Action. Edited by A. S. t1ORN and C. J. 
DE RAhTER. Oxford University Press, 200 Madison Avenue. New York, 
N Y  10016. 1984.514 pp. 16 X 24 cm. Price: $59.00. 
The International School of Crystallography at the Ettorc Majorana Centre 


in Erice. Sicily. sponsors an annual week-long course devoted to one of the 
various interdisciplinary subdivisions of crystallography. I n  the spring of 1983, 
the ninth course was devoted to the subject of X-ray crystallography and drug 
action. This book is a collection of the twenty-seven papers presented at the 
course. 


The first six papers arc general reviews of the ways in which the results of 
both small molecule and macromolecular crystal structure determinations 
are applied to problems in pharmaceutical chemistry. Discussions of selected 
biisic principles of crystal structure determination and of quantum chemical 
calculations arc included. They arc technically sound. but not so rigorous as 
to encourage a noncrystallographer to pass on to the next paper. The last four 
papcrs in the book arc similarly comprehensive in their coverage of aspects 
of graphics and molecular modeling. 


Most of the volume is  devoted to presentation5 of research studies of a va- 
riety of biological systems. Pharmacologists, biochemists, and crystallogra- 
phers interact in many mutually supportive ways. Two papers on the dihy- 
drofolate reductase-thymidylate synthetase system as a therapeutic target 
for the treatment of a variety of diseases describe this relationship with ex- 
ceptional clarity. Analgesics and neuroactivc drugs arc treated with similar 
thoroughness. The remaining presentations arc so broad in scope that no 
summary of reasonable length could do them ju.itice. 


As with any effort involving many authors, there are places where this book 
falls short of its potential. The reader i s  denied the benefit of summaries of 
what must have been exciting discussions after each presentation. No single 
paper i s  concerned primarily with polymorphism, an omission which w i l l  
disappoint pharmaceutical chemists. Perhaps an even more serious omission 
is that. with several of the contributions discussing enantiomeric effects upon 
drug activity, crystallographic studies of spontaneous resolution in drugs are 
not even considered in the review papers. 


From a technical point of view, the book i s  extremely well produced. The 
typescripts provided by the authors arc generally clear. Very few typographical 
errors were discovered. For the most part, the figures are well done and clcarly 
labeled. A few of the stereoscopic pairs arc so closely set that some individuals 
may encounter difficulty in achieving stereopsis. even with the aid of a viewer. 
The subject index could have been more complete and consistent, particularly 
with reference to citations of drugs by name. Computer programs are indexed 
by name rather than by function. This i s  unnecessarily confusing, since the 
former might well bc obscure to the noncrystallographer, as well as being 
unrelated to the latter. 


When one considers the price of this volunie in relation to others of similar 
coverage. i t  is certainly modestly priced. Even with [he omissions and technical 
shortcomings noted, the overall strength of the discussions of structure activity 
relationship in proteins, enzymes, and their complexes with smaller molcculcs 
makes this book a worthwhile addition to the personal library of most phar- 
maceutical chemists. 


Heuiewd by Wilson I I .  De Camp 
Dicision of Drug Chemisrry 
Food and Drug Adminisrrarion 
Washington, DC 20204 


Fungal Metabolites. Vol. 11. By W .  B. TURNER and D. C ALDRIDGE. 
Academic Press, I I I Fifth Avenue, New York, NY 10003. 1983.631 pp. 
16 X 23.5 cm. Price: S80.00. 
As a frequent and happy user of the first volume of Fungal Merabolites by 


Turner. it was a great pleasure to see the publication of this second volume 
in 1983. The first volume, publishcd in I97 I .  is an extensive compilation of 
secondary (specific) metabolites of fungi organized into chapters largely on 
the basis of their biogenesis. Volume II is essentially a 10 year update that 
includes nearly 2,000 new metabolites. Chapters 1 and 2 from Volume I dealt 
with primary and secondary metabolism, and aspects of cultivation and sec- 
ondary metabolism. These chapters are not included as separate topics in the 
new book, but the few developments in t h a t  areas arc covered in other sections 
where appropriate. References to labeling experiments used in Volume I hdve 


been deleted, but Volume I I  contains much new important information on 
carbon- I 3  isotopic labeling experiments extcnsively utilized during the past 
dccadc in the elucidation of biosynthctic pathways. 


The 1983 edition of Fungal Metabolire.\ i s  divided into seven chapters of 
varying length. Chapters describe groups of metabolites which are: not from 
acetate (40 pp.~-215 refcrcnces); from Pdtty acids (10 pp.- 59 references): 
from polyketidcs (168 pp.-731 rcfcrcnces); from tcrpcnes (141 pp.--593 
references); from tricarboxylic acid cyclc intermediates ( 16 pp. - 4 5  refer- 
ences); from amino acids (72 pp. 389 references); miscellaneous compounds 
(37 pp:- 180 references); and an addendum chapter (62 pp: 281 references). 
References for all but the last chapter date largely in the 1970‘s with a few 
citations from the 1960’s and 1980. The addendum chapter is essentially an 
update of information on a11 classes of fungal metabolites covered in earlier 
chapters, and i t  includes literature citations from 1980, 1981, and a few into 
1982. 


The bulk of this book is  loaded with useful illustrations and references, and 
the text provides good concise coloring for the structures shown. The empirical 
formula. organism, and subject indices niakc the book practically useful. This 
i s  especially so, since the authors ttwk great care to maintain the same orga- 
nimtion used in the original volume. It i s  also easy tocross reference bctwcen 
the two volumes. This i s  an outstanding reference-work and it i s  a must for 
an): laboratory seriously engaged in research on the topic of fungal metabo- 
lites. 


Rmiewed by John P. Rosaz7a 
College of Pharnracy 
Uniwrsirj .  4 Iowa 
Iowa City, I A  52242 


Pattern Recognition Approaches To Data Interpretation. By D I A N E  D. 
WOLFF and MICHAEL 1.. PARSONS. Plenum Press, 233 Spring St., 
New York, N Y  1001 3. 1983. 223 pp. 17 X 26 cm. Price: $29.50. 
This book i s  a “how to” description of the use of multivariate statistical 


packages in the evaluation of large arrays of chemical data. The authors focus 
primarilyon techniques popularized in rccent years undcr the gcncral term. 
“pattern recognition” with a major emphasis on how to use and interpret 
ARTHUR ( B .  R. Kowalski, Laboratory of Chemometrics, Seattle. WA), 
SPSS (Sm, Inc., Chicago, IL), and BMDP (Health Sciences Computing 
Facility. Los Angeles, CA). SAS (SAS Institute Inc., Cary. NC)  and 
CLUSTAN (Scotland) arc described to a somewhat lesser degree. The book 
is intended for investigators with l i t t le  or no prior experiencc withdata analysis 
nor with thc above-mentioned statistical packages. Program descriptions. 
strengths, and implementation are  linked to the pL+rticular versions of the 
packages used by the authors. For example. users of the 1977 and later versions 
of the ARTHUR program would be advised to refer to the manuals for those 
programs for program description and implementation and to the book for 
suggestions on problem statement, analysis, and interpretation. 


Through the example of a single set of pollution data, the authors take the 
reader through the steps of data analysis from problem statement and data 
coding to final evaluation. The numerical techniques described and applied 
to the pollution data include data mapping. supervised and unsupervised 
learning algorithms, and univariate and bivariate statistics. The excellent 
discussion and demonstration of preliminary data evaluation and variable 
relationships isthe major strength of this book. A minor weakness is that the 
opinions expressed by the authors concerning the utility-specific numerical 
techniques seen1 to be based on their experiences rather than rigorous statis- 
tical studies. The comparison of numerical techniques available in two or more 
packages will certainly be valued by chemists who arc uncertain as to which 
packages better address a particular application. 


Pattern Recognition Approaches 10 Data Intcvprerurion i s  a long overdue 
addition to the wealth of monographs on chcmometrics published over the past 
few years. I t  is unique in i ts applications oriented approach. The book i s  a 
recommended reader for novices and a resource for more experienced inves- 
tigators. 


Xeciewed by Alice Harper 
Department of Chemistry 
Unioersity of Texas at El Paso 
El Paso. TX 79968 
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Triprolidine Radioimmunoassay: Disposition in 
Animals and Humans 
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Accepted for 


Abtnct  0 A hapten derivative of triprolidine. bearing an acrylic acid side 
chain orrho to the pyridine ring nitrogen atom, was synthesized and coupled 
to bovine Serum albumin. Immunization of New-Zealand White rabbits with 
the resulting drug-protein conjugate resulted in the production of antisera 
capable of binding a radioiodinated tyramine conjugate of the triprolidine 
hapten derivative at  high antiserum dilutions (1:70,000-1:150,000). These 
antisera were used to develop a radioimmunoassay (RIA) for triprolidine in 
human plasma with a sensitivity limit of 0.1 ng/mL (0.01 ng of actual mass). 
The known hydroxymethyl and carboxyl metabolites of triprolidine cross- 
reacted weakly (<2 and <0.05%, respectively) with this antiserum. The RIA 
could be used for the direct analysis of triprolidine in human and rabbit 
plasma, but not for rat or dog plasma, presumably due to the presence of other 
interfering substances (possibly metabolites). The validity of the RIA pro- 
cedure in human plasma was demonstrated by comparative analysis of a 
number of samples by quantitative TLC ( r  = 0.985, slope = I .076). The assay 
was employed to describe the pharmacokinetics of triprolidine in the rabbit 
( t  1/24 = 1.7 h). The assay had adequate sensitivity to detect low circulating 
drug concentrations in humans after therapeutic oral doses and also sub- 
stantiated previous disposition experiments with triprolidine in humans ( r  ~ p g  
= 2.27 h). TLC analysis demonstrated that the absolute oral bioavailability 
of triprolidine (I-mg/kg dose) in the dog was low (4%). A comparison of 
triprolidine pharmacokinetic parameters in dogs, rabbits, rats, and humans 
revealed considerable similarity in elimination characteristics in these 
species. 


Keyphrases 0 Triprolidine-bovine serum albumin conjugate, pharmaco- 
kinetics, animal-human comparisons, RIA compared with TLC and G C  0 
Radioimmunoassay-triprolidine in animals and humans, comparisons with 
G C  and TLC 


Triprolidine hydrochloride { (E) -2 -  [ 3 4  1 -pyrrolidinyl)- 1 - 
p-tolylpropenyl]pyridine monohydrochloride monohydrate) 
has been shown to have potent antihistaminic activity in ani- 
mals ( 1  -3) and to be clinically efficacious in humans (4-8). 
However, no detailed reports have appeared on the disposition 
of this drug, although [I4C]triprolidine was shown to be me- 
tabolized extensively in oitro by the guinea pig liver (9). 


Circulating concentrations of triprolidine in human plasma 


following administration of oral therapeutic doses are very low 
and quite variable (lo), necessitating the use of highly sensitive 
analytical techniques for their determination. Although TLC 
(1 1) and GC (12) procedures have been described for tripro- 
lidine, no data on the disposition of the drug were derived from 
these studies. A sensitive, quantitative TLC method for 
triprolidine was recently described by DeAngelis and co- 
workers (lo), and the method was used to study some aspects 
of the disposition of this drug in rats and humans. 


In this paper we present details of a specific radioimmuno- 
assay (RIA) procedure for triprolidine which is capable of 
detecting 0.1 ng/mL of drug in plasma. This assay employs 
a gamma-emitting '*f'I-radioligand, and thus is convenient for 
the analysis of large-scale triprolidine disposition studies. In 
the course of validating this method for human plasma anal- 
ysis, the absolute oral bioavailability of triprolidine in the dog 
was determined by quantitative TLC, and some pharmacok- 
inetic comparisons were made between rats, dogs, rabbits, and 
humans. 


EXPERIMENTAL SECTION 


The assay buffer used was 0.05 M Na2HP04/NaH2P04-0.15 M NaCI- 
0.01 M EDTA.NaZ-O.I% gelatin, pH 7.0. For separation of antibody-bound 
from free radiolabel, a dextran-coated charcoal suspension was prepared by 
dissolving 0.5 g of dextranl in 200 mL of ice-cold assay buffer, and adding 
2 g of RIA-grade charcoal2 to this solution. This suspension was stirred for 
a t  least 30 min a t  0°C before use. 


Hapten Synthesis-2-Bromo-6-(4-toluoyl)pyridine (I)-Butyllithiurn 
(50 mL, 1.65 M in hexane) was added under nitrogen toa stirred suspension 
of 2.6-dibromopyridine (19.5 g) in dry ether (200 mL) at -SOT. After 0.75 
h a solution of 4-tolunitrile (10 g) in ether (50 mL) was added; stirring was 
continued at  -5OOC for 3 h. The mixture was allowed to warm to -3O'C and 


I T-70; Pharmacia Fine Chemicals, Piscataway, N.J * Schwarz-Mann. Orangeburg. N.Y. 
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Trblc I-Structures r d  Cross-rcrctivitiea of Triprolidlnc rmd Related Compounds 


IV Md x v-IX. XI md XI1 


Compound R R' ICso, ng/mL Cross-reactivity, 9b0 


IV CH3 CH=CHC02H 162.0 0.3 
V CH3 CH=CHCOzH 0.7 83.0 


H 0.6 100.0 
H 34.0 1.9 


VI 
VII 


IX CF3 H 1.12 49.1 
VlIl  COzH H >1OoO.o <0.05 


X CF3 H 26.0 2. I 


:$OH 


X I  


XI1 
&H 


CH=CHCONH(CH& 


Crawreactivity of compound = (ICJO of triprolidinc)/(lC~ of compound) x 100. 


treated with HCI (200 mL, 2 M). The precipitated solid was collected. washed 
with water, and recrystallized from aqueous ethanol. The ketone formed 
colorless needles (12.2 g), mp 97-98°C. IR (KBr disk): 1660 cm-I (aromatic 
ketone); IH-NMR (CDCI3): 6 8.1-7.2 (m. 7, ArH) and 2.4 ppm (s, 3, Ar- 
c h ) .  


Anal.--Calc. for C23HldrNO C, 56.52; H, 3.65; N, 5.07; Br, 29.0. Found: 
C, 56.48; H. 3.67; N, 4.93; Br, 28.53. 
2-(6-Eromo-2-pyridyl)-2-(4-tolyl)-l.3-dioxolan (//)-A mixture of the 


above ketone (31 g). toluene (1 50 mL), ethylene glycol (10 mL), and p-tol- 
uencsulfonic acid (4 g) was heated at reflux for 6 h using a Dean-Stark trap. 
After cooling. the toluene solution was washed with excess ice-cold sodium 
bicarbonate solution, dried. and evaporated to 50 mL. Addition of petroleum 
ether to the warm solution induced crystallization of the dioxolan. From 
cyclohcxane thie formed colorless prisms (24.3 g). mp 110-1 I2OC. IH-NMR 
(CDCI)): 6 7.8-7.0 (m, 7, ArH), 4.1 (s, 4, -CH2-0-). and 2.35 ppm (s, 


A~l.--Calc. forC1flI4BrNO2: C, 56.25; H, 4.45; N, 4.4. Found: C, 56.48; 
H, 4.26; N, 4.29. 


Ethyl (E)-3-  [6- [(l-methylphenyl)carbonyl] -2-pyridinyl]propenote 
(fII)-A solution of I1 (3.5 g) in ether (100 mL) was cooled to -4OOC and 
treated under nitrogen with butyllithium (10 mL. 1.64 M in hexane). After 
stimng at -5OOC for 2 h, dimethylformamide (2 mL) was added. Two hours 
later the mixture was warmed to -3OOC and treated with HCI (20 mL, 2 M). 
The organic phase was separated, washed with sodium bicarbonate solution, 
dried, and evaporated under reduced pressure. The residual aldehyde (2.5 g) 
was dissolved in I,2dimethoxyethane (I0 mL) and added to a solution of the 
phosphonate carbanion produced from triethyl phosphonoacetate (2 g) and 
sodium hydride (0.22 g) in the same solvent. The mixture was stirred for 2 
h, diluted with ether (25 mL), and treated with HCI (5 mL, 2 M). The organic 


3, Ar-CH3). 


P : , N I  $;n*,N3 / \  


/ \  - - 
cn, m CH) = 
Scheme /-Preparation of triprolidine hapten derivative. 


phase was separated, washed with water, dried, and evaporated. The resulting 
oil was dissolved in ethanol (20 mL) containing concentrated HCI (3 mL) and 
water (3 mL). After heating on a steam bath for 10 min. the solution was di- 
luted with ice water, rendered alkaline with sodium bicarbonate solution, and 
extracted with ether. After evaporation the residue was crystallized from 
cyclohexane as colorless platelets (1 g). mp 108-1 11°C. IH-NMR (CDC13): 
6 7.65 (d, I ,  I = 16 Hz, olefinic protons) and 6.85 ppm (d, 1 ,  I = 16 Hz), 
implying E configuration. 


Anal.-Calc. for ClaH17N03: C, 73.2; H, 5.8; N, 4.75. Found: C, 72.7; H, 
5.7; N-, 4.59. 


(E)d-[(E)-3-(l-pyrrolinyl)-l -p-tolylpropenyl]-2-pyridineacrylic acid 
(0-Butyllithium (10 mL. 1.64 M in hexane) was added under nitrogen to 
a stirred suspension of triphenyl-2-pyrrolidinoethylphosphonium bromide 
( I  3) (7.2 g) in dry toluene (75 mL). After 0.5 h, 111 (4.8 g) in toluene (SO mL) 
was added. The suspension, initially orange, k a m e  deep purple, then slowly 
faded to yellow during 2 h heating at 75°C. The cooled solution was diluted 
with ether ( 1  50 mL) and treated with HCI (50 mL, 2 M). The aqueous phase 
was separated, washed with ether, and basified with potassium carbonate (ice). 
Basic products were extracted into ether and immediately converted to oxalates 
by addition of oxalic acid (2.5 g) in ethanol (IOmL). Thecrudesalts (5.1 g) 
melted at 148-1 55OC; it was shown by NMR that the new double bond had 
formed in the ratio 2:1 ,Z:E.  The mixture of oxalates (3.7 g) was decomposbd 
with sodium bicarbonate solution-ether. A solution of the bases in ethanol 
( I 0 0  mL) containing sodium hydroxide (20 mL, 1 M) was heated on the steam 
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Figure 1-Typical standard curve for triprolidine RIA in human plasma. 
Triprolidine was added to blank human plasma. 
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Figure 2-correlation of TLC and RIA analysis of triprolidine in human 
plasma samples. 


bath under reduced pressure for 5 min, neutralized with sulfuric acid (20 mL, 
0.5 M), and finally evaporated to dryness. The solid residue was extracted with 
hot isopropyl alcohol (3 X 50 mL), and the combined filtrates were evaporated 
to dryness. The pinkish solid residue (2.5 g) was dissolved in hot ethyl acetate. 
Crystals (1.5 g), mp 160-162°C, were deposited on cooling; recrystallization 
from ethyl acetate gave the E,Z-isomer IV, mp 173-174OC (0.8 9). IH-NMR 
(CDCI3) isolated olefinic proton at 6 6.35 ppm (1, 1). Concentration of the 
mother liquors afforded a second crop of crystals, mp 215-220°C (0.65 g), 
raised to 220-222OC (dec.) by recrystallization from isopropyl alcohol (0.55 
9). IH-NMR (CDCl3) isolated olefinic proton at 6 7.58 (t, I ) ,  confirming that 
this was the E,E-isomer V. 


Ana/.-calc. for Cz2Hz4Nz02: C, 75.86; H, 6.95; N, 8.05. Found: C, 75.57; 
H, 7.10; N, 8.03. 


Conjugation of Acid V wiih Bovine Serum Albumin-Compound V (30 
mg, 0.086 mM) was dissolved in ethanol (3 mL), and water (12 mL) was 
added. Bovine serum albumin (40 mg, 0.0057 mM) was added, the pH of the 
solution was adjusted to 5.5, and I-ethyl-3-(3-dimethylaminoethyl)-carb 
diimide hydrochloride3 (25 mg, 0.161 mM) was added. This final solution 
was stirred overnight at room temperature, then was subjected to ultrafil- 
tration' with water as eluant. After UV absorbance in the dialysate had re- 
turned to baseline levels, the solution of protein conjugate in the cell was ly- 
ophilized to give the drug-bovine serum albumin conjugate as a fluffy white 
solid (34 mg). 


( E , E ) - N - [ 2 - ( r - h y d r 0 ~ ~ - ~ - ' ~ ~ l - p h e n y l ) e r 1 ] - 3 - [ 6 - [  I -(l-methylphenyl)- 
3 4  I -pyrrolidinyl)-1 -propenyl] -2-pyridinyllpropenamide (X1I)-Com- 
pound V (30 mg, 0.086 mM) was dissolved in dimethylformamide (3 mL), 
and to this solution triethylamine (20 pL, 0.129 mM) was added. The solution 
was cooled in an ice bath, isobutyl chloroformate (15 pL, 0.108 mM) was 
added, and the reaction mixture was stirred at O°C for 30 min. Tyramine (1 3 
mg, 0.095 mM) in dimethylformamide (1 mL) was added, and the pH was 
adjusted to 8 with 1 M NaOH. The mixture was stirred overnight at 4OC; the 
addition of tyramine changed the initial pink/purple color to brown/orange. 
Solvents were removed under reduced pressure, and the residue was purified 
by preparative TLC on silica gel plates' developed in CHCI3-CH3OH- 
NH4OH (7030:l). The UV-absorbing band at Rf0.73, which gavea slowly 
developing blue color when sprayed with ferric chloride-potassium ferricya- 
nide, yielded the amide XI as an oil (13.6 me) on elution with 10% 


Amide XI was iodinated in the phenolic moiety by the method of Hunter 
andGreenwood(14).CompoundXI(2pg)inethanol(10pL)wasmixedwith 
0.5 M NazHP04-NaH2P04, pH 7.4 (25 pL). To this solution was added 
carrier-free [1Z'I]Na16 (1  mCi in 10 pL of NaOH solution) followed by 
chloramine-T hydrate (10 pg in 10 pL of 0.05 M phosphate buffer). The 
mixture was stirred for 30 sat  rmm temperature, then sodium metabisulfite 
(25 pg in 25 pL of 0.05 M phosphate buffer) was added to stop the reaction. 
Preparative TLC of the reaction mixture on silica gel', as above, gave one 
major radioactive band at Rf0.77 when radioscanned'. The iodinated com- 
p u n d  was eluted from the silica with ethanol (13 mL), and the resulting so- 


CH3OH-CHCI3. 


3 Sigma Chemical Co.. St. Louis, Mo. ' Amicon cell with PM 10 membranes; Amicon Corp., Danvers, Mass. 
3 Merck silica gel GF2y 0.25 mmi E. Merck and Co., Elmsford. N.Y. 
6 Amersham Corp.. Arlington Helghts, 111. 


' 0  2 4 6 8 10 12 
TIM SINCE DRUG ADMINISTRATION. h 


Figure 3-Plasma disposiiion of triprolidine in male New Zealand Whire 
rabbiis a/rer an intravenous dose of1  mglkg of iriprolidine hydrochloride. 
Triprolidine plasma concenirations are mean f SEM. 


lution was stored at -2OOC until required. The approximate yield of iodinated 
amide XI1 was 420 pCi. 


Immunization Procedure-Male New Zealand White rabbits received a 
primary immunization of 1 mg of bovine serum albumin-drug conjugate in 
1 mL of 0.9% NaCl emulsified with 1 mL of Freund's complete adjuvant*. 
This dose was administered as two intramuscular (vastus lateralis) and eight 
subcutaneous (along the sides of the dorsal column) injections of 0.2 mL each. 
At intervals of 2,4, and 6 weeks following the primary immunization. and at  
monthly intervals thereafter, booster immunizations of 0.5 mg of immunogen 
in 0.5 mL of saline, emulsified with 0.5 mL of Freund's complete adjuvant, 
were administered at multiple subcutaneous sites. Following the second and 
all subsequent booster immunizations, blood samples were collected from the 
central ear artery, and serum was collected and stored at -2OOC until checked 
for the presence of antibodies. The antiserum used for the work described in 
this paper was obtained after 3 months of immunization. 


Radioimmunoassry Procedures-All assay points were determined in du- 
plicate; the results were then averaged. All assays were established in 12 X 
75-mm polystyrene tubes9. 


Antiserum Titer Determinations-Various dilutions of rabbit antiserum 
in assay buffer (0.7 mL) were incubated with 1251-triprolidine (50,000 cpm 
when freshly prepared, in 0.2 mL of assay buffer) and additional assay buffer 
(0.1 mL) in polystyrene tubes (1  2 X 75 mm) at  O°C for 2 h. Tubes containing 
only Iz5I-triprolidine (0.2 mL) and buffer (0.8 mL) served as total count and 
nonspecific binding (background tubes). After 2 h, a dextran-coated charcoal 
suspension (0.5 mL) was added to all assay tubes, except total count tubes. 
and the contents were vortex-mixed and incubated at O°C for 5 min. All 
charcoal-treated tubes were centrifuged at 4OC (11OOOXg for IOmin); the 
supernatants, containing the antibody-bound l251-triproIidine were decanted 
into clean polystyrene tubes, and the radioactivity was quantitated in a 
gammalo counter. Radioactivity bound by each antiserum dilution was ex- 
pressed as percentage of total counts added to each assay tube. The antiserum 
titer was defined as that dilution which bound 40% of added radioligand. 


Radioimmunoassay of Plasma Samples-Plasma samples from the various 
species were assayed directly, i.e., without any prior extraction from the 
plasma. This procedure was similar to that given above, except that the assay 
incubation mixtures consisted of 'z51-triprolidine (0.2 mL) antiserum at the 
appropriate dilution (0.7 mL), and triprolidine standard solutions (0.1 mL) 
in blank plasma covering the range 0.078-10.0 ng/mL (7.8-1000 pg actual 
mass per tube). In  addition to total count and nonspecific binding tubcs, tubes 
containing antiserum (0.7 mL), 1251-triprolidine (0.2 mL), and assay buffer 
(0.1 mL) served as maximum binding (Bo) tubes. Incubation and work-up 
procedures were as above. After quantitation of radioactivity. standard curves 
were expressed as percent B/& against standard concentration on linear-log 


Berthold. Model 2760; Beta Analytical Inc., Coraopolis, Pa. 
8 Difco Laboratories, Detroit, Mich. 
9 Walter Sarstcdt Inc.. Princeton, N.J. 


10 Model 5260 Autogamma Counter; Packard Instrument Co. Inc., Downers Grove, 
111. 
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10.0 Table 11-Intravenous end Oral Administration of Triprolidine (1 mg/kg) to 
Beagle Dogs 


Plasma Concentration. n d m L  


Time. h 
Dog 46579 


Intravenous Oral 


1.0 I I ' I 1  1 I 
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Figure 4-Plasma triprolidine concentration-time curves in three normal 
human subjects after a single oral dose of 2.5 mg of rriprolidine hydro- 
chloride. Triprolidine concentrations are mean f SEM. 


scales, where B is the antibody-bound radioactivity in the presence of a given 
standard concentration. 


Cross-reactivity Studies-These studies were carried out as for the RIA 
except that in addition to the triprolidine standard curve, curves were estab 
lished with the triprdidine metabolites and related compounds (IV-XI) shown 
in Fig. 2, and with some structurally unrelated compounds which might be 
administered concomitantly as medications (pseudoephedrine, guaifenesin, 
codeine, dextrorphan, aspirin, and acetaminophen). Percentage cross-reac- 
tivitics were expressed as: 


(ICm - Compound)/(lCm - triprolidine) X 100 


where ICm is the concentration required to inhibit binding of radioligand to 
antiserum by 50% (15). 


Quantitative Tbin-Layer Cbromatographic Analysis of Triprolidine-This 
analytical method was used as published (10) with some modifications. Briefly, 
the drug was extracted into benzene, the organic layer was separated by 
centrifugation, and a portion was concentrated by evaporation. The residue 
was dissolved in chloroform-methanol (85:15,80 pL) and the entire volume 
was spotted on a silica gel plate. The plate was developed in chloroform- 
methanol-ammonium hydroxide (91:8: 1) to a height of 11 cm. After spraying 
with 2 M ammonium bisulfate, the induced fluorescence of the drug was 
quantitated at an excitation wavelength of 300 nm (cut-off filter 400 nm). 
The recovery of the drug from plasma across a I -8-ng/mL concentration 
range was 95%. 


Human Disposition Studies-Three healthy volunteers (2 male, 1 female; 
mean weight, 68.0 kg) who were not receiving any drug therapy, fasted 
overnight (12 h) and, at 8 a.m., the next morning, ingested a tablet containing 
2.5 mg of triprolidine hydrochlorideI1. No food was consumed until 2 h after 
drug administration. Plasma was harvested and stored as above. After 1 week, 
each dog received the same dose of drug by the alternate route of adminis- 
tration, and blood samples were collected in the same manner. 
stored at -2OOC until analyzed for triprolidine by RIA or TLC. 


Animal Disposition Studies-Dogs-Two male beagles were fasted over- 
night. The next morning, both dogs received I-mg/kg doses of triprolidine 
hydrochloride, one as an oral dose (gelatin capsule) and the other as intrave- 
nous injection (saphenous vein) in isotonic saline (2 mL). Blood samples were 
collected into EDTA-containing evacuated tubesi2 prior to drug adminis- 
trationand at 0.08,0.17, 0.33,0.5,0.66, I ,  1.5,2,4,6,8,  12,and 24 h after 
drug administration. Plasma was harvested and stored as above. After 1 week, 
each dog received the same dose of drug by the alternate route of adminis- 
tration, and blood samples were collected in the same manner. 


Rabbits-Three male New Zealand White rabbits were fasted overnight 
before intravenous administration of triprolidine hydrochloride (1 mg/kg) 
in isotonic saline (2 mL) into the marginal ear vein. Blood samples were col- 
lected from the contralateral marginal ear veins prior to and at 0.03,0.17,0.33, 


I Actidil; Burroughs Wellcome Co., Grecnville, N.C. 
l 2  Vacutainer; Betton, Dickinson & Co., Rutherford, N.J. 


0.08 184.8 0 290.5 
0.16 146.1 1.7 225.9 
0.33 117.6 2.5 21 1.5 
0.50 94.3 3.5 173.4 
0.67 86.0 4.3 118.2 
I 55.8 4.8 100.1 
I .5 32.6 3.2 50.2 
2 28.4 2.4 35.7 
4 10.4 I .6 10.4 
6 3.8 0.6 3.6 
8 2.7 0 1.9 


12 1 .o 0 0.7 
AUCb2: ng:h/mL 211.7 8.7 305.1 
Bioavailability, 7% 4. I 


0 
0 


2.0 
6.6 
5.7 
4.3 
2.8 
2.2 
0.9 
0.3 
0 
0 


11.2 
3.7 


0.67, I ,  1.5,2,4,6,7.5, and 12 h after drug administration. Blood samples were 
processed as described above for dogs. 


Pharmncokinetic Analysis-The mean plasma concentration-time data 
from the present human and rabbit experiments and a previous rat study (lo), 
and the individual data sets from the dog experiments were analyzed phar- 
macokinetically by the computer program NONLIN (16), which iteratively 
minimizes the sum of the squared deviations between observed and computed 
plasma concentrations at the time points following drug administration. The 
volume of distribution, Vdp, was calculated from the intravenous data using 
the equation vd,q = Dose/AUC X j3, where AUC is the area under the plasma 
concentration-time curve from time zero to the last plasma sampling time, 
and B is the rate constant describing the terminal exponential phase of drug 
elimination from the plasma. Absolute bioavailability was determined from 
the ratio of the AUC values following oral and intravenous drug administra- 
tions. 


RESULTS AND DISCUSSION 


Synthesis of Hapten and Radioligand-Drug molecules are normally not 
immunogenic per se, and require prior coupling to a macromolecular carrier 
in order to elicit antibody production in animals (1 7, 18). A hapten derivative 
of triprolidine, suitable for coupling to protein, was prepared as shown in 
Scheme I .  Starting from 2,6-dibromopyridine (I), the toluoyl derivative (11) 
was readily prepared and protected as the dioxolan (III) ,  while the remaining 
bromine atom was replaced in a three-step procedure leading to the ethyl 
acrylate derivative (111). A Wittig reaction on the ketone moiety, followed 
by hydrolysis gave the acryloyl analogue of triprolidine (V, E,E-isomer) along 
with a larger amount of the E,Z-isomer (IV). These isomers were readily 
separated and purified by fractional crystallization. The triprolidine analogue 
(V) was successfully conjugated to bovine serum albumin by carbcdiimide- 
mediated peptide bond formation, and the resulting drug-protein conjugate, 
after purification by ultrafiltration, was used for rabbit immunization ex- 
periments. 


A convenient, gamma-labeled radioligand was prepared by coupling of 
tyramine to the acryloyl-triprolidine derivative (V) by the mixed anhydride 
method, followed by iodination of the phenolic moiety of the resulting amide 
XI with ['251]NaI by the chloramine-T method of Hunter and Greenwood 
(14). This compound (XII, i251-triprolidine) was well-recognized by the an- 
tiserum, with >8W0 of 50,000 cpm of freshly prepared radioligand being 
bound by excess antiserum. 


Antiserum Production-All three rabbits immunized with the bovine serum 
albumin-triprolidine conjugate produced antiscra capable of binding 
1251-triprolidine after 2-4 months of the immunization program. The titer 
of these sera was sensitive to the presence of heterologous animal serum added 
to the incubation mixture. Thus, serum 830/2, which was employed for all 
of the work reported in this paper, exhibited apparent titers (40% total 
triprolidine bound) of 1:14O,OOO, 1:7O,OOO, and 1:50,000 in the presence of 
human, dog, and rat (Long-Evans and Sprague-Dawley) plasma, respectively. 
The possibilities that these differences may be due to species variations in 
plasma proteins or to the presence of endogenous substances which are rec- 
ognized by the triprolidine antiserum, have not been explored. 


Asspy Sensitivity, Accuracy, and Precision-Figure 1 is a typical triprolidine 
RIA standard curve for the assay in human plasma. The sensitivity of this 
system, defined as theconcentration of triprolidine required to inhibit binding 
of radiotracer to antiserum by 10%. is -0. I ng/mL (0.01 ng actual weight). 
Clearly, this sensitivity could be increased by manipulation of the weight of 
radioligand and titer of antiserum used in the assay. Multiple analyses (on 
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different days) were conducted using a series of control triprolidine samples, 
prepared by addition of the hydrochloride salt to pooled blank human plasma 
to give various free base concentrations. The concentrations added were 0.2 
(n  = 25), 2.0 (n  = 26). and 20.0 ( n  = 24) ng/mL; mean concentrations ( f S D )  
measured were 0.21 (f0.05), 2.15 (f0.23), and 20.35 (3~1.81). respectively. 
The highest control (20 ng/mL) was diluted 1:lO with blank plasma before 
analysis. These values therefore reflect interassay accuracy and precision data 
from averaged pairs of data points. The close agreement of the mean measured 
triprolidine concentrations with those actually added indicates the accuracy 
of the method. Standard deviations on the 2- and 20-ng/mL control samples 
indicate roughly 10% CV,  while this value rises above 20% for the 0.2-ng/mL 
sample. Thus, a t  concentrations clearly above the sensitivity limit of the 
procedure. the assay method has good precision. 


h y  Specificity-The specificity of the antiserum was examined by 
studying the relative abilities of triprolidine and a series of its metabolites and 
some related compounds to displace '*51-triprolidine from the antiserum 
(Table I). The hapten derivative (V), which wascoupled to bovine serum al- 
bumin to provide the immunogen, is almost as effective as  triprolidine in 
displacing the radiolabel, but the cis isomer (IV) is almost 28-fold less ef- 
fective. Although the cis isomer of triprolidine itself was not available for 
study, the ability of the antiserum to distinguish stereoisomers about the 
central double bond of the triprolidine parent structure was confirmed by 
examination of the cross-reactivities of the trifluoromethyl analogues (IX and 
X). The direct trifluoromethyl analogue of triprolidine (IX) cross-reacted 
extensively with the antiserum (49%), which indicates that the trifluoromethyl 
substituent is quite similar, antigenically, to the methyl substituent in 
triprolidine. However, the cis-trifluoromethyl isomer (X) cross-reacted 
-25-fold less (2%), again confirming the recognition of stereochemistry 
around the central double bond. Several other stereospecific drug antisera 
have been developed recently (l9-21), emphasizing that the specific properties 
of antisera extend beyond recognition of gross stereoelectronic changes to that 
of relatively fine differences in stereochemistry. 


The aromatic acid (VIII), which has been identified as  a major metabolite 
of triprolidine in animals and humans (9), exhibited only 15% inhibition of 
binding at lo00 ng/mL. indicating very low cross-reactivity (<<0.5%). The 
structural change in the benzylic alcohol (VII),  also a metabolite of triproli- 
dine, was also well-recognized, leading to a relatively low cross-reactivity value 
of 1.9% relative to triprolidine. A number of compounds which were not 
structurally related to triprolidine, but which may be coadministered as  
medications with the drug, were also examined. Codeine, pseudoephedrine, 
aspirin, acetaminophen chlorpheniramine, guaifenesin, and dextrorphan all 
showed little inhibition of binding (2-870) at  a concentration of 10 pg/mL. 
Surprisingly, chlorpheniramine did have weak (2.5%), but measurable, 
cross-reactivity in the triprolidine radioimmunoassay. 


Assay Validation-The RIA procedure for triprolidine in human plasma 
was validated by comparative analysis of a group of human plasma samples 
by RIA and by a previously published quantitative TLC method (10). The 
samples were collected from volunteers at various times after the ingestion 
of a single dose (2.5 mg) of triprolidine hydrochloride (Fig. 2). The regression 
equation obtained was, RIA = 1.076 X TLC - 0.071. An excellent correlation 
( r  = 0.985) and good agreement (slope = 1.076) was found for these two 
analytical methods, confirming the validity of the RIA procedure for tripro- 
lidine analysis in human plasma. 


To illustrate the utility of the assay procedure, several experiments involving 
the oral administration of triprolidine hydrochloride to dogs, rats, guinea pigs, 
rabbits, and humans were established. In the case of dogs and rats, direct 
analysis of triprolidine by RIA without extraction was unsuccessful due to 
the failure of plasma samples to dilute in a manner parallel to the triprolidine 
assay standard curve. Markedly increased apparent triprolidine concentrations 
were obtained on each dilution, perhaps as a result of cross-reaction from an 
unknown metabolite that may have a displacement curve nonparallel to that 
of triprolidine. These samples could be analyzed readily by RIA after a pre- 
liminary benzene extraction of triprolidine from the plasma (10). Plasma 
samples from guinea pigs, rabbits, and humans could be analyzed without prior 
extraction at dilutions which placed them clearly in thelinear portion of the 
RIA standard curve. 


The disposition of triprolidine in three male New Zealand White rabbits, 
following intravenous injection of I mg/kg of triprolidine hydrochloride, was 
determined by the present RIA procedure (Fig. 3). The plasma concentra- 
tion-time data, as analyzed by the NONLIN computer program (16), fitted 
well to a two-compartment open model of drug disposition. The rapid dispo- 
sition phase wascharacterized by a rateconstant, a = 12.3 h-l ( t ~ p , ~  = 0.06 
h), while the terminal elimination phase was described by the rate constant, 
0 = 0.41 h-I ( f 1 p . o  = 1.68 h). Tissue distribution in the rabbit appeared to 
be extensive, as indicated by the relatively large volume of distribution (Vdo 
= 4.66 L/kg). The f1/2,8 value for triprolidine in the rabbit (1.68 h) is com- 
parable to the i n  humans (10). 


Table III--swCies CornDanson of Kinetic Parameters 


Parameter Rabbit" Humanb Dog" Rat"J 


a, h-l 12.3 - 1.3 6.0 
8. h-I 0.41 0.3 I 0.45 0.79 
1 I J2pr  h 0.06 - 0.40 0.12 
ti/zg.  h 1.68 2.27 1.5 0.88 


4.7 2.6 9.3 9.6 
462.0 39 259 134 


;*p' 
nn.h/mL 


t i i 7 " .  h 0.06 - 0.40 0.12 
1.68 2.27 1.5 0.88 
4.7 2.6 9.3 9.6 


nn.h/mL 462.0 39 259 134 - .  
0 Intravenous l-mg[kfi injections of triprolidine hydrochloride. * Total oral dose of 


2.5 mg of triprolidine y rochloride; Vdg term is actually VdglF. Parametersderived 
from data in Ref. 10. 


The disposition of triprolidine in the plasma of three healthy subjects (two 
males and one female) following ingestion of 2.5 mg of triprolidine hydro- 
chloride in a proprietary tablet preparation was examined, using RIA for 
analysis of plasma drug concentrations. The mean plasma concentration-time 
data are plotted in Fig. 4. In these three subjects, peak triprolidine concen- 
trations ranged from 3.1 to 9.4 ng/mL at 1-2 h after drug administration. 
Triprolidine could still be detected in the plasma by RIA 24 h after drug in- 
gestion, but levels at that time were close to the sensitivity limit of the method. 
The concentration-time data gave a good fit to a one-compartment open model 
of drug disposition, with first-order absorption. The apparent elimination 
half-life of 2.3 h in these subjects was similar to previously reported values 
for triprolidine in humans (10). The value for VddF is large (2.6 L/kg), also 
implying extensive tissue distribution or drug metabolism, although knowledge 
of the value of F (fraction of dose bioavailable) is necessary beforc the true 
volume of distribution can be calculated. 


Although triprolidine could not be determined in dog plasma by the direct 
RIA procedure, TLC analysis provided data on the disposition of triprolidine 
in the dog for comparison with other species. Plasma concentrations of 
triprolidine in two beagles following separate oral and intravenous adminis- 
trations of I-mg/kg doses are presented in Table 11. Observed peak plasma 
levels following oral administration (4.8 and 6.6 ng/mL) were 12-26-fold 
lower than concentrations at the same time after intravenous drug adminis- 
tration. The trapezoidal rule (22) was used to determine the area under the 
plasma concentration-time curves (AUC), and the absolute bioavailability 
of the oral dose was expressed as the percentage ratio of AUC values following 
oral and intravenous drug administrations (23). The bioavailability of 
triprolidine in these dogs was very low (3.7 and 4.1%). suggesting extensive 
first-pass metabolism of the drug in the liver and/or gut after oral adminis- 
tration. However, the data available on triprolidine, both from the present 
study and in general, do not exclude the possibility that this drug is poorly 
absorbed by the dog after oral administration, which could also result in low 
oral bioavailability. The intravenous data fitted well to a two-compartment 
open model of drug disposition and the kinetic parameters emanating from 
this analysis are presented in Table 111. The mean tl/z,,q and Vdo values of I .5 
h and 9.2 L/kg, respectively, are comparable with similarly derived parameters 
in the rabbit in this study and the rat (10) in a previous study (Table 111). 


In this paper we have described a new RIA procedure for triprolidine, which 
is sufficiently sensitive and specific for use in the analysis of the drug in human 
plasma samples up to 24 h after ingestion of therapeutic oral doses. The 
method has also been used to provide pharmacokinetic data for triprolidine 
in humans and rabbits for comparison with similar data in dogs and rats. This 
procedure is currently being used in studies of the pharmacokinetics of 
triprolidine in humans after oral administration of immediate- and sus- 
tained-release drug formulations. 
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Abstrnct 0 A novel approach to zero-order drug delivery from glassy hydrogel 
matrices uia an immobilized, sigmoidal, initial drug distribution has been 
developed. The method utilizes a controlled-extraction process on initially 
dry. drug-loaded hydrogels to generate an inflection-point-containing drug 
concentration profile followed by a vacuum freeze-drying step to rapidly re- 
move the swelling solvent and immobilize in situ a nonuniform drug distri- 
bution. The drug release from such a system generally exhibits typical zero- 
order characteristics similar to that of a membrane-rservoir device. However, 
a saturated reservoir of active ingredient as in the membrane-reservoir device 
is not required because the constant release is achieved uio an initially non- 
uniform concentration distribution instead of the constant activity in a res- 
ervoir. The applicability of the present concept and process has been demon- 
strated experimentally with the release of oxprenolol hydrochloride from 
hydrogel beads based on 2-hydroxyethyl methacrylate polymerized with a 
polymeric cross-linking agent. 


Keypbrnses 0 Glassy hydrogels, oxprenolol hydrochloride-nonuniform drug 
distribution 0 Oxprenolol hydrochloride-glassy hydrogels, nonuniform drug 
distribution Drug delivery systems-oxprenolol hydrochloride, glassy hy- 
drogels 


Diffusion-controlled polymeric delivery systems are finding 
increasing applications in the area of controlled release of 
pharmaceuticals (1 -3). To achieve optimal therapeutic effects, 
especially for drugs with short physiological half-lives, it is 
often desirable to have a zero-order (or constant-rate) drug 
delivery (4). Unlike membrane-reservoir devices, monolithic 
systems where the drug is uniformly dissolved or dispersed in 
a polymer matrix generally do not exhibit zero-order release 
behavior. Instead, a release rate that continuously diminishes 
with time is observed ( 5 , 6 ) .  This is a consequence of the in- 
creased diffusional distance and decreased area at the pene- 
trating diffusion front. In addition to geometry factors (7), 
methods that approach zero-order release from monolithic 
matrices generally involve the introduction of either a constant 
rate of surface erosion much larger than the drug diffusion rate 
in the polymer matrix (8-10) or a constant rate of solvent front 
penetration (the so-called case I1 swelling) much smaller than 
the drug diffusion rate in the swollen region (1 1, 12). The 
applicability of these systems may be further limited by the 
need to maintain a constant surface area at the erosion or 
penetrating solvent front. 


An important concept which has not been explored is the 


approach to zero-order drug release from a glassy polymer 
matrix having a specific nonuniform initial drug concentration 
distribution. Hydrogel polymers are unique for this application 
in that they are glassy in the dry state and capable of immo- 
bilizing any nonuniform drug distribution introduced prior to 
the dehydration step. In the presence of water, hydrogels can 
absorb a significant amount of water to form an elastic gel and, 
at the same time, release the dissolved drug by diffusion 
through the swollen region ( 1  3, 14). 


This paper reports a method for immobilizing such a non- 
uniform drug concentration distribution in glassy hydrogel 
beads and the resulting zero-order drug release behavior. A 


CONCENTRATION CUMULATIVE RELEASE 
RELEASE RATE PROFILE 


I 
0 a t 


Figure 1 - Theoretical p..ofiles illustrating the characteristics of drug release 
from spherical matrices as a function of the initial drug concentration dis- 
tribution. 
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Abstract 0 A procedure for the quantitative determination of adinazolam 
in plasma was developed. The drug, an N-demethylated metabolite, and an 
internal standard were extracted from basified plasma into ethyl acetate. After 
evaporation. the residue was dissolved in toluene which was washed with so- 
dium hydroxide. The toluene was evaporated and the residue was dissolved 
in  a mixture of acetonitrile, methanol, and water for chromatography. The 
concentrations of the drug and the metabolite were determined using re- 
verse-phase liquid chromatography with UV detection at 254 nm. The assay 
methodology showed good peak height ratio-concentration linearity, precision, 
and accuracy and has been used to analyze plasma samples collected from 
human subjects after oral administration of adinazolam mesylate in com- 
pressed tablets. The low plasma background interferences allowed the 
quantitative determination of concentrations as  low as  -5 ng/mL. 


Keyphrases Adinazolam and N-demethyl metabolite-liquid ehromato- 
graphic assay in  plasma 0 Liquid chromatographic assay-adinazolam and 
N-demethyl metabolite in plasma 


A number of compounds of the triazolobenzodiazepine class 
have been found to have important pharmacological properties 
(1,2), i.e., the antianxiety activity of alprazolam (3) and the 
hypnotic activity of triazolam (4) and estazolam (1,5).  More 
recently, adinazolam mesylate, the methanesulfonate salt of 
8-chloro- 1 -[ (dimethylamino)methyl] -6-phenyl-4H-s-tria- 
zolo[4,3-a] [ 1,4]benzodiazepine (I), was shown to have both 
antidepressant and antianxiety properties (6-8). 


Adinazolam mesylate is currently undergoing clinical 
testing for the treatment of depression in humans (9). Since 
little is known about the pharmacokinetic disposition of adi- 
nazolam, such an understanding would facilitate the design 
and evaluation of clinical efficacy studies. For this purpose, 
a liquid chromatographic method was developed for the sep- 
aration and quantitative determination of adinazolam in 
human plasma samples. 8-Chloro- 1 - [ (methylamino)- 
methyl]-6-phenyl-4H-s-triazolo[4,3-a] [ 1,4] benzodiazepine 
(11) (8), an N-demethylated metabolite of adinazolam, found 
in abundant amounts in the plasma samples, were simulta- 
neously analyzed. 


c1 


0 
EXPERIMENTAL SECTION 


Materials-Adinazolam ( I )  mesylate, the N-demethyl metabolite (II), and 
the internal standard, 8-chloro-l-ethyl-4[(dimethylamino)methyl]-6-phe- 
nyl-4H-s-triazolo[4,3-a][ 1,4]benzodia7,cpine (111) (6) were used as received‘. 
Acetonitrile and methanol were distilled-in-glass grade2. All other solvents 
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and chemicals were reagent grade. Plasma samples were obtained from vol- 
unteer human subjects after oral administration of compressed tablets of 
adinazolam mesylate. 


Sample Preparation-Aliquots of I-mL plasma samples in 15-mL culture 
tubes equipped with polytef-lined Screw caps3 were supplemented with internal 
standard, basified with 1 mL of 0.1 M dibasic potassium phosphate4, and 
extracted with 5 mL of ethyl acetate2. After shaking on a horizontal shaker 
for -5 min and centrifuging at 2000 rpm for 5 min. these tubes were placed 
in a shallow bath of dry ice-acetone mixture to freeze the aqueous phase. The 
ethyl acetate was transferred to clean tubes and evaporated under a stream 
of nitrogen5. The residues were taken up in toluene2, (2-mL aliquots) which 
were in turn washed with 2 mL of 2.0 M NaOH by shaking and centrifugation. 
After freezing the aqueous layer, the toluene extracts were transferred to clean 
tubes and evaporated under nitrogen at  a temperature <50°C. The residues 
from the toluene extracts were dissolved in 0.1 mL of acetonitrile-metha- 
nol-water (l:l:2, v/v/v), mixed on a vortex mixer3, and centrifuged prior to 
chromatography. Calibration standard samples were prepared by supple- 
menting aliquots of blank human plasma with the drug, its metabolite, and 
the internal standard. These standard samples were similarly extracted and 
concurrently chromatographed with the plasma samples. 


Chromatography-The liquid chromatographic system consisted of a sol- 
vent delivery pump6, a fixed-wavelength UV absorbance detector’. and a 
sample injection valve with a 100-pL loop8. The prepared plasma samples and 
the standard samples were chromatographed on a prepacked reverse-phase 
column9 using acetonitrile-methanol-phosphate buffer (30:20:85, v/v/v) 
as the mobile phase. The phosphate buffer contained 0.06 M monobasic 
ammonium phosphate and 0.02% phosphoric acid. The mobile phase was 
filtered, deaerated, and pumped through the system at a flow rate of 2 
mL/min. The chromatograms monitored by UV absorbance at  254 nm were 
recorded on a strip chart recorderlo. The adinazolam-internal standard and 
N-demethyl metabolite-internal standard peak height ratios were measured 
for quantitative determination. The chromatography was carried out a t  am- 
bient temperature (20-22OC). 


RESULTS AND DISCUSSION 


The recovery of adinazolam from the plasma samples by the extraction 
procedure was investigated by comparison of the chromatograms of the drug 
standards and the chromatograms of the extracts of plasma samples supple- 
mented with the same quantities of adinazolam mesylate. The internal stan- 
dard was added to these samples just prior to chromatography, and the peak 
height ratios measured from the resulting chromatograms were used to esti- 
mate the extraction recovery. The solvent extraction recovery of adinazolam 
from plasma was found to be -82% in the concentration range of-10-800 
ng/mL of adinazolam mesylate and was essentially independent of the con- 
centration. The extraction of the N-demethyl metabolite appeared to be less 
efficient than the parent drug because of the higher polarity of the metabolite. 
The extraction procedure was satisfactory for the preparation of the plasma 
samples for the chromatographic separation of the drug and the metabolite. 
Ethyl acetate extraction gave very good recovery of the drug and the metab- 
olite from the plasma samples, but the high background interferences rcndered 
the chromatographic separation unsuitable for quantitative determination 
of these compounds. Toluene extraction gave poor recovery of the metabolite, 
but the background interference was minimal. The two-step cxtractions using 
ethyl acetate and toluene were necessary to remove background interfeerenccs 
and to allow the quantitative determination of the drug and the metabolite 
a t  -5 ng/mL levels. 


Figure 1 shows the chromatograms of the extracts of plasma samples col- 
lected shortly before (Fig. IA )  and 4 h after (Fig. I B) the administration of 
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Figure I -Chromatograms of the extracts of plasma somples collected from 
a human suhject shortly hefore (A )  and 4 h after (B)  the administration of 
o 20-mg dose ofadinazolam mesylate in tablets. and ihe chromotogram of 
the  extrac! of a blank plasma sample supplemented with adinazolam 
mesylate and internal standord (C). Key: ( I )  N-demethvl metabolire; (2 )  
udinazolam; (3) internal standard. 


adina~olam mesylate. Both samples were obtained from the same human 
subject who received orally a single 20-mg dose of the drug in compressed 
iablets. Clinical studies showed that 530 mg of adinazolam mesylate three 
times a day for a total daily dose of 90 mg was efficacious in treatment of 
deprssion (9). Figurc I also shows a chromatogram of the extract of a sample 


400 r 


of blank plasma with added adinazolam mesylate and the internal standard 
(Fig. IC). Samples of blank plasma from several sources showed minimal 
interferences during the chromatographic separation. The chromatographic 
separation eluted adinazolam and the internal standard with retention volumes 
of -1 1.2 and 16 mL, respectively. In the post-medication samples, an addi- 
tional drug-related peak with a retention volume of -8.8 mL was found (Fig, 
I C). This peak was later identified as the N-demethyl metabolite of the parent 
drug. N o  other material could be identified as drug related in the chromato- 
grams under the experimental conditions. The retention volumes of these 
sample components varied slightly from day-to-day and were especially sen- 
sitive to the changes in the proportions of acetonitrile, the concentrations of 
ammonium phosphate, and the pH of the buffer in the mobile phase. These 
compounds were more retentive on the column9 using mobile phase with a 
lower proportion of organic solvents, a lower concentration of ammonium 
phosphate in the buffer, or a higher pH of the buffer. This knowledge was used 
to optimize the chromatographic separation by adjusting the mobile phase 
compositions. The limitations of these modifications were the excessive peak 
tailing and the prolongation of the retention times. 


Like other benzodiazepines. the triazolobenzodiazepines undergo reversible 
ring-opening reactions in acidic media involving the hydrolysis of the 
azomethine linkage. These reversible reactions have been reported for tria- 
zolam (10) and estazolam ( I  l ) .  Adinazolam also showed similar ring-opcning 
reactions in acidic solutions. At the pH of the buffer for the chromatographic 
mobile phase (pH 2.5-4.0), and in  the mobile phase containing organic sol- 
vents, adinazolam was hydrolyzed to its ring-open form to a large extent. 
However, chromatographic separation using the acidic mobile phase indicated 
that essentially no ring-opening reaction took place by eluting adinazolam 
through the reverse-phase column as monitored by the UV detector. Under 
the same conditions, when an acidic solution of adinazolam was chromato- 
graphed, the intact drug and its ring-open form were separated: the ring-open 
form was much less retentive on the column than the intact drug. The reason 
for the discrepancy between the apparent stability of adinazolam during the 
acidic reverse-phase column separation and its instability in acidic solution 
was uncertain. It is possible that with the acid-catalyzed hydrolysis of the 
azomethine linkage, the environment inside the column was different from 
a simple acidic solution of a mixture of the buffer and organic solvents. 


The adinazolam-internal standard and the N-demethylated metabolite- 
internal standard peak-height ratios showed good linear relationships with 
their corresponding concentrations. The linear regression of the peak height 
ratio-concentration data of both compounds usually resulted in calibration 
curves with correlation coefficients >0.998 and with positiveor negative in- 
tercepts statistically zero, judging from 95% confidence limits. The slopesof 
the calibration curves werc quite reproducible from day-teday. For example, 
12 sets of the calibration curves of adinazolam prepared over a period of three 
weeks showed a RSD of 4.3%. and eight sets of the calibration curves of the 
metabolite prepared over the same period showed a RSD of 9.7%. These data 
indicated the good interassay reproducibility for these compounds. The 
intra-assay reproducilibity and the accuracy of this methodology were also 
very good; i.e.. in the analyses of aliquots of blank plasma samples supple- 
mented with 12. 74.5, 165, and 462 ng/mL of adinazolam mesylate, the 
concentrations found were I I .9 f 0.38,73.6 f 1 .O. 164.6 i 17.24. and 462.5 
f 2.33 ng/mL, respectively. The relative SD of these replicate assays (N = 
4) were from 0.5 to 10.5%. 


The assay methodology has been used to analyze the plasma samples col- 
lected from human subjects after oral administration of adinazolam in com- 
pressed tablets. The plasma concentration of the parent drug reached its peak 
usually at -I h postdose and then declined following a biexponential pattern. 
I n  the same sample, the concentration of the Ndemethyl metabolite was 
higher than the parent drug at most sampling times. A representative set of 
data, demonstrating the utility of the assay methodology, is shown in Fig. 
2. 
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Abstract 0 The synthesis of two nitrogen mustard derivatives ( ,Vl l l  and 1X) 
related to the well-known local anesthetic ketocainc ( I l l )  is reported. These 
compounds wcrc tested in micc implanted with Ehrlich ascites tumor cells, 
and the antitumor activity was compared with that of two prcviously syn- 
thesized analogues (I and I I )  lacking the nitro group and with that of doxo- 
rubicin. Thc monofunctional compound IX was inactive, but the bifunctional 
compound V l l l  showed potent antitumor activity (%T/C > 254 at 20 rng/ 


Keyphrases 0 Antitumor agents-potential, nitrogen mustard derivatives, 
Ehrlich ascites carcinoma screen 0 Nitrogen mustard derivatives-antitumor 
agents, potential, Ehrlich ascites carcinoma screen 


kg). 


In  a previous paper of this series ( l ) ,  we reported the syn- 
thesis of I and 11, two analogues of the well-known local an-  
esthetic ketocaine (111). This work was based on the hypothesis 
that the in uitro antimitotic activity of ketocaine is related to 
its effect on oxygen consumption by tissues with prevailing 
anaerobic metabolism; this, in turn, demonstrates the ability 
of ketocaine to pass through the cell membrane (2).  While 
ketocaine does not show antitumor activity, I and I1 were active 
( I ) .  On the other hand, a series of butyrophenone derivatives 
showed that ketocaine and one of its nitro derivatives had 
analogous behavior to oxygen consumption (3) .  This study 
describes the nitration of o-hydroxybutyrophenone and the 


I 


COCH2CH2CH3 


R 


R' 
OCH2CHZN: 


I V  


subsequent alkylation of the nitro derivative with tris(2- 
chloroethy1)amine hydrochloride, as previously described ( I ) .  
The antitumor activity and the effect on oxygen consumption 
of these substances were compared with those of the previously 
described I and 11. 


RESULTS AND DISCUSSION 
The nitration of o-hydroxybutyrophenonc always gavc a mixture of IV-VI. 


These materials wcrc separated by column chromatography and identified 
by means of spectrometric data (see Experimenral Section). Thc reaction 
between the nitro derivative ( IV)  and tris(2-chloroethy1)amine hydrochloride 
(VII)  gavc V l l l  and IX, as well as X (Scheme I ) .  Compounds V l l l  and IX 
were tested. as the hydrochlorides, for antitumor activity. 


The bifunctional compound V l l l  inhibited tumor growth and prolonged 
the life span of mice bearing Ehrlich ascites carcinoma beyond that of the 
untreated animals. The %T/C at 4 mg/kg ip was 144, and it was >254 at 20 
mg/kg. The monofunctional compound 1X was inactive. Table I reports the 
antitumor activity of V l l l  and IX compared with that of the previously re- 
ported I and I 1  ( I )  and doxorubicin. 


Compounds I ,  11. VIII,  and IX also affected the oxygen consumption of 
tumor cells. Figure 1 shows a difference in the respiratory inhibition that may 
be related to the different lipophilicity of the four compounds: in fact respi- 
ratory inhibition is a linear function of lipophilicity in a series of 4-hydroxy- 
quinoline-3-carboxylic acids (4). The potent antitumor activity of V l l l  under 
the experimental conditions employed is evident. From the results so far 
available it appears that V l l l  is also active against other experimental tu- 
mors. 


R =  R ' =  - C H Z C H ~ C I  


R =  -CH2 CHZCl 


R'= - C H 2 C H 2 O  
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Abstract 0 A high-performance liquid chromatographic method for the de- 
termination of acetazolamide in whole blood, plasma, and urine was developed. 
Samples of biologicdl fluids containing various concentrations of acetazol- 
amide were spiked with the internal standard, sulfadiazine. Samples were then 
mixed with a 5070 ammonium sulfamate solution. Whole blood samples were 
heated for 25 s in boiling water. All samples were extracted with ethyl acetate; 
a phosphate buffer (pH 8.0) was used to wash the extracts. Acetazolamide 
Has back-extracted intoa glycine buffer (pH 10.0). which was then washed 
with ether. Separation of acetazolamide and internal standard from other 
biological constituents was achieved on a 10-pm C I S  reverse-phase column 
using an acetonitrile-methanol-acetate buffer (pH 4.0). The eluant was 
monitored at 254 nm. All calibration curves were linear, and the results from 
reproducibility studies were excellent. Application of the method to human 
pharmacokinetic studies was demonstrated. 


Keyphrases 0 Acetazolamide- -biological fluids, reverse-phase HPLC, 
pharmacokinetics 0 HPLC-acetazolamide, biological fluids, pharmacoki- 
netics 


Acetazolamide, a carbonic anhydrase inhibitor widely used 
in  the medical management of glaucoma, lowers intraocular 
pressure by reducing the rate of aqueous humor formation. 
Acetazolamide is also used as an antiepileptic drug, where its 
effect is thought to result from inhibition of brain carbonic 
anhydrase. There is evidence that effective intraocular hypo- 
tensive and anticonvulsant actions are seen at plasma con- 
centrations of 5-20 and 10 pg/mL, respectively (1-4). The 
drug is concentrated in erythrocytes, a site of action which has 
received little attention in the clinical literature. In humans, 
high erythrocyte levels have recently been associated with 
significant toxicity (4, 5). This is attributed to carbon dioxide 
retention resulting from inhibition of erythrocyte carbonic 
anhydrase, an important enzyme that greatly facilitates carbon 
dioxide exchange and transport in the capillary beds ( 6 ) .  Ac- 
etazolamide is completely eliminated unchanged oia the kid- 
ney; determination of its clearance by this organ may prove 
useful for adjusting acetaxolamide plasma concentrations. 


Several high-performance liquid chromatographic (HPLC) 
assays have been published for determining acetazolamide 
levels in  plasma or serum (7-9), and they have been an im- 
provement on the older, less sensitive enzymatic assays (10, 
1 1 ) .  A sensitive GC method is available, but it requires an 
electron-capture detector (12). Some of the recent HPLC 
procedures require repeated and/or successive extractions and 
dry-down procedures. None of the HPLC methods can 
quantitate acetazolamide in whole blood [erythrocytes indi- 
rectly ( 1  2)] or urine, fluids from which clinically important 
information may be ascertained. 


The present report describes an HPLC method that (a) ob- 
viates time-consuming solvent evaporation steps, ( b )  displays 
excellent sensitivity and reproducibility, and (c) can be applied 
to several different biological fluids. 


EXPERIMENTAL SECTION 


Reagents and Materials-Acetazolamide' and sulfadiazine* were used as 
supplied. The solvents used for extraction and chromatography wereall HPLC 
grade3. All chemicals were analytical reagent grade4. 


Standards-Separate stock solutions containing 1 .O mg/mL'of acetazol- 
amide and sulfadiazine (internal standard) were prepared weekly by dissolving 
these agents in 0.005 and 0.01 M NaOH, respectively. Aqueous solutions of 
lower concentrations (i.e., 0.01 -0.5 mg/mL) were prepared extemporaneously 
as  needed from the stock solutions. Buffer solutions of 0.032 M glycine (pH 
10.0) and 0.1 M phosphate buffer (pH 8.0) were prepared monthly. All so- 
lutions were stored at  4OC when not in use. 


Extraction-Urine and heparinized whole blood were obtained from 
drug-free, normal, human volunteers. Plasma was obtained from an aliquot 
of whole blood using heparin as anticoagulant. Two hundred-microliter ali- 
quots of plasma, whole blood, or urine (diluted 1:lO) were added to 13 X 
100-mm borosilieate glass tubes. 


I Sigma Chemical Co., St. Louis, Mo. 
ICN Pharmaceuticals Inc., Cleveland, Ohio. 
Burdick and Jackson, Muskegon. Mich. 
Fisher Scientific. Fair Lawn, N.J. 
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Figure I-Chromatograms of an extract of (a) blank whole blood and (6) an 
extract of whole blood containing 10.0 and 12.5 pg/mL of acetazolamide (A) 
and suljadiazine (S), respectively. 


The tubes containing whole blood underwent two freeze-thaw cycles. In- 
ternal standard was then added (1-20 pL), the amount dependent on the range 
of concentrations expected in the unknown samples. One milliliter of a 50% 
solution of ammonium sulfamate was added, and the tubes were vortexed for 
a few seconds. The tubes containing whole blood were then placed in boiling 
water for 25 s, removed, and then quickly placed in cool water. One-half 
milliliter of water was added to the whole blood samples, and the tubes were 
vortexed for a few seconds. 


Three milliliters of ethyl acetate was added to all tubes. The tubes were 
sealed with an extraction-tube plug5 and shaken (200 oscillations/min) for 
15  min. The phases were separated by centrifugation at 444Xg for 5 min. The 
ethyl acetate layer was transferred to an identical tube containing I .5 mL of 
pH 8.0 phosphate buffer (3.0 mL was used for urine workup). The tubes were 
then plugged and shaken, and the phases were separated by centrifugation 
as previously described. The organic phase was then transferred to tapered 
tubes6 containing 200 pL of glycine buffer (pH 10.0), capped, and vortexed 
for 3 min. The phases were separated by centrifugation (444Xg, 5 min), and 
the ethyl acetate layer was removed and discarded. To the remaining glycine 
layer, was added 1 .O mL of ether. The tubes were capped, vortexed for 2 min, 
the ether layer was removed and discarded, and the tubes were allowed to vent 


J Oxford Labs., Foster City, Calif. 
6 Corning centrifugation tube, Cat # 8 I22 
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Figure 2-Chromatograms of an extract of (a) blank plasma and (b) an ex- 
tract of plasma containing 6.0 and 10.5 pg/mL of acetazolamide (A) and 
suljadiazine is), respectively. 


the ether vapors for -1 5 min. An aliquot of theglycine phase (25-5OpL) was 
sampled from the tube and injected into the chromatograph. 


Chromatography-The HPLC system consisted of a constant-flow pump7, 
a variable-volume sampling valve*, and a fixed-wavelength detector9. A 3.9 
mm X 30-cm reverse-phase columnlo was used with a 2.3 X 3.9 mm guard 
column", which was packed with a commercially available bulk packing 
materialI2. The output from the detector was monitored on a 10-mV re- 
corder' 3. 


Analyses were performed using a mobile phase of acetonitrile-methanol- 
0.05 M sodium acetate (3:2:95), the pH adjusted to 4.0 with glacial acetic acid. 
The mobile phase was deaerated before use. The system was operated at 
ambient temperature at a flow rate of 2.0 mL/min. The UV detector was fixed 
a t  a wavelength of 254 nm. 


Calibration and Reproducibility-Known quantities of acetazolamide were 
added to blank plasma and whole blood. Samples (0.2 mL) were then assayed 
for acetazolamide. Calibration curves were constructed by plotting peak height 
ratio (acetazolamide-internal standard) versus the concentration of acet- 
azolamide. Acetazolamide is rapidly eliminated from plasma; in order to 
accommodate a broad range of concentrations. two different standard curves 


' Model M6000A; Waters Associates. Milford, Mass. * Model U6K: Waters Associates, Milford, Mass. 
Model 440; Waters Associates. Milford, Mass. 


l o  w-Bondapak CIS;  Waters Associates. Milford. Mass. 
'I Waters Associates, Milford, Mass. 
l2 Bondapak Cls/Corasil; Waters Associates, Milford, Mass. 
I3 Omniscribe. model B5I 17-5; Houston Instruments, Austin. Tex 
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Figure 3- -Chromatograms of extracts o f ( a )  blank urine and (h)  urine con- 
taining acetazolamide (A) and sulfadiazine (S). Prior to extraction. each urine 
sample was diluted 1 : l O  with distilled water to yieldfinal concentrations of 
4.0 and 6.4 pg/mLfor acetazolamide and sulfadiazine, respect ioely. 


were prepared. For plasma, standard calibration curve ranges were 0.05-1.5 
pg/mL and 2.0-50.0 pg/mL. Because of significant accumulation and per- 
sistence of acetazolamide in erythrocytes, only a single calibration curve was 
needed for whole blood ( i .e . ,  1 - S O  pg/mL). Standard curves for urine were 
prepared indiluted urine( 1 : l O )  over theconcentrationrangeof l - I2pg/mL.  
Day-to-day reproducibility and wi th in - run  precision of the analytical proce- 
dures were examined by processing spiked samples of plasma, whole blood, 
and urine. 


Stability and Recovery- The stability of acetazolamide as a refrigerated 
aqueous solution ( I  mg/mL), a frozen glycine extract, and fro7en plasma and 
whole blood samples was assessed periodically by HPLC assay. Recovery of 
aceta7olamide was calculated by comparing the peak height ratio of drug 
added to the biological fluid against the peak height ratio of drug added 10 
the final glycine phase. In both treatments, the internal standard was added 
to the final glycine phase. 


RESULTS AND DISCUSSION 


Acetazolamide is a relatively polar drug [chloroform-water partition 
coefficient at pH 7.0 0.001 ( 1  3)] which coextracts with endogenous blood 
and urinary constituents that create detection and quantification difficulties. 
The present results showed that a phosphate buffer washing step, which re- 
moves a moderate amount of acetazolamide. dramatically eliminates inter- 
fering endogenous substances. Blank urine, whole blood, and plasma (Figs. 
1-3) do not show any endogcnous interfering peaks. The retention times for 
acetazolamide and sulfadiazine were 7.6 and 9.8 min. respectively. Extraction 
of acetazolamide from whole blood was markedly improved by heating in  
boiling water for 25 s prior to processing. Perhaps heating irreversibly inac- 
tivates carbonic anhydrase and liberates the bound acetazolamide. Dcgra- 
dation of either acetazolamide or sulfadiazine does not occur during this 
heating step. 


Table I-Calibration Curves for Acetazolamide in Various Biological 
Fluids 


Fluid" Conccntration, pg/mL r 2 6  


Plasma 0.05- I .5 0.9984 f 0.0025 
2.0-50 0.9988 f 0.0022 


Whole blood 1.0-50 0.9997 f 0.0004 
Urine 1.0-12 0.9996 f 0.0004 


" Bared on five calibration curves. Mean f SD. 


Calibration curves for all the biological fluids were linear over the con- 
centrations described, and the interccpts were essentially zero. The mean 
coefficient of determination ( r Z )  for five successive calibration curves for urine. 
whole blood, and plasma are shown in Table I .  Table I1 shows the coefficient 
of variation (CV) for the reproducibility studies. These data indicate the overall 
variability of the assay to be excellent, with all CV values <S.O%. With a 
200-pL sample, the lowest quantifiable concentration providing reasonable 
reproducibility ( C V  5 10%) was 0.05 pg/mL. 


Absolute recoveries from plasma,'whole blood, and urine were found to be 
36, 33. and 20%. respectively. The significant loss of acetazolamide during 
processing was expected (acetazolamide has a pK, of 7.4 and would be sig- 
nificantly ion-trapped in  the phosphate buffer during the washing step) and 
considered very acceptable. because endogenous interfering substances were 
completely ehmindted, sensitivity was adequate for human phermacokinetic 
studies, and reproducibility of the assay was excellent. Absolute recovery can 
be increased by increasing the volume of ethyl acetate used for the initial ex- 
traction (e .g . ,  4.0- and 5.0-mL ethyl acetate extraction of plasma provided 
absolute recoveries of 45 and SO%, respectively). We found it more convenient, 
however. to work with smaller extraction volumes. During sample processing 
the net loss of sulfadiazine was found to exceed that of acetazolamide. Across 
the biological matrices examined, sulfadiazine loss was found to parallel that 
of acetazolamide. A processed sample will produce a peak height ratio - I  
when initially spiked with a concentration of sulfadiazine 30% greater than 
that of acetazolamide. 


Several stability studies were conducted. The aqueous refrigerated solution 
of acetazolamide ( I  mg/mL) was found to be stable for 530 d. Frozen 
(-20OC) glycine extracts of acetazolamide and sulfadiazine were stable for 
5 7  d. Acetazolamide in frozen plasma and whole blood was stable 5180 
d. 


The HPLC procedures described have been successfully applied to phar- 
macokinetic studies of acetazolamide disposition in humans after intravenous 
administration. Figure 4 shows typical acetazolamide concentration-time 
curves following intravenous administration to a young female volunteer. 
Because urinary concentrations of the drug were expected to vary considerably, 
being very high initially and then rapidly declining thereafter, the following 
formula was used to estimate acetazolamide urinary concentrations: 


- AUC (pg . min/mL) X CL (mL/min) - Estimated urinary 
acetazolamide concentration Urine Volume (mL) 


where AUC is the area under the acetazolamide plasma concentration-time 
curve and CL is its estimated clearance from plasma. Estimated urinary ac- 
etazolamide concentrations were then diluted to produce concentrations that 
would fall a t  the midpoint of the standard curve for urine (i.e.,  I - I 2  pg/mL). 
Cumulative urinary and excretion rate plots are shown in Fig. 5 for the same 
subject. It is noteworthy that 98.8% of the injected dose (320 mg) was re- 
covered during a 72-h urine collection period. Studies designed to better define 


Table Il-Summary of Data for Reproducibility 


Within-Run Precision" Day-to-Day Reproducibilityb 
Conc.. Conc., 
r g / m L  c'v, % W m L  cv. % 


0. I 
1 .o 


10.0 
20.0 


I .o 
10.0 
20.0 


5.0 
10.0 


Plasma 
2.8 - 0.5 4.2 
3.6 10.0 1.1 
1.5 
2.0 


I .3 10.0 3.7 
I .6 
2.6 


1.2 - 6.0 1.3 
I .5 


Whole Blood 


Urine 


o n  = 8 .  b n  = 6 
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Figure 4-Concentration-time profiles of acetazolamide in erythrocytes (A). whole blood (@), and plasma (0) following an intravenous bolus injection 
of 320 mg. 
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Figure 5-Urinary excretion rate plot ojaceiazolamide following an intravenous bolus injection of 320 mg. The inset depicts cumulaiive amounts of acet- 
azolamide excreted in urine (mg) over time (h) in the same subject. 
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the factors that influence the disposition and response to acetazolamide are 
in progress. 
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Abstract 0 A flow-injection method for the determination of hydralazine 
hydrochloride based on electrochemical oxidation at the glassy carbon elec- 
trode is presented. The amperometric method is highly specific and may be 
used to determine hydralazine hydrochloride in the prcsencc of other drugs 
commonly found in its pharmaceutical dosage forms or administered con- 
currently in  therapeutic siluations. By using an electrode potential of +650 
mV versus an Ag/AgCI reference electrode, a calibration curve was found 
tobc linear in the 1 - 5 0 - ~ g / m L  concentration range, with minimum detect- 
ability at 10 ng (signal-to-noise ratio, 2). When the method was applied to 
the analysis of hydralazine hydrochloride in selected pharmaceutical dosage 
forms, i t  showed good accuracy and precision. Although automation was not 
used in this study, the method could readily be incorporated in automated 
systems because it employs the techniquc of continuous analysis in a flowing 
stream. 


Keyphrases 0 Hydralazine hydrochloride-ampcrometric determination 
in a flowing stream, glassy carbon electrode 0 Flow-injection method- 
amperometric determination, hydralazine hydrochloride, glassy carbon 
electrode 0 Electrochemical oxidation--glassy carbon electrode, flow-in- 
jection method, determination of hydralazine hydrochloride 


Hydralazine hydrochloride, a widely prescribed antihy- 
pertensive agent, has been analyzed by diverse methodologies, 
including titrimetry (1, 2), spectrophotometry (3 ,  4), fluo- 
rometry (9, GC, and HPLC (6-10). Interest in this laboratory 
in the development of new continuous assay methods for drugs 
in flowing streams led us to investigate the oxidation of hy- 
dralazine at the glassy carbon electrode. There is almost no 
information in the literature concerning the electrochemistry 
of hydralazine. One report has indicated that the drug can be 
reduced at the dropping mercury electrode to give two half- 
wave potentials of -700 and -950 mV uersus the standard 
calomel electrode ( 1  1). The reduction occurs in a solution 
containing 1 M HCI as a supporting electrolyte and gelatin as 
a surfactant. The report did not comment on the sensitivity, 
accuracy, precision, and specificity of the method. There ap- 
pears to be no data in  the literature on the electrochemical 
oxidation of the drug. 


This laboratory has reported previously on continuous 
analysis in flowing streams by oxidation of drugs such as 
ascorbic acid and methyldopa at the tubular carbon electrode 
(12, 13). The glassy carbon electrode has supplanted the tu- 
bular carbon electrode and has shown general usefulness as 
a sensitive tool for the determination of oxidizable drugs in 
flowing stream systems such as HPLC ( 1  4- 16). These kinds 
of electrodes can be easily incorporated into automated or 
semiautomated systems such as would be used in dosage form 
analysis. 


In this report, amperometric determination of hydralazine 
hydrochloride in a flowing stream utilizing oxidation at the 
glassy carbon electrode is reported. The flow-injection method 
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Figure I-Hydrodynamic voltammogram of hydralazine hydrochloride (50 
pg/mL) in a 40.60 mixture of Wulpole acetate buffer (pH 4.2)-absolute 
methanol at aJlow rate of I ml./min. 
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Abstract 0 A sensitive and specific high-performance liquid chromatographic 
assay for the optical isomers of ibuprofen in plasma is reported. The isomers 
were converted to their diastereoisomeric S(+)-2-octyl esters and were re- 
solved with two silica columns in series and a mobile phase containing 0.05% 
isopropyl alcohol in heptane. The lower limit of sensitivity was 0.5 pg/mL. 
The plasma concentrations of the optical isomers in  a normal volunteer fol- 
lowing administration of racemic. S(t)-, and K(-)-ibuprofen are reported. 
Following administration of X(-)-ibuprofen, there was stereoselective in- 
version of I?(-)- to s(+)-ibuprofen. 


Keyphrases 0 Optical isomers-liquid chromatography. plasma concentration 
profiles, ibuprofen, humans 0 1 buprofen-liquid chromatography, plasma 
concentration profile. optical isomers, humans 


The chromatographic resolution of optical isoqers is diffi- 
cult because they have the same physicochemical properties. 
Methods available for resolution include the use of an optically 
active stationary phase ( l ) ,  an optically active mobile phase 
(2), or, more conventionally, conversion of the optical isomers 
to diastereoisomers by reaction with an optically active re- 
agent. Separation of isomers of arylpropionic acid derivatives 
usually can be achieved by the formation of the diastereoiso- 
meric amides with optically active reagents like R ( + ) -  
a-phenylethylaminc (3),  S(-)-cu-methylbenzylamine (4,5), 
(R)-4-(dimet hylamino)-a-met hyl- 1 -naphthalenemethyl - 
amine (6). and L-leucine (7). Johnson ef al. (8)  have reported 
a liquid chromatographic assay for the isomers of naproxen 
based on the formation of diastereoisomeric S(+)-2-octyl 
esters. In this paper is reported the successful modification of 
the latter method for the quantification of ibuprofen optical 
isomers in plasma. 


Ibuprofen (1) is a nonsteroidal anti-inflammatory agent 
exhibiting optical isomerism because of a chiral carbon atom 
on the propionic acid side chain. I t  is administered clinically 
as the racemate. In early in uitro studies, it has been demon- 
strated that the s(+)-isomer (111) was responsible for the 
anti-inflammatory activity. However, the R(-)-isomer (11) 
was as active as 111 in uiuo (9) because there was stereoselective 
inversion of I 1  to 111 inuiuo (10-13). 


There have been few studies in which the pharmacokinetics 
of I 1  and I11 in humans have been described because of the 
difficulty in resolving I I  and 111. Although the inversion of 11 
to I I I  has been inferred from the examination of the urinary 
metabolites of I1 and I11 in humans (10, 11, 13), no data have 
been presented detailing the time course of the plasma con- 
centrations of each isomer following the administration of JI 
and 111. A sensitive and specific high-performance liquid 
chromatographic (HPLC) assay is described for the deter- 
mination of I I  and I 1 1  in plasma. It was used to follow the 
concentrations of J J  and 111 after oral administration of I(800 


mg), I1 (400 mg), and I I I  (400 mg) and to document the in- 
version of I 1  to 111 in humans. 


EXPERIMENTAL SECTION 
Apparatus-An HPLC pump’ was attached to an autosampler* and a 


variable-wavelength UV detector’set a t  220 nm. Two 5-pm silica columns4 
(25 X 0.46 cm) were used in series. The detector signal was recorded and re- 
ported as peak areason a plotter recorder’. The wholeoperation wascoordi- 
nated by means of a system controllerb. 


Reagents- -n-Hexane and n-heptane were HPLC grade’; isopropyl alcohol 
was analytical grade’; S(t)-2-octanol (>99% pure) was obtained commer- 
cially*. Hydrogen chloride was bubbled through the octanol. Dichloro- 
methane’and methanol’were dried over sodium and anhydrous sodium sul- 
fate, respectively. 


Standard Solutions-Stock solutions of I9 were prepared by using dilute 
sodium hydroxide (solution A, 50 pg/rnL; solution B. 500 pg/mL). A stock 
solution of the internal standard, 4-n-pentylphenylacetic acid (IV)9. was 
prepared (80 pg/mL). Plasma standard curves for each isomer were con- 
structed (at each run) over theconcentration ranges of0.5-5 and 5 -60pg/mL. 
I n  each case, the peak area ratios of each isomer to internal standard were 
plotted against the concentration of the isomers. 


Sample Preparation-Venous blood (10 mL) was collected oia an in- 
dwelling catheter in heparinized tubeslO. Duplicate plasma samples ( I  mL) 
were then transferred to screw-capped glass tubes ( I  2 mL). Internal standard 
(100 pL)  was added, and the mixture was acidified with 3 M hydrochloric 
acid (200 pL). lsopropyl alcohol (0. I% v/v) in hexane (10 mL)  was added, 
and the tube was capped and shaken for 5 min. The organic phase was then 
transferred to a glass tube (20 mL). The extraction was repeated, and the 
second volume of the organic phase was added to the first volume before being 
blown to dryness under air a t  4OOC. The walls of the tube were washed with 
chloroform (2 mL) which was then transferred to a reaction vial (2  mL). 
Acidified S(+)-2-octanol (25 pL) was added. and thc vial was capped and 
incubated for 1 h at 1 5OOC. On cooling, 0. I %  isopropyl alcohol in  hexane (2 
mL) and saturated sodium bicarbonate ( 1  50 pL) were added. The vials were 
recapped and the mixture vortexed for 30 s and then centrifuged for 5 min. 
The organic phase was transferred to conical tubes and the solvent evaporated 
under a stream of air at 4OOC. The residue was then reconstituted in mobile 
phase ( 1  00 kL) and transferred to 2OO-pL sampling vials. An aliquot (4-40 
pL) was then injected uia the autosampler. 


To obtain standard curves, either solution A (20 200 pL) or B (20-240 
pL) was transferred into screw-capped glass tubes ( 1  2 mL). The volume was 
made up to 1 mL by the addition of blank plasma, and the resultant mixture 
was treated in a manner similar to that for the unknown samples. 


Chromatography-Chromatography was performed at ambient temper- 
ature, and resolution of the octyl esters of I I ,  I l l ,  and IV was achieved by using 
two 5 - p n  silica columns connected in series. The mobile phase was 0.05% v/v  
isopropyl alcohol in heptane and was pumped at  a flow rate of I mL/min for 
30 min followed by a 20-min washout period at 2 mI./min. The pressure at 
1 mL/min was -800 psi. 


I Model 6000A; Waters Associates. 
2 WISP 710 B: Waters Associater. 
3 UV-50; Varian Instruments. 


Ultrasphere Si 5 pm: Altex. 
5 Data module: Waters Associates. 


System controller: Waters Associates ’ Ajax Chemicals. * Fluka AG Chemishc Fabrik. 
The Boots Co., Nottingham, United Kingdom 


l o  Vaculainer 6484: Becton. Dickinson and Co. 
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After every 12 injections there was a 30-min washout period at 2 mL/min. 
At regular intervals (about 150 injections), the columns were generated by 
pumping 20 column volumes of dry dichloromethanc, 20 column volumes of 
dry methanol, and then another 20 column volumes of dry dichloromethane 
through thecolumns. The columns were reequilibrated with at least 50column 
volumes of 0.05% isopropyl alcohol in heptane before use. No  attempt was 
made to dry the isopropyl alcohol-heptane mixture. 


The individual peaks were identified by HPLC of the octyl esters of pure 
I f ,  111. and IV. The eluting fractions representing the octyl esters of I I  and 
111 were subjected to GC-MS." 


To exclude possible interference by other nonsteroidal anti-inflammatory 
agents, standard solutions of aspirin, carprofen, diflunisal, flurbiprofen, in- 
domethacin, naproxen, and salicylic acid were esterified and chromatographed 
as described above for 1. 


Volunteer Study-A normal subject was given 1 (800 n-~g)~, I I  (400 ~ n g ) ~ ,  
and 111 (400 mg)9 orally on three separate occasions, 1 week apart. Com- 
pounds I, 11, and I l l  were administered orally in solution. These test solutions 
were prepared by first dissolving appropriate amounts of pure I, 11, or Ill in 
dilute sodium hydroxide (0.1 M, 10-20 mL). Thevolume was then made up 
to 250 mL with distilled water. Prior to each study, the subject fasted overnight 
and until 4 h after administration of the drug. Frequent blood samples were 
collected u p  to 14 h after administration of the dose. 


R(-) IBUPRWEN (n) S(+) IBUPROFEN (m] 


S(+] - 2 - OCTANOL 


RESULTS AND DISCUSSION 


Chromrtogrrphy-TheS(+)-2-octyl esters of II  and 111 can be separated 
chromatographically with retention times of -20 and -21 min, respectively 
(Fig. I ) .  The retention time for the ester of IV was -26 min. Presence of other 
anti-inflammatory agents like aspirin, carprofen, diflunisal, flurbiprofen, 
indomethacin, naproxen, and salicylic acid did not interfere with the 
assay. 


' 
0 lo 2 0  30 


min 


Figure I-Typical chromatogram ofthe S(+)-I-octyl esfers of I1 (0.5 pg/mL 
of plasma) la). 111 (0.5 pg/mL of plasma) (b). and IV (r). 


Model 3200; Finnigan CI-GCMS 
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Figure 2-Plasma levels of l ( A J .  II (OJ, and IIl(~Jfol lowingora1admin- 
istrarion of1 (800 mg). 


When a sample of I 1  which showed one peak on HPLC was esterified and 
chromatographed, some I l l  was detected. The amount of 111 thus detected 
was small and represented only -2% of the total amount of I I .  A similar 
amount of I I  was found to be present when a sample of 111 which showed one 
peak on HPLC was esterifitd and chromatographed. These results can be 
attributed to impurity of the sample, impurity of the wtanol, or the possibility 
of a fractional amount of racemization occurring during sample prepara- 
tion. 


Chromatographic conditions were selected to maintain the retention times 
described above at which resolution and peak shapes were optimal. 


The methane chemical ionization mass spectrum for the esters of I 1  and 
I l l  were similar and gave the following mass ions: (M - H)+ m / z  3 I7 (28%); 
(M - CH3)+m/z  303 (10%); (M - C6Hli) m / z  235 (16%); (M-CBHIS)' 
m / z  (207 (l00%);(M - c ~ H 1 7 0 ) m / z  189(8%);(M -C8Hi70CO)m/z 
161 (50%). 


During development of the assay, four to five peaks, possibly due to con- 
taminants extracted from plasma, were found to elute just prior to that of the 
octyl ester of 11. Significant interference from these peaks occurred at low 
concentrations of I1 (<0.5 pg/mL). However, interference could be minimized 
by maintaining the retention time of 11 beyond 20 min. 


Sample Preparation-Various extraction methods were assessed. In general, 
more polar solvents extracted greater amounts of plasma contaminants. Ex- 
traction with n-hexane was found to produce the least interference by con- 
taminants with reasonable recovery of I I  and 111. By using 0.1% isopropyl 
alcohol in hexane, recovery of II and 111 was found to be -64 and 84% after 
single and double extractions, respectively. Recovering of IV was 74% after 
two extractions. (Recovery was defined by the ratio of peak areas obtained 
after treatment of spiked plasma extracts to that obtained after direct ester- 
ification of equivalent amounts of 11, 111, or IV.) Esterification of I 1  and 111 
was complete after 0.5 h at 150°C. 


Assay Reproducibility and Sensitivity-It was necessary to construct a 
standard curve for each of the plasma concentration ranges, 0-10 and 10-60 
pg/mL. Typical intercepts and slopes were, respectively, 0.2 and 9.26 for the 
former and -0.66 and 8.76 for the latter standard curves. The within-run 
coefficient of variation (CV) at plasma concentrations of 2.5 and 50 pg of the 
octyl ester of Il/mL were 4.0 and 5.0%. respectively ( n  = 5 ) .  The corre- 


3 0 . 5 1  


2 
8 


D 


0.1 I . 
8 10 12 14 10 0 2 4 0 


TIME. h 
Figure 3-Plasma levels o f l l ( 0 )  and 111 (m) following oral administralion 
of 11 (400 mg). 
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Direct evidencc of the stereosclcctive inversion of II has not been previouslj 
demonstrated in  humans, and inference of its existence has so far been based 
on the predominance of dextrorotatory metabolites in urine (10, 1 I, 13). 


This HP1.C assay was found to be reproducible and convenient for routine 
use and has been used to demonstrate unequivocally the in C ~ L . O  inversion of 
I I  to I l l  in humans. The method suffers from the drawback of having a long 
assay time. However. this disadvantage can be overcome by automation of 
sampling and peak integration. The method was also found to be suitable for 
analysis of urine and synovial fluid samples and was utilized in formal phar- 
macokinetic studies. The details of these studies and of the stereospecific 
uptake of H(-)-ibuprofen into adipose tissue will be the subject of later re- 
ports. 


- . “  . 
0 2  4 6 8 10 12 14 16 


TIME, h 


Figure 4- Plasma lecels o J l l ( O 1  and 111 ( ~ ) J d l o w i n g  oral udminis.rratiun 
oJlll(400 mgJ. 


sponding C’Yvalues for theoctyl ester of IV were 3.4and 5.1%. Concentrations 
of II and I l l  down to 0.5 jtg/mL could be measured confidently. Values below 
this were rejected because of significant interference from the contaminating 
peaks mentioned above. 


Volunteer Study--The applicability of the assay was demonstrated by a 
preliminary study of the plasma concentration profile of I I  and I l l  in a normal 
subject. Absorption after administration of I, 11, or I f 1  was rapid. Peak levels 
were attained within 0.5 h (Figs. 2-4). I n  most of the profiles, a definite bi- 
phasic decline could be discerned. tollowing administration of I, l l  I was ap- 
parently eliminated more slowly than I I  (Fig. 2). This was presumablyduc 
to the contribution of the inversion of II to 111. Following administration of 
I I ,  plasma concentrations of I l l  gradually increased and peaked at I .3 h (Fig. 
3). The concentration of Ill then declined more slowly than that of 11. The 
concentration of I l l  equaled that of I I  at -4-5 h and subsequently remained 
higher than that of I I .  The peak concentration of I l l  achieved after adminis- 
trations of I 1  was -286 of that attained by 11. 


Only a small amount of I I  was detected after administration of I l l  (Fig. 
4). The low plasma concentrations of I I  that were observed may be attributed 
to incomplete optical purity of the S(t)-2-octanol and also possibly to some 
racemiration of I l l  during derivatizition. However, as the rate of increase 
of I I  was slower than that observed for 111. i t  is likely that some inversion of 
111 to I 1  occurs in cico, although this is clearly insignificant compared with 
the inversion of I I  to I l l  observed in these studies. 


Ibuprofen is cleared almost entirely by metabolism ( 1  3). Disposition of the 
isomers is complicated by the stereoselective inversion of 11 to 111. This met- 
abolic pathway may be common to all the arylpropionic acids, although this 
area has received little attention (6.7, 14). The inversion apparently proceeds 
ciia stereoselective formation of the coen7yme A (CoA) ester of the R ( - ) -  
arylpropionic acid, with subsequent racemization and release of the f?(-)- 
and S(t)-enantiomers ( 1  5). This mechanism suggests that the “racemase” 
may be methylmalonyl CoA epimerase. Furthermore, as CoA esters of ibu- 
profen, fenoprofen, and ketoprofen have been shown to be incorporated into 
“hybrid triglycerides” (16). we arc currently investigating our hypothesis that 
arylpropionic acids may be stereoselectively sequestered into adipose 
tissue. 
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Abstrnct 0 A novel approach to zero-order drug delivery from glassy hydrogel 
matrices uia an immobilized, sigmoidal, initial drug distribution has been 
developed. The method utilizes a controlled-extraction process on initially 
dry. drug-loaded hydrogels to generate an inflection-point-containing drug 
concentration profile followed by a vacuum freeze-drying step to rapidly re- 
move the swelling solvent and immobilize in situ a nonuniform drug distri- 
bution. The drug release from such a system generally exhibits typical zero- 
order characteristics similar to that of a membrane-rservoir device. However, 
a saturated reservoir of active ingredient as in the membrane-reservoir device 
is not required because the constant release is achieved uio an initially non- 
uniform concentration distribution instead of the constant activity in a res- 
ervoir. The applicability of the present concept and process has been demon- 
strated experimentally with the release of oxprenolol hydrochloride from 
hydrogel beads based on 2-hydroxyethyl methacrylate polymerized with a 
polymeric cross-linking agent. 


Keypbrnses 0 Glassy hydrogels, oxprenolol hydrochloride-nonuniform drug 
distribution 0 Oxprenolol hydrochloride-glassy hydrogels, nonuniform drug 
distribution Drug delivery systems-oxprenolol hydrochloride, glassy hy- 
drogels 


Diffusion-controlled polymeric delivery systems are finding 
increasing applications in the area of controlled release of 
pharmaceuticals (1 -3). To achieve optimal therapeutic effects, 
especially for drugs with short physiological half-lives, it is 
often desirable to have a zero-order (or constant-rate) drug 
delivery (4). Unlike membrane-reservoir devices, monolithic 
systems where the drug is uniformly dissolved or dispersed in 
a polymer matrix generally do not exhibit zero-order release 
behavior. Instead, a release rate that continuously diminishes 
with time is observed ( 5 , 6 ) .  This is a consequence of the in- 
creased diffusional distance and decreased area at the pene- 
trating diffusion front. In addition to geometry factors (7), 
methods that approach zero-order release from monolithic 
matrices generally involve the introduction of either a constant 
rate of surface erosion much larger than the drug diffusion rate 
in the polymer matrix (8-10) or a constant rate of solvent front 
penetration (the so-called case I1 swelling) much smaller than 
the drug diffusion rate in the swollen region (1 1, 12). The 
applicability of these systems may be further limited by the 
need to maintain a constant surface area at the erosion or 
penetrating solvent front. 


An important concept which has not been explored is the 


approach to zero-order drug release from a glassy polymer 
matrix having a specific nonuniform initial drug concentration 
distribution. Hydrogel polymers are unique for this application 
in that they are glassy in the dry state and capable of immo- 
bilizing any nonuniform drug distribution introduced prior to 
the dehydration step. In the presence of water, hydrogels can 
absorb a significant amount of water to form an elastic gel and, 
at the same time, release the dissolved drug by diffusion 
through the swollen region ( 1  3, 14). 


This paper reports a method for immobilizing such a non- 
uniform drug concentration distribution in glassy hydrogel 
beads and the resulting zero-order drug release behavior. A 


CONCENTRATION CUMULATIVE RELEASE 
RELEASE RATE PROFILE 


I 
0 a t 


Figure 1 - Theoretical p..ofiles illustrating the characteristics of drug release 
from spherical matrices as a function of the initial drug concentration dis- 
tribution. 
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Fipre 2-Photographs showing typical solvent penetration behaoior in drug 
loaded glassy hydrogel beads. Key: ( a )  original; ( b )  solvent penetrqted. 


detailed kinetic study of such release systems will be published 
elsewhere]. 


EXPERIMENTAL SECTION 


Spherical hydrogel beads containing purified 2-hydroxyethyl methacrylateZ 
(70%) and a polymeric cross-linking agent (30%). which was derived from 
ply-n-butyleneoxide (mol. wt. 2000)3 by end-capping with 3-isocyanato- 
methyl-3,5,5-trimethylcyclohexyl-isocyanate4 followed by reaction with excess 
2-hydroxyethyl methacrylate, were synthesized by free-radical suspension 
polymerization in  a saturated salt solution using 0.1% tert-butyl peroxy-2- 
hexanoates as the initiator (15). The fraction of beads with a mean dry di- 
ameter of 0.1 15 cm and a mean swollen diameter of 0.13 cm was used for the 
release study. These hydrogel beads exhibit a major glass transition temper- 
ature (T,) of -I 10°C (as determined by differential scanning calorimetry6), 
an equilibrium ethanol swelling of 49%, and an equilibrium water swelling 
of 25%. 


Oxprenolol hydrochloride7. a fl-blocker with water solubility as high as 77% 
at room temperature, was used as the model drug. A drug loading of 34.4% 
was achieved by equilibrating the hydrogel beads in  an exccss amount (5 : l  
ratio) of a 50% oxprenolol hydrochloride solution prepared in cthanol-water 
(6040). After filtration and a brief rinse, the swollen loaded beads were dried 
at 5OoC in a vacuum oven. These dry, loaded beads were then divided into 
several portions and subjected to a controlled-extraction process in an excess 
volume of water under vigorous stirring at 23OC for 5, 15, 20, and 30 min, 
respectively. The extraction process was controlled so that the extraction time 
was shorter than the time required for the penetrating solvent fronts to meet 
at the center to ensure that there would always be an inner glassy corc sur- 
rounded by a swollen, partially extracted region. Immediately aRcr separation 
of the extracting solvent, the controlled-extracted beads were freeze-dried 
under reduced pressure (0.025 mm Hg) for 15 h to rapidly remove the swelling 
solvent and to immobilize the drug, which was distributed in a nonuniform 
sigmoidal manner, decreasing from the core to the surface. 


The oxprenolol hydrochloride release (under perfect sink diffusion condi- 
tions at  37.5OC) was followed continuously on a spectrophotometer8 at  272 
nm using a flow-through cell. The storage stability tests were conducted in 
capped vials under room conditions. 


RESULTS AND DISCUSSION 


The release characteristics of matrix devices containing uniformly dissolved 
or dispersed drug are well known (10, 16-18). However, the effect of non- 
uniform initial drug distribution on the release behavior has not been reported 
in  the literature. Figure 1 illustrates the Characteristics of drug release from 
spherical matrices as a function of the initial drug distribution'. Based on 
solutions to the diffusion equation, these theoretical curves show that both 
the uniform and parabolic initial concentration distributions result in an ini- 
tially high rate of release followed by a rapid decline; the latter distribution 


Submitted to Polymer. 
2 White Chemical Co.. B y n c .  N.J. , 
3 Polymef 2v; Quaker hem~cal Co , Chlcago, 111. 


Veba C emie. Gelsenkirchen-Buer. West Germany. 
5 Pennwalt Co., PhiladcFhia, Pa. 
6 DuPont Model 910 dif erential scanning calorimeter. ' Ciba-Geigr Co., Summit: N.J. * ACTA C- 11 UV visible. Beckman Instruments. Fullerton, Calif. 
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Figue 3-idealized solvent and drug distributions during solwni penetration 
in a drug-loaded glassy hydrogel matrix. 


exhibits a reduced initial rate of release compared with the former. In contrast, 
a sigmoidal initial drug distribution is capable of introducing a characteristic 
inflection point and, therefore, considerable linearity into the cumulative re- 
lease curve. The duration of the constant-rate release region in such systems 
generally depends on the slope at  the inflection point in the concentration 
distribution. Although Fig. 1 describes the drug release frdm spherical ma- 
trices, similar results are'expected for planar and cjlindrical geometries. 


The parabolic type of concentration distribution.described above is char- 
acteristic of Fickian diffusion in rubbery polymers (19,20), whereas the sig- 
moidal distribution is characteristic of glassy pblymers partially penetrated 
by a swelling solvent undergoing non-Fickian diffusion. As a swelling solvent 
(in this case, water) penetrates a glassy hydrogel matrix having uniform drug 
loading, a clear discernible boundary separating an outer, rubbery, swollen 
region from an unpenetrated glassy core is usually observed (Fig. 2) (14). Such 
penetration and swelling generally do not follow Fickian diffusion. The exis- 
tence of some molecular relaxation process in addition to diffusion is believed 
to be responsible for the observed non-Fickian behavior (12.21). As a result, 
an inflection point is built into both the concentration profile of the penetrating 
solvent and the corresponding drug distribution, as  shown in Fig. 3. This is 
similar to the solvent profiles reported for the partial penetration of organic 
swelling solvent in glassy polymers (22-24). The physical situation depicted 
in Fig. 3 is believed to reflect the solvent and drug distributions generated by 
the controlled-extraction process described in the Experimental Section. The 
subsequent vacuum freeze-drying step is intended to reduce the polymer 
segmental mobility by lowering the temperature and, at the same time, rapidly 
remove the swelling solvent to immobilize the drug in situ in a sigmoidal 
distribution in the hydrogel matrix. 


As shown in Figs. 4A and B. scanning electron microscopy9 X-ray micro- 
probe chlorine scans for oxprenolol hydrochloride across the cross sections 
of the hydrogel beads confirm that the combination of controlled-extraction 
and freeze-drying steps has immobilized the drug in situ with a sigmoidal 
concentration profile in the 20-min extracted sample compared with the 
uniform concentration distribution in the unextracted control. The corre- 
sponding in vitro release of oxprenolol hydrochloride from the controlled- 
extracted beads is compared with that of the unextracted control in Fig. 5. 
It is evident that an inflection point and a zero-order release region of up to 
6 m o f  the total are introduced by the present process. With the increase in 
controlled-extraction time, the constant-rate release region extends, and the 
release half-life more than doubles. The constant-release region also shows 
a progressively decreasing slope with increased controlled-extraction time. 
In addition, release time-lags similqr to that of membrane-reservoir devices 
are developed. Inevitably, a certain amount of drug will be lost during the 
controlled-extraction proccss. However, as shown in  Fig. 6, where the ox- 
prenolol hydrochloride loading is plotted as a function of controlled-extraction 
time in water, only -10% of the drug is removed with an extraction time of 
30 min. 


In the absence of moisture, the sigmoidal drug concentration distribution 
generated by the present process can be preserved indefinitely in the glassy 
hydrogel matrix. The release of the entrapped drug should not occur until the 
hydrogel matrix is swollen at  the time of usage. This is illustrated by a com- 
parison of oxprenolol hydrochloride release rates from both the unextracted 
control and controlled-extracted beads at.0 and 59 d of storage as shown in 


~ 


9 Cambridge Stereoxan 180 scanning electron microscope 
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Figure 4-Scanning electron microscope X-ray microprobe chlorine scans for oxprenolol hydrochloride on the cross section of hydrogel beods. Key: ( A )  
conirolled-extracted in water for 20 min; ( B )  unextracied control. 


Figs. 7A and B. In  addition to the specific feature of prolongcd zero-order 
release from controlled-extracted samples compared with the rapid decay of 
release rate in the unextracted control, there is very little change in the release 
rates after nearly 2 months of storage. 


In summary, a novel appraoch to zero-order drug delivery from glassy 
hydrogel beads uia an immobilized sigmoidal drug distribution is described. 
The combination of controlled-extraction and freeze-drying process is critical 
in the in situ immobilization of such a nonuniform concentration distribution. 


The evidence indicates that when the extraction process is carried out on 
drug-loaded beads in the fully swollen state instead of the dry glassy state, or 
when the drying is done at an elevated temperature instead of freeze-drying, 
no inflection p i n t  or constant-release region will be observed in the cumulative 
drug release profiles. Apparently, a parabolic type of drug concentration 
distribution, characteristic of Fickian diffusion in the rubbery state, does not 
lead to a zero-order release (Fig. 1). Other parameters such as the hydrogel 
composition and the extracting solvent also play important roles in determining 
the resulting release characteristics. 


The concept and process described here have several distinct advantages 


Time (h) 


Figure 5-Efleci of controlled-extraction time in water on the in vitro release 
o/oxprenolol hydrochloride. Key: ( a )  control; ( 6 )  5 min; ( c )  I5 min; ( d )  20 
min; ( e )  30 min. 
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Figure 6-Oxprenolol hydrochloride loading as a function of controlled- 
extraction time in water. 
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Figure 7-Effect olstorage time on ihe rate of oxprenolol hydrochloride 
release. Key: ( A )  0 d; ( B )  59 d; ( a )  loaded control; ( b )  conirolled-exirucied 
in water for 20 min; (c )  controlled-extracted in waierJor 30 min. 


in addition to the zeroorder release characteristics: ( a )  it is applicable to glassy 
hydrogcls of any geometry including granules, beads, and sheets; ( b )  the 
burst-effect generally associated with membrane-reservoir devices is elimi- 
nated; and (c) a saturated reservoir of active ingredient (as in the mem- 
brane-reservoir device) is not required because the constant release is achieved 
by a nonuniform concentration distribution instead of the constant activity 
in a reservoir. This is particularly suitable for drugs with high water solu- 
bility. 
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Potential Antitumor Agents X: Synthesis and Antitumor 
Activity of Two Nitrogen Mustard Derivatives 
Related to Ketocaine 
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Abstract 0 The synthesis of two nitrogen mustard derivatives ( ,Vl l l  and 1X) 
related to the well-known local anesthetic ketocainc ( I l l )  is reported. These 
compounds wcrc tested in micc implanted with Ehrlich ascites tumor cells, 
and the antitumor activity was compared with that of two prcviously syn- 
thesized analogues (I and I I )  lacking the nitro group and with that of doxo- 
rubicin. Thc monofunctional compound IX was inactive, but the bifunctional 
compound V l l l  showed potent antitumor activity (%T/C > 254 at 20 rng/ 


Keyphrases 0 Antitumor agents-potential, nitrogen mustard derivatives, 
Ehrlich ascites carcinoma screen 0 Nitrogen mustard derivatives-antitumor 
agents, potential, Ehrlich ascites carcinoma screen 


kg). 


In  a previous paper of this series ( l ) ,  we reported the syn- 
thesis of I and 11, two analogues of the well-known local an-  
esthetic ketocaine (111). This work was based on the hypothesis 
that the in uitro antimitotic activity of ketocaine is related to 
its effect on oxygen consumption by tissues with prevailing 
anaerobic metabolism; this, in turn, demonstrates the ability 
of ketocaine to pass through the cell membrane (2).  While 
ketocaine does not show antitumor activity, I and I1 were active 
( I ) .  On the other hand, a series of butyrophenone derivatives 
showed that ketocaine and one of its nitro derivatives had 
analogous behavior to oxygen consumption (3) .  This study 
describes the nitration of o-hydroxybutyrophenone and the 


I 


COCH2CH2CH3 


R 


R' 
OCH2CHZN: 


I V  


subsequent alkylation of the nitro derivative with tris(2- 
chloroethy1)amine hydrochloride, as previously described ( I ) .  
The antitumor activity and the effect on oxygen consumption 
of these substances were compared with those of the previously 
described I and 11. 


RESULTS AND DISCUSSION 
The nitration of o-hydroxybutyrophenonc always gavc a mixture of IV-VI. 


These materials wcrc separated by column chromatography and identified 
by means of spectrometric data (see Experimenral Section). Thc reaction 
between the nitro derivative ( IV)  and tris(2-chloroethy1)amine hydrochloride 
(VII)  gavc V l l l  and IX, as well as X (Scheme I ) .  Compounds V l l l  and IX 
were tested. as the hydrochlorides, for antitumor activity. 


The bifunctional compound V l l l  inhibited tumor growth and prolonged 
the life span of mice bearing Ehrlich ascites carcinoma beyond that of the 
untreated animals. The %T/C at 4 mg/kg ip was 144, and it was >254 at 20 
mg/kg. The monofunctional compound 1X was inactive. Table I reports the 
antitumor activity of V l l l  and IX compared with that of the previously re- 
ported I and I 1  ( I )  and doxorubicin. 


Compounds I ,  11. VIII,  and IX also affected the oxygen consumption of 
tumor cells. Figure 1 shows a difference in the respiratory inhibition that may 
be related to the different lipophilicity of the four compounds: in fact respi- 
ratory inhibition is a linear function of lipophilicity in a series of 4-hydroxy- 
quinoline-3-carboxylic acids (4). The potent antitumor activity of V l l l  under 
the experimental conditions employed is evident. From the results so far 
available it appears that V l l l  is also active against other experimental tu- 
mors. 


R =  R ' =  - C H Z C H ~ C I  


R =  -CH2 CHZCl 


R'= - C H 2 C H 2 O  
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Scheme I 


Table I-Antitumor Activity of Ketocaine Analogues Against Ehrlich 
Ascites Carcinoma in Mice 


Dose on Day 1, 
Compound mg/kg iP na MSTb %T/CC LTSd 


Controlr - 


I 1 
5 
20 


I1 10 
50 
200 


V l l l  4 
20 


100 
IX 20 


1 on . _ _  
200 


Doxorubicin 1 


10 16.0 - 
5 15.0 93.7 
5 23.8 148.7 


5 19.6 122 
__ 5 t' 


5 27.4 171.2 
- 5 tf 


10 23.1 144.3 
10 40.7 >254 4 


10 16.6 103.7 
10 15.6 97.5 
10 17.6 I10 
10 36.6 >228 3 


10 tf - 


Number of animals per group. Mean survival time (d) .  %T/C 2 125 denotes 
Long-term survivors (>60 d).  Saline. f t- Death due todrug- significant activity. 


related toxicity. 


EXPERIMENTAL SECTION' 


Chemistry-Nitration of o-Hydroxybutyrophenone-A cold solution of 
90% HNO, (5.2 mL, 110 mmol) in acetic anhydride (15 mL) was slowly 
added with stirring to a cold solution of o-hydroxybutyrophenone (14.8 g, 90 
mmol) in 20 mL of acetic anhydride. The temperature was maintained below 
I5OC. The mixture was then stirred for 1 h at room temperature and poured 
onto ice. A densitometric TLC analysis of the precipitate gave the following 
percentages: 60% IV, 30% V, and 10% VI similar results were obtained by 
using acetic acid or sulfuric acid in place of acetic anhydride. The three 
compounds were isolated by means of column chromatography. 


2-Hydroxy-5-nitrobutyrophenone (I Y)-Compound IV was obtained as 
yellow needles, mp 108-1 10°C (petroleum ether). IR (nujol): 3080, 1638. 
and 810 crn-I; IH-NMR: 6 8.85 (d, 1, J = 3.0 Hz, H-6); 8.43 (9. 1, J = 9.6 
Hz,3.0Hz,H-4);7.15(d,1,J=9.6Hz,H-3);and3.15,1.83,and 1.06ppm 


Anal.-Calc. for C ~ O H I I N O ~ :  C, 57.41; H, 5.30 N, 6.70. Found: C. 57.70; 
H. 5.31; N, 6.69. 


2-Hydroxy-3-nitrobutyrophenone ( V-Compound V was obtained as 
yellow needles, mp 43-45OC (petroleum ether). IR (nujol): 3080, 1642,and 
1030cm-';'H-NMR:68.26(q, l ,J=8.0Hz,2 .0Hz,H-6);8 .20(q ,  l , J =  


(7. --CH*CHzCH,). 


I Melting points are uncorrected. Bakerflex plates (silica-gel IBZ-F) were used for 
the TLC. For column chromatography Kitselgel 60 (Merck) was used, activated at 120°C 
for 2 h, in the proportion of 40 g/g of mixture; the eluant was petroleum ether (bp 60- 
80°C)/acetone (8020).  The IR spectra were recorded on a Perkin-Elmer 298 spec- 
trometer. The IH-NMR spcctra were recorded in CDCI, on a Varian XL-100 instrument 
using MelSi a s  internal standard. 


100- 


50- 


+ 


- 
C I 11 VIII IX 


Figure l--Effeci of oxygen consumption induced in Ehrlich ascites tumor 
cells by I. 11, VfII. and IX ai 50 pg/106 cells. Conrrols (C) 100 (means of 
ai least six delerminations). 


9.0 Hz, 2.0 Hz. H-4); 7.10 (q, I .  J = 9.0 Hz, 8.0 Hz, H-5); and 3.08, 1.83, and 
1.03 DDm (7. - -CHXHXHiI .  


Ail.-Calc. for Ct&11N04: C. 57.41; H, 5.30; N,6.70. Found: C, 57.18; 
H, 5.35; N, 6.60. 
2-Hydroxy-3,S-diniirobuiyrophenone ( Vf)-Compound VI was obtained 


as yellow needles, mp 1 18-120°C (ethanol). IR (nujol): 3070, 1645, and 1610 
an-'; 'H-NMR: 6 8.96 (d, 2, J = 2.4 Hz, H-4 + H-6) and 3.15.1.83,and 1.06 


Anol.-Cak. for CtOHION206: C. 47.25; H, 3.96; N. 11.02. Found: C, 
47.08; H, 3.76; N. 10.82. 


Synthesis of Vfff-X-Compound IV (6.3 g, 30 mmol), dissolved in 60 mL 
of absolute ethanol, was added to a solution of C2HsONa (60 mmol) in a b  
solute ethanol (50 mL). Tris(2-ch1oroethyl)amine hydrochloride (V11; 7.3 
g, 30 mmol) was then added with stirring. The mixture was refluxed for 5 h. 
and then the solvent was removed under reduced pressure. The residue was 
extracted with chloroform. The organic phase was washed with water, dried 
(NazS04). and the solvent was removed under reduced pressure. A densito- 
metric TLC analysis of the residue gave the following percentages: 35% (IV), 
40% (V111). 20% (IX), and 5% (X). The four compounds were separated by 
column chromatography and V l l l  and IX were converted into the corre- 
sponding hydrochlorides. 


N- 12- (2-Butanoyl-4-nitro)phenoxyethyl] -N,N -bis(2-~hloroethyl)amine 
Hydrochloride (Vflf-HCI)-The compound was a white powder, mp 113- 
115OC (absoluteethanol); IR (KBr): 1695, 1610,and 1580cm-I. 


ppm (7. - - C H ~ C H Z C H ~ .  
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Anal.-Calc. for C ~ ~ H ~ ~ C I ~ N Z O & C I :  C. 46.45; H. 5.60; K, 6.77. Found: 
C. 46.46; H, 5.70; N, 6.59. 


N,N-Bis [ 2- (2-butanoyl-4-nitro)phenoxyethyl] -N - (2-chloroethy1)aminr 
Hydrochloride (IX-HC/)-The compound was a white powder, mp 160- 
165OC (absolute ethanol); IR (KBr): 1685, 1605, and 1580 cm-I. 


Anal.-Calc. for C ~ ~ H J ~ C I N @ ~ . H C I :  C,  53.25; H. 5.67; N, 7.16. Found: 
C, 53.49; H, 5.83; N, 7.05. 


N,N,N- Tris[ 2- (2-butanoyl-4-nitro)phenoxyethyl]amine ( X )  Com- 
pound X was a white powder, mp 87-90°C (ethanol); IR (KBr): 1670, 1605, 
and I580 cm-I. 


Ana/.-Calc. for C36H42N4012: C, 59.82; H,  5.86; N, 7.75. Found: C, 
59.56; H. 5.80; N. 7.63. 


Pharmacology-Antitumor Test-Female Swiss mice (average weight 
21 f 1 g) were implanted on day 0 with lo6 Ehrlich ascites tumor cells from 
donor mice. After 24 h the animals were treated with V l l l  (4, 20, or 100 
mg/kg ip) or IX (20, 100, or 200 mg/kg ip) dissolved in dimethyl sulfoxide; 
the amount of dimethyl sulfoxide, previously used in analogous experiments, 
did not affect tumor growth. Doxorubicin ( I  mg/kg ip) was used as a positive 
control. Deaths were recorded for a period of 60 d. The activity was measured 
as the ratio of the mean survival time of the test animals to that of the control 
expressed as a percentage (%T/C). Significant activity is achieved with an 
increased life span of 25% (T/C 2 125). 


Xespiromerric 7est-Oxygen consumption by Ehrlich ascites tumor cells 
was performed by placing in each flask of a Warburg’s apparatus 4 X lo7 
Ehrlich carcinoma cells suspended in  1.8 mL of Ringer’s solution and 0.2 mL 


of distilled water or the same volume of solution of the test compound (the 
final concentration in  each flask was 1 mg/mL). Ehrlich ascites carcinoma 
cells were obtained from the ascitic fluid removed from mice 7-9 d after 
transplantation (female Swiss mice with weekly transplantations of 106 cells). 
Viability of cells was assayed by trypan blue dye test. Flasks containing the 
cell suspension were equilibrated for 10 min and respiration was measured 
for 60 min (temperature: 37OC; gas phase: air). 
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Abstract 0 Esmolol is an ultra-short-acting @-blocker currently in Phase I 1  
clinical trials. The ester functionality in esmolol results in rapid metabolism 
of the @-blocker into an acidic metabolite and methanol. Dichloromethane 
was used to denature blood esterases and quantitatively extract esmolol from 
the blood. A deuterated analogue of esmolol was selected as the internal 
standard, and both compounds were chromatographed as the trimethylsilyl 
derivatives. Blood levels of esmolol were quantitated by gas chromatogra- 
phy-mass spectrometry with selective-ion monitoring, focusing on specific 
ions corresponding to esmolol and the internal standard. The lower limit of 
sensitivity of the assay was 2.5 ng/mL. Using the assay, blood samples from 
a dose-ranging study in humans were analyzed for concentrations of esmolol. 
Steady-state blood levels of esmolol after intravenous infusion rates of 40, 100, 
200,300,450,and650pg/kg/min were0.202.0.464,0.977, 1.31, 1.92,and 
2.97 pg/mL of blood. The elimination t l / z  and total body clearance were 
estimated to be -10 min and 220 mL/kg/min, respectively. The high clear- 
ance of esmolol suggested that metabolism by blood esterase(s) was the 
primary determinant of the duration of action of the drug. 


Keyphrases 0 Esmolol-GC-MS, ultra-short-acting @-blocker 0 Beta- 
blocker-ultra-short-acting, esmolol, GC-MS. 


The concept and advantages of ultra-short-acting @- 
adrenergic receptor blockers have been presented recently (1). 
Briefly, in critical care settings like emergency rooms and in- 
tensive cardiac-care units, an ultra-short-acting 0-blocker 
would be superior to conventional @-blockers with long dura- 
tions of action, since therapeutic effects of the drug can be 
altered rapidly in either direction to meet changing cardio- 
vascular responses. 


Development of esmolol, methyl-3-[4-[2-hydroxy-3- 
(isopropylamino)propoxy] phenyl] propionate hydrochloride, 
as a novel ultra-short-acting P-blocker is based on the enzy- 


matic instability of an ester function and incorporation of this 
functionality into a chemical structure that has @-blocking 
properties. Hydrolysis of the ester linkage in esmolol by blood 
and tissue esterases transforms the P-blocker into an acidic 
metabolite and methanol. 


ESMOLOL 
Esmolol has been shown to be cardioselective and to possess 


a duration of action of -1 5 min in dogs ( I  ). Since blood levels 
of esmolol were anticipated to decrease very rapidly after 
stopping administration of the drug, a sensitive assay was 
needed in order to conduct detailed preclinical and clinical 
pharmacodynamic and pharmacokinetic studies. This report 
describes a gas chromatographic-mass spectrometric 
(GC-MS) method for the quantitation of esmolol in whole 
blood. Application of the method to the analysis of blood 
samples from a dose-ranging study in humans is also pre- 
sented. 


EXPERIMENTAL SECTION 


Chemicals-- Esmolol and the deuterated internal standard, methyl-3-[4-[2- 
hydroxy-3-( isopropylamino)propox y] phenyl] [ I ,2-2Hz]propionate hydro- 
chloride, were synthesized in-house’. Dichloromethane2 was spectro grade. 


’ Medicinal Chemistry Section, American Critical Care, McGaw Park, 111. 
2 Matheson, Coleman, and Bell. Norwood, Ohio. 
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the factors that influence the disposition and response to acetazolamide are 
in progress. 
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Amperometric Determination of Hydralazine 
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Abstract 0 A flow-injection method for the determination of hydralazine 
hydrochloride based on electrochemical oxidation at the glassy carbon elec- 
trode is presented. The amperometric method is highly specific and may be 
used to determine hydralazine hydrochloride in the prcsencc of other drugs 
commonly found in its pharmaceutical dosage forms or administered con- 
currently in  therapeutic siluations. By using an electrode potential of +650 
mV versus an Ag/AgCI reference electrode, a calibration curve was found 
tobc linear in the 1 - 5 0 - ~ g / m L  concentration range, with minimum detect- 
ability at 10 ng (signal-to-noise ratio, 2). When the method was applied to 
the analysis of hydralazine hydrochloride in selected pharmaceutical dosage 
forms, i t  showed good accuracy and precision. Although automation was not 
used in this study, the method could readily be incorporated in automated 
systems because it employs the techniquc of continuous analysis in a flowing 
stream. 


Keyphrases 0 Hydralazine hydrochloride-ampcrometric determination 
in a flowing stream, glassy carbon electrode 0 Flow-injection method- 
amperometric determination, hydralazine hydrochloride, glassy carbon 
electrode 0 Electrochemical oxidation--glassy carbon electrode, flow-in- 
jection method, determination of hydralazine hydrochloride 


Hydralazine hydrochloride, a widely prescribed antihy- 
pertensive agent, has been analyzed by diverse methodologies, 
including titrimetry (1, 2), spectrophotometry (3 ,  4), fluo- 
rometry (9, GC, and HPLC (6-10). Interest in this laboratory 
in the development of new continuous assay methods for drugs 
in flowing streams led us to investigate the oxidation of hy- 
dralazine at the glassy carbon electrode. There is almost no 
information in the literature concerning the electrochemistry 
of hydralazine. One report has indicated that the drug can be 
reduced at the dropping mercury electrode to give two half- 
wave potentials of -700 and -950 mV uersus the standard 
calomel electrode ( 1  1). The reduction occurs in a solution 
containing 1 M HCI as a supporting electrolyte and gelatin as 
a surfactant. The report did not comment on the sensitivity, 
accuracy, precision, and specificity of the method. There ap- 
pears to be no data in  the literature on the electrochemical 
oxidation of the drug. 


This laboratory has reported previously on continuous 
analysis in flowing streams by oxidation of drugs such as 
ascorbic acid and methyldopa at the tubular carbon electrode 
(12, 13). The glassy carbon electrode has supplanted the tu- 
bular carbon electrode and has shown general usefulness as 
a sensitive tool for the determination of oxidizable drugs in 
flowing stream systems such as HPLC ( 1  4- 16). These kinds 
of electrodes can be easily incorporated into automated or 
semiautomated systems such as would be used in dosage form 
analysis. 


In this report, amperometric determination of hydralazine 
hydrochloride in a flowing stream utilizing oxidation at the 
glassy carbon electrode is reported. The flow-injection method 


600r 


IOOC f 
1 


250 350 450 550 650 750 850 950 
E(mW vs Ag/AgCI 


Figure I-Hydrodynamic voltammogram of hydralazine hydrochloride (50 
pg/mL) in a 40.60 mixture of Wulpole acetate buffer (pH 4.2)-absolute 
methanol at aJlow rate of I ml./min. 
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Table I-Percent Recoverv of Hvdralazine Hvdrochloride in Svnthetic Drug Mixtures 


Concentration, pg/mLO 
Drug 8 16 32 I00 


~~~~ 


Hydrochlorot hiazide 
Chlorothiazide 
Reserpine 
Propranolol hydrochloride 
Triamterene 
Methyldopa 
Guanethidine monosulfate 
Chlorthalidone 


99.79 f 1.39 
99.59 f 0.60 
99.39 f 0.92 
99.39 f 0.92 
99.39 f 0.92 
99.59 f 0.60 
99.39 f 0.92 


100.40 f 0.35 


99.19 f 1.25 
99.39 f 0.92 
99.38 f 0.61 
99.19 f 1.25 
99.99 f 0.92 


100.19 f 0.61 
99.19 f 1.39 


100.60 f 0.60 


99. I9 f 0.92 
99.19 f 0.92 
99.79 f 1.39 


100.19 f 0.61 


~~~ 


85.91 f 1.52 
90.52 f I .  I9 
78.96 f 1.21 
99.99 f 0.92 


99.59 i 1.21 99.19 i 0.35 
99.99 10 .92  
99. I9 f 0.92 


100.20 f 0.35 


99.59 I i.21 
99.19 f 0.35 


100.20 f 0.35 


Concentration of each drug in mixtures that also contained 16 pg/mL of hydralazine hydrochloride. Values represent mean percent recovery f SD of hydralazine hydrochloride 
in the drug mixture. The data were based on quadruplicate determinations of each mixture. 


detects the drug in the 1 -SO-pg/mL range with good accuracy, 
precision, and specificity. The procedure was shown to be ap- 
plicable to the analysis of hydralazine hydrochloride in phar- 
maceutical dosage forms. 


EXPERIMENTAL SECTION 


Apparatus-Voltammograms and cyclic voltammetry measurements were 
made with a conventional three-electrode system' consisting of a glassy carbon 
working electrode, a platinum auxiliary electrode, and a silver-silver chloride 
rcfcrcnce electrode. A wall-jet-type methyl methacrylate electrochemical 
cell2 and associated electronics* were used for the flowing stream analysis. 
The cell contained a glassy carbon working electrode, a silver-silver chloride 
refercnce clcctrode, and a second glassy carbon auxiliary electrode. The mobile 
phase was pumped through the cell at a fixed flow rate with a reciprocating 
pump'. Samples were manually injected into the sample injection system' with 
a micro~yringe~. The pump, injector, and electrochemical cell were connected 
with standard HPLC stainless steel tubing (0.02 cm) and fittings. Cell currents 
were recorded at ambient temperature with a stripchart recorder6. 


Chemicals-Hydralazine hydrochloride7 powder was obtained for use in 
the analytical study. All other chemicals were commercially available and 
were used as received. A stock solution containing 0.1 mg/mL of hydralazine 
hydrochloride was prepared in Walpole acetate buffer, pH 4.2 (1 7). Further 
dilutions of the solution were made to provide working standards in the 1 - 
SO-pg/mL range. 


Pracedues-A 40:60 mixture of Walpole acetate buffer (pH 4.2)-absolute 
mcthanol was pumped through the electrochemical cell2 at a flow rate of 1 .O 
mL/min. Aliquots (50 pL) of hydralazine hydrochloride solutions in acetate 


6 0 
MINUTES 


Figure 2-Replicare injections of hydralazine hydrochloride (16 pglmL) into 
the jlowing stream system at a rate of60 samplesfh. 


I Model 174 A polarograph; Princeton A plied Research. 
Model EA-1096 Plexiglas cell with M J e l  E-611 detector; Metrohm. 
Model M-6000A Pump; Waters Associates, Milford, Mass. 
Model U6K Injector; Waters Associates. Milford, Mass. 
SO-pL syringe; Hamilton Co., Reno, Nev. 
Houston Omniscribe Recorder. ' CIBA-GEIGY Corp., Summit, N.J. 


buffer were injected into the flowing stream, and the current was measured 
with an applied potential of t650 mV oersus an Ag/AgCI reference elec- 
trode. 


To determine whether other antihypertensive drugs or compounds com- 
monly found in dosage forms with hydralazine hydrochloride interfered with 
the assay by altering the current flow of the drug or were oxidized at the glassy 
carbon electrode, the following studies were performed. Individual solutions 
(0. I mg/mL) of guanethidine monosulfate, reserpine, hydrochlorothiazide, 
chlorothiazide. triamterene, methyldopa, propranolol hydrochloride, and 
chlorthalidone were prepared in acetate buffer (pH 4.2)-methanol (40:60). 
Accurately pipetted aliquots of these solutions were then used to prepare 
various mixtures containing the individual drugs at the 8- 100-pg/mL range, 
wi th  the hydralazine concentration maintained at 16 pg/mL. Each mixture 
was then assayed for hydralazine content. The data obtained from each 
mixture were then compared with those of a pure solution of hydralazine 
hydrochloride to calculate the degree of interference, if any, at the various 
concentration levels of the added drugs. 


Analysis of solid dosage form-Tablets and/or capsules containing hy- 
dralazine hydrochloride were sonicated in Walpole acetate buffer (pH 4.2). 
The resulting solution was then filtered, i f  necessary, and diluted to the I -  
SO-pg/mL range. An aliquot of the diluted solution was then assayed for 
hydralazine hydrochloride as described above. 


RESULTS AND DISCUSSION 


Figure 1 shows a hydrodynamic voltammogram of hydralazine hydro- 
chloride (50 pg/mL) when subjected to electrochemical oxidation at the glassy 
carbon electrode in acetate buffer (pH 4.2)-methanol (40:60). A half-wave 
potential of t510 mV was observed. A potential of t650 mV was selected 
for the amperometric determination since it represented the point on the wave 
at which maximum drug sensitivity could be obtained. 


By using the optimum electrode potential of t650 mV. a hydralazine hy- 
drochloride calibration curve was obtained in the 1 -SO-pg/mL range. Linear 
regression analysis of the calibration data gave typical slope, intercept, and 
r values of 19.82, 8.79, and 0.9990 ( n  = 18). respectively. 


To estimate the reproducibility of the electrode response by the ampero- 
metric method. eight replicate injections at hydralazine hydrochloride con- 
centrations of 4-. 16-, and 40-pg/mL were run. Mean peak currents of 51 f 
I .  15. 165.63 f I .25, and 367.50 f 1.25 nA, respatively. were obtained. The 


Table Il-Analysis of Hjdralazine Hydrochloride in  Pharmaceutical 
Dosage Forms 


Hydralazine H ydralazine 
Product Declarcd/Sarnple, Found/Sarnple, Recovery, 


Components mg mgo % 


H ydralai-ine 25 25.55 f 0.25 102.10 
hydrochloridc 


Hydralazine 25 24.98 f 0. I0 99.90 
hydrochloride 
H ydroc h loro- 
thiazide 


hydrochloride 
Reserpine 


hydrochloride 
Hydrochloro- 
thiazidc 
Reserpine 


Hydralazine 50 50.85 f 0.52 101.70 


Hydralazine 25 24.90 f 0.42 99.35 


Values represent mean f SD based on quadruplicate determinations of each 
sample. 
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precision of these nieasurements is expressed by relative standard deviations 
of 2.30.0.75, and 0.34% for the 4-. 16-, and 40-pg/mL levels, respectively. 


Interference studies were performed to establish the specificity of the 
mcthod for hydralazine hydrochloride in the presence ofother drugs that might 
be found in its combination dosage forms. There was little or no interference 
from these miscellaneous compounds, except for hydrochlorothiazide, chlo- 
rothiazide, and reserpine, in which appreciable interference was noted when 
their concentrations were six- to sevenfold greater than the hydralazine level 
(Table I) .  


Applications of the method to the assay of hydralazine hydrochloride in 
commercial dosage forms was then studied. After sample preparation and 
dilution to the 1 -5O-pglmL calibration range, the drug solutions were ana- 
IyLed, and the concentration in each dosage form was calculated using the slope 
and intercept values generated from linear regression analysis of the hydral- 
aLinc calibration data. The resultsof the assay shown in Table I 1  indicate that 
hydralazine content in dosage forms can be conveniently determined by the 
anipcrometric method described herein with good accuracy and precision. 


By using the parameters established for the assay, hydralazine samples can 
be injected into the flowing stream system at the rate of 60 samples/h (Fig. 
2). The sensitivity of the assay, based on a signal-to-noise ratio of two, is 10 
ng of drug. 
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Abstract 0 A gas chromatographic (GC) method for monitoring valproic acid 
;tnd valprornide in  plasma was developed. The procedure involved a single 
wlvent cxtraction of drugs from acidified plasma samples. followed by a GC 
injcction of the organic phase. This rapid, sensitive, specific, and reproducible 
iiicthcd is a key factor in pharmacokinetic and stability studies of valpromide. 
l’hmnacokincticapplication of the new G C  method is presented by a simul- 
iancous plasma monitoring of valpromide and valproic acid levels obtained 
.iflw intravcnous administration of valprornide to a dog. 


Kcyphrases 0 Valproic acid-GC, plasma, valpromide Valpromide-GC, 
plasma. valproic acid 


Valpromide (2-propylvaleramide), commonly used in 
clinical practice as an antiepileptic and antipsychotic drug 
( I -6), is a primary amide of the more widely known valproic 
acid, which is used to treat different types of epilepsy, partic- 
ularly petit ma1 epilepsy (7, 8) .  Recent reports claimed that 
valpromide is biotransformed to valproic acid before reaching 
the systemic circulation. Only traces of valproic acid have been 
observed in patients who were on chronic oral treatment of 
valpromide ( I ,  4, 5); after treatment with valpromide (600 mg 
t.i.d.) to 42 epileptic patients, the therapeutic plasma con- 
centrations of valproic acid ranged from 50 to 60pg/mL with 
minimal fluctuations in plasma level (4). This is within the 
thcrapeutic range of valproic acid (8). After single oral ad- 
ministration of valpromide (600 mg) to humans, the plasma 
levels of valproic acid ranged from 7 to 20 pg/rnL for >30 h 
after the valpromide administration (4, 5). 


During the last decade various methods for analyzing val- 
proic acid in biological fluids have been published (9, 10). 
Recently a gas chromatographic (GC) method for monitoring 
valpromide in plasma was reported (1 1). The aim of this work 
was to develop a rapid GC method for a routine valproic acid 
and valpromide assay in plasma. This assay is fundamental in 
pharmacokinetic and stability studies of valpromide, since 
valpromide may serve as a prodrug for valproic acid (1,2). 


EXPERIMENTAL SECTION 


Reagents-Organic stock solutions of valproic acid’ and valpromideZ were 
preptrcd by dissolving the drugs separately in  chloroform. Aqueous stock 
solutions were prepared by dissolving sodium valproatel and valpromide 
q a r a t e l y  in water. The concentration of all stock solutions was 1 mg/mL. 
Caprylic acid2 was used as an internal standard and was dissolved in  chloro- 
form at  a concentration of I mg/mL. Stock solutions were stored at 4OC. 


Apparatus-The gas chromatograph) was equippcd with a flame-ioni7ation 
detector and a recorder4. The glass column, 180 cm X 2 rnm i.d.. was packed 
w t ~  h 5% free fatty acid phaseS on 80- 100 mesh Chrom Q. Flow rates were as  
follows: hydrogen, 40 mL/min; air, 400 mL/min; carrier gas (nitrogcn), 40 
mL/min. The system temperatures were: column, I75OC; injector, I 80°C; 
dctcctor, 220°C. 


Extraction Procedure-To 1.0 mL of plasma spiked with the appropriate 
idiquots of valproic acid and valpromide aqueous solutions were added 480 


I Labaz. Paris. France. 
BDH. Poole. England. 
Model 7421; Packard, Downers Grove. 111 
Unicorder 225;  Panto. Kyoto. Japan. ’ Applied Science Labs., State College, Pa. 
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Abstract 0 The USP XX colorimetric assay for the determination of diazo- 
tizable substances in hydrochlorothiazide was studied. Colorimetric assay 
results of hydrochlorothiazide bulk powder and captopril-hydrochlorothiazide 
combination tablets were found to have a high bias when compared with 
HPLC. A kinetic study of the diazotization step in the colorimetric assay and 
extrapolation of the free amine content, i.e.. 4-amino-6-chloro- I ,3-benzene- 
disulfonamide, to time zero provided results which correlated favorably with 
those obtained by HPLC. The high bias of the colorimetric assay was shown 
to result from the formation of 4-nitroso derivative of hydrochlorothiazide, 
which is formed by acid hydrolysis during the diazotization step. Bendroflu- 
methiazide and flumethiazide also showed increasing free amine content when 
the time of diazotization was increased. 


Keyphrases 0 Hydrochlorothiazide-bias of USP XX colorimetric assay 
for diaiotizable substances. frec aniinc content 0 Colorimetry-- high bias 
in USP X X  assay for dia7otizable substances. free amine, hydrochlorothia- 
zide 


One of the standard compendial assays performed on ben- 
zothiadiazines is the colorimetric test for diazotizable sub- 
stances (free amine). Here, free amine is a general term used 
to designate any primary aromatic amine present in the ma- 
terial undergoing testing. In this report, free amine specifically 
refers to the primary aromatic amide decomposition product 
of hydrochlorothiazide, i.e., 4-amino-6-chloro- 1,3-benzene- 
disulfonamide. In the compendial assays, any free amine is 
diazotized with nitrous acid, and the resulting diazonium ion 
reacts with a color reagent such as disodium 4,5-dihydroxy- 
naphthalene-2,7-disulfonate (disodium chromotropate) or 
N-( 1 -naphthyl)ethylenediamine dihydrochloride (Bratton- 
Marshall reaction). There is little precedent in the literature 
regarding problems with this colorimetric assay. In 1970, 
Turner and co-workers ( I )  reported difficulty in  reproducing 
the procedure reported in the British Pharmacopoeia (2) for 
the determination of free amine in bendroflumethazide. They 
suggested lengthening the time of diazotization to 5 min rather 
than the recommended 1 min. This modification was incor- 
porated into the procedures of the British and U S .  Pharma- 
copeias. Currcntly, the British Pharmacopoeia suggests use 
of a TLC assay (3), but the L.S. Pharmacopeia suggests the 
continued use of the colorimetric assay. 


HPLC methods have been developed for the determination 
of free amine in hydrochlorothiazide bulk powder and capto- 
pril-hydrochlorothiazide combination tablets (4) and in na- 
dolol-bendroflumethiazide combination tablet formulations 
( 5 ) .  The active ingredients have also been assayed by HPLC 
methods. When compared with HPLC, the colorimetric assay 
gave results which consistently showed a high bias. Conse- 
quently, a kinetic study of the diazotization and extrapolation 
to time zero is reported, along with a discussion of the source 
of the anomoly produced in the diazotization step. A mecha- 
nism for the production of this artifactual value is also 
given. 


EXPERIMENTAL SECTION 


Materials- Hydrochlorothiazide' bulk powder and captopril- hydrochlo- 
rothiazide combination ldblets2 were used as received. 4-Amino-6-chloro- 
I ,3-benzenedi~ulfonamide~ and ACS reagent-grade disodium 4.5-dihy- 
droxynaphthalene-2,7-disulfonate4. phosphoric acid4, hydrochloric acid4, 
sodium nitrite4, and ammonium sulfamate4 were obtained commercially and 
used without further purification. The N-nitroso derivative of hydrochloro- 
thiazide was prepared by the method of Gold and Mirvish (6). mp 155-1 5 6 T  
(dec.) [lit. (6) mp 155-156"C (dec.)]. 


High-Performance Liquid Chromatography - A prepacked, reverse-phase, 
medium-polarity column5 (250 X 4.6 mm i.d.) containing 5-pm particles was 
used. The mobile phase was double-distilled water-methanol-phosphoric acid 
(80:20:0.05) at  a flow rate of 2.0 mL/min, with detection at  210 nm. Details 
of the conditions used have been described previously (5). 


Kinetic Studies-The USP procedure (7) for the determination of diazo- 
tizable substances in hydrochlorothiazide was followed. In a typical study, 
four weighings of hydrochlorothiazide powder (100 mg each), each wi th  its 
own blank and standard, were carried through the procedure up to the addition 
of the sodium nitrite and hydrochloric acid (diazotization). The diazotization 
was then allowed to p r d  for 5, 10. 15, and 30 min, respectively, a t  ambient 
tempcrature. Then, each solution was carried through to the end of the USP 
procedure. 


The kinetic study was repeated exactly as described above with the 4-nitroso 
derivative of hydrochlorothiazide instead of hydrochlorothiazide. A third 
experiment was carried out by omitting the addition of sodium nitritc in the 
diazotization step while carrying the 4-nitroso derivative of hydrochlorothi- 
azide through the procedure. 


An extraction procedure6 was used to prepare the captopril-hydrochloro- 
thiazide combination tablets for free amine analysis. An acidified aqueous 
tablet extract was washed with chloroform to remove the interfering captopril, 
and the resulting aqueous phase was carried through the kinetic study as de- 
scribed above. 


RESULTS AND DISCUSSION 


The free amine content of hydrochlorothiazide bulk powder was determined 
by the procedure described in USP XX (6). The current USP procedure calls 
for a 5-min diazotization. A kinetic study of the diazotization step yielded 
increasing free amine content with increasing reaction time (Fig. 1). Ex- 
trapolation of the free amine content to time zero, i .e..  y-intercept. with linear 
regression analysis gave results of 0.0004% ( r 2  = 0.977) and 0.06% ( r2  = 
0.994) for two batches of hydrochlorothiazide. In Table I the data used to 
calculate these results are shown. Linear regression analysis alsogave slopes 
of0.0191 f 0.0021 (I  1.0%) and 0.0174 f 0.0019 (10.9%). respectively, for 
the two batches of hydrochlorothiazide. 


In  Fig. I .  a similar phenomenon which occurred when captopril-hydro- 
chlorothiazide tablets were assayed for free amine content by the USP pro- 
cedure is also shown. Once again, a kinetic study of the diazotization step 
yielded increasing free aminecontent with increasing reaction time. Extrap- 
olationofthefrccaminecontent tozero time,i.e.,y-intercept with linear re- 
gression analysis, gave a result of 0.1 1% ( r 2  = 0.999) for captopril-hydro- 
chlorothiazide tablets which contained IS mg of hydrochlorothiazide per tablet 
and 0.13% ( r 2  = 0.999) for tablets which contained 25 mg of hydrochloro- 
thiazide per tablet. In Table I, the data used to calculate these results are 


' Merck. * E. R .  Squibb & Sons, Inc. 


' Fisher Scientific Co. ' Phenyl; Waters Associates or E. S. Industries. 


Fluka AG. 


R .  Clay and 8. Patel. unpublished resultr. 
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Table I-Free Amine Content of Hydrochlorothiazide Bulk Powder and Captopril-Hydrochlorothiazide Combination Tablets Versus Time of Diazotization 


Reaction Free Amine Reaction Free Amine 
Time, min' Content, %' Time. minb Content. %* 


0.6 - 


~~~~ ~ ~ 


Captopril-hydrochlorothiazide 
Combination tablets 


Hydrochlorothiazide 
Bulk powder 


5 
10 
I5 
30 


0.18 
0.26 
0.32 
0.54 


5 
10 
15 
30 


0.19 
0.26 
0.32 
0.50 


Lot NX008 Lot NX018 
5 


10 
15 
30 


0.1 1 
0.2 I 
0.24 
0.59 


5 
10 
15 
30 


0.16 
0.23 
0.30 
0.59 


The tablets contained 15 mg of hydrochlorothiazide. The tablets contained 25 rng of hydrochlorothiazide. 


shown. Linear regression analysis also gave slopes of 0.01 43 f 0.0015 ( 1  0.5%) 
and 0.0123 f 0.0013 (10.6%). respectively, for the combination tablets. 


The KSD of the slopes was calculated to be 19.5%. This value is surprisingly 
high in light of the fact that each individual set of data points provided ex- 
cellent correlation coefficients. One possible factor is that the temperature 
of the reaction was not strictly controlled, i.e., it was performed at  room 
temperature. An increase in room temperature would be paralleled by an in- 
crease in the slope of the line, and a decrease in room temperature would be 
paralleled by a decrease in the slope of the line. 


The extrapolated values are compared with the values obtained from the 
HPLC assay (Table 11). In Table I 1  are also included the values determined 
by the USP procedure, which has a 5-min diazotization. A high bias exists 
in the USP method. Since the HPLC assay has a limit of detection of 0.1% 
and the results of the kinetic study are close to that limit, it is difficult to make 
a quantitative comparison. Qualitatively. the HPLC assay and the kinetic 
assay gave results that were substantially lower than those of the USP pro- 
cedure. 


It is tempting to attribute the increase in free amine content to the acid- 
catalyzed hydrolysis of hydrochlorothiazide. This, however, is not the case. 
When hydrochlorothiazide was allowed to stand in dilute hydrochloric acid 
( l : l O ) ,  no increase in free amine content was observed even after I h. The 
kinetics and rate of decomposition of hydrochlorothiazide in acidic media have 
been studied by other investigators. For example, Yamana et al. (8) have 
published a report covering the pH-rate profile of hydrochlorothiazide. 
Mollica er al. (9) have published an extensive report on the hydrolysis of 
benzothiadiazines. They reported the rate constant for hydrolysis of hydro- 
chlorothiazide at  pH 1.47 and 45'C to be 1.46 X lo-) h-l. By using the 
Arrhenius relationship. the rate constant at 25OC should be -I .5 X h-l. 
This translates into a half-life of 4620 h. Thus, under the acid treatment em- 


Table 11-Comparison of HPLC and Kinetic Assays for the Determination 
of Free Amine Content in Hydrochlorothiazide Bulk Powder and 
Captopril-Hydrochforothiazide Combination Tablets 


Free Amine Content, 70 


Formulation HPLC 


Caztopr jl- hydrochlorothiazide 
ombination tablets 


50.1' 0.17O 0.1 I '  
5 0 . l h  0.23h 0.136 


Hydrochlorothiazide bulk powder 50.1 0.1 I c  0.0004c 
-10.1 0.13d 0.06d 


The tablets contained I5 mg of h drochlorothia7ide. Tabletscoitained 25 mg of 
hydrochlorothiaiide. Lot NXOOR. dyNXO18. 


ployed in the colorimetric procedure, a negligible amount of hydrochloro- 
thiazide is hydrolyzed to free amine. 


One of the standard syntheses of N-nitrosamines is nitrous acid addition 
to a secondary amine in which the nitrous acid is generated in situ by the 
addition of sodium nitrite to an aqueous acidic solution of the amine. De- 
pending on the secondary aminc. this nitrosation can be very slow (e.g.. di- 
methylamine) or quite rapid (e.g., N-methylaniline) (10). In  fact, for sec- 
ondary aromatic amines. the reaction mixture is usually cooled to O°C to allow 
nitrosation to take place at  a reasonable rate. Since hydrochlorothiazide is 
a secondary aromatic amine. it would not be surprising that some nitrosamine 
would be generated in the diazotization reaction. This was found to be the 
case. 


The nitrosation kinetics of hydroch1oro;hiazide have been reported by Gold 
and Mirvish (6). They have reported that the reaction was second order and 
possessed a rate constant of 0.76 M-I s-l. Hydrochlorothiazide was dissolved 
in 25% aqueous acetic acid, the pH was adjusted to I .O with 70% perchloric 
acid mixed with an aqueous sodium nitrite solution, and the kinetics were 
followed by measuring the disapperanw of the UV maximum and appcarance 
of the A,,, of the nitrosamine at 392 nm. The conditions used by Gold and 
Mirvish are nearly identical to those present in the diazotizdtion reaction in 
the procedure described in  USP XX,  i .e.,  pH I .O at 25°C in aqueous media. 
We c a n  approximate theamount of hydrochlorothiazide nitrosated under these 
conditions by using thesecond-order rate equation: (I/a - x )  - ( l /a)  = kr, 
where a is the initial concentration of hydrochlorothiazide (-0.003 M), x is 
the concentration of the nitrosamine at time t ,  and k is 0.76 M-' s-l .  For 
example, in 5 and 30 min, 41 and 81% of the hydrochlorothiazide, respectively. 
was nitrosated. 


In Scheme I is depicted the reactions of both hydrochlorothiazide and any 


diazoiization 


I 1  
I k 10 15 20 25 30 


T i m e  of Diazot izat ion Imin) 
Figure I-Free amine content of hydrochlorothiazide bulk powder ( 0 )  and 
capropril-hydr~hlorothiazide combination tablets (0) as a function of rime 
of diazotization. 
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Table 111-Acid-Catalyzed Decomposition of the &Nitroso Derivative of 
Hydrocblorotbiszide 


Free Amine Content. %O 


Dilute HCI Sodium Nitrite 
Time, min ( 1 : l O )  Dilute HCI 


5 
10 ~~ 


15 
30 


0.42 
0.55 
0.63 
1.04 


1.07 
I .08 
1.22 
2.09 


a Procedures described in USP XX for diazotizable substances. 


free amine present under nitrosation conditions. The addition of the nitroso 
group in the 4-position (11) greatly increases the acid lability of the cornpound 
compared with hydrochlorothiazide (I). Acid-catalyzed hydrolysis of the 
4-nitroso derivative of hydrochlorothiazide could lead to the same intermediate 
diazonium ion that would be produced by the diazotization of any free amine. 
This diazoniurn ion is subsequently reacted with disodium 4,s-dihydroxy- 
naphthalene-2,7-disuIfonate, and the resulting colored compound is quanti- 
tated by reading at  500 nrn. 


To prove this hypothesis. the 4-nitroso derivative of hydrochlorothiazide 
was synthesized by previously reported procedures (6), recrystallized, and 
then assayed for free amine content by the procedure described in USP XX. 
The free amine content increased with time just as in the determination of free 
amine in hydrochlorothiazide (Table I f  I). The nitrosamine was also allowed 
to react in dilute HCI (1: 10) for various periods of time, with no sodium nitrite 
present. Once again, increasing free amine content with increasing time was 
observed. Obviously, the nitrosamine is undergoing acid-catalyzed decom- 
position to the diazonium ion (Ill,  Scheme I). which is subsequently reacting 
with the color reagent in the assay. 


The rate of decomposition of the 4-nitroso derivative of hydrochlorothiazide 
in nitrous acid was found to be about twice that in dilute HCI (Table 111.) This 
might be due to an equilibrium shift. In addition to the decomposition to the 
diazonium ion, secondary N-nitrosamines can undergo denitrosation back 
to the secondary amine. This denitrosation is an equilibrium process: 


-N- -N- 
[N2@] I & I + [NO@] 


N=O H 
In  dilute HCI when NaN02 is present, the concentration of NO+ present is 
increased. Thus, the equilibrium is shifted to the left causing the observed 
increase in the rate of decomposition. 


The results of these experiments indicate conclusively that the diazotization 
step generates an artifactual interference in the colorimetric assay. Although 
HPLC is an excellent alternative for the determination of the free amine 
(disulfonapide) content of hydrochlorothiazide bulk powder and captopril- 
hydrochlorothiazide combination tablets, it has a limit of detection of -0.1%. 
To achieve the sensitivity of the procedure described in USP XX, an alternative 


colorimetric procedure has been developed’ which will be discussed in a later 
report. 


All other colorimetric USP XX tests for diazotizable substances in ben- 
zothiadiazines in which sodium nitrite in acid media is used have been thrown 
into doubt as a result of these experiments. In fact, bendroflumethiazide and 
flumethiazide were shown to yield increasing free amine content with in- 
creasing time of diazotization. For example, USP free amine assays gave 
contents of 0.8% for bendroflumethiazide bulk powder, whereas a value of 
0.2% was obtained by HPLC (4). 


Numerous N-nitrosamines are known carcinogens and mutagens. However, 
the 4-nitroso derivative of hydrochlorothiazide has been found to be neither 
carcinogenic nor mutagenic* and does not pose any danger in handling. Since 
the other 4-nitrosobenzothiadiazines have not been tested for carcinogenicity 
and mutagenicity, care should be exercised when performing the assay for 
diazotizable substances. In the new colorimetric procedure’, no N-nitros- 
amines are formed. 
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Abstract 0 The purposes of this investigation were to determine the effect 
of pregnancy on the susceptibility of female rats to experimentally induced 
seizures and on the relationship between serum phenytoin concentration and 
antiseizure activity. Pregnant rats (on the 18th day of gestation) were more 
susceptible than nonpregnant female rats to seizures produced by maximal 
electroshock or by a body-weight-based dose of pentylenetetrazol. There was 
no apparent difference between pregnant (20th day of gestation) and non- 
pngnant rats in the relationship between seizure protection (percent of animals 
protected) and the serum concentration of total (free plus protein-bound) 
phenytoin. The relationship between concentration and effect was essentially 
the same 20 min after an injection of phenytoin and 2 h after the start of a 
constant-rate infusion preceded by a loading dose of the drug. Since the protein 
binding of phenytoin is appreciably decreased in late pregnancy, the serum 
concentration of free phenytoin required for seizure protection tended to be 
higher in pregnant than in nonpregnant rats. This may be due to the increased 
susceptibility of pregnant rats to seizure stimuli. 


Keyphnsea Phenytoin-antiseizure activity, effect of pregnancy, maximal 
electroshocL seizure test 0 Pregnancy-effect on antiseizure activity, pheny- 
toin, maximal electroshock seizure test 


Treatment of epileptic women with phenytoin often requires 
adjustment of drug dosage during pregnancy for adequate 
seizure control (1,2). This appears to be due in part to preg- 
nancy-associated alterations in the pharmacokinetics (3, 4) 
and possibly in the bioavailability ( 5 )  of the drug, and perhaps 
also to decreased compliance (6). However, the physiological 
changes associated with pregnancy, including water retention, 
electrolyte concentration and pH shifts, and altered hormonal 


"" I I 


Total Number of Rats Tasted 


kigure 1-Seizure response of pregnant (18th day of gestation) (0) and 
nonpregnant female (0)  rats to a maximum electroshock (MES) stimulus. 
The cumulative number of animals in each group that responded to MES 
by tonic hind limb extension is plotted against the cumulative number of 
animals subjected to MES in the course of this investigation. The percentage 
of pregnant rats responding was 90%; 67% of the nonpregnant female rats 
responded. The slopes of the regression lines are significantly di//erent. p 
< 0.001. 


concentrations, may provoke seizures in epileptic patients 
(7-9). It is possible, therefore, that the relationship between 
phenytoin concentration and antiseizure activity is altered 
during pregnancy. Such an effect would be in addition to the 
well-established change in the plasma protein binding of 
phenytoin in pregnancy (lo), which makes it desirable that 
phenytoin plasma concentration monitoring during pregnancy 
be based on the concentrations of free rather than total 
drug. 


The purpose of this investigation was to determine the effect 
of pregnancy on the relationship between serum phenytoin 
concentration and antiseizure activity in an animal model of 
experimentally induced seizures. The studies were designed 
to compare the response of nonmedicated pregnant and non- 
pregnant female rats to two types of seizure stimuli (electrical 
and chemical), to relate the antiseizure effect of phenytoin to 
the serum concentration of both total and free drug, and to 
compare the concentration-effect relationship after intrave- 
nous injection of phenytoin with the corresponding relationship 
at steady state during intravenous infusion of the drug. In- 
formation was also obtained concerning the effect of pregnancy 
on the distribution of phenytoin between plasma, brain, and 
cerebrospinal fluid (CSF). 


EXPERIMENTAL " I O N  


Methods-lnbred female Lewis rats, weighing 175-200 g on receipt, were 
used in this investigation. Some were mated (3) while others were designated 
as nonpregnant controls. On the 18th day of gestation, the pregnant animals 
and their concurrent controls were screened by subjecting them to maximal 
electroshock (MES), using an apparatus that was adjusted todeliver - 150 
mA for 0.35 s via corneal electrodes (1 1). Only rats that responded to the 
stimulus by exhibiting the tonic hind limb extensor component of MES seizure 
were used in the subsequent experiment. The animals had access to food and 
water at all times except during the hour of testing to avoid possible alterations 
in their susceptibility to MES due to starvation or dehydration (1 1). 


One day after the MES screening, the rats had a cannula implanted in the 
right jugular vein under light ether anesthesia (12). This procedure is known 
to not alter their seizure pattern (13). On the following day, i.e., on the 20th 
day of gestation of the pregnant animals, the rats received an intravenous 
injection of phenytoin, 2-12.5 mg/kg, through the cannula (which was then 
flushed with saline solution). The drug was dissolved in 10% ethanol-normal 
saline in various concentrations and 1 mL/kg of the solution was injected over 
I min. The solutions were coded so that the experimenter did not know the 


Table I-Effect of Pregnancy on tbe Tonic-Seizure Response of Rats to 
Pentyleaetetmzol Injection 


Number 
Body Responding/ 


Type of Rats Weight, g Total Number 


Nonpregnant female 201 f 8  5/14 
Pregnant 18th day of gestation 
Dosed per actual body weight 
Dosed per average weight of 


nonpregnant controls 
a Dose of pentylenetetrazol was 26 mg/kg iv. 


263 f 16 
261 f 11 
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Figure 2-Relationship between the percent of rats protected from MES- 
induced tonic seizures (both forelimb and hind limb extension) and serum 
concentration of phenytoin in pregnant rats at the 20th day of gestation (0)  
and nonpregnant female (0) rats. The determinations were made 20 min after 
a rapid intravenous injection of phenytoin. 2-1 2.5 mglkg. The data points 
are based on results from 7-9 rats per point. The horizontal bars represent 
f one SD of the concentration. The lowest square and the lowest and highest 
circles represent corrected values for 0 and 100% protection according to 
Litchfield and Wilcoxon ( I  7 ) .  The regression lines and correlation coefficients 
(r = 0.993. p < 0.001 for the pregnant rats and r = 0.940, p C 0.02 for the 
nonpregnant rats) are based on the probit values for protection and on log- 
arithmic values for serum concentration. 


dosc administered. Twenty minutes after the injection. the rats were subjected 
to MES and the response was recorded. Complete protection was defined as 
the prevention of tonic seizure, i.e., absence of both forelimb and hind limb 
extension (14, 15). A blood sample was then obtained through the cannula, 
and the serum was separated and assayed for phenytoin by HPLC (16). 


In another part of the investigation, pregnant (20th day of gestation) and 
nonpregnant female rats received an intravenous injection of phenytoin so- 
lution, 0.340 mL/min for l min, followed immediately by a constant-rate 
infusion of 0.0136 mL/min for 2 h. The phenytoin concentrations of the so- 
lutions ranged from 0.874 to 2.46 mg/mL. At 2 h, the rats were subjected to 
MES and blood sampling. 


Other pregnant (18th day of gestation) and nonpregnant female rats, with 
a jugular vein cannula implanted 1 d earlier, received a rapid injection of 
pentylenetetrazol, 26 mg/kg, as a 52-mg/mL aqueous solution. The syringe 
and cannula were then flushed immediately by withdrawal and reinjection 
of blood. Some of the pregnant rats received the dose based on their actual 
body weight while others received a dose based on the average body weight 
of the nonpregnant controls. Tonic seizures, when present, occurred within 
a few seconds after the injection and were recorded. The pharmacological 
activity data were analyzed according to Litchfield and Wilcoxon (17). 


Also reported here is a summary of phenytoin distribution data derived from 
various experiments performed over -I year. Briefly, pregnant rats at the 20th 
day of gestation and nonpregnant female rats received a 14.7-mg/kg injection 
of phenytoin followed immediately by an infusion of 195 Hg/min/kg for 2 h, 
through a jugular vein cannula. At the end of the infusion, samples of CSF 
and blood (using EDTA as the anticoagulant for separation of plasma) were 
obtained and the brain was removed. These fluids and one hemisphere of the 


Table 11-Effect of Pregnancy on the Median Effective Serum 
Concentrations of Total and Free Pbenytoin for Protection Against 
Maximal Electroshock-Induced Tonic Seizures 


Median Conc., Pregnant Female, Nonpregnant 
Ccg/mL Day 20 of Gestation Female 


Total 5.20 5.20 


Free 1.03 0.680 
3.58-7.55' 3.55-7.62' 


0.7 10-1.49' 0.464-0.997' 


95% Confidence limit. * Bared on free fraction values obtained in studiea on other 
rats (Table 111). 


brain were assayed for phenytoin by HPLC (1  6). The average CSF/plasma 
concentration ratios of phenytoin in pregnant and nonpregnant rats obtained 
in these studies were used to estimate the plasma concentrations of free 
phenytoin in the experiment in which the relationship between total phenytoin 
plasma concentration and antiseizure activity was determined. This bad to 
be done because of the great difficulty in obtaining CSF from rats after 
MES. 


RESULTS 


The results of the screening study are summarized in Fig. I .  The data are 
plotted cumulatively and reflect the results obtained on successive groups of 
rats that were screened over approximately 6 months. Sixty-seven percent of 
the nonpregnant female rats and 90% of the pregnant rats exhibited tonic 
seizures (with hind limb extension) in response to MES, a significant difference 
in response rate @ <0.001). 


To determine if the apparent difference in the susceptibility of pregnant 
and nonpregnant rats to MES is limited to the electric stimulus only, other 
groups of nonmedicated animals were subjected to a chemical stimulus, i.e., 
pentylenetetrazol injection. The seizure response rate of the pregnant rats was 
significantly higher than that of the nonpregnant controls [p < 0.02 when 
tested by a statistic comparing two success probabilities (IS)] on injection 
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Figure 3-A plot similar to Fig. 2, except that the results shown here were 
obtained after a 2-h intravenous infusion of phenytoin. The number of rats 
per groups are indicated by the number in the symbols. The regression lines 
are those obtained in the experiment shown in Fig. 2. The lowest square is 
a corrected value. 
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Table 111-Effect of Preenancv on the Distribution of Phenytoin Between 


90- 


- 
- 


50- 
- 
- 
- 


10- 


1- 


~ 


Plasma, Cerebrospinal Ruid, ind  Brain in Rats ' 
Pregnant Female, Nonpregnant 


Variable Day 20 of Gestation Female 


Number of animals 22 19 
Phenvtoin conc., 


14.5 f 2.4 N.S. 14.0 f 3.7 Plasma 
C S F  2.78 f 0.47 p < 0.001 1.78 f 0.42 
Brain 26.7 f 1.3 p < 0.005 19.8 f 5.0 


Eg/mL or i 


Concentration ratiob 
CSF/Plasma 0.193 f 0.027 D < 0.001 0.130 f 0.019 
Brain/Plasma 1.83 f 0.36 p < 0.001 1.43 f 0.19 
Brain/CSF 9.51 f 1.58 p < 0.001 1 1 . 1  f 1.0 


Results (mean f SD) obtained after intravenous injection of phenytoin, 14.7 mg/kg, 
None of the ratios are followed by an intravenous infusion of 195 pg/min/kg for 2 h. 


significantly correlated with the plasma phenytoin concentration. 


of both groups with the same relative (mg/kg) dose (Table I). On the other 
hand, pregnant rats injected with theconvulsant in a dose based on the average 
weight of the nonpregnant controls exhibited essentially the same seizure 
response rate as  the control animals. 


The results of the experiments to determine the relationship between serum 
concentration of total phenytoin and seizure protection are shown in Fig. 2. 
The determinations were made 20 min after the intravenous injection of 
phenytoin. Essentially identical results were obtained with pregnant and 
nonpregnant rats (Table 11). 


The results of a more-limited series of experiments, performed under 
steady-state conditions (constant rate intravenous infusion of phenytoin). are 
summarized in Fig. 3. For both pregnant and nonpregnant rats the average 
concentration-response data at two of three phenytoin concentrations were 
essentially identical to those obtained when phenytoin was administered by 
rapid injection. 


The steady-state distribution of phenytoin between brain and C S F  was 
significantly altered during pregnancy (Table 111). The decreased brain/CSF 
concentration ratio and the increased CSF/plasma concentration ratio of 
phenytoin in the pregnant rats are consistent with decreased binding of the 
drug in the brain and plasma, respectively. 


The steady-state concentration ratio of phenytoin, CSF/plasma, is a 
measure of the free fraction of the drug in  plasma under in uiuo conditions 
(16). The average free fraction value of phenytoin. which is independent of 
concentration over a wide range (19), was substantially higher in pregnant 
than in nonpregnant rats (Table 111). Using these free fraction values, the 
experimental concentration data summarized in Fig. 2 were converted to free 
phenytoin concentrations to determine the relationship between serum con- 
centration of free phenytoin and seizure protection (Fig. 4). The thus estimated 
median effective serum Concentration of frce phenytoin was 1.03 pg/mL in 
the pregnant rats and only 0.680 pg/mL in the nonpregnant animals, while 
the median effective serum concentration of total (free plus protein-bound) 
drug was identical in both groups (Table 11). 


DISCUSSION 


Pregnancy is obviously not a disease, but, like many d i m ,  it is associated 
with profound changes in physiological status. Thus, an investigation of the 
effect of pregnancy on the relationship between drug concentration and 
pharmacological activity is appropriate for inclusion in this series of reports 
concerning the kinetics of drug action in disease states. 


Some women experience epileptic fits only during pregnancy. This condi- 
tion, known as true gestational epilepsy (7), reflects an increased susceptibility 
of at least some individuals to the altered physiological conditions associated 
with prcgnancy. Consistent with these observations, there isan increased in- 
cidence of electroencephalograms classified as slow or high-voltage fast in 
pregnant women, reflecting a type of cortical activity that is known to occur 
more frequently in conditions in which the incidence of convulsions is higher 
than in thegeneral population (20). 


In the present study, a greater percentage of pregnant than nonpregnant 
rats responded with seizures to an electroshock stimulus. Todetermine if this 
difference also occurs in rats after exposure to a chemical stimulus, other 
groups of animals were given a pentylenetetrazol injection. The design of such 
a study raises the problem of proper normalization of dosage (3,21): should 
the pregnant animals receive the same absolute (mg) or relative (mg/kg) dose 
of the convulsant drug? Pharmacokinetic evidence suggests that pentylene- 
tetrazol distributes in body water (22). However, animals have seizures within 
seconds after intravenous injection, i.e., possibly before the distribution of 
pentylenetetrazol from blood to the total body water space is complete. Sig- 
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Figure 4-A plot ofthe data in Fig. 2 ,  except that serum phenytoin concen- 
trations are corrected for protein binding (determined in other rats) to show 
the relationship between proteciion from MES-induced tonic seizures and 
the estimated serum concentration of free (unbound) phenytoin. 


nificantly, the relatiue volumes of both body water and blood remain essen- 
tially constant during pregnancy in rats (23,24). These considerations suggest 
that the dose of pentylenetetrazol for pregnant rats should be based on their 
actual body weight. Under these conditions, the relative number of pregnant 
rats with tonic seizures after pentylenetetrazol injection was significantly 
higher than that of nonpregnant controls. N o  such difference was found when 
pregnant and nonpregnant rats received the same absolute dose of the con- 
vulsant. Thus, while the results of this experiment appear to be consistent with 
those of the electroshock study, i .e.,  increased susceptibility to seizures during 
pregnancy, definitive studies with pentylenetetrazol require determination 
of effective conccntrations of the convulsant in the brain, CSF, or plasma. Such 
studies are  now in progress. 


The entry of phenytoin into the central nervous system (CNS) is rapid and 
may be blood-flow limited (8, 13, 25-27). Once in the CNS. the drug acts 
without any apparent delay ( 1  3). The major metabolites of phenytoin are 
pharmacologically inactive (28, 29). Under postdistribution conditions, 
phenytoin concentrations in  plasma ultrafiltrate, brain ultrafiltrate, and CSF 
are essentially equal (25), and the anticonvulsant effect of the drug is, therefore 
better correlated with the plasma concentrations of free rather than total (free 
plus bound) phenytoin (30). 


Pregnancy had no apparent effect on the relationship between the serum 
concentration of total phenytoin and antiseizure activity in rats subjected to 
maximal electroshock (Fig. I ) .  However, since the plasma or serum protein 
binding of phenytoin is significantly decreased during pregnancy in rats (3, 
19), pregnant animals apparently require higher serum concentrations of free 
phenytoin than do nonpregnant controls for equivalent protection against 
MES-induced seizures. 


The original design of this study included determination of phenytoin 
protein binding in the serum of every phenytoin-treated animal tested for 
protection against MES seizure. The protein binding determinations were 
made by equilibrium dialysis before it was found that the results thus obtained 
were of questionable value due to extensive in uifro lipolysis in plasma from 
pregnant rats (3 1. 32). Since it is difficult to obtain C S F  from rats after ap- 
plication of MES, in uiuo phenytoin free fraction values (i.e.,  the ratio of 
phenytoin concentrations in C S F  and plasma) were determined in separate 
groups of animals from the same source. It should be noted that the CSF- 
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plasma concentration ratios of phenytoin were obtained in a relatively large 
number of pregnant and nonpregnant rats (Table Ill), that the interindividual 
varition of these values is quite small, and that the free fraction value of 
phenytoin is independent of concentration over a wide range (19). As is evident 
in Fig. 4 and Table 11, the serum concentrations of free phenytoin required 
for seizure protection tended to be higher in pregnant than in nonpregnant 
rats. While a statistical analysis of these hybrid data is not considered ap- 
propriate, we state for the record that the median effective concentrations of 
free drug in the serum of pregnant and nonpregnant animals were not statis- 
tically significantly different. 


The phenytoin concentration-antiseizure effect relationship was also de- 
termined, in a more limited study, in rats that were infused with phenytoin 
to steady state. The data thus obtained are generally quite similar to those 
obtained 20 min after a rapid injection of phenytoin (Fig. 4), consistent with 
the rapid entry of phenytoin into the C N S  and with the lack of pharmaco- 
logical activity of phenytoin metabolites. 


As already shown by other investigators (8,25,33,34), it was found in this 
investigation that the total concentrations of phenytoin are higher in the brain 
than in the plasma (Table 111). This appears to be due to extensive protein 
binding of the drug in the brain rather than to partitioning into brain lipids 
(35). The results of the present investigation are also consistent with previous 
findings of an increased brain-blood phenytoin concentration ratio during 
pregnancy (34). The reason for this change in drug distribution becomes a p  
parent on examining the concentration ratios relative toCSF determined in 
this investigation. Since the concentration of proteins in normal C S F  is very 
low, phenytoin in CSF exists almost totally in the unbound form. The increased 
CSF-plasma phenytoin concentration ratio during pregnancy reflects the 
decreased plasma protein binding of the drug. By the same reasoning, the 
decreased brain-CSF phenytoin concentration ratio during pregnancy indi- 
cates decreased protein binding of phenytoin in the brain. It appears that the 
decreased plasma protein binding of the drug is due to lower albumin con- 
centrations and the presence of circulating endogenous binding inhibitors 
during pregnancy (19.32); endogenous inhibitors may be responsible also for 
the decreased binding of phenytoin in the brain. 


In an earlier study on Sprague-Dawley rats treated chronically with 
phenytoin, it was found that pregnant animals had increased serum concen- 
trations of total phenytoin and exhibited increased protection against MES- 
induced convulsions (36). The present investigation has shown that the rela- 
tionship between roral phenytoin serum concentration and seizure protection 
is essentially the same in pregnant (20th day of gestation) and nonpregnant 
inbred Lewis rats. Since the protein binding of phenytoin in plasma or serum 
is appreciably decreased during pregnancy, this suggests that pregnant rats 
require higher serum concentrations of frce phenytoin (the pharmacologically 
active form of the drug) than do nonpregnant animals for the same degree of 
seizure protection. This apparent difference may be related to the observed 
increased susceptibility of unmedicated rats to an cxperimental seizure 
stimulus during late pregnancy. 
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Anal.-Calc. for C ~ ~ H ~ ~ C I ~ N Z O & C I :  C. 46.45; H. 5.60; K, 6.77. Found: 
C. 46.46; H, 5.70; N, 6.59. 


N,N-Bis [ 2- (2-butanoyl-4-nitro)phenoxyethyl] -N - (2-chloroethy1)aminr 
Hydrochloride (IX-HC/)-The compound was a white powder, mp 160- 
165OC (absolute ethanol); IR (KBr): 1685, 1605, and 1580 cm-I. 


Anal.-Calc. for C ~ ~ H J ~ C I N @ ~ . H C I :  C,  53.25; H. 5.67; N, 7.16. Found: 
C, 53.49; H, 5.83; N, 7.05. 


N,N,N- Tris[ 2- (2-butanoyl-4-nitro)phenoxyethyl]amine ( X )  Com- 
pound X was a white powder, mp 87-90°C (ethanol); IR (KBr): 1670, 1605, 
and I580 cm-I. 


Ana/.-Calc. for C36H42N4012: C, 59.82; H,  5.86; N, 7.75. Found: C, 
59.56; H. 5.80; N. 7.63. 


Pharmacology-Antitumor Test-Female Swiss mice (average weight 
21 f 1 g) were implanted on day 0 with lo6 Ehrlich ascites tumor cells from 
donor mice. After 24 h the animals were treated with V l l l  (4, 20, or 100 
mg/kg ip) or IX (20, 100, or 200 mg/kg ip) dissolved in dimethyl sulfoxide; 
the amount of dimethyl sulfoxide, previously used in analogous experiments, 
did not affect tumor growth. Doxorubicin ( I  mg/kg ip) was used as a positive 
control. Deaths were recorded for a period of 60 d. The activity was measured 
as the ratio of the mean survival time of the test animals to that of the control 
expressed as a percentage (%T/C). Significant activity is achieved with an 
increased life span of 25% (T/C 2 125). 


Xespiromerric 7est-Oxygen consumption by Ehrlich ascites tumor cells 
was performed by placing in each flask of a Warburg’s apparatus 4 X lo7 
Ehrlich carcinoma cells suspended in  1.8 mL of Ringer’s solution and 0.2 mL 


of distilled water or the same volume of solution of the test compound (the 
final concentration in  each flask was 1 mg/mL). Ehrlich ascites carcinoma 
cells were obtained from the ascitic fluid removed from mice 7-9 d after 
transplantation (female Swiss mice with weekly transplantations of 106 cells). 
Viability of cells was assayed by trypan blue dye test. Flasks containing the 
cell suspension were equilibrated for 10 min and respiration was measured 
for 60 min (temperature: 37OC; gas phase: air). 
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Abstract 0 Esmolol is an ultra-short-acting @-blocker currently in Phase I 1  
clinical trials. The ester functionality in esmolol results in rapid metabolism 
of the @-blocker into an acidic metabolite and methanol. Dichloromethane 
was used to denature blood esterases and quantitatively extract esmolol from 
the blood. A deuterated analogue of esmolol was selected as the internal 
standard, and both compounds were chromatographed as the trimethylsilyl 
derivatives. Blood levels of esmolol were quantitated by gas chromatogra- 
phy-mass spectrometry with selective-ion monitoring, focusing on specific 
ions corresponding to esmolol and the internal standard. The lower limit of 
sensitivity of the assay was 2.5 ng/mL. Using the assay, blood samples from 
a dose-ranging study in humans were analyzed for concentrations of esmolol. 
Steady-state blood levels of esmolol after intravenous infusion rates of 40, 100, 
200,300,450,and650pg/kg/min were0.202.0.464,0.977, 1.31, 1.92,and 
2.97 pg/mL of blood. The elimination t l / z  and total body clearance were 
estimated to be -10 min and 220 mL/kg/min, respectively. The high clear- 
ance of esmolol suggested that metabolism by blood esterase(s) was the 
primary determinant of the duration of action of the drug. 


Keyphrases 0 Esmolol-GC-MS, ultra-short-acting @-blocker 0 Beta- 
blocker-ultra-short-acting, esmolol, GC-MS. 


The concept and advantages of ultra-short-acting @- 
adrenergic receptor blockers have been presented recently (1). 
Briefly, in critical care settings like emergency rooms and in- 
tensive cardiac-care units, an ultra-short-acting 0-blocker 
would be superior to conventional @-blockers with long dura- 
tions of action, since therapeutic effects of the drug can be 
altered rapidly in either direction to meet changing cardio- 
vascular responses. 


Development of esmolol, methyl-3-[4-[2-hydroxy-3- 
(isopropylamino)propoxy] phenyl] propionate hydrochloride, 
as a novel ultra-short-acting P-blocker is based on the enzy- 


matic instability of an ester function and incorporation of this 
functionality into a chemical structure that has @-blocking 
properties. Hydrolysis of the ester linkage in esmolol by blood 
and tissue esterases transforms the P-blocker into an acidic 
metabolite and methanol. 


ESMOLOL 
Esmolol has been shown to be cardioselective and to possess 


a duration of action of -1 5 min in dogs ( I  ). Since blood levels 
of esmolol were anticipated to decrease very rapidly after 
stopping administration of the drug, a sensitive assay was 
needed in order to conduct detailed preclinical and clinical 
pharmacodynamic and pharmacokinetic studies. This report 
describes a gas chromatographic-mass spectrometric 
(GC-MS) method for the quantitation of esmolol in whole 
blood. Application of the method to the analysis of blood 
samples from a dose-ranging study in humans is also pre- 
sented. 


EXPERIMENTAL SECTION 


Chemicals-- Esmolol and the deuterated internal standard, methyl-3-[4-[2- 
hydroxy-3-( isopropylamino)propox y] phenyl] [ I ,2-2Hz]propionate hydro- 
chloride, were synthesized in-house’. Dichloromethane2 was spectro grade. 


’ Medicinal Chemistry Section, American Critical Care, McGaw Park, 111. 
2 Matheson, Coleman, and Bell. Norwood, Ohio. 
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Dibasic potassium phosphate3, hydrochloric acid4, and bis(trimethylsily1)- 
trifluoroa~etamide~ were reagent grade. 


Instrumentation-Quantitation of esmolol was accomplished using a 2-m 
X 2-mm i.d. stainless steel column packed with 3% SP-2250 on 100-20dmesh 
Supelcopod. The GC-MS system consisted of a gas chromatograph’ cou- 
pled to a mass spectrometer*. The G C  conditions were as follows: injector, 
column, and detector temperatures were set at 28OoC, 23OoC, and 29OoC, 
respectively. 


Electron-impact mass spectra were obtained at 70 eV, and the mass spec- 
trometer was programmed in the selective-ion mode, focusing on ions at m/z 
25 1 and 253 (corresponding to csmolol and the internal standard, respectively). 
The major fragments (>IS% relative abundance) of esmolol were: m/z 101 
(59.3), 103 (20.4), 107 (23.7), I16 (20.4), 120 (15.5). 131 (29.8). 145 (21.9), 
147 (24.9). 188 (36.2). 251 (base peak, 100). 252 (20.4). 336 (16.4), 352 (M+ 
- 15. 36.5). and 367 (M+, 1.8). For the deutcrated internal standard, the 
major fragments were: m/z 101 (72.6). 108 (23.4), 116 (22.8). 122 (15.2), 
132 (30.1), 146 (2l . l ) ,  188 (36.5). 253 (base peak, 100). 254 (17.9), 338 
(15.2). 354 ( M +  - 15.  36.7). and 369 (M+, 1.7). 


Clinical Protocol-Six healthy malc subjects, 20-30 years old (mean 23.2 
years) and weighing 67.5 82.5 kg (mean 73.4 kg), received constantly in- 
creasing intravenous infusions of 10, 40. 100. 150, 200, 300. 450, and 650 
pg/kg/min of esmolol for 60 min on 8 consccutivedays. The minimum period 
between treatments was 23 h. In each treatment. blood samples were collected 
into heparinized tubcs I min before and 30 and 60 min after initiation of the 
infusion, and at 5 and 15 min after cessation of the infusion. 


Blood Sample Processing and Analysis-Immediately aftcr collection of 
blood. a I .O-mL aliquot was transferred into a 20- X 150-mm extraction tube 
containing 10.0 mL of dichloromethane and an appropriate amount of the 
dcuteratcd internal standard. The tube was then shaken vigorously by hand 
for 10 sand then placed into a mechanical shakerg for 10 min. The two phases 
were separated by centrifugation in a refrigerated table-top centrifugelo at  
1700Xg for 10 min. After centrifugation, the reddish aqueous phase, which 
contained the polar mctabolites. was removed. After tilting the tube to loosen 
the protein plaque, a serological pipet was carefully inserted into the organic 
phase, and 9.0 mL of dichloromethane was removed and transferred into 
another extraction tube containing 2.0 mL of 0.G2 M HCI. The tube was 
shaken and centrifuged to separate the phases. The resultant aqueous phase 
was transferred into another tube and the pH was raised to 8.0 by addition 
of 200 pL of a 1.0 M potassium phosphate buffer (pH 8.0). Five milliliters 
of dichloromethane was added to the tube, and the tube was shaken and 
centrifuged. The organic phase was quantitatively removed and concentrated 
to -100 pL under a stream of dry nitrogen. Then, 50 p L  of bis(trimethy1- 
sily1)trifluoroacetamide was added and the resultant mixture was heated at  
6OoC for 30 min. Two microliters of the final solution was injected into the 
GC-MS system for analysis. Using the selective extraction steps, the resultant 
final solution was devoid of any biological contaminants and the final recovery 
was 73%. 


Quantitation of csmolol in the samples was accomplished by adding varying 
amounts of esmolol and a constant amount of the deutcrated internal standard 
to blank human blood samples prior to the addition of 10 mL of dichloro- 
methane. The standard curve samples were then processed and analyzed ac- 
cording to the aforementioned procedures. 


RESULTS 


The mass spectrum of esmolol (data not shown) showed that the molecular 
ion (m/z  = 367) was present at a relative abundance of 1.8% indicating that 
only one trimethylsilyl group was attached. Analysis of the mass fragments 
suggested that the trimethylsilyl group was attached to the amino nitrogen. 
In addition, the base peak at m/z = 251 contained the propionate portion of 
the molecule. Thus, an internal standard was prepared by substituting the 
hydrogen atoms at the 1,2-positions of the propionate portion of the molecule 
with deuterium. In the mass spectrum of the deuterated internal standard 
(data not shown), the molecular ion was shifted two mass units higher to m/z 
= 369 and the base peak was shifted to 253. Using selective-ion monitoring, 
focusing on m/z = 25 I and m/z = 253, the contribution of esmolol to m/z = 
253 was determined to be -7% and the contribution of the deuterated internal 
standard to m/z = 251 was < I % .  This finding indicated that the deuterium 
in the internal standard did not exchange with hydrogen during sample pro- 


’ Mallinckrodt. Paris, Ky. 
Eastman Kodak Co.. Rochester. N.Y. 
Aldrich Chemical Co.. Milwaukee. Wis. 
Supelco. Bcllefonte, Pa. ’ Model 5840A; Hewlelt-Packdrd, Palo Alto, Calif. * Model 5985A; Hewletl-Packard. 
Model 6ooo. Eberbach Corp., Ann Arbor. Mich. 


l o  Model Centra-7R; International Equipment Co.. Needham Heights. Mass 


Table I-Standard Curve of Esmolol 


Conc., 
ng/mL Peak Area Ratio“ Mean f SD CV 


2.5 0.006,0.009,0.010,0.007,0.007 0.008 f 0.002 25.0 
0.014 + 0.003 21.4 5.0 0.012. 0.016 


10 0.029: 0.033 0.03 1 I 0.003 9.6 
25 0.063,0.067.0.051.0.063.0.064 0.062 f 0.006 9.7 
50 0.094.0. I01 0.098 f 0.005 5 .  I 


100 0.21 1.0.205 
250 0.483,0.494 


0.208 f 0.004 1.9 
0.489 f 0.008 1.6 


250 0.067.0.074 0.07 I f 0.005 7.0 
500 0.117,0.112 0.1 15 f 0.004 3.5 


1.OOO 0.220.0.223.0.224.0.223.0.22l 0.222 f 0.002 0.9 
21500 0.546.0.540 0.543 f 0.004 0.7 


10,000 1.99, 1.98 1.99 f 0.0007 0.4 


ng/mL of esmolol-d2 and the second set contained 5000 ng/mL of esmoloLd2. 
Peak area ratio of m/z 251 -253 (esmolol/csrnolol-d2). The first set contained SO0 


cessing and analysis. By selecting the concentration of internal standard to 
be always greater than or equal to the highest esmolol concentration in the 
standard curve, the small “cross-talk* was neglected. 


Table I summarizes the reproducibility of the assay. At the lower limit of 
sensitivity (2.5 ng/mL of blood), the coefficient of variation of six different 
determinations was 25%; at 25 ng/mL blood, the coefficient of variation was 
10%; and at  1.0 pg/mL blood, the coefficient of variation was 1%. 


After establishing its validity, the GC-MS method was used to analyze 
blood samples from a dose-ranging study in humans. The blood concentra- 
tion-time profile of esmolol is shown in Fig. 1. The concentration of esmolol 
was approaching or was at steady state after 60 min of intravenous infusion 
with all the doses that were examined. Blood levels of esmolol decreased very 
rapidly after stopping the infusion, so that in 15 min blood levels had decreased 
by >So%. Figure 2 shows the linear relationship between the average blood 
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Figure 1-Average blood concentration versus time profile of esmolol in 
normal subjects (n = 1-6) during and after a 1 -h infusion of 40 (e), 100 (0). 
200 (m), 300 (0).  450 (A), and 650 ( A )  pg/kg/min. 
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Figure 2-Average blood concentrations (n = 1-6) of esmolol ot the con- 
clusion of o I-h infusion of esmolol os o function of dose in normol 
subjects. 


concentrations of esmolol at the conclusion of a 1 -h infusion and the doses of 
esmolol. These results suggest that over the dose range examined esmolol 
appeared to follow linear pharmacokinetics. 


Assuming that blood concentrations of esmolol had reached steady state, 
model-independent analyses of blood data indicated that the total body 


Tble 11-Summary of Estimated Pbarmaeokinetic Parameters of Esmolol 
in Humans 


Dose, C,*, Clearancep, t 1p. 
pcg/kg/min n’ d m L  mL/kg/min min 


40 3 0.202 & 0.038 198 510 . . - . - - . . . - . 
I 0 0  3 0.464 f 0.170 
200 6 0.977 f0.201 


~~ .. ~ 


216 5 10 
205 510 


300 1 1.31 229 5 10 
450 3 1.92 f 0.500 234 5 10 
650 1 2.97 219 110 


Mean fSD - - 2 1 7 f  13.7 510 


a n = numbex of subjects. Concentration of csmolol observed in blood sample col- 
lected 60 min after the start of infusion at the indicated doses. c Clearance = dose/ 
C,. 


clearance (C,/infusion rate) averaged 220 mL/kg/min (Table 11). A rough 
graphic determination indicated an extremely short elimination half-life for 
esmolol, averaging -I0 min. 


DISCUSSION 


Most drugs are relatively stable in the presence of blood components for 
some time at  room temperature. After removal of the drug from the body uia 
blood sampling, there is reasonable assurance that levels of the drug in blood 
will not change until the sample is frozen or processed and analyzed. Even 
though blood does not appear to contain any of the oxidative enzymes which 
are abundant in the liver, it does contain high levels of esterases, which are 
found in red blood cells and plasma. Thus, drugs containing an ester func- 
tionality can potentially be rapidly metabolized by blood esterases. 


Traditionally, very specific inhibitors were used to slow down or stop blood 
esterase activity. Assays for compounds such as chloroprocaine (2) were de- 
veloped using this approach. Strong acids or base& have also been used to stop 
enzymatic activity, but the chemical lability of most mter linkages to high or 
low pH makes this approach undesirable. In  oioo ( I )  and in uitro (3) studies 
with esmolol iqdicate that the compound is rapidly metabolized by blood es- 
terase(s). To obtain reproducible results, blood esterases must be rapidly in- 
activated after blood sample collection. Dichloromethane was used to denature 
blood proteins, including esterase(s), and to partition esmolol into the organic 
layer away from the enzymatic activity. 


The rapid decrease in blood levels of esmolol after stopping the infusion 
observed in the dose-ranging study in humans is consistent with results ob- 
tained in dogs (1). This rapid decrease in blood levels and concomitant dissi- 
pation of effects would be advantageous in critical-care settings. The high total 
clearance value of esmolol(220 mL/kg/min) in humans is three times greater 
than the cardiac output ( 5  L/min or 70 mL/min/kg in a 70-kg man) and 20 
times greater than the hepatic blood flow (4). These results indicate that the 
primary determinant of the duration of action of esmolol in humans is blood 
esterases and not esterase activities in the liver and other tissues. The liver may 
still. however, play a role in the elimination of esmolol, since esterass and other 
plasma proteins which may bind esmolol are synthesized in the liver. 
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precision of these nieasurements is expressed by relative standard deviations 
of 2.30.0.75, and 0.34% for the 4-. 16-, and 40-pg/mL levels, respectively. 


Interference studies were performed to establish the specificity of the 
mcthod for hydralazine hydrochloride in the presence ofother drugs that might 
be found in its combination dosage forms. There was little or no interference 
from these miscellaneous compounds, except for hydrochlorothiazide, chlo- 
rothiazide, and reserpine, in which appreciable interference was noted when 
their concentrations were six- to sevenfold greater than the hydralazine level 
(Table I) .  


Applications of the method to the assay of hydralazine hydrochloride in 
commercial dosage forms was then studied. After sample preparation and 
dilution to the 1 -5O-pglmL calibration range, the drug solutions were ana- 
IyLed, and the concentration in each dosage form was calculated using the slope 
and intercept values generated from linear regression analysis of the hydral- 
aLinc calibration data. The resultsof the assay shown in Table I 1  indicate that 
hydralazine content in dosage forms can be conveniently determined by the 
anipcrometric method described herein with good accuracy and precision. 


By using the parameters established for the assay, hydralazine samples can 
be injected into the flowing stream system at the rate of 60 samples/h (Fig. 
2). The sensitivity of the assay, based on a signal-to-noise ratio of two, is 10 
ng of drug. 
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Abstract 0 A gas chromatographic (GC) method for monitoring valproic acid 
;tnd valprornide in  plasma was developed. The procedure involved a single 
wlvent cxtraction of drugs from acidified plasma samples. followed by a GC 
injcction of the organic phase. This rapid, sensitive, specific, and reproducible 
iiicthcd is a key factor in pharmacokinetic and stability studies of valpromide. 
l’hmnacokincticapplication of the new G C  method is presented by a simul- 
iancous plasma monitoring of valpromide and valproic acid levels obtained 
.iflw intravcnous administration of valprornide to a dog. 


Kcyphrases 0 Valproic acid-GC, plasma, valpromide Valpromide-GC, 
plasma. valproic acid 


Valpromide (2-propylvaleramide), commonly used in 
clinical practice as an antiepileptic and antipsychotic drug 
( I -6), is a primary amide of the more widely known valproic 
acid, which is used to treat different types of epilepsy, partic- 
ularly petit ma1 epilepsy (7, 8) .  Recent reports claimed that 
valpromide is biotransformed to valproic acid before reaching 
the systemic circulation. Only traces of valproic acid have been 
observed in patients who were on chronic oral treatment of 
valpromide ( I ,  4, 5); after treatment with valpromide (600 mg 
t.i.d.) to 42 epileptic patients, the therapeutic plasma con- 
centrations of valproic acid ranged from 50 to 60pg/mL with 
minimal fluctuations in plasma level (4). This is within the 
thcrapeutic range of valproic acid (8). After single oral ad- 
ministration of valpromide (600 mg) to humans, the plasma 
levels of valproic acid ranged from 7 to 20 pg/rnL for >30 h 
after the valpromide administration (4, 5). 


During the last decade various methods for analyzing val- 
proic acid in biological fluids have been published (9, 10). 
Recently a gas chromatographic (GC) method for monitoring 
valpromide in plasma was reported (1 1). The aim of this work 
was to develop a rapid GC method for a routine valproic acid 
and valpromide assay in plasma. This assay is fundamental in 
pharmacokinetic and stability studies of valpromide, since 
valpromide may serve as a prodrug for valproic acid (1,2). 


EXPERIMENTAL SECTION 


Reagents-Organic stock solutions of valproic acid’ and valpromideZ were 
preptrcd by dissolving the drugs separately in  chloroform. Aqueous stock 
solutions were prepared by dissolving sodium valproatel and valpromide 
q a r a t e l y  in water. The concentration of all stock solutions was 1 mg/mL. 
Caprylic acid2 was used as an internal standard and was dissolved in  chloro- 
form at  a concentration of I mg/mL. Stock solutions were stored at 4OC. 


Apparatus-The gas chromatograph) was equippcd with a flame-ioni7ation 
detector and a recorder4. The glass column, 180 cm X 2 rnm i.d.. was packed 
w t ~  h 5% free fatty acid phaseS on 80- 100 mesh Chrom Q. Flow rates were as  
follows: hydrogen, 40 mL/min; air, 400 mL/min; carrier gas (nitrogcn), 40 
mL/min. The system temperatures were: column, I75OC; injector, I 80°C; 
dctcctor, 220°C. 


Extraction Procedure-To 1.0 mL of plasma spiked with the appropriate 
idiquots of valproic acid and valpromide aqueous solutions were added 480 


I Labaz. Paris. France. 
BDH. Poole. England. 
Model 7421; Packard, Downers Grove. 111 
Unicorder 225;  Panto. Kyoto. Japan. ’ Applied Science Labs., State College, Pa. 
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Table I-Recovery and Reproducibility of Valproic Acid and Valpromide in Human Plasma 


Conc.. Valproic Acid Valpromide 
Fcg/ m L Recovery", 9% SO CV, 9% RecoveryU, TO S D  cv, To 


5 104.25 7.18 6.89 104.14 5.70 5.42 
10 100.32 5.58 5.57 102.09 5.37 5.26 
20 104.49 6.46 6.19 100.54 7.48 7.44 
30 102.73 7.29 8.49 99.43 8.56 8.61 
40 103.45 7.89 7.63 98.85 7.98 8.07 
50 104.19 6.69 6.42 99.76 8.59 8.62 
60 104.21 6.85 6.57 99.8 1 7.64 7.66 


Mcan of 10 determinations. 


pl- of chloroform, 20 pL of internal standard solution, and 0.5 mL of 1 M HCI. 
Thc sample was vortexed for I5 s, shaken for I5 min, and centrifuged at 4000 
rpm for 15 min. Three microliters of the organic phase was injected into the 
gas chromatograph. 


To determine the precision of the assay, 12 mL of human plasma was spiked 
with appropriate aliquots of the aqueous valproic acid and valpromide stock 
solutions and was stored at  -2OOC during the 3-month study. On different 
days I-mL aliquots were taken from the various stored samples and analyzed 
against a fresh calibration CUNC made according to the extraction procedure 
on the same day. 


RESULTS AND DISCUSSION 


Typical chromatograms of extracts from plasma with reference to drug-free 
pl;ima samples is presented in Fig. I .  Under the assay conditions the following 
rctcntion times were obtained: valproic acid, 0.96 min; internal standard, 1.8 
rnin; and valpromide, 2.23 min. There was no interference from endogeneous 
plasma components. 


Calibration curves from plasma extracb showed a linear correlation between 
peak height ratio @) of valpromide or valproic acid against the internal 
htandard and plasma concentration of the drugs ( x ) .  The linear calibration 
cquation was y = 0 . 0 9 6 8 ~  - 0.044 ( r  = 0.997) for valproic acid and y = 
0.07 I3x + 0.0018 ( r  = 0.997) for valpromide. A least-squares linear regression 
method was used to calculate these curves. The minimal detectable concen- 
triition was -I -2 pg/mL in plasma. 


Analytical recoveries of substances were established as  follows. Various 
amounts ( 5 ,  10,20,30,40,50, and 60 pg taken from the aqueous stock solu- 
tions) of valproic acid and valpromide were dissolved in 1 mL of drug-free 
plasma. After acidification, plasma samples were extracted into 0.5 mL of 
chlorororm which contained 20 pL of the internal standard solution. A series 
of external standards were prepared by adding 20 p L  of the internal standard 
solution to 0.48 mL of chloroform which contained the various amounts taken 


1 1 


from the organic stock solution (5, 10. 20,30.40.50. and 60 p g )  of valproic 
acid and valpromide. Recoveries were calculated by comparing peak height 
ratios of the extracted standard to the ratios of the external standards (Table 
I ) .  The standard deviation of the analytical recoveries can serve as a good 
estimate for reproducibility. 


Precision or accuracy of the assay was determined by performing 10 r e p  
licate analyses of five control samples containing 20,30.40,50. and 60 pg/mL 
of both drugs on different days over a 3-month period (Table 11). The recovery 
percentage of valpromide and valproic acid, as prcscntcd in Table 1. docs not 
have a statistically significant difference from IOO?o (p > 0.05). Thc observed 
values of the various valpromide and valproic acid concentrations (Table 11)  
wcrc not different statistically from the added concentrations (p  > 0.05) 
(12). 


In a prcliminary pharmacokinetic study, valpromide (400 mg) was ad- 
ministered intravenously to a mongrel dog (20 kg). This 20-mg/kg dose was 
of the same order of magnitude as the therapeutic dose in  humans. which is 
900 - 1800 mg ( 1  3-26 mg/kg) in divided doses (6). The plasma levels of val- 
promide and valproic acid obtained in this study arc presented in  Fig. 2 (mean 
f SD of three replicates). The curves presented in Fig. 2 were obtaincd after 
a computcr fitting of the obscrved data using the NONLIN computer program 
( 13). Valpromide was partly biotransformed to valproic acid. and the plasma 
levels of these two compounds were assayed by the proposed method 
throughout the duration of the 12-h study. The C'V among the thrce replicates 
of cach data point of valproic acid and valpromide was < IWO. A s  in previous 
studies of valpromide, plasma levels of valpromide and valproic acid were 


il 


Figure 1 -Typical chromatograms of a human plasma blank ( I )  and ualproic 
acid and calpromide in human plasma (2). Key: (A) oalproic acid, 30 &mL: 
(BJ IS. 10 pg/mL: (C) valpromide. 30 pglmL. 


Figure 2-Plasma lecels of calpromide ( @ I  and ralproic acid (0) obtained 
afirer intravenous administration of 400 mg oJrulpron1ide to a dog. CI, is 
expressed in pglm L. 
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Table 11-Precision of the Assay for Valproic Acid and Valpromide in Human Plasma 


Valproic Acid Valpromidc 
Conc. Conc. 


Conc., Found", Found", 
W m L  SD cv, % P g / m L  SD CV, % Ccg/mL 


20 20.30 1.86 9.18 19.53 0.9 I 4.66 
30 30.52 1.71 4.21 3 I .76 3.00 9.45 
40 4 I .88 3.24 7.74 41.50 2.80 6.75 
50 49.84 3.97 7.96 49.08 3.95 8.00 
60 57.84 4.75 8.2 I 62.5 5.12 8.19 


4 Mean of IOdeterminalions. 


assayed separately by two different systems (2, 4). The proposed method is 
very useful and advantageous in any pharmacokinetic or metabolic study of 
vulpromide. 
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Abstract 0 Sixteen healthy men received iohexol intravenously at  a concen- 
tration of 346 mg of iodine/mL. Doses of 500,750,1000, and 1500 mg of io- 
dine/kg of body weight were administered to four volunteers each. Neither 
clearance nor perccnt of dose excreted in the urine showed any significant 
correlation with size of the dose. The overall mean ( S D )  renal and total body 
clearances werc 120 f 18.6 and I3 1 f 18.6 mL/min, respectively. The overall 
mean apparent volume of distribution was 165 (k30.7) mL/kg. Urine con- 
tained 92.3 f 4.4%of thedose. Most of thedrug (89.9%) wasexcreted within 
the first 12 h. An open three-compartment body model gave the best fit to the 
experimental data. The mean apparent first-order terminal elimination (y- 
phase) half-life was 12.6 h. 


Keyphrases 0 Iohexol-pharmacokinetics, intravcnous administration, hu- 
mans n Pharmacokinetics-iohexol intravenous administration. humans 0 
Radiocontrast agents-iohexol, plasma and urine levels, intravenous ad- 
ministration, pharmacokinetics. humans 


Ionic contrast media that are approved for human use are 
hyperosmolar to plasma. Administration of the large volumes 
necessary for visualization can result in large detrimental fluid 
shifts within the body. Prior to conducting intensive clinical 
trials with a new contrast medium, the route and rate of ex- 
cretion must be adequately assessed. Previous studies with ionic 
contrast media have suggested that excretion occurs almost 


exclusively cia the kidney at  a rate that is consistent with 
passive handling by glomerular filtration ( 1 ). 


Iohexoll, S-[acetyl(2,3-dihydroxypropyl)-amino]-N,N'- 
bis(2,3-dihydroxypropyl)-2,4,6-triiodo- 1,3-benzenedicar- 
boxamide, is a new nonionic radiographic contrast agent which 
is intended for vascular and intrathecal use in humans. The 
biological properties of iohcxol ( 2 )  are similar to those of 
metrizamide, the first nonionic contrast medium approved for 
clinical use (3). A significant advantage of iohexol is its sta- 
bility in solution to terminal heat sterilization, and its prepa- 
ration as a ready-to-use solution. 


This report describes the results of our investigations into 
the excretion of iohexol, and includes a nonlinear least-squares 
estimate of the pharmacokinetic parameters of iohexol fol- 
lowing intravenous administration. 


EXPERIMENTAL SECTION 


Study in Human Volunteers-Four groups of four healthy male volunteers, 
between the ages of I8 and 50 ycars, received iohexol intravenously at  doses 
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Abstract 0 Some derivatives of a-phenyl-j3-(3,4-dimethoxy)phenethylamine 
that might bear a certain conformational resemblance to choline were pre- 
pared. The in uitro inhibition of choline acetyltransferase from Torpedo 
electric organ was investigated. These compounds gave variable degrees of 
inhibition; the most potent inhibitor was, N,N.N-trimethyl-a-phenyl- 
~-(3,4-dimethoxy)phenethylammonium iodide, with an 150 of 1.3 X lo-' M. 
The inhibition of choline acetyltransferase from Spodoptera littoralis larval 
brains was also determined for comparative study. The aforementioned 
compound has an 150 of 9 X M on choline acetyltransferase from this 
source. 


Keyphrases 0 a - Phenyl -8- (3.4 - dimethoxy)phenethylamines- -synthesis. 
inhibition of choline acetyltransferase 0 Choline acetyltransferase-inhibi- 
tion, a-phenyl-b-(3,4-dimethoxy)phenethylamines 


The phenethylamine ( I )  skeleton is an integral moiety for 
many naturally occuring compounds which possess remarkable 
biological properties, e.g., morphine ( l ) ,  ephedrine (2), epi- 
nephrine (3), norepinephrine (3), and papaverine (4,5). The 
structural feature of choline base ( II ) ,  the P-hydroxy ethyl- 
amine derivative, bears some conformational resemblance to 
1. I t  has been shown (6) that the most favorable conformation 
of 11, at physiological pH, is the gauche disposition (IIa). The 
latter might be the most suitable conformer for interaction with 
the choline acetyltransferase (E.C. 2.3.1.6) surface prior to 
acetylation (7, 8) .  A bioisosteric gauche arrangement (la) 
would be assured by introducing a phenyl group in the 
a-position. This would also increase lipophilicity. Therefore, 
we prepared some derivatives (111) of a-phenyl-P-( 3,4-di- 
meth0xy)phenethylamine and evaluated them as inhibitors 
of choline acetyltransferase. 


I I! 


la Ila 


""w H3C0 


111 


Choline acetyltransferase catalyzes the synthesis of ace- 
tylcholine, and both O'Brien (9) and Yu and Booth (10) rec- 
ognized the potential of this cnzyme as a target for new drugs 


and insecticides. For biochemical studies, choline acetyl- 
transferase from Torpedo electric organ was used, and the 
results were compared with those recorded for choline ace- 
tyltransferase from Spodoptera littoralis larval brains. 


Few potent inhibitors of choline acetyltransferase are 
known, and those that have been tested have not proved useful 
as insecticides (10). Other reports dealing with mammalian 
inhibitors of this enzyme have been published, e.g., 5-hy- 
droxy- 1 ,Cnaphthalenedione and 4-( 1 -naphthylvinyl)pyridine 
(1 l) ,  halogenoacetylcholines ( 1  2), and (2-benzoy1ethyl)tri- 
methylammonium chloride ( 1  3, 14). Most of these compounds 
are either esters or aromatic ketones which are relatively un- 
stable (12, 14). On the other hand the compounds described 
here are neither esters nor ketones. Some clear differences 
existed between the choline acetyltransferases of mites, 
houseflies, and rats toward their substrate specificity (9). It 
was also reported that quite marked variation in sensitivity 
between insect and mouse choljne acetyltransferases were 
displayed when both enzymes were tested against known in- 
hibitors, such as the styrylpyridines (10). 


The synthetic approach followed is outlined in Scheme 1. 
3,4-Dimethoxy-a-nitrostilbene ( V I )  was prepared using a 
modification of the method described by Owari (15). 
a-Phenyl-P-(3,4-dimethoxy)phenethylamine (111) was ob- 
tained by reduction of V I  with lithium aluminum hydride in 
ether. The N-formyl derivative (Vlla) was obtained from 111 
using the method of Sam et al. (16). Treatment of 111 with 
ethyl chloroformate in the presence of pyridine afforded the 
N-ethoxycarbonyl derivative (Vllb). The N-methyl derivative 
(VIII) was prepared either from Vlla or Vllb by reduction 
with lithium aluminum hydride in tetrahydrofuran or ether, 
respectively. The N,N-dimethyl derivative (IX) was obtained 
by applying an analogous procedure reported by Shafik et al. 
( 5 )  for the preparation of similar compounds. The quater- 
narization of IX to give the trimethylammonium derivative 
(X) was carried out by using an excess of methyl iodide in  
ether. 


EXPERIMENTAL SECTION' 


3.4-Dimetboxy-a-nitrostilbene (V1)-To a solution of 16.6 g (0.1 mol) of 
veratraldehyde ( I V )  in I5 mL of methanol was added 13.7 g (0. I mol) of 
phenylnitromethane ( 1  7) (V) and 0.5 mL of n-butylamine. The mixture was 
kept a t  room temperature for 72 h, and then the product was removed by fil- 
tration, dried, and recrystallized from ethanol to give 10.0 g (35% yield) of 
yellow needles, mp 105-107°C [l i t  ( l a )  mp 109°C]; IR vmaX: 1365and 1595 
cm-' (C-NO2). 


I Melting points were taken i n  open glass capillaries and are uncorrected. The IR 
s ctra were scanned on a Beckman IR-4210 spectrophntometer with KBr pellets. The 
IK-NMR spectra were determined, for solutions in Me1S0-d~. on a Varian EM-390 
NMR specttomcter, and are reported in 6 values (ppm) relative to an inlcrnal standard 
of tetramethylsilane. Analyses were performed by members of the Microanalyticdl Unit, 
Faculty of Science, University of Cairo, Egypt. 
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SCHEME I 


V I  


I 


111 


I 


I X  


I 


a-Phenyl-~~3,edimethoxy)phenetbylamine (111)-To a stirred mixture 
of I .9 g (0.05 mol) of lithium aluminum hydride and 300 mL of ether was 
added 2.8 g (0.01 mol) of VI. The mixture was refluxed for 72 h, and then 
chilled. The excess lithium aluminum hydride was destroyed with crushed 
ice and 20% aqueous NaOH, respectively. The product was isolated by ether 
extraction and was purified in the usual manner ( 5 )  by alternative pH ad- 
justments to give I .9 g (67% yield) of 111 as pale-yellow needles, mp 65OC [lit 
( I  5 )  mp 66-67OCI. The hydrochloride salt was obtained by passing dry hy- 
drogen chloride into the ethereal solution of I l l  togive white needles, which 
were recrystallized from methanol-ether to give I .9 g (67% yield) of white 
crystals, mp 176-177OC [lit (19) mp 176-177°C]; IR v,,,: 2650 cm-l 
(NH:); IH-hMR (hk2SO-ds): 6 3.45 (s, 6), 3.55 (d. 2, J = 6 Hz), 4.4 (m, 
I ) ,  6.65 (m, 3, ArH), and 7.35 pprn (m, 5 ,  ArH). 


N - F o r m y l - a - p b e n y l - ~ 3 , ~ i m e t h o x y ) p b e w t  (VI1n)-A solution 
of 2.6 g (0.01 mol) of 111 in a mixture of 15 mL of 98% formic acid and 18 mL 
of acetic anhydride was refluxed for 5 hand then diluted with 100 mL of water. 
The mixture was extracted with ether and washed with 10% NaOH, then 10% 
HCI. and water. The ethereal extract was dried (NazSOd), and the solvent 
was removed under reduced pressure. The oily residue that solidified on 
standing was recrystallized from benzene-petroleum ether (bp 40-60°C) to 
give 1.2 g (43% yield) of white crystals, mp 120-1 21 "C; IR vma: 3400 (NH), 
1650,1550, and 1250cm-I (amide bands). 


Anal.-Calc. for C I ~ H I ~ N O ~ :  C, 71.6; H. 6.6; N, 4.9. Found: C, 71.5; H, 
6.2; N, 5.3. 


solution of 2.7 g (0.025 mol) of ethyl chloroformate in 10 mL of benzene was 
added, dropwise. to a cold, stirred solution of 6.2 g (0.024 mol) of 111 in 30 mL 
of pyridint. The mixture was stirred for an additional 3 h and then was refluxed 
for 4 h. The mixture was poured onto 25 mL of 10% HCI and extracted with 
benzene. The organic phase was washed with 2 M NaOH and water, and dried 
(Na2S04). The solvent was removed under reduced pressure to give an oily 
residue that solidified on standing at room temperature. Recrystallization from 
benzene-petroleum ether (bp 40-60°C) gave I .6 g (47% yield) of pale-yellow 
crystals of VIlb, mp 107OC; 1R umaa: 3450 (NH), 1670,1550, and 1265 cm-' 
(amide bands). 


Anal.-Cale. for C19H23NO4: C, 69.3; H, 7.0; N, 4.3. Found: C, 69.1; H, 
7.4; N, 4.3. 


K E t h o ~ y ~ r b o n y C a - p h y l - ~ 3 , 4 d i m e t b o x y ) ~  (VI IbbA 


N-Methyl-a-phenyl-&(3,4-dimethoxy)phencthylamine Hydrochloride 
(VII1)-Method A-To a stirred mixture of 1.9 g (0.05 mol) of lithium alu- 
minum hydride and 200 mL of tetrahydrofuran was added 2.8 g (0.01 mol) 
of Vlla. The mixture was heated at reflux for 16 h. and the solvent was re- 
moved under reduced pressure. The residue was chilled to give (as in the 
preparation of Ill) the hydrochloride salt, I .7 g (62% yield) as white crystals, 
mp 164-165°C. 


Anal.-Calc. for C ~ ~ H Z ~ C I N O ~ :  C, 66.3; H, 7.2; CI, 11.5; N, 4.6. Found: 
C, 66.5; H, 7.2; CI, 11.4; N, 4.2. 


Merhod E-To a stirred mixture of I .9 g (0.05 mol) of lithium aluminum 
hydride and 300 mL of ether was added 3.3 g (0.01 mol) of VIlb. The mixture 
was heated at reflux for 14 h. The hydrochloride salt %as recrystallized from 
methanol-ether to give 2.4 g (72% yield) as white crystals, mp 164-165OC. 
Admixture of the products obtained by both methods (A and B) showed no 
melting point depression. 
N,N-Dimethyl-a-phenyl-&(3,4-dimethoxy)phenethylamine Hydrochloride 


( I W A  mixtureof0.01 mol of the hydrochloridesalt of 111 or VIII, 2.3 g (0.05 
mol) of formic acid (98%). and 0.66 g (0.022 mol) of 38% formaldehyde was 
refluxed for 12 h. The mixture was transferred to an evaporating dish and 
heated on a water bath until most of the unreacted formic acid and formal- 
dehyde were removed. The syrupy residue was treated with 0.6 mL of formic 
acid (98%) and 0.2 mL of 38% formaldehyde and allowed to evaporate on the 
water bath until dryness. The last traces ofwater were removed by azeutropic 
distillation with absolute ethanol and benzene. The residual hydrochloride 
salt was recrystallized from methanol-ether togive 2.0g (78% yield) as white 
crystals, mp 218-220OC; IR v,,,: 2600cm-' (NH+); IH-NMR (MezSO-d6): 
b2 .90(~ ,6) ,  3 .30(~ ,6) ,  3.80(d, 2 , J  = 5 Hz),4.80(m, l),6.90(d, 3 , J  = 9 
Hz, ArH), 7.60 ppm (m, 5 ,  ArH). 


Anal.-Calc. for ClgH24CIN02: C, 67.2; H, 7.5; CI, I 1  .O; N, 4.4. Found: 
C, 67.4; H, 7.1; CI, 10.6; N. 4.0. 


N , N , N - T r i m e t h y l - a - p h e n y l - 8 - ( 3 , 4 - d i ~ t ~ x y ) p m  Iodide 
(X)-To a solution of 2.9 g (0.01 mol) of IX in 100 mL of ether was added I .7 
g (0.012 mol) of methyl iodide. The mixture was allowed to stand at room 
tempcrature for 24 h. The crystalline material was removed by filtration and 
recrystallized from methanol-ether to give 1.8 g (63% yield) of yellow crystals, 


2), 6.90 (s, l ) ,  7.50 (m, 3, ArH). and 7.80 ppm (m, 5.  ArH). 
Anal.-Calc. for C19H261N02: C, 53.43; H, 6.1; N, 3.3. Found: C, 53.7; 


H, 5.9; N, 3.6. 
Biochemical Assays-Membranes were prepared from the electric organ 


of Torpedo ocellafa (collected near Alexandria, Egypt, and stored frozen at 
-9OOC for up to 6 months) by homogenization (So%, w/v)  in ice-cold 10 mM 
EDTA-20 mM Na2HP04 buffer (pH 7.4). An emulsifier2 (0.2%. v/v) was 
added to thc homogenate. and the suspension was shaken lightly by hand for 
few seconds, filtered through cheesecloth. and centrifuged at 1OO.OOOXg for 
30 min. The supernatant was used as the enzyme source. Head capsules of 
fourth instar Spodopteru littoralis larvae were homogenized in the afore- 
mentioned buffer ( I  mL/10 head capsules) using a similar procedure. Protein 
was assayed by the method of Lowry ef al. (20). 


The radiochemical method was used for the determination of cholinc ac- 
etyltransferase activity (21). The incubation mixture contained 0.2 mM 
[ I-'4C]acetyl CoA3 (50 mCi/mmol), 300 mM NaCI, 50 mM NazHP04 
buffer (pH 7.4), 8 mM choline bromide, 20 mM EDTA, and 0.1 m M  physo- 
stigmine. The labeled acetyl CoA was diluted with the unlabeled compound4. 
In  the inltibition studies of choline acetyltransferpe activity, the enzyme 
preparation was incubated with 10 pL of the inhibitor solution far different 
intervals. 


mp 228-23OOC; 'H-NMR (Me2SO-d6): 6 3.40 (s, 9), 3.75 (s, 6), 4.50 (m, 


RESULTS AND DISCUSSION 


The radioactivity assay was used to find the acetyl CoA concentration in 
the incubation medium and different protein concentrations for optimal 
Torpedo electric organ choline acetyltransferase activity. A range of 0.1-0.2 
mM acetyl CoA was necessary to give near-optimal activities. Such high acetyl 
CoA concentrations gave linear activity curves over a greater range, main- 
taining linearity up to I20 pg of enzyme in the incubation mixture. Under these 
conditions the enzyme-specific activities of six different preparations were 
14.60f0.16(meanfSD)and6.64fO.l2h,,,412-mg-1ofprotein~h-'for 
Torpedo electric organ and Spodopfera larval brain preparations, respectively. 
The differences in membrane binding might be due to differences among the 
surface charges of choline acetyltransferase from the two species. 


As can be seen from the structures of 1 and 11, the quaternary ammonium 
derivative (X) was the most potent inhibitor in a micromolar range for choline 


*Triton X-100; Rohm and Haas. 


'Sigma Chemical Co.. St. Louis. Mo. 
The Radiochemical Center. Amersham, England. 
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Table 1-111 Vitro Inhibition of Choline Acetyltransferase Activity from 
Two Sources by a-Phenyl-8-(3,4-dimethoxy)phenethylamine Derivntives 


Inhibition Constants 
Torpedo Spodoptera 


Compound“ Iso,M Ki,PM 150. M Ki, PM 


111 7.0 x 10-5 60 2.7 x 10-5 40 
V l l l  5.8 x 10-5 45 2.5 X 32 
IX 4.0 X 35 1.8 x 10-5 25 
X 1 . 3  x 10-5 10 9.0 X 6 


a The Iu, valucs were compared with those deiermincd for diisapropylfluorophos- 
phonate ( I v  = 5 X IW4 M from both  sources) Lit .  (10) data reported for diisopropyl- 
fluorophasphonate using choline acctyltransfcrase (hwsc fly or mouse): Iu, = I X IW4 
M. 


acetyltransferase from bo th  sources. From the 1% and K, values obtained. the 
Spodoptera larval enzymes were shown to be more sensitive toward the syn- 
thesized compounds ( I l l  and V I I I - X )  than the Torpedo electric organ en- 
zymes. However, the best in oitro choline acetyltransferase inhibitor was the 
charged ‘compound (X). whereas ihc uncharged compounds (111. VIII ,  and 
I X )  were relatively poor inhibitors (Table I ) . .  


Several choline analogues (SCNCH2CH2NR’R2R3X-) were previously 
tested (22) on rats as possible in uioo choline acetyltransferase inhibitors; the 
data revealed poor correlation between the K ,  value and the insecticidal activity 
of such compounds when tested against several insect species. The most likely 
explanation was that since the molecule is charged. it would not readily pen- 
etrate the nerve cord and reach the cells in which the enzyme is located. The 
present work was thus directed toward in uitro inhibition studies using some 
uncharged phenethylamines (111. VIII,  and I X )  to avoid the problems of 
compound penetration to the target. Thc quaternary analogue (X) was also 
investigated. 
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Excitatory Amino Acid Receptor Interactions of a Novel 
a-Phosphinic Acid Analogue of a-Methylaspartic Acid 
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Abstract 0 An a-phosphino analogue of a-methylaspartate has been syn- 
thesized. The compound may not interact with excitatory amino acid receptors 
directly. as assessed by direct in cifro radioreceptor binding methods; however, 
it possesses weak anticonvulsant activity and exhibits an excitant action in 
uitro that is apparently not mediated by a N-methyl-D-aspartate receptor. 


Keyphrases 0 Exciiatory amino acid receptors--N-methyl-D-aspartate, 
glutavate, kainatc 0 Anticonvulsants -in Gitro, rats, excitatory amino acids 
0 Phosphinic acids-excitatory amino acid receptors. anticonvulsant ac- 
tivity 


Phosphorus analogues of amino acids have been investigated 
previously; however, most studies have involved phosphonic 
acid derivatives such as aminomethanephosphonic acid (I). 


Only in recent years have aminophosphinic acids with un- 
substituted amino groups been prepared. The first, glycine 
analogue 11, was synthesized in  1964 by a procedure which 
provides only limited types of products (1). 


Phosphinic acids possess a hydrogen atom in lieu of one of 
the two hydroxyl groups found in phosphonic acids and, 
therefore, are monobasic with less bulk on the phosphorus 
atom. Phosphinic acids are the closest phosphorus analogues 
of carboxylic acids and this similarity has led to a limited 
number of investigations of aminophosphinic acids for bio- 
logical activity. In 1961, Linfield et d. prepared phosphinic 
acids bearing substituted a-anilino apd phenyl groups (111) 
by the addition of hypophosphorus acid to the appropriate 
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Drug Permeation Through Human Skin 11: Permeability of 
Ionizable Compounds 
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Abstract 0 The aim of this study was to establish whether ionized as  well as 
un-ionized forms of certain 4-oxo-4H- 1 -benzopyran-2-carboxylic acids 
(chromone-2-carboxylic acids) with pK, values <2 permeated through excised 
human skin and, if so. to determine the permeability coefficients of the per- 
meating species. The permeation properties of four carboxylic acids were 
studied as  a function of concentration over the pH range 5-7 a t  37OC with 
plexiglass diffusion cells. Plots of J /CA- (the total flux due to un-ionized and 
ionized species obtained under steady-state conditions per unit concentration 
of ionized drug in the donor compartment) against CHI0+ resulted in 
straight-line relationships. The intercepts of these plots were shown to equal 
PA-, whereas the slopes multiplied by the K, values of the compounds equalled 
PHa, the permeability coefficients of the ionized and un-ionized species, re- 
spectively. With all four compounds, both species were found to permeate skin, 
although the permeability coefficients of the un-ionized species were -104 
greater than those for the ionized species. It was demonstrated that the relative 
contributions of the ionized and un-ionized species to the total flux, as well 
as the total flux, vary significantly, depending on the pH of the drug solution 
in the donor e l l .  This may provide a means of controlling the flux of these and 
similar compounds through human skin. 


Keyphrases 0 Permeation-permeability of ionizable compounds through 
human skin, 4-0x0-4H-1 -benzopyran-2-carboxylic acids 0 4-0x0-4H- 1 - 
benzopyran-2-carboxylic acids-ionizable compounds, permeability through 
human skin 0 Absorption-percutaneous, permeability of ionizable com- 
pounds through human skin 


Many compounds evaluated for their ability to undergo 
percutaneous absorption following application to the skin are 
weak to moderately strong electrolytes. Depending on the pK, 
of the compound and the pH of the vehicle, such compounds 
exist as an equilibrium mixture of ionized and un-ionized 
species in the immediate vicinity of the skin. To control prop- 
erly the rate at which such electrolytes permeate human skin, 
it is necessary to determine the permeability coefficients of 
both forms of the drug. However, much of the theoretical 
background to percutaneous absorption has been developed 
through studies of nonelectrolytic permeating species (1,2), 
and there is little information available regarding the effect 
of pH and pK, on the permeation of ionizable drugs through 
skin (3,4).  


According to the simple pH-partition hypothesis, only the 
un-ionized forms of drugs are able to pass through lipoidal 
membranes in significant amounts ( 5 ) .  If correct, then mem- 
brane permeability should be related to the amount of un- 
ionized drug present, as well as being strongly pH dependent. 
However, in studies on isolated intestinal membranes ( 6 ) ,  it 
has been indicated that ionized as well as un-ionized sulfon- 
amides can pass through such a barrier. By using rat gas- 
trointestinal segments in uiuo, the rate constants for absorption 
of the ionized forms of sulfaethidole and barbital were found 
to be only three to five times less than those for the un-ionized 
material (7). With excised human skin, the permeabilities of 
the ionized forms of ephedrine and scopolamine were calcu- 
lated to be +"Oth of those for their un-ionized forms (3). The 
permeation of ionized drug molecules through skin thus is 
possible and cannot be assumed to be negligible, especially at 
pH values at which large numbers of ionized molecules are 


present. Such conditions would exist with compounds with low 
pKa values present on the surface of normal skin. 


Human skin is composed of three distinct layers-the 
stratum corneum, the epidermis, and the underlying dermis. 
The passage of molecules across the skin and into the capil- 
laries present in the dermis occurs by passive diffusion. The 
resistance to diffusion is high in the stratum corneum; in 
contrast, the epidermis and dermis are relatively permeable 
(8). The steady-state flux ( J )  (in mol.cm-2.h-1) is given by 
(2): 


where P is the permeability coefficient, and C is the concen- 
tration of the permeating species in the vehicle. The terms 
KSc/" and Dsc refer, respectively, to the stratum corneum- 
vehicle partition coefficient and diffusion coefficient of the 
permeating species within the stratum corneum, which has a 
thickness of 6. 


Assuming that both ionized (A-) and unionized (HA) 
species contribute to the total steady-state flux of a permeating 
electrolyte (here considered to be a monoprotic acid), then: 


J = J H A  + JA-  = ( P H A  CHA) + ( P A -  * CA-) (Eq. 2) 
Since the relative concentrations of ionized and un-ionized 
species for such an acid are expressed as: 


then Eqs. 2 and 3 can be combined to give: 


Having determined the total steady-state flux as a function of 
chromone acid concentration and pH, a plot of J / C A -  uersus 
CH30+ should be a straight line with a slope of P H A / K ,  and 
an intercept of PA-. Equation 4 therefore allows estimation 
of the permeability coefficients of both un-ionized and ionized 
species. If the latter is zero, then the intercept will also be zero. 
Such an approach does not appear to have been used before 
in  the determination of percutaneous absorption. 


In  the present study, the permeation properties of four re- 
lated 4-0x0-4H- 1 -benzopyran-2-carboxylic acids (chro- 
mone-2-carboxylic acids) were investigated over a range of pH 


R CH~CH~CH, 
I, R = -CHzCHzCH3, R = OH 


11, R = -CHzCHzCHs, R = H 
111, R = R' = H 


IV 
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Table I-Data Derived from Steady-State Flux Determinations of Chromone-2-Carboxylic Acids as a Function of pH and Concentrrtioa 


cHIO+, 


Compound mo1.L-I X lo7 


1 100.0 
I 0:o 


I .o 
I1  100.0 


10.0 
1 .o 


111 100.0 
10.0 


I .o 
IV 100.0 


10.0 
1 .o 


",' 
Mean f SD. cm1h-I X lo5 Range n J / C A -  = (PHA/K,,)CHJo+ + PA- n 


158.0 f 28.6 
48.0 f 20.2 
7.3 f 6.3 


53.7 f 9.3 
1 1 . 4 f 2 . 4  
2.9 f 0.9 


7.1 I f 2.87 
3.64 f 1.80 
1.86 f 1.10 
4.54 3.93 
I .03 f 0.40 
0.42 f 0.25 


100.7-202.7 9 = (139.0 f 21.1)CH10++ (20.2 f 12.5)10-' 26 
15.0-86.4 9 
0.7-17.9 8 


45.7-70.6 10 = (48.8 f 5.8)CHj0+ + (4.85 f 3.7)lO-5 23 
8.0- 14.8 8 
1.4-3.4 5 


2.85- 12.34 13 = (4.99 f I.52)CH3O+ + (2.51 f 0.93)10-5 35 
1.10-6.36 I 2  
0.45-4.18 I 0  
0.86-10.06 I 1  = (4.04 * 2.4O)CH3O+ + (0.51 f l.63)10-5 24 
0.61 - 1.66 7 
0.13-0.77 6 


Equation derived from plot of individual values of J / C A -  versus CH,Oi 


values and concentrations. Equation 4 was then used to de- 
termine the permeability coefficients of the un-ionized and 
ionized species and to evaluate the effect of pH on the total 
steady-state flux observed and the relative contribution to this 
flux by the two species. 


EXPERIMENTAL SECTION 


Skin Samples-As previously reported (9), samples of whole skin were 
removed from the inner thighs of cadavers within 48 h postmortem. The 
stratum corneum plus attached epidermis (SCE) was removed from the dermis 
as an intact sheet of tissue. These SCE samples were dried overnight in  a 
desiccator at 25% relative humidity and then stored at 1 f 0.5OC. Samples 
were rehydrated before use in the permeation studies. Because of the large 
number of studies conducted (> loo), it was necessary to use skin samples from 
at least 10 different cadavers during the total series of experiments. 


Materials-Buffer capsules' were used to prepare buffers at pH 5,6, and 
7. The pH 7.4 buffer and the solvents used in the HPLC assay of the chro- 
mone-2-carboxylic acids have been reported previously (9). A triglyceride 
of fractionated m n u t  oil fatty acids2 (principally caprylic and capric), was 
used as received. 


Permeation Determhtiols-Plexiglass diffusion cells were used to measure 
the permeation of the chromone-2-carboxylic acids across samples of SCE 
at 37 f 0.5OC. Their design has been described previously (9). Solutions of 
each chromone acid were prepared in aqueous buffer at pH 5,6, and 7. At least 
three different concentrations of chromone acid were used to cover the range 
of solubilities at a particular pH up to saturation. These solutions were placed 
in the donor compartments of the cells, whereas pH 7.4 buffer was placed in 
the stirred receptor compartments. Samples of known volume ranging from 
25 to 100 pL were removed from the receptor compartments at known time 
in!ervals of -2 h and immediately replaced with an equal volume of pH 7.4 
buffer. The diluting effect of this replacement was taken into account when 
the total amount of chromone acid that had permeated the SCE at any one 
time was calculated. The removed samples were analyzed by HPLC (see 
below), and the permeation study was continued until it became clear that 
steady-state conditions were achieved (generally, 48-60 h). Values of the 
steady-state total flux of carboxylic acid were calculated and expressed as 
moles per square centimeter of skin per hour. 


Analysis-Samples were analyzed by 7PLC3 immediately after they were 
removed from the receptor compartment. The following retention times were 
observed: compound I, 4.3 min (7:3 MeOH-HzO, 0.5% NH40Ac); compound 
II,2.9 min (7:3 MeOH-H20,0.5% NH40Ac); compound 111, 5.2 rnin (1:l  
MeOH-H20,O.S% NH40Ac); compound IV, 4.5 min (1:l MeOH-HZO, 
0.5% NH4OAc). The solvent flow rate was 2.0 mL/min, and detection was 
by UV absorbance at 254 nm. Under these conditions, baseline separation 
was achieved between the single chromone acid peak and that due to unknown 
components leached from the skin. All four chromone acids were shown to 
be stable under the experimental conditions used and for at least the duration 
of a permeation run. Standard solutions were injected at each time interval 
when samples were withdrawn and assayed. The coefficients of variation 
ranged from 3.2 to 5.6% for the four compounds studied. In  all cases, the limit 
of detection was 1-2 ng of chrornone acid following the injections of a IOO-pL 
sample. 


Hydrion; Micro Essential Labs, Brooklyn, N.Y. 


660 solvent programmer; Waters Associates, Milford. Mass. 


2 kiglyol 812; Kay-Fries Inc., Montvale, N.J. 
Model 440 absorbance detector with model 6000-A pumps, U6K injector, and model 


Solubility Determination-The aqueous solubilities of the chromone-2- 
carboxylic acids at 37OC were measured by adding excess compound to pH 
5.0 buffer. The pH was readjusted to 5.0 with 0.1 M sodium hydroxide solution 
when necessary. After equilibration overnight. the mixtures were filtered and 
assayed by HPLC. 
Partition Cdicients-Known weights of the four chromone-2-carboxylic 


acids were equilibrated between equal volumes of mutually saturated tri- 
glyceride2 and the appropriate buffer solution at  37OC. The systems were 
gently shaken at frequent intends ovcr a period of 48 h, at which time samples 
of each phase were assayed by UV spectrophotometry. The apparent partition 
(distribution) coefficient D was calculated as the ratio of the total amount 
of drug in each of the two phases and subsequently converted into the true (Le., 
un-ionized) partition coefficient K by: 


D = K ( l  - a) (Eq. 5) 
where ( I  - a) is the fraction of un-ionized drug and a = I / [  1 + antilog (pK. 
- PWI. 
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Figure 1-Plot of J/CA- versus CHI@ for thefour chromone-2-carboxylic 
acids studied. Key: (m) I ;  (0) 11; I@) I l l ;  (0) IV. Points and vertical bars 
represent the means and S D ,  respectively. of the individual values of J/CA- 
at each p H  (Table I ) .  
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Table 11-Summary of Experimental Results 


I 2.09 4.39 51.3 1.63 f 0.25' 20.2 i 12.5' 0.18 
II  12.6 3.35 28.2 0.66 f 0.08 4.85 f 3.73 0.82 


111 89.2 2.22 14.8 0.09 f 0.03 2.51 f 0.93 1.51 
IV 187 1.78 11.3 0. I5 f 0.09 0.51 f 1.63 6.91 


95% Confidence limits. 


Ionization Constants-Two methods were used to determine the ionization 
constants. In the first, a conductometric method (lo), all measurements were 
made at 25OC with a conductivity metefl. In the second, a partition-dislri- 
bution method (1 I ) ,  a biphasic solvent system of dichloroethane-hexane- 
water was chosen to minimize ion-pair extraction. Large partition coefficients 
(K) were determined by the interchange technique ( I  2). Distribution coef- 
ficients (D) were obtained at various pH values, and the ionization constant 
was calculated by using a rearranged form of Eq. 5 ,  namely: 


RESULTS AND DISCUSSION 


The pK. values of the four chromone-2-carboxylic acids determined in 
aqueous solution are: 1.93 f 0.06 (not as previously reported in Ref. 9). 1.87 
f 0.06, 1.75 f 0.05, and 1.44 f 0.05 for I, I I , I I l ,  and IV, respectively. The 
values for 111 and IV were obtained by the partition as well as the conductance 
methods and were consistent with each other. Only the partition method was 
used with I and I I ,  as the solubility of the undissociated forms were too low 
to allow use of the conductance method. 


Plots of the number of moles of chromone-2-carboxylic acid permeated per 
square centimeter of SCE versus time showed an initial lag phase, followed 
by a linear steady-state phase 24 to 48 h after initiation of the permeation run. 
The steady-state total flux of the permeating spccics ( J ;  in mol/cm2/h) was 
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I 


1 


a 
I a 
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0 


10 20 30 40 50 


K m'w S, 
Figure 2-Relationship between KuIW.S5 and PHA and PA-. Data are from 
Table 11; vertical bars indicate 95% conjidence intervals for each com- 
pound. 


' Model 8642; Wayne Kerr, Chicago, 11. 


calculated from the slope of the linear portion of each plot, and a value of 
J/CA- was calculated for each individual determination. The mean, SD, 
range,and numbers of individual determinations are shown in Table 1 for the 
four compounds studied at each of the three pH values. Considering that over 
the course of the series of experiments it was necessary to use skin from at least 
10 different cadavers, the SD values observed are acceptable. Regression 
analysis of the individual values of J /CA-  versus CH30+ for each compound 
was used to compute the relationship expressed in Fq. 4. These results, together 
with the respective 95% confidence intervals, are also shown in Table 1. In Fig. 
I ,  the mean values of J /CA-  listed in Table I plotted against CH30+ for the 
four compounds are shown. The vertical bars represent the SD values. 


Utilization of the appropriate pKn value yields the values of PHA and PA- 
listed in Table 11. The data show positive, but small, intercepts, indicating that 
the chromone-tcarboxylate ions have finite permeabilities, although those 
for IV are not significantly different from zero. In all instances, the perme- 
ability of the un-ionized form is -104 times greater than the permeability of 
the ionized form. In  Table 11 are also presented the solubilities of the com- 
pounds in pH 5.0 buffer (S5) and the triglyceride*-water partition coefficients 
(KMIW), calculated as described above. 


The triglyceride2 was chmn as the oil phase in the partition system because 
preliminary studies ( I  3) over a range of pH values have shown this system 
to conform closely to the expected theoretical relationship between log D and 
pH, thereby allowing calculation of log K correctly from observed values of 
D. In contrast, partition data for I between SCE and water and stratum cor- 
neum and water as a function of pH showed a significant deviation from 
ideality (13). Accordingly, KMIW was used in the present study rather than 
KSCEIW or fiCIw, as this parameter provides a more accurate index of the 
relative partitioning abilities of the four compounds studied. 


By assuming a constant diffusion coefficient and stratum corneum thick- 


-6  r 


0 1 2 3 4 5 6 7 0 9  


PH 
Figure 3-Theoretical plot of the effect of pH on the totaljlux J and iis 
components J H A  and J A- for I .  Conceniraiion of I is equal to lo-' mol-~rn-~;  
pK ,  is equal io 1.93; P H A  is equal io 1.63 crn-h-l; PA- is equal io 2.02 X 


cmh-I .  Note that theflux (in mol-cm-2.h-') is drawn on a log scale. 
Key: (m) J H A ; ( 0 ) ,  JA-;(-j J .  
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ness, it is predicted by Eqs. I and 2 that the steady-state total flux is propor- 
tional to the product of the partition coefficient of the drug between the 
stratum corneum and the vehicle and its solubility in the vehicle. Although 
realizing that KM/W was used in the present study rather than @Iw, such 
a trend nevertheless appears evident since as + SS decreases, so does P"A 
and PA- (Fig. 2). This suggests the use of this parameter as a relative indicator 
of permeability when examining a series of analogues for their ability to 
penetrate human skin, without recourse to actual permeation studies. The data 
imply that K'/W -Ss must exceed 10-1 I mol - L-I before permeation of the 
chromone-2-carboxylic acids can be detected. 


The values of P H A  and PA- obtained from these experiments can be used 
to determine how the relative permeation rates of the un-ionized and ionized 
species change with pH and how this affects the total steady-state flux, i . e . ,  
JHA + JA-. This is illustrated for I in Fig. 3, where it should be noted that the 
flux axis is given in log units. As the pH is increased above the pK, of 1.93, 
the concentration of the un-ionized species falls. This leads to a continuous 
reduction in  flux due to the un-ionized species, JHA, since the product PHA - CHA is also falling. At the same time, the concentration of the ionized species 
rises with increasing pH and then remains constant a t  a pH value 2 or more 
units above the pK,. The net effect is a continuous decline in the total flux as 
the pH of the solution is increased; in the case of I, this increase is to pH 7. 
Above this pH, the permeation of chromone ions constitutes the major portion 
of the total flux, although it is important to remember that the magnitude of 
the total flux falls dramatically as the pH is raised above the pK,. Thus, for 
monoprotic acids in which un-ionized and ionized species have widely sepa- 
rated permeability coefficients (e.g., the chromone-2carboxylic acids in which 
the difference between P A  and PA- is -I@), the pH should be held to as low 
a value as  possible when seeking to maximize the total flux through the skin. 
The optimal value is a t  least 1 pH unit below the pK,, assuming satisfactory 
tolerance by the skin to such a pH. Minimal flux in the example described here 
occurs a t  a pH that is -5 units or more above the pK,. 


Diffusion coefficients ( D )  for the four compounds are calculated from Eq. 
I by using the values for K'IW given in Table 11 and a measured stratum 
corneum thickness of 10 pm. Since PIJA is much greater than PA-, P was taken 
to be equal to PHA. The values presented in Table I 1  lie within the range 
normally found for compounds of this size when they arediffused through the 
stratum corneum (2). 


In summary, the results of this study indicate that chromone-2-carboxylic 
acids permeate human skin both as  un-ionized and ionized species, although 
the former are -104 times more permeable. Because of the effect of pH on 
the relative concentrations of un-ionized and ionized species, it would appear 
to be possible to control the total flux of these compounds by varying the pH 
of the drug-containing vehicle applied to the skin. 
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Abstract 0 Phosphate is specifically adsorbed by aluminum hydroxycarbonate 
by anion ligand exchange. IR analysis indicated that phosphate exchanged 
with specifically adsorbed carbonate. Adsorption is favored by low pH and 
is inversely related to particle size. Adsorption of phosphate decreases the rate 
of acid neutralization of aluminum hydroxycarbonate. The results are applied 
to the treatment of hyperphosphatemia and hypophosphatemia. 


Keyphrases 0 Adsorption-phosphate by aluminum hydroxycarbonate 0 
Aluminum hydroxycarbonate- adsorption of phosphate 


The adsorption of phosphate species by aluminum hydroxide 
is important, as aluminum hydroxide-containing antacids have 
been implicated in hypophosphatemia. In contrast, aluminum 
hydroxide is used as a phosphorus-binding agent in hyper- 
phosphatemia. The interaction of phosphate species with 
crystalline forms of aluminum hydroxide has been extensively 
studied due to the wide Occurrence of aluminum hydroxide in 
the soil and the extensive use of phosphorus-containing fer- 
tilizers. However, little is known about the interaction of 


phosphate species with amorphous aluminum hydroxycarbo- 
nate, the acid-reactive form of aluminum hydroxide containing 
specifically adsorbed carbonate which is used in antacids. The 
purpose of this study was to determine the mechanism of ad- 
sorption of phosphate species by aluminum hydroxycarbonate, 
with emphasis on possible adsorption of phosphate on surface 
carbonate sites. 


BACKGROUND 


The binding of phosphorus by aluminum hydroxide in the gastrointestinal 
tract during antacid therapy was first noted 40 years ago ( I ,  2). Since that 
time, it has been confirmed in numerous studies that aluminum hydroxide 
may reduce the intestinal absorption of phosphate (3-13). Clinical symptoms 
of phosphorus depletion syndrome parallel serum phosphorus levels and are 
most likely to be observed in patients who combine aluminum hydroxide 
antacid therapy with a low dietary phosphorus intake (14, 15). This obser- 
vation is especially pertinent to critically ill patients who receive only parenteral 
nutrition and who also require antacid therapy to prevent upper GI bleeding 
( 1  6). 
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Abstract 0 The concentrations of both total and free phenytoin in the plasma 
of epileptic women tend to decrease during pregnancy, suggestive of a preg- 
nancy-associated increase in the metabolic clearance of the drug. On the other 
hand, the metabolic clearance of free (unbound) phenytoin decreases during 
pregnancy in rats. One possible reason for this species difference is the routine 
dietary supplementation of folic acid in  human pregnancy and the apparent 
ability of folic acid to lower phenytoin plasma concentrations even in non- 
pregnant humans. The purpose of this investigation was to determine the effect 
of treatment with folic acid on the pharmacokinetics of phenytoin in pregnant 
and female nonpregnant rats. In one experiment. the treated animals received 
folic acid in the drinking water, -100-1 50 pg/kg/d, for 19 d. There was no 
apparent difference between the treated and untreated rats in the pharma- 
cokinetics of a IO-mg/kg iv dose of phenytoin (which was administered to the 
pregnant rats on the 20th day of gestation), regardless of pregnancy status. 
In another expcriment, pregnant and female nonpregnant rats received either 
folic acid, 400 pg/kg/d. or an equal volume of the solvent only, by gastric 
intubation for 19 d. The next day (which was the 20th day ofgestation for the 
pregnant rats), the animals received an intravenous injection of phenytoin, 
30 mg/kg. Again, pretreatment with folk acid had no apparent effect on the 
pharmacokinetics of phenytoin in both pregnant and nonpregnant rats. 
However. the results of this investigation confirm previous observations of 
dosedependent phenytoin pharmacokinetics in rats and of decreascd clearance 
of free phenytoin in late pregnancy. It is possible that the qualitative difference 
between humans and rats with respect to the effect of pregnancy on the 
pharmacokinetics of phenytoin may be due, a t  least in part, to a species dif- 
ference in response to folic acid. 


Keyphrases 0 Pharmacokinetics-acutely administered phenytoin, folk acid, 
pregnant and nonpregnant rats 0 Phenytoin-acutely administered, effect 
of folic acid on, pregnant and nonpregnant rats Folic acid-effect on acutely 
administered phenytoin, pregnant and nonpregnant rats 


Long term use of phenytoin by epileptic patients is associ- 
ated with decreased concentrations of folic acid or folate ac- 
tivity in serum, erythrocytes, and cerebrospinal fluid (1 -3). 
Decreased folate activity has also been observed during 
pregnancy in nonepileptic women who are not taking phenytoin 
or other drugs (4,5). Pregnant women taking phenytoin are, 
therefore, considered to be at particular risk of folate defi- 
ciency, and it is customary to give them supplementary folic 
acid. 


Plasma concentrations of total and free phenytoin tend to 
decrease in women during pregnancy (6). The Occurrence of 
decreased concentrations of free phenytoin suggests that the 
intrinsic metabolic clearance of the drug is increased in human 
pregnancy. The opposite is found in rats, i.e., the metabolic 
clearance of free phenytoin is decreased during pregnancy (7). 
The reasons for this unusual, qualitative, apparent species 
difference are unclear (7), particularly since both humans and 
rats eliminate phenytoin primarily by the same metabolic 
pathway, i.e., p-hydroxylation. One possibility is that it may 
be related to the dietary supplementation of folate in pregnant 
women. A number of studies on nonpregnant human subjects 
have shown that administration of folic acid can cause 
phenytoin plasma concentrations to decrease (8-1 1). The 
question arises, therefore, whether folate administration to rats 


will alter the pharmacokinetics of phenytoin in these animals, 
particularly during pregnancy. 


EXPERIMENTAL SECTION 


Female inbred Lewis rats were used in this investigation. Some of the ani- 
mals were mated while others were designated as nonpregnant controls. The 
rats were then housed individually in suspended wire cages to prevent or 
minimize coprophagy. In one experiment, some of the pregnant and non- 
pregnant animals had folic acid and sodium bicarbonate, 1 pg/mL each, added 
to the drinking water while the others received drinking water containing only 
sodium bicarbonate. After 10 d, the folic acid concentration in the drinking 
water of pregnant animals was increased to I .2 pg/mL in case these rats did 
not increase their water intake in proportion to their increased body weight. 
The total period of folk acid administration was 19 d; on the 20th day (day 
20 of gestation of the pregnant rats) the rats received an intravenous injection 
of phenytoin, 10 mg/kg. Venous blood samples were collected periodically 
for determination of plasma phenytoin concentrations by HPLC. A large 
volume of blood was obtained from the abdominal aorta a t  the end of the ex- 
periment for determination of the plasma free fraction of phenytoin by im- 
mediate ultrafiltration at 37°C. The anticoagulant was heparin for the serial 
blood samples intended for phenytoin assay and EDTA for the large sample 
intended for plasma ultrafiltration. 


In another experiment, some of the pregnant and nonpregnant rats received 
folic acid, 400 pg/kg as a 200 pg/mL freshly prepared aqueous solution 
containing 200 pg/mL sodium bicarbonate, daily for 19 d by gastric intuba- 
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Figure I-Eflect of pretreatment with folic acid (400 &kg/d orally for  I 9  
d )  on the pharmacokinetics of a 30-mglkg iv dose of phenytoin in pregnant 
(day 20 of gestation) (open symbols) and nonpregnant (solid symbols) rats. 
Key: (0. .) folic acidpretreated rats; (0, *) rats that did not receive sup- 
plementary folic acid. Mean of 5 animals per group; vertical bars indicate + or - SD. 
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Table I-Effect of Treatment with Folk Acid on the Pharmacokinetics of a 10 mg/kg Dose of Phenytoin in Pregnant (Day 20 of Gestation) and Female 
NonDreenant Inbred Lewis Ratsa 


Variable 


Pregnant 


Treated Untreated 
Folic Acid 


Nonpregnant 
Folic Acid 
Treated Untreated 


Number of animals 
Body weight, g 
Hematwrit. % 
Total plasma clearance, mL/min 


mL/min/kg 
Apparent volume of distribution, mL 


Plasma free fraction, 70 
Apparent volume of 


distribution of free 


mL/kg 


4 
301 f 31 


37.1 f 2.5 
4.90 f 0.48 
16.3 f 1.0 
297 f 66 
979 f I19 
21.7 f 4.2 


4594 f 71 I 


3 
303 f 23 


36.5 f 1.5 
4.98 f 0.35 
16.5 f 0.9 
309 f 100 


1009 f 245 
20.2 f 4.5 


4987 f 186 


7 
246 f 17 


44.4 f 2.0 
3.85 f 1.02 
15.7 f 4.3 
I80 f 25 
733 f 94 
13.5 f 1 . 1  


5419 f 394 


6 
229 f 24 


45.0 f 2. I 
4.24 f 0.63 
18.5 f 1.9 
I69 f 22 
745 f 116 
15.3 f 2.5 


4949 f 1008 


drug, mL/kg 
Half-life, min 41.9 f 6.6 42.7 f 11.6 33.8 f 6.9 28.1 f 4.9 
Free plasma clearance, mL/min 22.9 f 2.4 25.3 f 4.0 28.4 f 7.0 27.9 f 4.0 


mL/min/kg 77.2 k 14.9 84.4 f 18.9 1 1 6 f 2 9  123 f 21 


no statistically significant differences between treated and untreated pregnant or nonpregnant anrmal. 
Results are reported as mean f S D .  The treated animals received approximately 100-1 50 pg/kg d of folic acid in drinking water for 19 d before the experiment. There were 


Table 11-Effect of Treatment with Folic Acid on the Pharmacokinetics of a 30 mg/kg Dose of Phenytoin in Pregnant (Day 20 of Gestation) and Female 
Nonpregnant Inbred Lewis Rats 


Variable 


Pregnant 


Treated Untreated 
Folic Acid 


Nonpregnant 
Folic Acid 
Treated U ntreatcd 


Number of animals 5 5 5 5 
Body weight, g 278 f I I 281 f 6  226 f 5 2 2 2 f  10 
Hematwrit, 0 36.5 f 1.7 35.6 f 1.8 44.9 f 1.8 45.4 f 1.6 
Total plasma clearance. mL/min 2. I3 f 0.20 2.02 f 0. I3 2.19 f 0.69 2.47 f 0.37 


mL/min/kg 7.64 f 0.64 7.18 f 0.54 12.3 f 2.8 1 1 . 1  f 1.7 
I95 f 23 Apparent volume of distribution, ml. 
874 f 91 mL/k 1210 f 257 1268 f 147 
14.8 f 1.4 plasma f e e  fraction, % 


Apparent volume of 4958 f 478 5368 f 898 5769 f 1 I26 5898 f 400 
distribution of free 
drug, mL/kg 


Half-life, min 1 1 1  f 3 1  I23 f 21 49.7 f 2.8 55.5 f 9.5 
Free plasma clearance, mL/min 8.96 f 1.79 8.57 f 1.43 18.4 f 4.8 16.7 f 2.7 


mL/min/kg 32.3 f 6.9 30.5 f 5.3 81.0 f 19.3 75.2 f 11.6 


199 f 41 
878 f 163 
15.3 f 1.8 


339 f 81 


24.3 f 3.7 


356 f 41 


23.9 f 3.1 


Results are reported as mean kSD. The treated animals received 400 pg/kg/d of folk acid by gavage for 19 d before the experiment. There were no statistically significant 
differences between treated and untreated pregnant or nonpregnant animals. 


tion. The other animals received only the solvent. On the 20th day (day 20 of 
gestation of the pregnant rats), a single intravenous injection of phenytoin. 
30 mg/kg, was administered, and blood samples were collected periodically 
for assay and a large terminal sample was collected for ultrafiltration. All 
technical details of the pharmacokinetic study were identical to those already 
described (7). 


RESULTS 


The nonpregnant rats consumed 26.8 f 2.8 (mean f SD)  mL/d of folic 
acid solution (equivalent to 109 f I5 pg/kg/d of folic acid), 28.0 f 2.4 mL/d 
of sodium bicarbonate solution, or 28.3 f 3.3 mL/d of pure water (the latter 
determined in rats not used in the pharmacokinetic study). The pregnant rats 
consumed increasingly larger volumes of water with increasing gestation time: 
1 6 . 3 f 3 . 3 , 2 3 . 5 f 3 . 0 , a n d 3 6 . 8 f 6 . 3 m L / d o n t h c 4 l h ,  IOth,and 151hday 
of gestation, rcspectively. These are combined figures for folic acid and sodium 
bicarbonate solutions since there were no apparent differences between the 
two. The average dose of folic acid ingested with the drinking water was 151 
f 21 pg/kg/d at the end of gestation. 


The results of the pharmacokinetic study with the 10 mg/kg dose of 
phenytoin are summarized in Table 1. There was no statistically significant 
difference between the folic acid treated and untreated rats in  any of the pa- 
rameters that describe the pharmacokinetics of phenytoin, including the 
plasma protein binding. This applies to pregnant and to nonpregnant rats, 
considered separately. A comparison of phenytoin pharmacokinetics in un-  
treated pregnant and nonpregnant rats. with a larger number of animals per 
group, has been reported (7). 


The results of the pharmacokinetic study with a 30 mg/kg dose of phenytoin 
are sumrnarizcd in Table 11, and the average plasma concentration cersus time 
profiles arc presented in Fig. 1. As already reported (7). the plasma clearance 
of the 30 mg/kg dose is considerably lower than that of the 10 mg/kg dose 
and is significantly decreased in pregnancy; but again, supplementation with 
folic acid had noapparent effect on the pharmacokinetics of phenytoin in either 


the pregnant or the nonpregnant animals. Nor did folic acid treatment affect 
body weight, hematwrit, or plasma protein binding of phcnytoin. 


One out of 10 folic acid treated and 4 out of 12 sodium bicarbonate treated 
impregnated (spermatozoa-positive vaginal smear) rats were not pregnant 
on the 20th day after mating, most likely due to resorption of fetuses. The 
difference between the two groups is not statistically significant by comparison 
of two success probabilities ( 1  2). Only the rats that were actually pregnant 
were used in the pharmacokinetic studies. 


DISCUSSION 


Female Sprague-Dawley rats fed a diet containing 1.6-mg folic acid per 
kg of feed’ had 52% lower serum folate concentrations on the 2lst day of 
pregnancy than did nonpregnant controls ( I  3). The type of cages used to house 
these animals was not specified. The rats in the present investigation were fed 
a diet2 containing 0.89-mg folic acid per kg of feed’, and they were housed 
in suspended wire-mesh cages to minimize coprophagq, by which the animals 
could obtain folate synthesized by intestinal bacteria (I 4). I t  is not practical 
to put pregnant ratson a folate-deficient diet since this results in  a high inci- 
dence of fetal resorption ( IS). 


Blake et a/.  (16) have determined the effect of folic acid supplementation 
(100 &kg daily by gavage, from the 7th to the 20th day of gestation) on the 
in  oirro activity of hepatic microsomal phenytoin hydroxylase i n  pregnant 
Sprague-Dawley rats on a diet containing 1.7 rng folic acid per kg of feed’. 
Enzyme activity per gram of liver increased fourfold relative to that of rats 
that did not receive folic acid supplementation. The authors concluded that 
this may explain the decreased plasma phcnytoin concentrations observed 
when patients receive extra folic acid. Contrary to the in r;irro findings by 
Blakcer a/.  (16). the resultsofthe present invic:o investigation indicate that 


I Information obtained from the manufacturer’s product literature. 
RMA IOOO, Charles River. 
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folic acid supplementation has no apparent effect on the pharmacokinetics 
of phenytoin in pregnant as  well as in nonpregnant rats. Significantly, neither 
of these two studies involved prior or chronic administration of phenytoin. 


The published clinical data concerning decreased phenytoin plasma con- 
centrations during pregnancy were obtained, necessarily, from patients on 
a chronic oral regimen of the drug. While it would seem feasible to administer 
a single intravenous tracer dose of stable isotope labeled phenytoin to these 
individuals before, during, and after pregnancy, this has apparently not been 
done. In an acute (single dose) clinical study on nonpregnant individuals, 
pretreatment with 15- or 30-mg folic acid orally everyday for several weeks 
had no effect on the biological half-life of phenytoin (17). Plasma concen- 
trations of phenytoin in male Wistar rats 1.5 and 5 h after a single intraperi- 
toneal dose of phenytoin, were similar in animals given a single concomitant 
oral dose of folk acid, 5 mg/kg, and in controls (18). 


One possibility not explored in  the present investigation is that folic acid 
supplementation affects the in oioo clearance of phenytoin only in rats that 
have been treated chronically with phenytoin. If that possibility can be ex- 
cluded, then the qualitative species difference between humans and rats, with 
respect to the effect of pregnancy on the pharmacokinetics of phenytoin, may 
be due, a t  least in part, to the difference in r e w n s e  to folate. If, however, 
increased dietary folic acid causes an increase in the metabolic clearance of 
phenytoin in both humans and rats on chronic phenytoin therapy, then the 
apparent species difference in the effect of pregnancy on phenytoin pharma- 
cokinetics may be related to the common practice of supplementing the diet 
of pregnant women, but not of pregnant rats, with folate. 
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NOTE ADDED IN PROOF 


Subsequent to the submission of this manuscript, Carl and Smith (19) re- 
ported that oral folate supplementation (20 mg/kg/d for 6 d, then every 12 
h for 4 d) had no apparent effect on phenytoin concentrations in the liver, 
brain, and plasma of male Sprague-Dawley rats who received oral phenytoin 
(100 mg/kg/d) for 6 d, then every 12 h for 4 d) concomitantly. In a prospective 
study of epileptic women during pregnancy, Hiilesmaa et al. (20) found a 
negative correlation between folate and phenytoin concentrations in serum 
( r  = -0.56. p = 0.002, n = 39) but no association between serum folate 
concentrations and the number of seizures during pregnancy. 


(19) G. F. Carl and D. B. Smith, Epilepsia, 24,494 (1983). 
(20) V. K. Hiilesmaa, K. Terarno, M.-L. Granstrom, and A. H. Bardy, 


Brir. Med. J., 287, 577 (1983). 


Synthesis of Methyl 2,3-Bis( hydroxymethyl)-5-phenyl- 
7-oxabicyclo[ 2.2.l]hepta-2,5-diene-6-carboxylate . 


Bis( N-methylcarbamate) Derivatives as Potential 
Antitumor Agents 
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Abstract 0 Methyl 2,3-bis(hydroxymethyI)-5-phenyl-7-oxabicyclo~2.2.1]- 
hepta-2.5-diene-6-cdrboxylate bis(N-methylcarbamate) along with the 
p-chlorophenyl and p-nitrophenyl analogues were synthesized using a Diels 
Alder reaction. The title compound and the p-chlorophenyl analogue were 
inactive against murine P388 lymphocytic leukemia. 


Keyphrases 0 Bis-carbamates-synthesis, antitumor activity 0 7-Oxabi- 
cyclo[2.2. I ]hepta-2,5-djcne derivatives-synthesis, antitumor activity 


The discovery that certain derivatives of 7-oxabicy- 
clo[2.2.l]heptane ( I )  showed cytotoxic activity in the 9KB 
tissue culture assay led to the synthesis and evaluation of re- 
lated compounds. Dimethyl 2,3-bis(acetoxymethyl)-7-oxa- 
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Table 1-111 Vitro Inhibition of Choline Acetyltransferase Activity from 
Two Sources by a-Phenyl-8-(3,4-dimethoxy)phenethylamine Derivntives 


Inhibition Constants 
Torpedo Spodoptera 


Compound“ Iso,M Ki,PM 150. M Ki, PM 


111 7.0 x 10-5 60 2.7 x 10-5 40 
V l l l  5.8 x 10-5 45 2.5 X 32 
IX 4.0 X 35 1.8 x 10-5 25 
X 1 . 3  x 10-5 10 9.0 X 6 


a The Iu, valucs were compared with those deiermincd for diisapropylfluorophos- 
phonate ( I v  = 5 X IW4 M from both  sources) Lit .  (10) data reported for diisopropyl- 
fluorophasphonate using choline acctyltransfcrase (hwsc fly or mouse): Iu, = I X IW4 
M. 


acetyltransferase from bo th  sources. From the 1% and K, values obtained. the 
Spodoptera larval enzymes were shown to be more sensitive toward the syn- 
thesized compounds ( I l l  and V I I I - X )  than the Torpedo electric organ en- 
zymes. However, the best in oitro choline acetyltransferase inhibitor was the 
charged ‘compound (X). whereas ihc uncharged compounds (111. VIII ,  and 
I X )  were relatively poor inhibitors (Table I ) . .  


Several choline analogues (SCNCH2CH2NR’R2R3X-) were previously 
tested (22) on rats as possible in uioo choline acetyltransferase inhibitors; the 
data revealed poor correlation between the K ,  value and the insecticidal activity 
of such compounds when tested against several insect species. The most likely 
explanation was that since the molecule is charged. it would not readily pen- 
etrate the nerve cord and reach the cells in which the enzyme is located. The 
present work was thus directed toward in uitro inhibition studies using some 
uncharged phenethylamines (111. VIII,  and I X )  to avoid the problems of 
compound penetration to the target. Thc quaternary analogue (X) was also 
investigated. 
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Excitatory Amino Acid Receptor Interactions of a Novel 
a-Phosphinic Acid Analogue of a-Methylaspartic Acid 
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Abstract 0 An a-phosphino analogue of a-methylaspartate has been syn- 
thesized. The compound may not interact with excitatory amino acid receptors 
directly. as assessed by direct in cifro radioreceptor binding methods; however, 
it possesses weak anticonvulsant activity and exhibits an excitant action in 
uitro that is apparently not mediated by a N-methyl-D-aspartate receptor. 


Keyphrases 0 Exciiatory amino acid receptors--N-methyl-D-aspartate, 
glutavate, kainatc 0 Anticonvulsants -in Gitro, rats, excitatory amino acids 
0 Phosphinic acids-excitatory amino acid receptors. anticonvulsant ac- 
tivity 


Phosphorus analogues of amino acids have been investigated 
previously; however, most studies have involved phosphonic 
acid derivatives such as aminomethanephosphonic acid (I). 


Only in recent years have aminophosphinic acids with un- 
substituted amino groups been prepared. The first, glycine 
analogue 11, was synthesized in  1964 by a procedure which 
provides only limited types of products (1). 


Phosphinic acids possess a hydrogen atom in lieu of one of 
the two hydroxyl groups found in phosphonic acids and, 
therefore, are monobasic with less bulk on the phosphorus 
atom. Phosphinic acids are the closest phosphorus analogues 
of carboxylic acids and this similarity has led to a limited 
number of investigations of aminophosphinic acids for bio- 
logical activity. In 1961, Linfield et d. prepared phosphinic 
acids bearing substituted a-anilino apd phenyl groups (111) 
by the addition of hypophosphorus acid to the appropriate 


1550 J Journal of Pharmaceutical Sciences 
Vol. 73, No. 1 1 ,  November 1984 


0022-3549184J 1100-1550$01.00JO 
@ 1984, American Pharmaceutical Association 







Schiff bases and reported antibacterial properties associated 
with some of these derivatives (2). Except for 11, the only un- 
substituted a-aminophosphinic acids reported are those by 
Khomutov and Osipova (3) and Bayliss et al. (4), which were 
synthesized by the addition of hypophosphorus acid to oximes 
and diphenylmethylimines, respectively. The amino acid an- 
alogues resulting from the latter process were investigated for 
antibacterial properties with alanine ( IV) ,  valine (V),  and 
methionine (VI) derivatives displaying significant activity. In 
addition, the effect of V was reversed by valine, an indication 
that a false substrate mechanism was operative. 


- 
IV. K = R” = H. R = CH., 
V; R = R” = H; R = -CH(CH& 


VI, R = R” = H, R = -CH&H2SCHs 


I n  this paper we descFibe the synthesis (Scheme I )  and 
biological testing of DL-a-amino-a-methyl-0-carboxy- 
ethanephosphinic acid (IX) and two of its precursors (VII 
and VIII). Compound 1X represents the bioisosteric replace- 
ment of one carboxyl group of a-methylaspartic acid with a 
P(O)H(OH) moiety. a-Methylaspartic acid has been inves- 
tigated for its ability to reduce aspartic acid utilization (5)‘and 
for its effect in many enzyme systems such as inhibition of 
tyrosine aminotransferase (6 )  and asparaginase (7). Moreover, 
1X is related to the antagonists of amino acid receptors in- 
cluding 2-amino-4-phosphonobutyric acid and 2-amino-7- 
phosphonohcptanoic acid. 


H ~ P O Z  (C,H,),CHNH, + CH,COCH,CO,Et - 
CHZCOZR’ 


VII, R = Et 
VIII, R = H 


Table [-Effect of VII, VIII, and IX on the Specific Binding of lritiated 
Kainic Acid, 1.-Glutamate, and 2-Amino-7-phosphonoheptanoic Acid to Rat 
Brain Membranes In Vitro’ 


~ ~ ~ ~ ~ 


Specifically Bound Ligand, % Displacement 
Tri tiatcd 


2-Amino-7- 
Tritiated Tritiated phosphoheptanoic 


Compound L-Glutamatc Kainic Acid Acid 


Tris-Citrate 
v11 14 8 0 


V l l l  0 7 0 
IX 0 I I  28 


VII 
V l l l  1x 


6 
8 
8 


Tris-HCI 
- 
- 
-. 


~ ~~~ ~~ 


a Compound$ ( I  0-‘ M) were incubated in  the presence of the indicated ligand as de- 
scribed Reference ICm vdlues for t -glutamate, katnic acid. and 2-amino-?-phospho- 
nohepldnoic acid are I pM, 5 nM,  and 5 pM, respectively 


Three different types of excitatory amino acid receptors 
have been proposed to exist (8): (a) “glutamate receptors,” 
which may be preferentially activated by L-glutamic acid or 
quisqualate, and blocked by glutamate diethyl ester or 2- 
amino-4-phosphonobutyric acid; (b) “kainate receptors,” 
preferentially activated by kainate and closely related struc- 
tures, for which there are no known receptor antagonists; 
(c) “N-methyl-D-asparta te receptors,” preferen tially activated 
by N-methyl-D-aspartate and ibotenic acid, and antagonized 
by 2-amino-5-phosphonopentanoatc and 2-amino-7-phos- 
phonoheptanoate. Excitatory amino acids may be the most 
common neurotransmitters in the brain. Antagonists of exci- 
tatory amino acid receptors are sought for application in 
controlling seizures and suppressing certain neurodegenerative 
disorders. 


RESULTS A N D  DISCUSSION 


Compounds VII-IX were tested for direct interactions with excitatory 
amino acid receptors in available in oitro excitatory amino acid receptor 
binding assays (9- I I). As shown in Table I ,  none of the compounds possessed 
inhibitory activity, with the exception of the marginal effects of IX, at the site 
labeled by tritiated 2-amino-7-phosphonoheptanoic acid. 


The major role of inactivation of synaptically released excitatory amino 
acid neurotransmitters is high-affinity. sodium-dependent reuptake (5).  
Compound IX inhibited such uptake by slightly more than 50%at a concen- 
tration of 5 X M (Table I ] ) ,  which is at least 100-fold less potent than 
L-glutamate or D- or L-aspartate in  this respect (12). Thus, IX isa weak in- 
hibitor of high-affinity excitatory amino acid uptake in  the rat brain. These 
data may suggest that IX itself is transported into synaptosomes by the ex- 
citatory amino acid carrier, albeit with low affinity. Compounds VII and Vl l l  
demonstrated no intcraction with the carrier. 


I n  the [3H]acetylcholine release system, which reflects the neuronal exci- 
tation induced by excitatory amino acids acting at N-methyl-D-aspartate 
receptors ( I  3). IX caused an increase in spontaneous (3H]acetylcholine release 
and tended to enhance N-methyl-~~-aspartate-evoked (3H]acetylcholine 
release (Table I l l ) .  Compound V l l l  caused an increase in spontaneous 
[3H]acetylcholine release (Table 1 1 1 ) .  


Compounds VII-IX were tested in oico for ability to protect against elcc- 
troshock and subcutaneously administered pentylenetetrazoll-induced (scMet) 
seizures. Compounds VII and IX afforded protection against scMet of 25 and 
~ W C ,  respectively, at doses of 600 mg/kg. No acute disruption of neurological 
function was detected in the rotorod test for VII-IX at doses of 1600 mg/ 


Of these results, the most striking is the coincidence of the activity of IX 
in enhancing spontaneous [3H]acetylcholine release and as an anticonvulsant. 
Because the response to N-methyl-D-L-aspartatc was not decreased during 
exposure to IX, it is unlikely that IX interacts directly with N-methyl-D- 
aspartate receptors. Since IX is only weakly active in inhibiting the specific 


kg. 


Scheme I I Metrazol 
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Table 11-Effect of VII, VIII, and I X  on the Uptake of L-13HHJ(;lutamate, 
W 3 H  JAspartate, and L-[ 3H ]Aspartate into Synaptosomes Prepared from 
Rat Corpus Striatum or Cerebellum a 


Specific Uptake, '70 Inhibition 
Compound ~ - ( ~ H ] G l u t a m a t e  D-[3H]Aspartate [.-[3H]Aspartatc 


Corpus Striatum 
VII 0 0 


V l l l  0 I 


IX 53 56 


0 
0 


56 
Cerebellum 


V I I  2 0 0 
V l l l  4 0 5 


IX 59 51 59 


Synaptobomes were incubated in the presence of various ligands with or without the 
compounds [at a concentration of 5 X lo-' M). Reference I C ~ v a l u e s  for I.-glutamatc. 
D-aspartalc. and L-asparlate are  I 5 pM ( I  2). 


Table Ill-~3H)Acetylcholine Release Studies a 


Control 9 100 f 3.8 100 f 9.8 
VI I ,  0.3 mM 4 103 f 5.0 70 f 6.1 
VII, 0.3 mM 4 I16 f 3.8d 108 f 4.9 
IX,  0.3 mM 3 I I3 f 1.3' 87 f 2.4 
IX,  1.0 mM 3 166 f S.Oc 129 f 39.3 


" Test substances were added on interval six. Stimulation, a 2-min application of 50 
r M  N-methyl-o-aspartate. was applied at interval5 thrce and nine. The effect of test 
substances on the parameters SPil/Sp~ and SII - SPl l /S~ - SP1 ih expressed as pcrcent 
of control (13). b N'-Methyl-l,l.-aspart~tc-evokcd release. 1 p < 0.05. Mann-Whitney 
two-tailed U test. 


binding of the N-methyl-D-aspartate receptor antagonist tritiated 2-amino- 
7-phosphonoheptanoic acid, interaction of IX with N-methyl-D-aspartate 
receptors is unlikely to be the mechanism of action of this compound. Further 
biological investigations are required to determine the mechanism of action 
by which IX exerts its effects in these various biological systems. 


l~i.-a-Benzhydrylamino-a-methyl-~-carbethoxyethanephosphinic Acid 
(VII)-This compound was prepared using a modification of previously re- 
ported procedures (2,4). A mixturc of 23.65 g (0.1 29 mol) of 1 ,I-diphenyl- 
mcthylamine ( I  4) and 16.78 g (0.129 mol) of cthyl acetoacctate in 80 m L  of 
benicne was refluxed for 2 h and then distilled with azeotropic removal of 
water using a Dean-Stark trap. To the cooled residue was slowly added 8.96 
g (0. I29 mol) of 95% hypophosphorous acid, which was obtained by evapo- 
ration of a commercial 50% aqueous solution at 30-40°C (2 mm) and thc 
mixture was heated at  rcflux for 2 h. The resulrant solid was removed by f i l -  
tration, washed with benzene, and dried in a vacuum oven at 50°C to yield 
16.2g(35%)oftheproductas whiregranules, rnp(ethano1) 172-173°C; IK 
(KBr): 2600 (P-OH), 2350 (P-H), 1740 (C=O). 1600 (C=C), and I200 
(P=O)cm-l; IH-NMR (D20-NaOD): 6 1 .08(d,3.J  = 16 Hz.CH3). 1.19 


.- II.1 


And-Calc. for C19H24N04P C, 63.12; H, 6.69; N. 3.87. Found: C, 63.24; 
H. 6.72. N. 3.84. 


DI,-a-Benzhydrylamino-a-methyI-8-carboxyethanephosphinic Acid 
(VIII)-Ten grams of VII in I50 ml- of 0.5 M NaOH was heated at 90°C for 
4 h. The resultant solution was coolcd and treated with concentrated HCI (pH 
I ) .  The precipitate thus formed was removed by filtration, washed with watcr 
un t i l  frce of NaCI, and dried in a vacuum oven at 55°C to give 8.4 g (91% 
yield) of the product asa white powder, mp  190-191°C; IR (KBr): 2500-2700 
(P-OH, C--OH). 2300 (P-H), 1700 (C=O), I600 (C=C), and 1190 
(P=O)crn-';IH-h;MR (D20-NaOD): l . l 4 ( d , 3 , J  = I?Hz,  Cl13),2.46 
(d, 2. J = 10 tiz? CHI), 5.56 (s, 1 ,  CH). 7.25 7.63 (m, 10. Artl) ,and 3.59 
and 10.01 ppm ( I : I  d. I ,  J = 510 Hz, P---H).  


Anal.--Calc. for C I ~ H ~ O N O ~ P :  C, 61.26; H, 6.05; N.4.20 Found: C, 61.17; 


- 


H. 6.09; N, 4.20. 
DL-a-Amino-a-methyl-8-carboxyethanep~sphinic Acid (1X)-Using a 


modificationofthemethodof Dingwalleral. (15).2.6gofVIII in40mLof  
48% HBr was heated at 75°C for 4 h. The benzhydryl bromide was extracted 
with benzene, and the aqueous layer was treated with propylcnc oxide at  pH 
3-4. The resulting solution was concentrated under reduced pressure and the 
resulting solid was removed by filtration, washed with ethanol and ether, and 
dried in a vacuum oven at 55°C to yield 0.5 g (384)  of IX,  mp 214--215"C; 
IR (KBr): 3240 (NHf) ,  2700-2500 (P--OH, C-OH), 2380 (P-H), and 
1685 (C=O) cm-I; ' H - h M R  (D2O): 6 1.47 (d. 3 . J  = 14 Hz, CH3). 2.88, 
2.76(dd,2,J=9Hz,CH2),and3.53and 10.32ppm(l : l  d, l , J = 5 4 0 H z ,  


And-Calc for C4HI0N04P: C, 28.93; H, 6.07: N, 8.43. Found: C, 28.85, 
H, 6.03, N, 8.34. 


Biological Testing-Animals- For in citro neurochemical studies, adult. 
male, albino rats3 weighing 150-200 g were employed. In Liiuo testing for 
anticonvulsant activity and neurological toxicity of compounds was performed 
using mice4. 


Anriconoulsanr Acticity and Neurological Toxicity - Anticonvulsant ac- 
tivity of the compounds was evaluated against both maximal electroshock 
(MES)  and pentylenetetrazol-induced seizures (scMet) by contractors of the 
Anticpileptic Drug Development Program administered by the National In- 
stitute for Neurological and Communicative Disorders and Stroke, Bethesda. 
Md, according to previously described procedures (16). 


Neurochemical Assays-Excifarory Amino Acid Uprake-Crude synap  
tosomal fractions of rat cerebellum or corpus striatum were prepared as  pre- 
viously described ( I  7) and resuspended in 0.32 M sucrose. Two hundred- 
microliter aliquots ( 1  00 p g  of protein) of the suspension were added to boro- 
silicatc tubes containing 800 pL of Krebs IlEPES buffer (ptl 7.4) and 0 5 
r M  of l>-['H]aspartatc, ~.-[~H]aspartate. or i.-[3HJglutamatc with or without 
the test substance. Following a 3 min incubation at 30°C. the reaction was 
terminated by rapid filtration over glass fiber filters5 maintained under reduced 
pressure. The filters were washed with 1 X 5 mL of ice-cold buffer, dried, and 
the radioactivity was determined by liquid scintillation counting. Parallel 
incubations were performed at  2'C to determine nonspecific uptake. 


Receptor Binding Assays-Specific binding of excitatory amino acid an- 
alogues to brain membranes was performed, with minor modifications, ac- 
cording to previously published procedures. Briefly, brain membranes were 
prepared according to the method of Enna and Snydcr ( 1  8)  and stored frozen 
at -80°C until use. For assay, the membranes were thawed and washed four 
times by centrifugation, and the final pellet was resuspended in sufficient 
buffer to yield a protein concentration of 0.15-0.2 mg/mL. Specific binding 
of [)H]kainic acid (2 nM) was assayed according to the procedure of London 
and Coyle (9). Specific binding of tritiated 2-amino-7-phosphonoheptanoic 
acid (SO nM) was assayed as described by Ferkany and Coyle (10). Specific 
binding of ~ - [ ~ H ] g l u t a m a t e  (100 nM) w ycd by thc method of Slevin 
el a/. ( I  I ), with the exception that thc assay wah conducted in both Tris-citrate 
and Tris-tiCI buffers (pH 7.1, 37°C. 0.05 M). I n  all instances, nonspccific 
binding was defined as that obtained by incubating the membranes in the 
presence of the indicated ligand and M L-glutamatc. The assays were 
terminated by centrifugation, and the pellets wcrc rinsed rapidly and supcr- 
ficially with ice-cold buffcr and solubili7ed6. Radioactivity was determined 
by liquid scintillation counting. 


[3H]Acetylcholine Release Evoked by N-Methyl-baspartate Receptor 
Stimulation-The release of [3H]acetylcholine from the corpus striatum of 
the brain, evolved by exposure to excitatory amino acid receptor agonists, was 
measured as previously described ( I  3). Striatal slices were exposed by 
[3H]choline, which is selectively accumulated by cholinergic interneurons 
and synthesized into [3H]acetylcholine. The slices were placed in chambers 
and superfused with Krebs medium, the superfused phase was collected, and 
the radioactivity released from the tissue into the superfused phase was 
measured by liquid scintillation counting. Exposure to agonists of N -  
methyl-D-aspartate receptors caused an increase in release while addition of 
magnesium or N-methyl-D-aspartate receptor antagonists, such as  2- 
amino-5-phosphonopentanoic acid or 2-amino-7-phosphonoheptanoic acid. 
inhibited release caused by agonists. Agonists or antagonists of other excitatory 
amino acid receptors (e.g.. quisqualate or kainate) have little or no effect in 
general ( I  3). 


The action of test substances in this paradigm were assesscd by determining 
if ( a )  they evoked [3H]acetylcholinc release by themselves or ( b )  they inhibited 
the release of [3H]acetylcholine evoked by N-methyl-DL-aspartate (50 
PM). 


P-- H). 


3 
4 
5 
6 
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Abstract 0 A high-performance liquid chromatographic (HPLC) method 
has been developed for the quantitation of acetaminophen, chlorpheniramine 
maleate, dextromethorphan hydrobromide, and phenylpropanolamine hy- 
drochloride in combination in pharmaceutical dosage forms using a single 
column and three different mobile phases. The method developed is sensitive 
for the content uniformity test for tablets. N o  preliminary extraction procedure 
is required for liquid preparation and a very simple extraction procedure is 
required for tablets. The method is accurate and precise with RSD (based on 
five injections) of 1.2,2.4, 1.9, and I .6% for acetaminophen, chlorpheniramine, 
dcxtromet horphan. and phcnylpropanolaminc, respectively. 


Keyphrases 0 Acetaminophen -HPLC, content uniformity 0 Chlor- 
pheniramine malcate-HPLC, content uniformity 0 Dextromethorphan 
hydrobromide --lipLC. content uniformity 0 Phenylpropanolamine hy- 
drochloride- -HPLC, content uniformity 


One popular commercial product’ contains an analgesic 
(acetaminophen), an antihistamine (chlorpheniramine ma- 
leate), an antitussive (dextromethorphan hydrobromide), and 
a decongestant (phenylpropanolamine hydrochloride). The 
product is extensively used for the relief of symptoms of coughs 
and colds. The dosage forms also contain excipients, some of 
which may interfere with the analysis of the active ingredients. 
The problem of analysis is further complicated by the presence 
of 325 mg of acetaminophen uersus only 1 mg of chlor- 
pheniramine maleate per tablet (or per 15 mL of the liquid). 
The quantities of dextromethorphan hydrobromide and phe- 
nylpropanolamine hydrochloride present are 10 and 12.5 mg 
per tablet (or I5 mL of the liquid), respectively. Acetamino- 
phen has high absorbance in the useful U V  range, but that of 


phenylpropanolamine hydrochloride is very poor. For example, 
at  256 nm (the wavelength of maximum absorption of phe- 
nylpropanolamine hydrochloride) a 1350-pglmL aqueous 
solution of phenylpropanolamine hydrochloride has an ab- 
sorption similar to a 20-pg/mL solution of acetaminophen. 
No single method is available to determine the active ingre- 
dients quantitatively in this combination. 


High-performance liquid chromatographic (HPLC) 
methods for the quantitation of acetaminophen (I -4), chlor- 
pheniramine maleate (5,6), dextromethorphan hydrobromide 
(3 ,7 ,  8), and phenylpropanolamine hydrochloride (6,9-11) 
have been reported. None of the reported methods is applicable 
when ingredients are present in this combination. 


This paper reports the quantitation of acetaminophen ( I ) ,  
chlorpheniramine maleate ( I I ) ,  dextromethorphan hydro- 
bromide (1 II ) ,  and phenylpropanolamine hydrochloride (IV) 
in  combination, using HPLC. The method requires three dif- 
ferent mobile phases for complete analysis. 


EXPERIMENTAL SECTION 


Materiak-All chemicals and reagents were USP. NF, or ACSquality and 
used without further purification. The sodium salt of I-heptanesulfonic acid2 
was used as received. 


A liquid chromatograph3 attached to a multiple-wavelength detector4 and 
a recorderS was used. The column6 (30 cm X 4 mm id.)  was purchased and 


* Eastman Kodak Co.. Rochester, N.Y. 
Waters ALC202 equipped with a U6K Universal injector; Waters Associates. Mil- 


ford, Mass. ‘ Spectroflow Monitor 7 7 0  Schoeffcl Instruments. Ramsey, N.J. 
Omniscribc 521 3-1 2; Houston Instruments. Austin, Tex. 
w-Bondapak phenyl; Waters Associates. Milford, Mass. I Comtrex; Bristol-Myers Products, New York. N.Y. 
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ness, it is predicted by Eqs. I and 2 that the steady-state total flux is propor- 
tional to the product of the partition coefficient of the drug between the 
stratum corneum and the vehicle and its solubility in the vehicle. Although 
realizing that KM/W was used in the present study rather than @Iw, such 
a trend nevertheless appears evident since as + SS decreases, so does P"A 
and PA- (Fig. 2). This suggests the use of this parameter as a relative indicator 
of permeability when examining a series of analogues for their ability to 
penetrate human skin, without recourse to actual permeation studies. The data 
imply that K'/W -Ss must exceed 10-1 I mol - L-I before permeation of the 
chromone-2-carboxylic acids can be detected. 


The values of P H A  and PA- obtained from these experiments can be used 
to determine how the relative permeation rates of the un-ionized and ionized 
species change with pH and how this affects the total steady-state flux, i . e . ,  
JHA + JA-. This is illustrated for I in Fig. 3, where it should be noted that the 
flux axis is given in log units. As the pH is increased above the pK, of 1.93, 
the concentration of the un-ionized species falls. This leads to a continuous 
reduction in  flux due to the un-ionized species, JHA, since the product PHA - CHA is also falling. At the same time, the concentration of the ionized species 
rises with increasing pH and then remains constant a t  a pH value 2 or more 
units above the pK,. The net effect is a continuous decline in the total flux as 
the pH of the solution is increased; in the case of I, this increase is to pH 7. 
Above this pH, the permeation of chromone ions constitutes the major portion 
of the total flux, although it is important to remember that the magnitude of 
the total flux falls dramatically as the pH is raised above the pK,. Thus, for 
monoprotic acids in which un-ionized and ionized species have widely sepa- 
rated permeability coefficients (e.g., the chromone-2carboxylic acids in which 
the difference between P A  and PA- is -I@), the pH should be held to as low 
a value as  possible when seeking to maximize the total flux through the skin. 
The optimal value is a t  least 1 pH unit below the pK,, assuming satisfactory 
tolerance by the skin to such a pH. Minimal flux in the example described here 
occurs a t  a pH that is -5 units or more above the pK,. 


Diffusion coefficients ( D )  for the four compounds are calculated from Eq. 
I by using the values for K'IW given in Table 11 and a measured stratum 
corneum thickness of 10 pm. Since PIJA is much greater than PA-, P was taken 
to be equal to PHA. The values presented in Table I 1  lie within the range 
normally found for compounds of this size when they arediffused through the 
stratum corneum (2). 


In summary, the results of this study indicate that chromone-2-carboxylic 
acids permeate human skin both as  un-ionized and ionized species, although 
the former are -104 times more permeable. Because of the effect of pH on 
the relative concentrations of un-ionized and ionized species, it would appear 
to be possible to control the total flux of these compounds by varying the pH 
of the drug-containing vehicle applied to the skin. 
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Abstract 0 Phosphate is specifically adsorbed by aluminum hydroxycarbonate 
by anion ligand exchange. IR analysis indicated that phosphate exchanged 
with specifically adsorbed carbonate. Adsorption is favored by low pH and 
is inversely related to particle size. Adsorption of phosphate decreases the rate 
of acid neutralization of aluminum hydroxycarbonate. The results are applied 
to the treatment of hyperphosphatemia and hypophosphatemia. 


Keyphrases 0 Adsorption-phosphate by aluminum hydroxycarbonate 0 
Aluminum hydroxycarbonate- adsorption of phosphate 


The adsorption of phosphate species by aluminum hydroxide 
is important, as aluminum hydroxide-containing antacids have 
been implicated in hypophosphatemia. In contrast, aluminum 
hydroxide is used as a phosphorus-binding agent in hyper- 
phosphatemia. The interaction of phosphate species with 
crystalline forms of aluminum hydroxide has been extensively 
studied due to the wide Occurrence of aluminum hydroxide in 
the soil and the extensive use of phosphorus-containing fer- 
tilizers. However, little is known about the interaction of 


phosphate species with amorphous aluminum hydroxycarbo- 
nate, the acid-reactive form of aluminum hydroxide containing 
specifically adsorbed carbonate which is used in antacids. The 
purpose of this study was to determine the mechanism of ad- 
sorption of phosphate species by aluminum hydroxycarbonate, 
with emphasis on possible adsorption of phosphate on surface 
carbonate sites. 


BACKGROUND 


The binding of phosphorus by aluminum hydroxide in the gastrointestinal 
tract during antacid therapy was first noted 40 years ago ( I ,  2). Since that 
time, it has been confirmed in numerous studies that aluminum hydroxide 
may reduce the intestinal absorption of phosphate (3-13). Clinical symptoms 
of phosphorus depletion syndrome parallel serum phosphorus levels and are 
most likely to be observed in patients who combine aluminum hydroxide 
antacid therapy with a low dietary phosphorus intake (14, 15). This obser- 
vation is especially pertinent to critically ill patients who receive only parenteral 
nutrition and who also require antacid therapy to prevent upper GI bleeding 
( 1  6). 
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Figure I-Effect ofpHon the fraction ofphosphorus boundby AHCG I (A), 
aluminum hydroxide gel (B), and AHCG 2 (C). 


In two recent studies, slightly different conclusions were reached regarding 
the effect of aluminum hydroxide on serum phosphorus levels and phosphorus 
excretion, perhaps due to differences in dosage and duration of therapy. In 
the first study, seven daily doses containing 525 mg of equivalent aluminum 
oxide (1 5.4 mEq) per dose were administered for 28 d to 12 healthy subjects 
(1 5). No statistically significant change in serum phosphorus levels occurred, 
but a statistically significant decrease in phosphorus excretion led to values 
below the normal phosphorus excretion range. N o  clinical symptoms were 
observed in any subject. Because of the change in phosphate excretion, the 
subjects were described as exhibiting incomplete phosphorus depletion. In 
a second study, I5 healthy subjects were administered four daily doses con- 
taining 450 mg of equivalent aluminum oxide (13.2 mEq) per dose for 12 d 
(17). Serum phosphorus levels did not change significantly, and no clinical 
symptoms were observed, although a statistically significant decrease in 
phosphorus excretion was noted. However, in contrast to the first study, the 
phosphorus excretion values remained within the normal physiological limits. 
Therefore, it was concluded that aluminum hydroxide was tolerated by the 
subjects. 


Hyperphosphatemia is most commonly encountered during renal failure. 
Therapy usually involves reduction in the uptake and absorption of exogenous 
phosphorus through a low phosphorus diet and the use of phosphorus-binding 
agents (18-23). Presently, aluminum hydroxycarbonate gel is the chief agent 
used to treat hyperphosphatemia. 


Phmphate species are specifically adsorbed by hydrous metal oxides through 
anionic ligand exchange, displacing surface hydroxyl or water groups (24). 


‘ O K  


0. I 0.2 0.3 0.4 
Adsorbed Phosphorus/Aluminum 


Figure 2-Effect ofphosphate adsorption on PZC of aluminum hydroxide 
gel. 


Figure 3-Schematic of the unit layer of aluminum hydroxide showing the 
surface hydroxyl and aquogroups. K e y  (@) upper OH; (0) upper OH%. (0) 
lower OH; (0) lower OH2. 


The affinity of anions for aluminum hydroxide at  moderate pH conditions 
follows the order phosphate > arsenate > sulfate > chloride (25). The ad- 
sorption of phosphate shifts the point of zero charge (PZC) to lower values 
and thus alters the surface characteristics (24.26). This must occur by entering 
the inner Helmholtz layer, i.e., the first coordination sphere of the aluminum 
ions on the aluminum hydroxide surface, through the displacement of coor- 
dinated hydroxyl and aquo ions by a ligand exchange reaction. 


The extent of phosphate adsorption depends on pH, time, concentration, 
surface area, temperature, and the nature of the adsorbent (26-28). 


EXPERIMENTAL SECTION 


Materials-Two aluminum hydroxycarbonate gels were obtained com- 
mercially and were identified as AHCG 1 I and AHCG 22. An aluminum 
hydroxide gel which was free of carbonate was precipitated by adding suffi- 
cient 3 M KOH to 2 L of I M AIC13 to reach pH 9.5. Immediately after 
washing with three volumes of distilled water, 68 g of sorbitol was dissolved 
in distilled water and added to the aluminum hydroxide gel. The final volume 
was then adjusted to 4 L by the addition of distilled water. Sorbitol was added 
to reduce the rateof polymerization (29) and thereby maintain the maximum 
surface area. 


A ~ l y t i c a l  Procedures-The equivalent aluminum oxide content was de- 
termined by chelatometric titration (30). The carbonate content was deter- 
mined by gasometric displacement (31). The PZC was determined by a po- 
tentiometric titration procedure (32). The rate of acid neutralization was 
determined by automated pH-stat titration’ a t  pH 3 and 25OC (33). The 
amount of phosphorus in solution was determined by the heteropoly blue 
method (34). The mean hydrodynamic radius was determined by fiber optic 
Doppler anemometrf (35). 


The fraction of phosphate species adsorbed at  different pH conditions was 
determined by first adjusting portions of the aluminum hydroxycarbonate 
or aluminum hydroxide gel containing 15.5 mM of aluminum and 10 mM of 
KCI to the desired pH with a pH-stat titrator’. After the pH adjustment, 25 
mL of I M NaH2POd was added, and the volume was adjusted to 100 mL with 
distilled water. The pH was maintained at  the desired level for 1 h at  25°C 
with constant stirring with the pH-stat titrator’. The sample was centrifuged 
at 15,OOO rpm (27,OOOXg) for 30 min, and the supernatant was analyzed for 
phosphorus. The quantity of phosphate adsorbed was determined by differ- 
ence. 


IR spectras were obtained by air drying the sample and preparing a com- 


Figure 4-Schematic of the unit layer of aluminum hydroxycarbonate 
showing the surface hydroxyl. aquo, and carbonate groups. Key: (a) OH: 
(0) OH2; (Q) co3. 
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Figure 5-Change in the IR spectrum of AHCG 2 as a result ofphosphate 
adsorption. Key: (-) blank: [- -) treated for 1 h; (- - -). treatedfor 72 
h. 


pressed disk (1 mg of sample/300 mg of KBr). A sample of AHCG 2 con- 
taining 25 mM of equivalent aluminum oxide was diluted to 100 mL with 
distilled water and adjusted to pH 6.6. Five milliliters of 0.25 M N a H # 0 4  
was added. The sample was shaken at 25OC. Portions were removed and air 
dried after 1 and 72 h. 


The exchange of phosphate species for specifically adsorbed carbonate in 
aluminum hydroxycarbonate was determined by adding 26.9 mM NaHzPO4 
to a sample of AHCG 2 containing 15.5 mM equivalent aluminum oxide at  
pH 6.6 and 25OC. The pH was maintained with a pH-stat titrator'. Samples 
were taken after 30,60, 120, or 240 min of reaction time and analyzed for total 
carbonate content and phosphorus in solution. 


RESULTS AND DISCUSSION 


Phosphate is adsorbed by both aluminum hydroxide and aluminum hy- 
droxycarbonate (Fig. 1). The three adsorbents differed substantially in the 
amount of phosphate adsorbed. However, this difference does not appear to 
be related to the presenceof carbonate surface groups, in addition to hydroxyl 
and aquo surface groups, as the fraction of phosphate bound by the sample 
of aluminum hydroxide (Fig. I B) was intermediate between the two aluminum 
hydroxycarbonate gels (Fig. IA and C). Particle size analysis showed that 
phosphate adsorption was directly related to surface area, as the mean hy- 
drodynamic radii of aluminum hydroxycarbonate gel 1 (AHCG I) ,  aluminurn 
hydroxide, and aluminum hydroxycarbonate gel 2 (AHCG 2) were 0.21.0.28, 
and 0.51 pm, respectively. 


The results shown in Fig. 1 also indicate that phosphate adsorption is de- 
pendent on pH, with all three adsorbents exhibiting a similar pH profile. 
However, the PZC varies from 9.8 for aluminum hydroxide to7.6 and 6.5 for 
aluminum hydroxycarbonate 1 and 2, respectively. Thus, phosphate adsorption 
cannot be explained simply by electrostatic attraction, as  the pH profile is not 
related to the PZC of the adsorbents. The fact that phosphate adsorption is 
independent of the PZC, i.e., adsorption decreased at pH -7 for all three 
adsorbents, indicates that phosphate is specifically adsorbed at the inner 
Helmholtz layer by a ligand-exchange reaction (24) which is independent of 
surface potential. 


The nature of the surface and the ionic form of the adsorbate are influenced 
by pH. At low pH conditions, the surface is positive and aquo groups are  the 
predominant sites on the surface. As the pH increases, the surface potential 
decreases and more hydroxyl sites occur on the surface as the hydroxide 
concentration in solution increases. Therefore, the phosphate species must 
compete with hydroxide ions for the hydroxyl sites on the increasingly negative 
surface. Thus, the high adsorption of phosphate species a t  low pH can be at- 
tributed to the high positive charge of the surface and the weaker competition 
of hydroxide ions. This bchavior is in agreement with the results of a previous 
study by Huang (27), who concluded that surface acidity and the acid-base 
behavior of the adsorbed anions are the most important factors controlling 
the adsorption density. 


The conclusion that phosphate is specifically adsorbed by aluminum hy- 
droxide and aluminum hydroxycarbonate is further supported by the de- 
pression of the PZC of aluminum hydroxide following phosphate adsorption 
(Fig. 2). The PZC decreased from 9.8 to 4.1 as  the adsorbed phosphate-to- 


.- s 
F 8, 0.10 
P 
2 s 
L4.J 0.08 


grn 
0.06 I I I I 


02 Q3 0.4 
Adsohed Phosphorus/Aluminum 


Fpoue 6-Exchange of phmphate species for specwcally adsorbed carbonate 
in AHCG 2 at pH 6.6 and 2S"C. 


aluminum molar ratio increased from 0 to 0.39. The decrease in PZC can be 
attributed to the negative charge introduced by the specifically adsorbed 
phosphate (27). 


The potential exchangeable sites for aluminum hydroxide are illustrated 
in Fig. 3. The molecular structure is composed of two fundamental units: two 
planes of closely packed hydroxyl ions with aluminum sandwiched between 
them as  fused, six-membered rings of octahedrally coordinated aluminum 
atoms joined by double hydroxide bridges (36). At the surface, the terminal 
aluminum atoms are coordinated with hydroxyl and aquo groups. The pro- 
portion of hydroxyl and aquo surface groups is controlled by the pH-PZC 
relationship (37) bp: 


Rajan et al. (38) have shown that aquo groups are the predominant adsorption 
site a t  low pH conditions and that exchange with surface hydroxyl groups 
predominates above pH 6.7. 


Aluminum hydroxycarbonate has the same basic structure as aluminum 
hydroxide, except that carbonate groups are present at the surface in addition 


0 60 I 20 180 240 300 
MINUTES 


Figure 7-Effect ofphosphate adsorption on the rate of acid neutralization 
of AHCG 2 at various adsorbed phosphate-to-aluminum molar ratios. Key: 
[A) 0; [B) 0.016: [C) 0.032; (0) 0.066. 
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For clarity, on1 the bonds a e a t c d  with the surface sites are shown. even though 
aluminum is in sixhd coordination in each structure. 
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to hydroxyl and aquo groups (39) (Fig. 4). The possibility of exchange of 
phosphate for surface carbonate sites was studied by IR spectroscopy (Fig. 
5). The IR spectrum of aluminum hydroxycarbonate exhibits absorption bands 
between 1400 and 1500 cm-I which have been assigned to specifically ad- 
sorbed carbonate (40). After interacting with phasphate for 1 h, the carbonate 
bands were diminished, and a band at  1080 cm-’, corresponding to P-0 
stretching (41), was evident. The P - 0  stretching band increased in intensity 
with adsorption time while a concomitant decrease in the intensity of the 
carbonate band occurred. The exchange of phosphate species for carbonate 
was confirmed by the loss of carbonate which accompanied adsorption of 
phosphate by AHCG 2 a t  pH 6.6 (Fig. 6). At low phosphate levels, the ratio 
of phosphate adsorbed to carbonate exchanged was -3, indicating that 
phosphate adsorption by aluminum hydroxycarbonate gel involves exchange 
with surface carbonate sites as well as  hydroxyl and aquo sites. 


The effect of phosphate adsorption on the rate of acid neutralization of 
aluminum hydroxycarbonate was investigated by pH-stat titration at pH 3 
and 25’C (Fig. 7). The rate of acid neutralization decreased in response to 
adsorption of even small amounts of phosphate. For example, the time to 
neutralize 50% of the sample increased from 57 min, in the absence of phos- 
phate, to 75 min when the adsorbed phosphate-to-aluminum molar ratio was 
only 0.016. The mechanism for this effect is believed to be related to thedif- 
ference in solubility between AIP04, known mineralogically as berlinite, and 
amorphous aluminum hydroxide. The acid neutralization reactions of A1PO4 
and AI(OH)s are shown by: 


AlPOs + 3H+ + H3POa (Eq. 2) 


(Eq. 3) 
The logarithims of the equilibrium constants for Eqs. 2 and 3 are 0.5 and 


9.66, respectively (42). Thus, the AI-O-POs bond is much more resistant 
to proton attack than the AI-O-H bond. 


Adsorption of phosphate species occurs as readily by aluminum hydroxy- 
carbonate as by aluminum hydroxide because phosphate can exchange with 
specifically adsorbed carbonate. Adsorption is favored by low pH and small 
particle size. In patients with hypophosphatemia. the depletion of phosphorus 
will be the greatest for those aluminum hydroxycarbonate gels with the 
smallest particle size, i.e., those exhibiting the best antacid properties. Thus, 
an adequate dietary intake of phosphorus is essential of antacid therapy is 
required. Alternate steps, such as  the use of aluminum phosphate gel as an 
antacid, are not satisfactory because of the poor antacid properties of alumi- 
num phosphate. On the other hand, an aluminum hydroxide gel with the 
maximum surface area appears to be desirable to treat hyperphosphatemia. 
The aluminum hydroxide gel ustd in this study, which was stabilized by adding 
sorbitol immediately after precipitation (Fig. 1 B), would be a good candidate, 
as  it requires 270 min to neutralize 10% of its theoretical acid-neutralizing 
capacity at pH 3 and 2YC.  Thus, this aluminum hydroxide gel will not un- 
dergo appreciable acid dissolution during the gastric residence time and will 
be present throughout the GI tract as a relatively high-surface-area colloidal 
solid capable of adsorbing phosphate species. 


AIIOH)3 + 3H+ 2 A13+ t 3 H z 0  
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Table 11-Precision of the Assay for Valproic Acid and Valpromide in Human Plasma 


Valproic Acid Valpromidc 
Conc. Conc. 


Conc., Found", Found", 
W m L  SD cv, % P g / m L  SD CV, % Ccg/mL 


20 20.30 1.86 9.18 19.53 0.9 I 4.66 
30 30.52 1.71 4.21 3 I .76 3.00 9.45 
40 4 I .88 3.24 7.74 41.50 2.80 6.75 
50 49.84 3.97 7.96 49.08 3.95 8.00 
60 57.84 4.75 8.2 I 62.5 5.12 8.19 


4 Mean of IOdeterminalions. 


assayed separately by two different systems (2, 4). The proposed method is 
very useful and advantageous in any pharmacokinetic or metabolic study of 
vulpromide. 
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Abstract 0 Sixteen healthy men received iohexol intravenously at  a concen- 
tration of 346 mg of iodine/mL. Doses of 500,750,1000, and 1500 mg of io- 
dine/kg of body weight were administered to four volunteers each. Neither 
clearance nor perccnt of dose excreted in the urine showed any significant 
correlation with size of the dose. The overall mean ( S D )  renal and total body 
clearances werc 120 f 18.6 and I3 1 f 18.6 mL/min, respectively. The overall 
mean apparent volume of distribution was 165 (k30.7) mL/kg. Urine con- 
tained 92.3 f 4.4%of thedose. Most of thedrug (89.9%) wasexcreted within 
the first 12 h. An open three-compartment body model gave the best fit to the 
experimental data. The mean apparent first-order terminal elimination (y- 
phase) half-life was 12.6 h. 


Keyphrases 0 Iohexol-pharmacokinetics, intravcnous administration, hu- 
mans n Pharmacokinetics-iohexol intravenous administration. humans 0 
Radiocontrast agents-iohexol, plasma and urine levels, intravenous ad- 
ministration, pharmacokinetics. humans 


Ionic contrast media that are approved for human use are 
hyperosmolar to plasma. Administration of the large volumes 
necessary for visualization can result in large detrimental fluid 
shifts within the body. Prior to conducting intensive clinical 
trials with a new contrast medium, the route and rate of ex- 
cretion must be adequately assessed. Previous studies with ionic 
contrast media have suggested that excretion occurs almost 


exclusively cia the kidney at  a rate that is consistent with 
passive handling by glomerular filtration ( 1 ). 


Iohexoll, S-[acetyl(2,3-dihydroxypropyl)-amino]-N,N'- 
bis(2,3-dihydroxypropyl)-2,4,6-triiodo- 1,3-benzenedicar- 
boxamide, is a new nonionic radiographic contrast agent which 
is intended for vascular and intrathecal use in humans. The 
biological properties of iohcxol ( 2 )  are similar to those of 
metrizamide, the first nonionic contrast medium approved for 
clinical use (3). A significant advantage of iohexol is its sta- 
bility in solution to terminal heat sterilization, and its prepa- 
ration as a ready-to-use solution. 


This report describes the results of our investigations into 
the excretion of iohexol, and includes a nonlinear least-squares 
estimate of the pharmacokinetic parameters of iohexol fol- 
lowing intravenous administration. 


EXPERIMENTAL SECTION 


Study in Human Volunteers-Four groups of four healthy male volunteers, 
between the ages of I8 and 50 ycars, received iohexol intravenously at  doses 


I Ornnipaque; Sterling Drug, New York. N.Y 
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Table I-Pharmaeokinetic Parameters in Volunteers Receiving Intravenous lohexol 


Regression-Dependent Parameters Model-Independent Parameters 
Volume Total 


of Renal WY 
A, B,  C, Distribution, AUCF, Clearance, Clearance, a, P. 7 ,  


Subject h-l h-' h-I pg/mL pg/mL pg/mL mL/kg rg.h/mL mL/min mL/min 


I 
2 
3 
4 


Mean f 
SD 


5 
6 
7 
8 


Mean f 
SD 


9 
10 
I I  
12 


Mean f 
SD 


13 
14 
15 
16 


Mean f 
SD 


9o 500 mg2c;\'odine/kg 25. 
1.60 0.271 0.060 146 
1.64 0.291 0.093 4800 2410 41.6 147 
2.79 0.43 I 0. I39 3570 2590 80.8 171 
2.99 0.412 0. I45 5810 3220 I66 1 I6 


2.26 f 0.738 0.351 f 0.08 0.109 f 0.048 4840 f 945 2590 f 462 78.4 f 62.9 145 f 22.5 


8400 750 mg104f4bodine/kg .74 
0.946 0.258 0.006 162 
4.60 0.437 0.048 9690 5010 18.3 108 
1.35 0.309 0.026 5680 2490 6.18 196 
2.69 0.363 0.035 7300 4430 13.6 136 


2.40 f 1.65 0.342 f 0.08 0.029 * 0.018 7770 f 1700 3340 f 1660 9.96 f 7.41 151 f 37.5 


1000 mg of Iodine/kg 
1.49 0.340 0.05 I 9390 2990 18.1 172 
I .75 0.345 0.06 1 7980 4440 21.1 172 
1.22 0.297 0.030 5980 3770 11.3 219 
1.55 0.339 0.030 10200 3790 8.68 I52 


1.50 f 0.219 0.330 f 0.02 0.043 f 0.016 8390 f 1850 3750 f 593 14.8 f 5.78 179 f 28.4 


I500 mg of Iodine/kg 
I .56 0.303 0.039 I1600 6200 20.4 179 
I .32 0.324 0.03 1 l2l00 5770 8.45 I79 
2.64 0.35 I 0.08 1 9910 8950 62.0 169 
0.632 0.224 0.006 I3600 1330 1.36 214 


1.54 f 0.833 0.301 f 0 . 0 6  0.039 f 0.031 11,800 f 5560 f 3150 23.1 f 27.1 185 f 19.7 
I520 


Overall 
Mean f SD 1.92 f 0.988 0.33 I f 0.06 0.055 f 0.041 165 f 30.7 


I2.000 
12,200 
8,150 


I 1,500 
I 1,000 f 


1900 


14,800 
14,900 
13.100 
16,400 


14,800 f 
1350 


16,100 
18,800 
18,900 
18,900 


18,200 f 
I380 


29,900 
28,400 
3 1,800 
25,600 


28,900 f 
2620 


127 
145 
I29 
108 


27 f 


I I6 


97.1 
86.0 


112 
1 I3 


02 f 12.9 


125 
I62 
1 I6 
98.6 


25 f 26.7 


5.2 


i 30 
131 
I19 


124 f 7.62 


120 f 18.6 


111 
I10 
128 
134 


121 f 12.1 


142 
163 
I41 
97.7 


136 f 27.4 


133 
165 
141 
1 1 1  


138 f 22.3 


I I5 
130 
I30 
138 


I28 f 9.60 


I31 f 18.6 


of 500.750,1000, and 1500 mg of iodine/kg. Iohexol was administered at  a 
concentration of 346 mg of iodine/mL of solution a t  a temperature of 37'C. 
The injection was made into an antecubital vein at  a rate that delivered the 
total dose in 3 min. Time zero ( t  = 0) is defined as the time at which the in- 
jection was completed. Blood samples were drawn from the contralateral 
antecubital vein. Plasma and urine samples werecollected at  appropriate in- 
tervals and stored frozen until analyzed. 


Table 11-Urinary Recovery of Intact Iohexol in Humans 


Iohexol Excreted 
Administered in Urine Dose Excreted 


Subject Dose. mgo (0-96 h), mg (0-96 h), '3% 


79:&mg of Iodine/%,000 
I 
2 80,600 63,900 
3 62,700 54,700 
4 92.500 83.700 


Mean f SD 
750 mg of Iodine/k 


5 126,000 Illf600 
6 146,000 145,000 
7 I 1  1.000 95,400 
8 96,300 97,400 


Mean f SD 
1000 mg of lodine/k 


9 I29,OOO 
10 186.000 
I \  160,000 146,000 
12 126,000 122,000 


Mean f SD 


13 206,000 
14 22 1,000 
15 248,000 250,000 
16 212.000 183,000 


Mean f SD 
Overall Dose Excreted, '3% 


(1 Expressed as iohexol. 


87.6 
79.3 
87.2 
90.6 
86.2 f 4.83 


87.7 
99.4 
85.8 


101.0 
93.5 f 7.83 


94.8 
87.9 
91.3 
96.9 
92.7 f 3.96 


101 
100 
100 
86.1 
96.8 f 7.13 
92.3 f 4.44 


Appropriate institutional review and approval were obtained. No subject 
had a clinical history or laboratory findings that were suggestive of renal or 
hepatic dysfunction. 


A m y  hocedure-The analysis of plasma and urine for iohexol concen- 
tration was dependent on separation by HPLC. The mobile phase was a 
mixture of 0.01 M phosphate buffer, pH 7.4, and methanol; the column was 
a 5-pn Spherisorb ODs2 column, 25 cm X 4.6 mm i.d. The UV detector was 
set a t  254 nm. Details of the HPLC procedure will be reported elsewhere (4). 
Plasma and urine standards, which were prepared in normal human biological 
fluids, were processed and anlayzed with each set of samples from the subjects 
in the study. The concentrations of iohexol were determined by inverse pre- 
diction (9, using the linear regression of the peak height ratios of the stan- 
dards. The minimum quantifiable level of iohexol was estimated as the con- 
centration whose lower 80% confidence limit just encompassed zero (6). 


Phprmacokinetic Calculations-The data obtained from the analysis of 
the plasma samples was described by an open three-compartment body model 
by means of a weighted nonlinear regression (NLIN) procedure using the 
Marquardt algorithm (7); the weighting factor was the reciprocal of the square 
of the concentration. The model was defined with the following equation: 


C,  = Ae-=' + Be-8' + Ce-7' 


where C,  is the plasma concentration; A, B, and C a r e  constants; and a, P, 
and y are  the hybrid rate constants for the three-compartment model. 


In addition to the regression-dependent parameters, the plasma concen- 
tration data were used to calculate the area under the plasma concentration 
versus time curve during the 96-h study period (AUC:6). Both total body 
clearance and renal clearance were estimated by dividing the dose adminis- 
tered and the amount of drug excreted into the urine during 96 h, respectively. 
by the AUCF. 


RESULTS AND DISCUSSION 


The concentrations of iohexol in the plasma samples from each of the vol- 
unteers were determined. After intravenous administration, the plasma con- 
centrations declined triexponentially with time, suggesting that a three- 
compartment body model would be appropriate. Pharamacokinetic parameten 
were estimated for each subiect after computer-fitting of the plasma data by 
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/SUBJECT 6 


Figure 1-Plasma concentration of iohexol in 
human volunteers after intracenous adminis- 
tration. Plasma concentrations were observed 
in subject 2 (O) ,  and in subject 6 (a), with 
widely divergent renal clearance rates and 
concentrations predicted by the open three- 
compartment body model (lines). 


1 SUBJECT 2 


0 8  16 24 32 40 48 56 64 72 


TIME, h 


an iterative nonlinear least-squares regression technique (7). Despite the 
threefold range in both the total dose administered and the infusion rate, the 
same model was fitted to the plasma concentration data of each subject, with 
satisfactory results (Table I). 


The mean apparent first-order terminal (y-phase) elimination half-life for 
iohexol was -I 2.6 h. The mean value for a, I .92 h-1, corresponds to a half-life 
of 22 min; the mean value for @, 0.33 1 h-I9 corresponds to a half-life of 2. I 
h. The mean ( fSD)  apparent volumeof distribution was 165 (f30.7) mL/kg 
of body weight. This value suggests that iohexol distributes into extracellular 
water. 


The AUC during the 96-h study period was estimated by the trapezoidal 
method (Table I); linear regression analysis indicated a good correlation be- 
tween the amount of drug injected and the AUCF ( r  = 0.94; p C 0.001). 


From the amount of drug excreted into the urine and the regression-inde- 
pendent AUC, the renal clearances were calculated (Table 1). Although there 
is almost a twofold difference between the highest (subject 6) and lowest 
(subject 2) renal clearances, the observed concentration data were adequately 
described by the open three-compartment body model for both of these 
subjects. A comparison of the observed and predicted concentrations is shown 
in Fig. 1; the agreement between the observed values and those predicted by 
the pharmacokinetic model is apparent. 


The urinary excretion of intact iohexol is summarized in Table 11. The 
overall mean ( fSD) percent of dose excreted into urine was 92.3 * 4.4%; the 
rccovery was not significantly different across doses (p < 0.158). Most of the 
drug was excreted into the urine within the first I2 h3 with a mean of 89.9 f 
7.0%. As can be determined from the clearances presented in Table I, renal 


3 Unpublished results. 


clearance accounts for 95% of the total body clearance; obviously, iohexol is 
not metabolized appreciably. 


Iohexol was well tolerated in these subjects, in doses up to 1500 mg of io- 
dine/kg of body weight. No drug-related adverse reactions were reported, 
although, in a few cases, a sensation of heat was recorded following injection 
of iohexol. 
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folic acid supplementation has no apparent effect on the pharmacokinetics 
of phenytoin in pregnant as  well as in nonpregnant rats. Significantly, neither 
of these two studies involved prior or chronic administration of phenytoin. 


The published clinical data concerning decreased phenytoin plasma con- 
centrations during pregnancy were obtained, necessarily, from patients on 
a chronic oral regimen of the drug. While it would seem feasible to administer 
a single intravenous tracer dose of stable isotope labeled phenytoin to these 
individuals before, during, and after pregnancy, this has apparently not been 
done. In an acute (single dose) clinical study on nonpregnant individuals, 
pretreatment with 15- or 30-mg folic acid orally everyday for several weeks 
had no effect on the biological half-life of phenytoin (17). Plasma concen- 
trations of phenytoin in male Wistar rats 1.5 and 5 h after a single intraperi- 
toneal dose of phenytoin, were similar in animals given a single concomitant 
oral dose of folk acid, 5 mg/kg, and in controls (18). 


One possibility not explored in  the present investigation is that folic acid 
supplementation affects the in oioo clearance of phenytoin only in rats that 
have been treated chronically with phenytoin. If that possibility can be ex- 
cluded, then the qualitative species difference between humans and rats, with 
respect to the effect of pregnancy on the pharmacokinetics of phenytoin, may 
be due, a t  least in part, to the difference in r e w n s e  to folate. If, however, 
increased dietary folic acid causes an increase in the metabolic clearance of 
phenytoin in both humans and rats on chronic phenytoin therapy, then the 
apparent species difference in the effect of pregnancy on phenytoin pharma- 
cokinetics may be related to the common practice of supplementing the diet 
of pregnant women, but not of pregnant rats, with folate. 
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NOTE ADDED IN PROOF 


Subsequent to the submission of this manuscript, Carl and Smith (19) re- 
ported that oral folate supplementation (20 mg/kg/d for 6 d, then every 12 
h for 4 d) had no apparent effect on phenytoin concentrations in the liver, 
brain, and plasma of male Sprague-Dawley rats who received oral phenytoin 
(100 mg/kg/d) for 6 d, then every 12 h for 4 d) concomitantly. In a prospective 
study of epileptic women during pregnancy, Hiilesmaa et al. (20) found a 
negative correlation between folate and phenytoin concentrations in serum 
( r  = -0.56. p = 0.002, n = 39) but no association between serum folate 
concentrations and the number of seizures during pregnancy. 
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Synthesis of Methyl 2,3-Bis( hydroxymethyl)-5-phenyl- 
7-oxabicyclo[ 2.2.l]hepta-2,5-diene-6-carboxylate . 


Bis( N-methylcarbamate) Derivatives as Potential 
Antitumor Agents 
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Abstract 0 Methyl 2,3-bis(hydroxymethyI)-5-phenyl-7-oxabicyclo~2.2.1]- 
hepta-2.5-diene-6-cdrboxylate bis(N-methylcarbamate) along with the 
p-chlorophenyl and p-nitrophenyl analogues were synthesized using a Diels 
Alder reaction. The title compound and the p-chlorophenyl analogue were 
inactive against murine P388 lymphocytic leukemia. 


Keyphrases 0 Bis-carbamates-synthesis, antitumor activity 0 7-Oxabi- 
cyclo[2.2. I ]hepta-2,5-djcne derivatives-synthesis, antitumor activity 


The discovery that certain derivatives of 7-oxabicy- 
clo[2.2.l]heptane ( I )  showed cytotoxic activity in the 9KB 
tissue culture assay led to the synthesis and evaluation of re- 
lated compounds. Dimethyl 2,3-bis(acetoxymethyl)-7-oxa- 
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bicyclo[2.2.l]hepta-2,5-diene-5,6-dicarboxylate (Ia) exhibited 
potent activity against L1210 leukemia in tissue culture assays, 
but failed to show any in uioo activity (2). The bis-carbamate 
(Ib) showed marginal activity against P388 lymphocytic leu- 
kemia in oiuo, but this result was difficult to reproduce. This 
report describes an attempt to prepare derivatives of 2,3- 
bis(hydroxyrnethyl)-7-oxabicyclo[ 2.2.1 ] hepta-2,Sdiene which 
show significant reproducible antineoplastic activity in oiuo. 


EXPERIMENTAL SECT'ION' 


Ethyl 2,3-bis(hydroxymethyI)-5-phenyl-7-oxabicyclo[2.2.I]hepta-2,5- 
diene-6-carboxylate bis(N-methylcarbamate) (Ila) and its p-chloro (1Ib) 
and p-nitro (11~)  analogues were prepared as follows. A mixture of 3.4-bis- 
(trimethyls:lyloxymethyl)furan (2) (0.0147 mol), ethyl phenylpropiolate 
(0.0206 mol), and toluene (20 mL) was heated under reflux for 40 h. (Note, 
methyl p-methoxyphenylpropiolate failed to react under these conditions.) 
The mixture was concentrated under reduced pressure and the residue was 
treated with ethanol-water ( l : l ,  80 mL) at 60°C for 30 min. The hot mixture 
was filtered to remove the insoluble phenylpropiolate ester, and the filtrate 
was concentrated under reduced pressure. The residue was dried under high 
vacuum (PzOS) to give the unstable diol in 90-95% yield. 


A solution of the diol(0.0059 mol) and triethylamine (0.2 mL) in dichlo- 
romethane (10 mL) was treated with methylisocyanate (2 mL), and the 
mixture was heated at reflux for 36 h. The reaction mixture was concentrated 
to dryness under reduced pressure and the residue was crystallized from ethyl 
acetate-isopropyl ether to give Ila in 60% yield, mp 140- 143°C. IR: 3350, 
2950, 1700, 1550, 1250, 1150, 1000, and 850 cm-l; 'H-NMR: 6 1.30 (1.3, 
J = 8 Hz), 2.60 (d, 3 , J  = 6 Hz), 2.80 (d, 3 , J  = 6 Hz), 4.40 (9.2, J = 8 Hz), 
4.90 (s, 4). 5.70 (s, 2), and 7.20-7.80 ppm (m, 5). 


And-Calc. for C Z O H ~ ~ N ~ @ :  C, 60.56; H, 5.80; N, 6.72. Found: C, 60.45; 
H. 5.88; N, 6.69. 


The chloro and nitro derivatives (Ilb and Ilc), as ethyl esters, were prepared 
in the same manner. Compound Ilb, obtained in 72% yield, had mp 176- 
178OC (ethyl acetate-isopropyl ether). IR: 3350,2950, 1700, 1540, and 1260 
cm-I; 'H-NMR: 6 2.60 (d, 3. J = 6 Hz), 2.80 (d, 3, J = 6 Hz). 3.75 (s, 3). 4.85 
(s. 4). 5.65 (s. 2), and 7.2-7.8 ppm (m.4). 


And-Calc. for CzoH22CINz07: C, 54.98; H, 4.84; N, 6.41; CI, 8.1 1. 
Found: C, 54.92; H,  4.91; N, 6.35; CI, 8.14. 


Compound Ilc (68%) had mp 172-176OC (ethyl acetate -isopropyl ether). 
IR: 3550,2950, 1700, 1550, 1250,975, and 850 cm-l; 'H-NMR: 6 2.60 (d. 
3, J = 6 Hz), 2.80 (d, 3, J = 6 Hz), 3.75 (s, 3), 4.85 (s, 4), 5.65 (s, 2). and 
7.2-7.8 ppm (m, 4). 


Anal.-Calc. for C20H22N309: C, 53.69; H, 4.73; N. 9.39. Found: C,  53.74; 
H. 4.76; N, 9.34. 


RESULTS AND DISCUSSION 


The rationale for the design of I was based on two factors. Thesc were, first, 
the electrophilicity of the allylic esters, which can react by an alkyl-oxygen 
cleavage mechanism (3,4) and, second, the neighboring group participation 


' Melting points (uncorrected) were determined in open capillary tubes with, a 
Thomas-Hoover Unimelt apparatus. IR spectra were determined for KBr wafers wlth 
a Perkin-Elmer 727 spectrophotometer. 'H-NMR spectra were determined for deut- 
erochloroforrn solutions containing - I %  (v/v) tetramethylsilane as the internal standard 
with a Varian T-60A spectrometer. Microanalyses were performed by Atlantic Microlabs. 
Inc.. Atlanta. Ga. 


0 PCOR r o  1 


Scheme I 


of C=C *-bonds in nucleophilic substitution reactions. These two Factors are 
summarized in Scheme I. 


The 5.6-double bond in  1 is substituted with two electron-withdrawing 
groups [for -C02CH3 the Swain -Lupton resonance [ R )  and field (F )  con- 
tributions are 0.552 and 0.140. respectively]. Compounds of the general 
structure I 1  were designed to have a 5.6double bond which was less elec- 
tron-deficient than 1 (the phenyl substituent has F = 0.139 and R = -0.088). 
Thus, compounds of the general structure I 1  should be more reactive than 
I .  


These bis-carbamates were prepared in a reaction scquencc which began 
with a Diels Alder reaction between 3,4-bis(trimethylsilyloxymethyl)furan 
(2) and the appropriate phenylpropiolic acid derivative. The trimethylsilyl- 
protected diol was used because it could be removed from the reaction mixture 
by distillation at  a sufficiently low temperature to avoid decomposition of the 
product. The phenylpropiolic acid derivatives wcre prepared from the ap- 
propriate cinnamic acid by a bromination-dehydrobromination sequence 
(5-9). 


The silyl blocking groups were removed from the Dick Alder adducts 
(ethanol-water), and the diols were converted to the bis-carbamates by 
treatment with methylisocyanate in the prcsence of triethylaminc. The in- 
termediate diols were unstable and attempts to purify these compounds led 
to extensive decomposition; thus, the diols were used directly in  the ncxt 
step. 


Two of the compounds, selected as "lead" structures, were tested against 
P388 lymphocytic leukemia in mice under the auspices of the National Cancer 
Institute (10). Thep-chloro compound ( I l b )  was inactive over thedose range 
of 1.56 200 mg/kg, and Ila was inactive over the dose range of 12.5-400 
mg/kg. Compound Ila was toxic at the 400-mg/kg dose: three of the six test 
animals died before the fifth day of the test (the animals were given once daily 
intrapcritoneal injections). Only one of six animals died before day 5 at the 
2OO-mglkg level with both Ila and Ilb; however, Ilbappearcd to be more toxic 
as judged by the weight losses of the treated animals. 


The rcactivity of I 1  was greatcr than I ,  as evidenced by the greater instability 
of 11. Ncvertheless, the reactivity is still not sufficient to confer in uico anti- 
tumor activity to bis-carbamate derivatives in  the oxabicyclic series. 


REFERENCES 


( I )  W. K. Anderson and R. H .  Dewey, J. Med. Chem., 20, 306 


(2) W. K. Anderson, R. H. Dewey, and B. Mulumba, J .  Med. Chem., 


(3) W .  K. Anderson and P. F. Corey, J. Med. Chem., 20,812 (1977). 
(4) W. K. Anderson, Cancer Res., 42,2168 ( I  982). 
(5) M. S. Newman and S. 11. Merill, J. Am. Chem. S O C ,  77, 5549 


(6) F. G. Baddar, J .  Chenr. SOC., 1955,461. 
(7) G. Rychler, Bull. SOC. Chim. Fr.,  17, 5 I 2  [ 1897). 
(8) F. G.  Baddar and El Assal, J .  Cheni. SOC. 1948, 1267. 
(9) J .  Banghiat and E. I .  Bccker, J .  Org Cheni.. 23, 885 (1958). 


(1977). 


22, I270 (1979). 


( 1955). 


(10) R. I. Geran, K. H. Greenberg, M. M. McDonald, A. M. Schumachcr? 
and B. J. Abbott. Cancer Chemother. Rep, Part 3,3(2) ,  I (1972). 


Journal of Pharmaceutical Sciences 1 1103 
Vol. 73. No. 8. August 1984 












Pharmacokinetic Study on the Mechanism of Tissue 
Distribution of Doxorubicin: Interorgan and Interspecies 
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Abstract 0 The mechanism of interorgan and interspecies variations in the 
tissue distribution of doxorubicin was studied in rats, rabbits, and guinea pigs. 
The permeation properties of doxorubicin were investigated by using isolated 
rat erythrocytes as a model membrane. A significant dependency of the uptake 
rate constant on medium pH was observed, suggesting that only un-ionized 
doxorubicin is diffusible through the plasma membrane. The values of plasma 
unbound fraction (f,) of doxorubicin were 0.344 for rats, 0.415 for rabbits, 
and 0.529 for guinea pigs. The tissue DNA concentrations of rats were larger 
than those of rabbits and smaller than those of guinea pigs in corresponding 
organs or tissues. An in uitro organ model that described the distribution 
behavior of doxorubicin i n  the whole body was constructed, and an equation 
was derived to estimate the tissue-to-plasma partition coefficients, (K,) from 
in oitro experiments. Thc in uitro K, values showed comparatively good 
agreement with the in v im K, values for the various organs or tissues in all 
three species. Doxorubicin is exclusively bound to the nuclei in the cells. The 
variation of the K, values in different organs depended on the amount of nuclci 
per gram of tissue. The primary determinant of the interspecies variation in 
the K, values was the difference in tissue DNA concentrations among rats, 
rabbits, and guinea pigs, and a secondary determinant was the difference in 
f,values. 


Keyphrases 0 Doxorubicin-pharmacokinetics, mechanism of tissue distri- 
bution, tissue-to-plasma partition coefficient 0 Pharmacokinetics-doxo- 
rubicin, mechanism of distribution, tissue-to-plasma partition coefficients 
0 Partition coefficients-tissue to plasma, mechanism of distribution of 
doxorubicin 


The tissue distribution of doxorubicin has been studied in 
several animal species (1 - 5 ) .  The characteristic feature of the 
tissue distribution of doxorubicin is that the tissue-to-plasma 
partition coefficient ( K , ) ,  a commonly used physiological 
pharmamkinetic parameter, is extraordinarily large and shows 
clear differences among tissues. Although it has been dem- 
onstrated that doxorubicin and its derivatives interact with 
DNA, chromatin, and nuclei (6-8), the mechanism of tissue 
distribution of doxorubicin has not been quantitatively eluci- 
dated. 


In general, the physiological distribution of most drugs is 
governed by two factors: ( a )  their reversible binding equilib- 
rium with proteins and/or other constituents in blood and 
tissues and ( b )  the concentration difference of unbound drug, 
which depends on the membrane permeability (9). Therefore, 
much has been done on the changes in plasma protein binding 
as a possible determining factor of interspecies, individual, or 
disease-state differences in drug distribution ( I  0- 12). How- 
ever, it has not yet been possible to explain organ and inter- 
species differences in drug distribution in terms of the K, 
values for any drug, despite various studies of drug interactions 
with intracellular organelles, e.g., nuclei, mitochondria, and 
microsomes. 


In previous studies ( 1  3, 14), a comparatively good correla- 
tion was found between the K ,  value of doxorubicin and the 
tissue DNA concentration, i .e.,  the amount of nuclei per gram 


of tissue in rats and rabbits, and there was no significant dif- 
ference in the characteristics of doxorubicin binding to the 
nuclei isolated from the rat liver and kidney tissues. The pur- 
pose of this study was to elucidate the mechanism of organ and 
interspecies variation in the tissue distribution of doxorubicin 
by means of measurements of tissue DNA concentrations and 
in uitro binding studies with plasma and nuclei. 


Nuclei I 
1 Ellmlnatlon 


Figure 1-Diagrammatic representation of the organ model. 


I Unpublished results. 
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Table I-Comparison of Tissue DNA Concentrations Among Three Species 


Tissue DNA Concentration" 
Tissue Rat, M b  Rabbit, M b  Guinea Pig, M 


~~ ~ ~~~ 


Adipose tissue 
Muscle 
Liver 


1.35 x 10-3 f 0.15 x 10-3 
9.15 x 10-4 f 1.59 x 10-4 
6.43 X lo-'& 0.38 X lqV3 


4.89 x 10-4 0.88 x 10-4 
2.60 x 10-4 f 0.53 x 10-4 
3.81 x 10-3 f 0.51 x 10-3 


1.74 x 10-3 f 0.22 x 10-3 
8.23 x 10-4 i 0.52 x 10-4 
8.43 x 10-3 f 0.62 x 10-3 


Gut 2.05 X f 0.08 X 1.77 X f 0.10 X 2.57 X f 0.25 X 
Heart 4.59 x 10-3 f 0.38 x 10-3 2.24 x 10-3 i 0.08 x 10-3 5.96 X f 0.37 X 
Stomach 1.1 1 X lo-* f 0.04 X 7.77 x 10-3 0.47 x 10-3 1.81 X f 0.05 X 
Kidney 1.25 X f 0.09 X 10-2 1.28 X f 0.12 X 1.71 X f 0.06 X 
Lung 2.35 x f 0.04 x 2.00 X f 0.08 X 3.25 X f 0.09 X 
Spleen 5.41 X f 0.38 X 5.13 X f 0.27 X 5.99 X f 0.13 X 


Mean f S E  of each experiment; n = 3-7. Calculated with calf thymus DNA (mol. wt.  330.9 per unit nuclcotide as sodium salt) as the standard. b Obtained from a previous 
report (1 3). 


From the aforementioned assumptions regarding the distribution of dox- 
orubicin in the organs, an equation can be derived to estimate the K, value 
as follows. K, is defined as the ratio of the tissue concentration to the con- 
centration in the leaving venous plasma, i.e.: 


where C and 0 are the drug concentrations in the tissue and venous plasma, 
respectively, and the subscripts f and b denote the unbound and bound drug 
species, respectively. Appropriate rearrangement of Eq. 1 gives: 


It has been reported by several investigators that the intracellular pH is slightly 
lower than that in the extracellular fluid and the blood plasma (18). Since 
doxorubicin is a basic drug which is more highly ionized at  lower than higher 
pH values, the antibiotic diffuses out less rapidly than it enters, and the con- 
centration of unbound doxorubicin may be somewhat higher inside than 
outside the tissue cells. Therefore, the ratio of the unbound drug in the tissue 
to that in plasma can be expressed by: 


The concentration ratio of unbound to bound doxorubicin in the tissue can 
be described by a Langmuir-type equation: 


(Eq. 4) 


where n and K, are the number of binding sites and the affinity constant to 
nuclei, respectively, and CN is the tissue DNA concentration. If the relation 
K.Cf << 1 holds, Eq. 5 is obtained: 


Substituting Eqs. 3 and 5 into Eq. 2 gives: 


wherej, is the unbound fraction in plasma, and p H ,  and p H ,  are the intra- 
and extracellular pH vdlues, respectively. The value used for/, (0.344) was 


Table 11-Physiological Constants for Doxorubicin Tissue Distribution 
Modeling aid the Apparent Tissue-to-Plasma Concentration Ratios a t  the 
Terminal Pbase after Bolus Intravenous-Injections to Guinea Pigs a 


Tissue 


Arterial blood 
Adipose tissue 
Muscle 
Liver 
Gut 
Heart 
Stomach 
Kidney 
Lung 
Spleen 


Volume, mLb Blood flow, mL/minC 


7.6 35.3 
11.6 


145.0 
11.6 
9.0 
0.9 
2.4 
2. I 
2.7 
0.3 


~~ ~ 


0.5 
10.2 
13.5 
9.2 
2.7 
3.0 
8.4 


35.3 
0.8 


- 
64 f 6 


178 f 24 
273 f 12 
351 f 6 0  
585 f 50 
436 f 43 
595 f 41 
656 f 91 


I964 f 31 1 


Body weight, 290 f 4 g (n = 4). Determined experimentally from the wet tissue 
weight b assuming a density of 1 .O for each tissue except for muscle and arterial blood 
volume. f h e  muscle volume was assumed to be one-half the body weight. as in rats (22). 
and the arterial Mood volume was calculated from the body weight b previousl reported 
mqthods(23). Obtained from previously reported data (24,25). dYMean f J€' of four 
guinea pigs. 


determined in the present study, whereas those for n and K ,  were obtained 
from previously reported data (14) and are 6.70 X and 4.85 X los M-I, 
respectively. The values used for CN were also obtained from previously re- 
ported data (1 3) and are listed in Table I. The values for pK,, pH,, and pH, 
were obtained from the literature, and are 8.15 (8), 7.4 (18), and 7.0 (18), 
respectively. 


EXPERIMENTAL SECTION 


Materials-Doxorubicin hydrochloride2 was used. The antibiotic was kept 
in the dark in a desiccator a t  4OC. Solutions of doxorubicin (2 X 1C6-5 X 


M in 405 mM sucrose) were freshly prepared before use. All other re- 
agents were commercial products of analytical grade. 


Animals-Male Wistar rats3 (weight, 250-270 g), male albino rabbits4 
(weight, 2.6-2.8 kg), and male Hartley guinea pigs3 (weight, 280-300 g) were 
used. 


Bloobto-Plasma Concentratjon Ratio-The blood-teplasma concentration 
ratio (Re)  was determined as described previously (1 3). 


In Vivo Apparent Tisswto-Plasma Concentration Ratio (Kww) in Guinea 
Pigs-Doxorubicin was dissolved in saline and administered to guinea pigs 
oiu a jugular vein at a dose of 10 mg/kg 2 h after theoperation. Food and water 
were given ud libitum. At 6, 12, 24, and 48 h after administration, blood 
samples were collected oia a jugular arttry, and then the guinea pig was killed 
by exsanguination. Each tissue was immediately excised, rinsed with saline, 
and stored at -4OOC until use. Doxorubicin contents in plasma and tissues 
were determined by a TLC scanning method as described previously ( I  3). 


Hepatic and Renal Clearances in Guinea Pigs-The urinary excretion of 
doxorubicin was determined from the total amount excreted through the 
urinary bladder until 48 h after injection of 10 mg/kg iv. The apparent renal 
blood clearance (CL.1; ,) and the apparent hepatic blood clearance (CL&,,) 
were determined, and tien the organ intrinsic clearance (CLinl) was calculated 
by: 


(Eq. 7) 
C L B . ~ , ~  QB - RB 


f p  * CLim = 
QB - CL~.app 


wherc QB is the organ blood flow rate. 
In Vivo Kp Value-The K ,  value.for guinea pigs was calculated from K,,,, 


by a previously described method ( 1  3). 
Plasma Binding Experiment-The rat plasma was first dialyzed for 16 h 


at  4OC with a semipermeable membranes against pH 7.4 isotonic buffer (30 
mM Tris, 13 1 mM NaCI. 5.2 mM KCI; 0.9 mM MgS04, and 1 .O mM CaC12). 
The plasma unbound fraction was determined by equilibrium dialysis at 37OC 
for 15 h against the same buffer as used for predialysis in semimicro cells6. 
No denaturation of proteins after dialysis was observed by polarization analysis 
(19) with I-anilino-8-naphthalenesulfonate, as reported previously (20). The 
degradation of doxorubicin during the equilibrium dialysis and the adsorption 
of doxorubicin on the dialysis membrane (-3wo of the initial content) were 
corrected for in the calculation of the binding parameters. The concentrations 
of doxorubicin in both plasma and buffer were determined by a fluorospec- 
trometric TLC scanning method (13). 


Tissue DNA Concentration-The tissue DNA concentration of guinea pigs 
was determined by a previously described method (1 3). The molecular weight 
of the DNA used was 330.9 (per unit of nucleotide as  the sodium salt). 


Preparation of Rat Erythrocytes-After injection of heparin at  a dosc of 
0.1 mL/100 g of body weight (100 U), whole blood was collected oiu a jugular 


* Adriamycin; Kyowa Hakko Kog o Co Ltd ,Tokyo. 
Nihon lkagaku Dobutsu Co., Toryo. .' 


. 


' Ichikawaya, Tokyo. 
Type 36/32; Visking Co., Chicago, 111. 
Kokugogomu Co., Tokyo. 
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Table 111-Pharmacokinetic Parameters of Doxorubicin in Guinea Pies * 


Parameterb ValueC 


2.88 x 103 f 0.001 x 103 
2.24 X lo2 f 0.55 X lo2 


5 .35  f 0.73 
6.52 X lo2 f 0.35 X lo2 


1.22 f 0.19 
4.13 i 0.57 
3.42 f 0.37 


1.43 X 10 f 0.10 X 10 
2.94 x 10-4 f 1.61 x 10-4 


M y  weight, 290 f 4 g ( n  = 4). except for A’, and CLB,:w (300 g; n = 2). AUC,. 
area under the lama concentration uersus time curve; CLK,, apparent total blood 


clearance; Xu, amount excreted in urine;/, plasma unbound fraction; CLinl. renal intrinsic 
clearance; CL#, hepatic intrinsic clearance; j3, slope of the plasma concentration-time 
curve at the terminal phase. Mean f SE of four guinea pigs. 


artery at  30 min. Erythrocytes were prepared essentially by the procedureof 
Horie et 01. (21), except that buffer (pH 7.4) containing I31 mM NaCI, 5.2 
mM KCI. 0.9 mM MgSOd, 0.12 mM CaC12.3 mM dibasic sodium phosphate, 
and 10 mM Tris was used in the preparation. 


Uptake Experiment-To determine the initial velocity of uptake of doxo- 
rubicin. 1.5 mL of the erythrocyte suspension (10% v/v) was incubated in 
medium containing 20 mM Tris, 1 3 1  mM NaCl, 5.2 mM KCI, 0.9 mM 
MgS04. 1.12 mM CaC12,3 mM dibasic sodium phosphate. and 5 mM glucose. 
After preincubation for 3 min with shaking (2 Hz) at  37OC, 0.01 mL Qf an 
isotonic solution containing various amounts of doxorubicin (1.8 1-2.59 pg) 
was added. Triplicate samples of 1.0 mL of the medium were removed and 
layered on 200 p L  of silicone oil with a density of 1.05’ in a 2.0-mL polyeth- 
ylene tube8. The samples were then centrifuged for 30 s in a tabletop micro- 
centrifuge8. The supernatant was discarded, the oil surface was washed with 
0.6 mL of distilled water, 0.6 mL of distilled water was again added, and the 
erythrocytes were completely hemolyzed with vigorous mixing. Then 0.6 mL 
of 50 m M  Tris-HCI buffer (pH 7.4) was added, and the polyethylene tube 
was centrifuged for 30 s in a tabletop microcentrifugeE. To  determine the 
amount of doxorubicin taken into the erythrocytes, doxorubicin in the su- 
pernatant was determined by fluorospectrometric TLC scanning method 


clearance; C L b ,  1 apparent renal blood clearance; CL&,, apparent hepatic blood 


(13). 


RESULTS 


Distribution to Erythrocytes, Plasma Protein Binding, and Tissue DNA 
Concentration-No concentration dependency in doxorubicin distribution 
into erythrocytes in guinea pigs was observed over the tested plasma concen- 
tration range of doxorubicin (0.00947- 1.549 pg/mL), which corresponded 
to the in oioo plasma concentration range after injection of 10 mg/kg iv. The 
value of the blood-to-plasma concentration ratio ( R B )  was 2.40 f 0.09 ( n  = 
12). 


Furthermore, no concentration dependency of plasma protein binding of 
doxorubicin was observed over the in uiuo plasma concentration range of 
doxorubicin (0.01 3 1-1.884 pg/mL for rats, 0.0108- I .992 pg/mL for rabbits, 
and 0.00733-2.183 pg/mL for guinea pigs). Thevalues of plasma unbound 
fraction were 0.344 f 0.014 ( n  = 15) for rats, 0.415 f 0.019 ( n  = 11) for 
rabbits, and 0.529 f 0.021 ( n  = 12) for guinea pigs. The tissue DNA con- 
centrations in various tissues of guinea pigs are listed in Table I,  along with 
those of rats and rabbits [determined previously (1  3)J. 


In vivo K ,  Value-The physiological parameters for guinea pigs and the 
Kp,rpp  at  the terminal phase after bolus intravenous injection of doxorubicin 
are summarized in Table 11. The pharmacokinetic parameters determined 
in guinea pigs are listed in Table 111. By using the values listed in Tables I1  
and 111, the in oioo K, values of doxorubicin of guinea pigs were calculated 
and are summarized inTable l V ,  along with those of rats [determined previ- 
ously (13)] and rabbits [estimated from the literature values (3)]. 


Membrane Permeability-The uptake of doxorubicin into isolated eryth- 
rocytes was measured at pH 7.05, 7.42.7.85, and 8.07. The plots of cell-to- 
medium ratio (C/M ratio) uersus time were linear for 80 s at all pH values 
studied. When extrapolated, these lines passed through the origin, which 
suggested that there was no adsorption of doxorubicin on the cell surface. The 
slope of each line, which represents the uptake rateconstant, k (min-I), was 
plotted against the pH value of the medium (Fig. 2). The good correspondence 


’ Aldrich Chemical Co., Milwaukee, Wis. 
Beckman lnstrument Co.. Felton. Calif. 
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Figure 2-Lag k-pH profile for the uptake of doxorubicin into rot erythro- 
cytes. The theoretical curve was calculated by a nonlinear iterative leosr- 
squares method (26) with a digital computer by kPH = kd(I/l + 10pK.-pH), 
where kPH and ko are the apparent uptake rate constqnt and the uptake rate 
consiant of undissociated species. respectively; ko = 2.065 X 10 miti-I;pK. 
= 8.15. Key: (0)  observed values; (-) calculated curve. 


between the calculated and observed values suggests that only un-ionized 
doxorubicin can permeate through the cell membrane. 


Estimation of the K ,  value from In Vim Experiments-In vitro K ,  values 
for rats, rabbits, and guinea pigs were calculated by Fq. 6 and are listed in 
Table IV with the in vivo K, values. The in vivo and in oitro K ,  values for rats, 
rabbits, and guinea pigs are compared in Fig. 3. 


DISCUSSION 


I n  this study, the mechanism of in vioo tissue distribution of doxorubicin 
was examined in rats, rabbits, and guinea pigs. The goal of the study was to 
elucidate the characteristic tissue distribution mechanism to account for in- 
terorgan and interspecies variation in drug levels and to determine whether 
the K, values obtained from in vitro studies coincide with those obtained from 
in vivo studi,es. The in vivo K, values were characteristically large, and there 
were fairly large differences among tissues and animal species (Table IV).  
The K P  values of doxorubicin were also determined from the in oitro organ 
model (Fig. l ) ,  on the basis of the three assumptions described in the Theo- 
retical Section, for comparison with in vivo values to check the validity of the 
model. As far as we are aware, the mechanism of tissue distribution of a drug 
has never been elucidated in detail. 


Since there was insufficient information on the plasma membrane perme- 
ability of doxorubicin in normal cells, we examined this permeability in isolated 
intact cells. In a preliminary study, the uptake of doxorubicin into isolated 
rat hepatocytes, prepared by the method of Berry and Friend (27) as modified 
by Bauer et 01. (28), was examined, but the uptake rate of doxorubicin could 
not be exactly determined due to the rapid metabolism at  the incubation 
temperature of 37OC. Therefore, rat erythrocytes, which can be easily pre- 
pared, were utilized as a model Membrane. Sincc it appeared that only the 
un-ionized molecule could permeate through plasma membranes (Fig. 2), 
assumption 3 (see Theoretical Section) may be applicable to the tissue dis- 
tribution of doxorubicin. The number of binding sites and the affinity constant 
for isolated nuclei, which were used for the calculation of the in oitro K ,  values, 
were determined previously in quasi-physiological buffer (pH 7.0) containing 
135 mM sucrose, 20 mM Tris, 50 mM NaCl, 100 mM KCI, 1 mM MgSO4, 
and 1 mM CaClz at  37OC, and values of n F 6.70 X and K, = 4.85 X 
lo5 M-I were obtained for rat liver nuclei (14). Since the conditions used for 
measuring doxorubicin binding were considered to be close to physiological 
on the basis of both morphological examination of isolated nuclei and the 
concentrations of the intracellular metal ions (29, 30), the parameters of 
nuclear binding determined in the in vitro studies might be comparable with 
those determined for the in uivo tissue distribution of doxorubicin. 
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Table IV-In Vivo and In Vitro K. Values in Three Species' 


Tissue 
Rat 


In Viuoh In Vitro 
Rabbit 


In Viuoc In Vitro 
Guinea Pig 


In Vivo In Vitro 


Adipose tissue 33 f 4.4 36 f 1.7 19 f 3.5 16 f 1.0 54 f 4.3 70 f 3.4 
Muscle 54 f 4.2 24 f 1.9 27 f 3.9 9 f 0.6 135 f 14 34 f 1.2 
Liver 243 f 39 166 f 6.4 56 f 10.3 119 f 6.2 365 f 16 335 f 12 
Gut 161 f 23 528 f 18 50 f 7.5 551 f 20 336 f 55 1019 f 43 
Heart 230 f 17 1 I9 f 5.4 57 f 5.0 71 f 2.4 571 f 4 8  237 f 8.4 
Stomach 258 f 29 286 f 9.6 - 242 f 9.1 417 f 40 718 f 22 
Kidney 349 f 27 322 f 13 494 f 43 399 f 17 684 f 47 679 f 22 


I289 f 40 Lung 354 f 54 605 f 19 155 f 24 623 f 22 
2374 f 13 Spleen 404 f 72 1391 f 56 746 f 82 I596 f 58 1795 f 259 


except for the spleen. wcrc obtained from previous1 published data ( 3 ) ,  K, 
values were then calculated by assuming that R B  was equal to the RS of tErat .  determined previti!fi (13) .  The value of K,.,, for spleens was estimated Lorn the observed values 
(at 8.24, and 48 h) in Fig. 6 of Ref. 3, and then the K, was calculated. 


656 f 91 


a Mean f S E  of each experiment. Data obtained from a previous re rt (13 ) .  Values of K 


Since. Eq. 6 holds under the condition K,C: << 1, its applicability was ex- 
amined as follows. The plasma concentrations of doxorubicin at the terminal 
phase after intravenous administration were <2 X 1.3 X 


M for rats, rabbits, guinea pigs, and humans, respec- 
tively. Based on the assumption of pH partition, the value of Cr was estimated 
by: 


8.2 X 
and 1.2 X 


Values for pK, (8.15), pHi (7.0). pH, (7.4). K, (4.85 X lo5 M-I), andf, 
(0.344 for rats, 0.41 5 for rabbits, 0.529 for guinea pigs, and 0.5 for humans) 
were substituted into the equation; the fp value for humans was obtained from 
the study of Chan et al. (4). The values of K,C: were 7.8 X 4.0 X lo-*, 
6.1 X and 5.7 X lo-* for rats, rabbits, guinea pigs, and humans, re- 
spectively. Therefore, Eq. 6 should be applicable to these four species. 


To account for i n t e r q a n  variations of tissue distribution of doxorubicin. 
four possibilities can be considered: ( a )  organ or tissue difference in the amount 
of nuclei per organ or tissue wet weight (CN), ( b )  organ or tissue difference 
in binding parameters to nuclei (n  and K, ) ,  ( c )  larger binding capacity of 
doxorubicin to other organ or tissue constituents than to nuclei, and ( d )  a 
specific membrane transport mechanism. In view of the results that doxoru- 
bicin was exclusively localized in the cell nucleus (1 5) and that there was little 
difference of tissue nuclear binding parameters between liver and kidney (14), 
but a good correlation between the in uioo K ,  values and the tissue DNA 
concentrations was observed (13). the first possibility might primarily account 
for the differences in doxorubicin distribution among tissues, although the 
evidence is insufficient to rule out some contribution of the other mechanisms, 
i f  they operate. On the assumption that there is no difference in nuclear 
drug-binding parameters of various tissues among rats, rabbits, and guinea 
pigs the in uitro K ,  values were estimated. In Figs. 3A-C, the in vitro and in 
uivo K, values for rats, rabbits, and guinea pigs listed in Table IV, resp&tively, 
are compared; comparatively good agreements can be seen. These results 
suggest that Q. 6 is applicable to describe the tissue distribution of doxoru- 
bicin in rabbits and guinea pigs as well as in rats. Although slight discrepancies 
are apparent, the in vitro K ,  values show a relatively good correlation with 
in uiuo K ,  values. The reason for the discrepancies are probably ( a )  a shift 
of the intracellular pH from 7.0, ( b )  operation of a specific transport system, 
(c) involvement of other tissue constituents which affect the intracellular 
binding, and ( d )  slight differences in the nuclear binding parameters among 
tissues. 


10 lb 1iP 104 


Figure 3-Comparison between in vivo and in vitro 
lines represent a 1:1 relationship. 


Furthermore, the following factors may be involved in the interspecies 
variations in K ,  values: ( a )  differences in  tissue DNA concentrations (CN), 
( 6 )  differences in plasma unbound fraction Up), (c) differences in nuclear 
binding parameters (n  and K , ) ,  and ( d )  differences in the rate of specific 
transport. Thc tissue DNA concentrations of rabbits were smaller than those 
of rats in all tissues studied, except the kidney and spleen, and those of guinea 
pigs were larger than those of rats in most tissues except the muscle (Table 
I) .  These differences in tissue DNA concentration among rats, rabbits, and 
guinea pigs are similar to those among the in uioo K,values for these animal 
species (Table IV). Thus, it was suggested that differences in  tissue DNA 
concentration are an important factor in the interspecies variation in K ,  values. 
Based on the results of plasma protein binding, the difference in/, values 
between rats (f, = 0.344) and guinea pigs (f, = 0.529) may be one of the 
important factors in the variation of in uiuo K, values between rats and guinea 
pigs. However, the difference inf, values between rabbits up = 0.415) and 
rats (f, = 0.344) may not be. a determinant of the variation in K ,  values be- 
tween these two animal species, since the fp value of rabbits was larger than 
that of rats, whereas the inuioo K ,  values of rabbits were smaller than those 
of rats in most tissues (Table IV). Consequently, it was concluded that the 
primary determinant of the interspecies variation in K, values among rats, 
rabbits, and guinea pigs is the interspecies differences in tissue DNA F n -  
centration and that the difference in fp values is a secondary determinant. 


Plasma binding, tissue binding, and membrane permeability have been 
considered to be factors that affect the tissue distribution of drugs (lo), but 
little quantitative evidence has been obtained up to the present regarding in- 
terorgan and/or interspecies variation in the tissue distribution of drugs. To 
obtain the in uitro K, value, it is important to estimate accurately the in uitro 
tissue binding under physiological conditions. A usual method is to use tissue 
homogenates, but this leads to several experimental problems such as dis- 
ruption and degeneration of drug-binding components, requirement for 
binding cofactors, and drug metabolism. Moreover, the actual drug-binding 
component often cannot be distinguished from other intracellular constituents. 
A useful method for physiological estimation of the tissue binding would be 
to determine the drug binding by using isolated organelles or macromolecules 
known to be the primary drug binder in the tissues, as shown in the present 
study with doxorubicin in rats. 


In conclusion, the mechanism of the organ or tissue distribution of doxo- 
rubicin in rats, rabbits, and guinea pigs may be summarized as follows. 
Doxorubicin is strongly and exclusively bound to the nuclei in the cells. The 
variations in the organ or tissue distribution of doxorubicin are due to dif- 
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tissue-to-plasma partition coefficients ( K P  values) in rats (A),  rabbits (B) ,  and guinea pigs (C). Solid 
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ferences in the amount of nuclei per gram of organ or tissue. The unbound 
concentration of doxorubicin in the cytosol must be -2.3 times higher than 
that in plasma according to the pH partition hypothesis. 
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Abstract 0 The synthesis and biodistribution properties of 99mTc-labeled 
N-substituted tyramine, [N-(4-hydroxyphenethyl)iminodiacetic acid] are 
described. Tissue distribution studies in rats were indicative of high hepatic 
and kidney extraction, accompanied by rapid plasma and urinary clearance 
and minimal biliary excretion. These findings were substantiated by organ 
image analysis. The preliminary data indicate that this labeled material may 
represent a new class of radiopharmaceuticals for the evaluation of hepatic 
and renal functions. 


Keyphrases 0 Biodistribution-99mTc-labeled tyramine iminodiacetic acid, 
preparation 0 Tyramine iminodiacetic acid-biodistribution and preparation 
0 Radiopharmaceuticals-preparation and biodistribution of 99”Tc-labeled 
tyramine iminodiacetic acid 


Tyramine (I), a noncatecholic phenethylamine found in a 
variety of plants and animal tissues ( l ) ,  is produced by de- 
carboxylation of its parent amino acid tyrosine (2). Normally, 
the physiological effects of tyramine are minimal because 
>90% of the tyramine is rendered metabolically inactive by 
mitochondria1 monoamine oxidase during its first passage 


through the liver after absorption (3, 4). The rapid rate of 
elimination and its inability to cross the blood-brain barrier 
( 5 )  protect the body from the adverse peripheral and neuro- 
toxic effects of tyramine. 


Abnormal metabolism of tyramine has been implicated in 
a variety of clinical disorders. Abnormal urinary excretion of 
the amine occurs in patients suffering from Parkinson’s disease 
(6 ) ,  schizophrenia, induced hypertensive crisis (7), cystic fi- 
brosis (8), epilepsy (9). hypertyrosinemia (lo), depression, and 
migration (1 1). We have recently demonstrated that the 
tyramine concentration is abnormally elevated in the plasma 
and urine of patients with cirrhosis (12, 13), hepatitis (14), and 
Reye’s syndrome (1 3, as well as in experimental animals with 
hepatic insufficiency or portacaval shunt (1 6). 


In view of its clinical importance, we have taken the initia- 
tive to develop a radiopharmaceutical from tyramine. In this 
report, we describe the synthesis, biological distribution, and 
image characteristics of 99mTc-labeled N-(4-hydroxyphen- 
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Abstract 0 A simple, rapid colorimetric method is described which determines 
procainamide in commercially available, injectable solutions. It is based on 
complexing the drug with cupric ion and then measuring the absorption at 
380 nm. The reaction is fast and the metal-drug ratio in the complex is 1 : I .  
The pH optimum for maximum reaction is 4.0-4.5 which is maintained by 
an acetate buffer. Linear standard curves were obtained from 1.52 to 6.06 
mg/mL. Analysis of 29 commercial samples resulted in an average of 97.3% 
of the label claim. 


Keyphrases 0 Procainamide-colorimetric determination. injectable p r e p  
arations, cupric ion complexing 0 Colorimetry-procainamide, injectable 
preparations, cupric ion complexing 


Procainamide (I)  is an antiarrhythmic agent used to treat 
cardiac disorders. Dosages and plasma concentrations as well 
as half-life and ultimate fate have been the subject of previous 
studies (1,2). All of these studies require an analytical method 
for the analysis of I, and there exists an obvious need for such 
a method in manufacturing and quality control. 


A large volume of literature exists on the determination of 
I in pharmaceutical and biological systems. One of the most 
favored techniques is HPLC ( 3 - 3 ,  although gas chromatog- 
raphy ( 6 ) ,  TLC (7), spectrophotofluorometry (8,9), and even 
polarography (10) have been used. Some of the claimed ad- 
vantages in specificity are not realized (1 l ) ,  and some of the 
methods are quite tedious and time-consuming. 


Spectrophotometric procedures which involve diazotization 
and coupling reactions have been reported (1 2, 13). A colori- 
metric procedure for 1 that requires less manipulation and 
fewer reactions would be useful and more convenient. The text 
describes such a colorimetric method for I based on the for- 
mation of a complex between procainamide and cupric ion. 
This colorimetric method for the drug is shown to have suffi- 
cient sensitivity and adequate specificity, especially for rela- 
tively pure samples. The suitability of this colored complex for 
analytical purposes, and the application of this colorimetric 
method are also described. 


EXPERIMENTAL SECTION 


Materials-Procainamide hydrochloride’ (11). N-acetylprocainamide’, 
procaine hydrochloride’, sulfuric and acetic acids2 (reagent grade), sodium 
hydroxide2 (50% solution), iron(Il1) nitrate2, cobalt(l1) chloride2, and sodium 
acetate2 (ACS grade), and chlorides2 of copper(ll), nickel(Il), and chromi- 
um(ll1) were obtained commercially. The injectable vials) were obtained 
through local retail outlets. 


Preliminary work was done on a recording UV-visible light instrument4, 
but later analytical work was carried out using a single-beam spectropho- 
tometer5. pH measurements were made on an instrument6 which was stan- 
dardized daily with commercially prepared biphthalate buffers. 


Complex Formation-Screening of various metal ions for potential use was 
carried out by adding a few drops of -2M solutions of the various metal ions 


’ ICN K & K Labs, Plainview, N.Y. 
Fisher Scientific Co.. Fair Lawn. N.J. ’ Pronestyl; E. R. Squibb & Sons. Inc., Princeton. N.J. 
Model 61 X-900; Pcrkin-Elmer Corp., Norwalk, Conn. 
Spectronic 70; Rausch & Lomb, Rochester, N.Y. 
Model 7; Corning Glass Works, Corning. N.Y. 


(cobalt(Il), nickel(ll), chromium(lll), copper(l1) chlorides, and iron(ll1) 
nitrate) to -1 mL of a 10-mg/mL solution of I I  in a spot plate. The only visible 
color change occurred with cupric ion; a green color became apparent on ad- 
dition of the metal. 


Spectra of solutions of I 1  were obtained from 330-550 nm both in the 
presence and absence of the cupric ion. as shown in Fig. 1. Using the absorption 
generated at  380 nm, the formula of the complex was obtained by the con- 
tinuous variations method (14). The absorption at 380 nm was maximized 
at XcU = 0.5, where XcU is the mole fraction of cupric ion. 


pH Dependence of the Complex-The optimum pH for the complex was 
established by mixing 0.10 M solutions of 11 and cupric chloride, adjusting 
to a measured pH of 1.5 with concentrated sulfuric acid, and then gradually 
neutralizing the solution with dropwise addition of 10% NaOH, after 
measurement of absorbance at 380 nm. A plot of absorbance oersus pH (Fig. 
2 )  shows a maximum at  pH 4. Increasing the pH >4.3-4.6 causes a white to 
light blue precipitate to form; therefore, a pH of 4.0 was selected for further 
studies. 


Linearity Studies-A pH 4.0 acetate buffer (preparcd by addition of sodium 
acetate to a 1 M solution of acetic acid) was usod as the solvent for these 
studies. A series of solutions of the complex in acetate buffer were prepared; 
the solutions each contained a constant, excess level (10.5 mg/mL) of the 
cupric ion, and varying ( I  .52, 3.04, 4.55, and 6.06 mg/mL) amounts of I I .  
This series of solutions was preparcd by mixing three solutions in various ratios: 
37.87 mg/mL 11, 131.1 mg/mL cupric ion, and the buffer. Measurements 
of the absorbances of these solutions and their respective concentrations are 
shown in Table I .  


Analysis of Injectable Solutions-A series of standards of I 1  were prepared 
that are similar to those in the linearity studies; the absorbances were measured 
and a least-square line prepared from thc data. Concurrently. 100 mg/mL 
commercial samples were analyzcd by withdrawing 1 mL of the liquid, mixing 
with 4 mL of the 13 1.1 mg,’mL cupric ion solution, and diluting to 50 mL with 
pH 4 acetate buffer. The absorbances of these solutions were also determined 
at 380 nm, and their concentrations calculated from the slope and intercept 
of the least-square line described above. As shown in Table 11. recoveriesvaried 
from a low of 88.4% to a high of 107.% based on label claims. 


RESULTS A N D  DISCUSSION 


Cupric ion complexed instantly wi th  the procainamide molecule, the 1:l 
coordination resulting in a visible absorption with a maximum at 380 nm. The 
complex formed most completely at a pH value of 4.0--4.5; a precipitate formed 
near the upper pH limit. Attempts to form the complex at pH 5.0 gave a dark 
blue precipitate which dissolved on long standing. The curve shape shown in  
Fig. 2 was reproduccd by later expcriments in which 11 in water (pH 4.5) was 
acidified, as  opposed to the acid to neutral direction reported in the Experi- 


A.  NH 


Figure 1- Visible spectrum of I I  in presence (A)  and absence ( B )  ofthe cupric 
ion. 
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Figure 2-380 nm Absorption of the cupric ion-procainamide complex as 
a function of p H .  


mental Section. The anion present with copper did not affect complex for- 
mation and the sulfate salt was used routinely in later work. 


An acetate buffer, pH 4.0, was found to be an excellent medium for ana- 
lytical work; however, unbuffered solutions, as well as those buffered with 
biphthalate, were also tried and found to give linearly increasing absorbance 
at 380 nm with increasing levels of 11. Biphthalate, however, repressed complex 
formation (as evidenced by the lower-than-expected absorbances), probably 
by competing with I1  for the cupric ion. Repetition of the above experiment 
showed that the concentration of acetate buffer was not critical; however. for 
reproducible results, the pH must be kept constant. This is most easily ac- 
complished by preparing and using large quantities of buffer. It was also 
discovered, in later experiments, that the amount of e x a s  copper was not 
critical; but, a minimum of two-threefold excess was used throughout. This 
observation indicates that the equilibrium constant for formation is very fa- 
vorable and, thus, well-suited for an analytical technique. 


The reported experiment on the analyses of injectable vials was carried out 
on four different days; each repetition gave a linear standard curve, and re- 
coveries of the samples (all were guaranteed 100 mg/mL) varied from a low 
of 88.4% to a high of 107.9% on the results from 29 different samples. Between 
sets of samples there was a slight day-to-day variation in recovery; within a 
set the results were remarkably consistent (the highest SD within a set was 
2.6%, the lowest was 0.570, based on recovery figures). The variation between 
sets can be attributed to slight pH differences in different batches of buffer, 
therefore, it is suggested that large amounts of buffer be made to promote 
uniformity. 


To address the question of the specificity of this procedure, a spot plate test 
of procaine hydrochloride and N-acetylprocaindmide showed that the color 


Table 1-380 am Absorbance Values of Varying Concentrations of the 
Copper-Procainamide Complex 
~ ~~~ 


Conc. of 
Procainamide. mg/mL Absorbance 


0 
i s 2  
3.04 
4.55 
6.06 


0.063 
0.388 
0.705 
I .01 
I .28 


Table 11-Concentrations of Pronestyl Injectables Calculated from 
Absorbance Data 


Sample Conc., Sample Conc.. 
Number ma/mL Number m d m L  


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
I5 


102 
91.2 
89.0 
89.2 
89.7 
90.7 
89.0 
99.3 


100.5 
101.4 
107.5 
102.6 
92.5 


100.9 
RR.8 


16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 


89.5 
96.8 
93.6 
99.6 
96.0 
88.4 
88.5 


104.4 
107.1 
104.6 
106.8 
107.9 
106.5 
105.7 


is not unique to procainamide. Procaine gave the color, the N-acetylprocain- 
amide did not. Procaine is the most chemically similar drug available, so the 
presenceof color, not altogether surprising, was the m a t  stringent test possible. 
N-Acetylprocainamide was selected because it is chemically similar to I, and, 
in addition, is the major metabolite in humans (15). The involvement of ni- 
trogen atoms in coordination with copper is also suggested by the lack of color 
with the N-acetyl compound. The lack of absolute specificity was not viewed 
as a serious drawback, since use in laboratory was limited to the injectable 
sample only. 
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Abstract 0 A sensitive high-performance liquid chromatographic (HPLC) 
assay for N-acetylcysteine in human plasma and urinc has been developed. 
Thc method employs a prechromatographic stage to produce the dinitrophenyl 
derivative of N-acetylcysteinc, which is chromatographcd on a 5-pm C I S  
bonded reverse-phase column using an external standard mcthod. The de- 
rivatized A’-acetylcysteine molecule has a retention time of N 13 min at a flow 
rate of 1.0 mL/min for a mobile phase of methanol-aqueous 0.05 M ci- 
Irate-0.001 M EDTA buffer pH 7.0 (30:70). In  a multistep extraction pro- 
ccdurc. which is slightly modificd for the N-acetylcysteinc assay in urinc, the 
limits or sensitivity for the plasma and urine assays were found to be r 6 0  
ng/mL and -200 pg/mL, respectively. Preliminary data from pilot studies 
in human subjects arc presented. 


Keyphrases 0 N-Acetylcysteine-HPLC. plasma and urine 0 HPLC-N- 
acetylcystcinc, plasma and urine 


N-Acetylcysteine, when administered intravenously, has 
been shown to be effective as an antidote for the treatment of 
acetaminophen poisoning, giving protection against liver 
damage ( I ) ,  and to influence the consistency and volume of 
sputum whcn administered orally to patients with chronic 
obstructive bronchitis (2). A further potential use of N-ac- 
etylcysteine is the inhibition of cyclophosphamide-induced 
bladder toxicity in rodents without adversely affecting the 
beneficial immunosuppressive action of cyclophosphamide 


Pharmacokinetic studies with N-acetylcysteine are confined 
to studies (4) employing material labeled with sulfur-35 which 
measured total radioactivity. Studies with unlabeled N-ac- 
etylcysteine have been hampered by the lack of a suitable an- 
alytical procedure to determine the compound in plasma and 
urine. 


A GC procedure ( 5 )  has been reported but is unsuitable for 
determinations in plasma. A high-performance liquid chro- 
matographic (HPLC) method for determining the compound 
in plasma ultrafiltrates has been published (6 ) ,  but this method 
failed to detect N-acetylcysteine on every occasion and was 
unable to determine total plasma levels. N-Acetylcysteine has 
been determined (7) as N-( I-pyrene)maleimide and N 4 7 -  
dimethylamino-4-methyl-3-coumarinyl)maleimide derivatives, 


(3) .  


0 
II 


NH-C - CH, 
I 


HS-CH2- CH-COOH 
N -  Acetylcysteinc 


0 - 
II 


NH-C - CH, 
I 


02N S-CH2- CH- COOH 


-NO2 
2,4-Dinitrophenyl Derivative 


but the procedure can only be used for urinary measure- 
ments. 


This paper describes a reliable and sensitive procedure for 
determining N-acetylcysteine in plasma and urine which is 
suitable for the study of the pharmacokinetics of the drug. 


EXPERIMENTAL SECTION 


Materials-Pure authentic N-acetylcysteine’ was used as received without 
purification, as a standard. All chemicals used were of “Analar” * grade. All 
aolvcnts used were of glass-distilled’ or HPLC’ grade. The ultrafiltration 
concs4 used wcrc of a membranc type. 


Apparatus--The high-performance liquid chromatographic pump5 was 
Pittcd with a loop injector6 with a 50-pL loop and a variable-wavelength de- 
icclor’ set a t  360 nm, attenuated at 0.02 AUFS for plasma and 0.5 AUFS for 
urinc. The signal was recorded on a 10-mV recorde$. An “in-house” packed 
15 cm X 0.46-mm i.d. column containing a reverse-phase (C18) chemically 
bonded to 5-prn silica9 was employed at  ambient temperature. 


Mobile Phase-The mobile phase was prepared by mixing an aqueous so- 
lution of 0.05 bl trisodium citrate and 0.001 M EDTA, adjusted to pH 7.0 
with a citric acid solution, with HPLC-grade methanol in a ratio of 70:30. 
(When pcrforming the assay on urine samples, this solution may be modified 
by mixing the aqueous buffer with methanol in  a 65:35 ratio.) This solution 
was filtcrcd through a membrane filterlo and deaerated by sonication in an 
ultrasonic bath”. Immediately prior to usc the solution was purged with pure 
hclium. The mobile phase was pumped isocratically through the column at 
ambient temperature with a flow rate of 1 .O mL/min, giving a back-pressure 
or v 1000 psi. 


Standard Solutions-Aqueous stock solutions of N-acetylcysteine were 
prepared daily and stored at 4OC. Plasma standard solution was prepared by 
dissolving authentic N-acetylcysteine in the mobile phase solution (25 mg/100 
nil .) .  Urine standard solution was prepared by dissolving authentic N-ac- 
clylcysteinc in  2.09’0 sodium hydrogen carbonate solution (2.0 g/ 100 mL). 


Plasma standards were produced by spiking 3.0-mL aliquots of fresh human 
pl;tsma to givc a range of calibrators with concentrations of N-acetylcysteine 
its follows: 0, 0.25. 0.50, 0.75, 1.0, 1.25, 1.50, 2.0. and 2.5 pg/mL. These 
standards were vortex-mixed for 30 s and then allowed to stand at ambient 
tcmpcmture for 15 min to equilibrate. Similarly. urine calibration standards 
wcrc produced by spiking 100-pL aliquots of fresh human urine to give a range 
of concentrations of N-acetylcysteine as  follows: 0,0.25,0.50,0.75, 1 .O, I .25, 
and 1.50 mg/mL. 


Each range of calibrators were taken through the appropriate complete 
cxtr;iction procedure as described below. Fn each instance, calibration curves 
wcrc constructed by plotting the integrated peak area against the corre- 
sponding N-acetylcysteine standard concentration. Plasma and urine samples 
were similarly treated, and the measured peak areas (referred to the appro- 
priiitc calibration curve) were used to determine the concentration of N- 
:tcctylcysteine present. 


Chromatographic Method-Aliquots of plasma (3.0 ml.) or urine (I00 pL) 
diluted in I mL of glassdistilled water were pipetted into 10-mL polytcf-lined 
screw-capped glass tubes. A 500-pL aliquot of S-mg/mL dithiothreitol so- 
lution was added; the tubes were vortex-mixed for 10 see, capped, and incu- 


I Laboratories Bristol. France. * BDH Ltd., Poole. Dorset, England. ’ Rathburn Chemicals Ltd., Walkerburn. Peebleshire. Scotland. 
CF5OA Centriflo Cohes; Amicon Ltd.. Stowhouse, Gloucestershire, England. 


- LDC Constametric I l l  HPLC Pump; Milton Roy Corp.. Fla. 
Rheodync type 7125; Rheodyne Inc.. Calif. ’ LDC Spectromonitor I l l  variable-wavelength detector: Milton Roy Corp., Fla. 
Rikadenki Mitsui Ltd.. Machinery Sales, Chessington, Surrey, England. 
Hypersil ODS 5 pm, Shandon Ltd.. Runcorn. Cheshire. England. 


lo  Whatman PTFE Membrane Filters 0.5 rm; Whatman LabSales Ltd., Maidstone. 


I I  Baird and Tatlock Lid., Romford. [%sex. 
Kent. England. 
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Table I-Replicate Calibration Data for Plasma and Urinary N- 
Acetylcysteine by HPLC, Showing Linear Regression Analysis 


Assay Calibration Range n Slope Intercept r 


Plasma 0.25-2.5 pg/mL 4 8.07 0.82 0.996 
Urine 0.25-1.5 mP/mL 5 152.7 11.5 0.997 


biitcd for 30 min at 37OC in a watcr bath. Following incubation 1 .O mL of 2% 
wdium hydrogen carbonate in water and 350 pLof 5.0% 2,4-dinitro-l-fluo- 
roben7enc in  ethanol, which had been recrystallized from ether, was added 
to all tubcs. The tubes were vortex-mixed for 10 s and incubated for 30 min 
;it 60°C in a water bath. 


Thc contents of each tube were then transferred to the membrane centrifuge 
concs. conditioned before use by immersion in double-glass-distilled water 
lor 60 niin and centrifuging for 5 min a t  lOOOXg to remove excess water. The 
bainplcs in the ultrafiltration cones were placed i n  labeled 20-mL glass vials 
;ind ccntrifugcd at 1 OOOXg for 20 min at 20°C. Aliquots ( I  .O mL) of the ul- 
trufiltratcs were transferred to 25-mL extraction tubes, and 5 mL of water 
W;L\ addcd. The ultrafiltration step was omitted for the urine sample assays. 
kthcr (10 m L )  was added to all tubes, which were then capped and shaken 
nicchanically’2 at 250 cpm for 5 min in the dark. Following centrifugation 
a t  I OOOXg for 5 min at IOOC, the ether layers were transferred to clean glass 
vials and the solvent was evaporated to dryness under a gentle stream of ni- 
trogen a t  room temperature. The dried residues were stored in capped vials 
:it -20°C unti l  just prior to chromatography, when the plasma and urine 
rcsiducs wcre reconstituted with 75 pL and 1 .O mL of mobile phase, respcc- 
tivcly. 


RESULTS AND DISCUSSION 


Thc chromatographic conditions described were implemented in order to 
providc thc best compromise between chromatographic resolution and peak 
hymmetry and relatively short retention times, permitting the analysis of a 
hrgc number of samples with good accuracy and precision. Under these HPLC 
conditions, the N-acetylcysteine derivative gives a retention time of = 13 min, 
w i t h  a run time between injections of  20 min. 


f:igurcs 1 and 2 illustrate typical plasma and urine chromatograms. re- 
hpcctivcly, of spiked material, drug-free control material, and of material 
following dosing of the compound. Standard calibration lines were constructed 
by plotting the peak areas of N-acetylcysteine against the concentration of 
thc compound in spiked standards. Typical calibration curve data is presented 
in Table I. showing linearity over the ranges employed with coefficients of 
variation of 12.6% a t  0.25 mg/mL and 3.8% at I .5 mg/mL for the urinary 
r;ingc and I 1.9% at 0.25 pg/mL and 9.7% at 2.5 pg/mL for the plasma cali- 
briitions. Thcsc data show good precision despite the lack of an internal 
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Figure 1 -Typical chromatograms of N-acetylcysteine in human plasma. 
Key. (A) a spiked plasma extract containing 2.0 pgfmL of N-acetylcysteine 
(1); ( B )  a drug-free control plasma extract; (C) a plasma extract from a 
subject receiuing oral N -acetylcysteine. 


B r w n  I db-Shaker I SI.. 1.T Scientific Ltd , Tewkesbury, England 
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Figure 2-Typical chromatograms of N-acetylcysteine in human urine. Key: 
(A) a spiked urine extract containing 1.5 mg/mL of N-acetylcysteine ( I ) ;  (B) 
a control drug-free urine extract; (C) a test urinary collection 4-6 h following 
intravenous administration of N -acetylcysteine. 


standard. A number of candidate substances were investigated for suitability 
iis an internal standard, but none were acceptable for a variety of reasons. 


Within- and between-batch data showed generally very favorable repro- 
ducibility. Ten replicate plasma controls each at 0.4. 1.1 and I .9 pg/rnL as- 
saycd the same day gave mean values of 0.43 f 0.07 (SD). 0.99 f 0.06 (SD), 
and I .95 f 0.22 (SD) pg/mL, respectively, Betwccn-batch reproducibility 
ranged from 0.6 to 17.3% (mean 7.9%) for a series of seven control samples; 
however, occasional outliers were encountered, e.g.. a control spiked at 0.83 
pg/mL gave a result of I .  15 pg/mL. a 38% error. Investigations of the stability 
of A’-acctylcysteine in plasma on storage at -2OOC lend further evidence of 
good overall reproducibility for the procedure. Plasma from a subject in receipt 
of a I .O-g iv dose of N-acetylcysteine was assayed freshly and at 4,5,6, and 
I I d of storage at -2OOC. Samples withdrawn at 0.5, I ,  1.5. and 2.0 h postdosc 
gave concentrations of 58.9, 25.0, 15.4, and 12.0 pg/mL when analyzed 
freshly. and the levels did not deteriorate on storage, giving S D  values of 2.41, 
2.48, I .46, and I .52. respectively, over the period. 


Levels as low as 50 ng/mL can be seen over a baseline signal-tenoise ratio 
of 2.1. Although accurate detection limits have not been determined, sensitivity 
for the plasma and urine levcls encountered were not a problem. 


The measurement of free levels of N-acetylcysteine in plasma was invcs- 
tigated by omitting the dithiothreitol stage in order to produce ultrafiltratcs 
containing free. unbound compound. Following derivatization and HPLC, 
no discernible free levels could bc detected, even after oral doses of 800 mg 
of N-acetylcysteine. These data call into question that published by other 
workers who have reported free N-acetylcysteine in plasma. Our investigations 
demonstrate that a reduction employing dithiothreitol is essential to release 
N-acetylcysteine from binding sites on protein and to release the compound 
from disulfides. e.g., bis-N-acetylcysteine. There is cvidence to suggest that 
the latter is present, since our investigation of urinary N-acetylcysteine levels 
shows that very much lower levels of thecompound are found when omitting 
the dithiothreitol stage. An ultrafiltration stage is incorporated i n  the plasma 
assay to remove excess 2,4-dinitro- 1 -fluorobenzene, which binds to plasma 
proteins and interferes with the chromatography. 


The procedure described herein is being used to investigate the pharma- 
cokinetics of N-acetylcysteine in adult healthy human subjects in receipt of 
intravenous and oral dosage forms. Preliminary data indicate t h a t  a rapid. 
specific, and precise procedure for determining N-acetylcysteinc in biological 
fluids has been developed. 
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Abstract 0 Twelve fasting normal volunteers received three aspirin dosage 
forins in  a single 325-mg dose in a complete crossover study: the plasma aspirin 
;ind salicylic acid levels and the urine salicylic acid and salicyluric acid levels 
wcrc measured over 10 h. The three dosage forms included an unbuffered 
t;tblct and two effervescent solutions, one with sodium bicarbonate-citrate 
buffcr and the other with potassium bicarbonate-citrate buffer. A significantly 
faster absorption rate was observed with the sodium bicarbonate-citrate 
burfcr. when compared with the potassium bicarbonate-citrate buffer and 
the unbuffered tablets, which were equivalent. These differences were at- 
tributcd primarily to gastric emptying rate differences. Urine pH and salicylate 
renal clearance were significantly affected by the single dose of antacid buffer. 
The arca under the curve and urine accumulation comparisons suggested that 
-25% more aspirin reaches the general circulation intact after administration 
of the unbuffered tablet than the two solutions. but that the total salicylate 
absorbed is equivalent for all three dosage forms. This difference in aspirin 
bioavailability is probably due to the fact that the two buffered solutions are 
prcdomindntly absorbed through the intestine, in which presystemic hydrolysis 
occurs, whereas a significant portion of the tablet dose is absorbed through 
t he gastric mucosa. 


Keyphrases 0 Aspirin-absorption kinetics after administration of sodium- 
;ind potassium-containing buffered solutions 0 Salicylic acid-absorption 
kinetics after administration of sodium- and potassium-containing buffered 
wlutions 0 Absorption kinetics-aspirin after administration of sodium- and 
potassium-containing buffered solutions 


Aspirin is the drug of choice when a mild analgesic-anti- 
pyretic effect is required. It is also a primary agent used in the 
chronic management of rheumatoid arthritis and osteoar- 
thritis. After oral administration for pain, rapid absorption is 
desirable to provide the rapid onset of effects and to reduce 
contact time with the gastric mucosa. The potential influence 
of potassium ion versus sodium ion on the absorption kinetics 
of aspirin from two different effervescent solutions is the 
subject of this report. 


BACKGROUND 


A recent report ( I )  from this laboratory compared theabsorption kinetics 
of aspirin from three commercially available dosage forms. Two of the dosage 
Corms were extemporaneously prepared effervescent solutions containing either 
I .X25 or 3.808 g of sodium bicarbonate as a component of the buffer. It was 
concluded that a primary mechanism for the more rapid absorption of the 
solutions than the unbuffered tablet was more rapid gastric emptying. Also, 
the lower area under the aspirin curve for the solutions was attributed to a 
greater portion of the aspirin being absorbed through the intestine (i.e.. rather 
than through the stomach wall) and thus being subjected to a greater 
prcsystemic hydrolysis. 


Patients on sodium-restricted diets may wish to take aspirin as a buffered 


cffcrvescent solution. Absorption kinetics of the commercially available 
buffered effervescent solution was compared with that of a solution in  which 
the sodium was replaced with potassium. A commercially available unbuffered 
tablet was also studied for comparison. 


EXPERIMENTAL SECTION 


Dosage Forms-Three dosage forms were used to providc equal doses of 
aspirin: a plain tablet containing 325 mg of aspirin': an effervescent tablet 
containing 324 mg of aspirin, 1,904 g of sodium bicarbonate, and I g of citric 
acid2: and a prepared effervescent tablet containing 324 mg of aspirin, 2.26 
g or potassium bicarbonate, and I g of citric acid. 


Subjects-Twelve healthy volunteers (eight males and four females; ages 
21.37 years; weight, 53.6-94.5 kg) were evaluated by a comprehensive 
physical examination, blood chemistry profile (including blood count and 
differential), and complete urinalysis. Uone of the subjects had a history of 
gastrointestinal disease or surgery. All subjects were frce of any activediseasc 
process. and none had used any medication for 14 d bcfore the study. 


Method-A Latin-square design for three treatments in I2  subjects was 
employed. A 10-h fast preceded dosing and continued for 4 h postdose. At -1 
a.m.. predose urine and blood samples were obtained. and a single dose of 
aspirin with 240 mL of water was administered. The effervescent tablets were 
dissolvcd in 140 mL of water 3 min before dosing and the mixturc was then 
>wallowed. The glass was rinsed with I00 mL of water, which also was swal- 
lowed. After dosing, 100 mL of water was administered at I .  2, and 3 h, and 
;I uniform mcal was served after the 4-h sample was obtained. after which 


Howed ad libitum. Subjects remained standing or sitting through 
the day, and exercise was limited to walking about the room. 


Blood was drawn into chilled vacuum containers3 cia an indwelling catheter 
;it 5 .  10, 15. 20.30. and 45 min and I ,  I .5,2, 3 . 4 . 6 8 ,  and 10 h. Plasma was 
scparatcd by centrifugation at 1764Xg at 4OC within 20 min of collection. 
All urine was collected at 2-h intervals ovcr 10 h ,  the pt l  and volume were 
mcasurcd. and an acidified aliquot was saved for analysis. All samples were 
frozen at -30°C and assayed within 2 weeks of collection by the HP1.C 
method described previously (2). 


RESULTS 


As shown in Tables I and 11, both plasma aspirin and salicylic acid levels 
risc more rapidly after administration of the solution with sodium than the 
potassium solution or the tablet. This rank order and profile reflect the values 
for I I of the I2 subjects and is statistically significant (p < 0.05). Plasma 
aspirin levels risc rapidly to a mean peak of 7.20 pg/mL at 17.5 min with the 
single 324-mg dose in a sodium-containing effervescent solution, whereas the 
potassium-substituled solution reaches only 5.26 pg/mL at 30.4 min. which 
is not significantly higher (p < 0.05) than for the tablet. The ultimate exposure 


~~~~~ ~ ~ 
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Abstract 0 A high-performance liquid chromatographic (HPLC) method 
has been developed for the quantitation of acetaminophen, chlorpheniramine 
maleate, dextromethorphan hydrobromide, and phenylpropanolamine hy- 
drochloride in combination in pharmaceutical dosage forms using a single 
column and three different mobile phases. The method developed is sensitive 
for the content uniformity test for tablets. N o  preliminary extraction procedure 
is required for liquid preparation and a very simple extraction procedure is 
required for tablets. The method is accurate and precise with RSD (based on 
five injections) of 1.2,2.4, 1.9, and I .6% for acetaminophen, chlorpheniramine, 
dcxtromet horphan. and phcnylpropanolaminc, respectively. 


Keyphrases 0 Acetaminophen -HPLC, content uniformity 0 Chlor- 
pheniramine malcate-HPLC, content uniformity 0 Dextromethorphan 
hydrobromide --lipLC. content uniformity 0 Phenylpropanolamine hy- 
drochloride- -HPLC, content uniformity 


One popular commercial product’ contains an analgesic 
(acetaminophen), an antihistamine (chlorpheniramine ma- 
leate), an antitussive (dextromethorphan hydrobromide), and 
a decongestant (phenylpropanolamine hydrochloride). The 
product is extensively used for the relief of symptoms of coughs 
and colds. The dosage forms also contain excipients, some of 
which may interfere with the analysis of the active ingredients. 
The problem of analysis is further complicated by the presence 
of 325 mg of acetaminophen uersus only 1 mg of chlor- 
pheniramine maleate per tablet (or per 15 mL of the liquid). 
The quantities of dextromethorphan hydrobromide and phe- 
nylpropanolamine hydrochloride present are 10 and 12.5 mg 
per tablet (or I5 mL of the liquid), respectively. Acetamino- 
phen has high absorbance in the useful U V  range, but that of 


phenylpropanolamine hydrochloride is very poor. For example, 
at  256 nm (the wavelength of maximum absorption of phe- 
nylpropanolamine hydrochloride) a 1350-pglmL aqueous 
solution of phenylpropanolamine hydrochloride has an ab- 
sorption similar to a 20-pg/mL solution of acetaminophen. 
No single method is available to determine the active ingre- 
dients quantitatively in this combination. 


High-performance liquid chromatographic (HPLC) 
methods for the quantitation of acetaminophen (I -4), chlor- 
pheniramine maleate (5,6), dextromethorphan hydrobromide 
(3 ,7 ,  8), and phenylpropanolamine hydrochloride (6,9-11) 
have been reported. None of the reported methods is applicable 
when ingredients are present in this combination. 


This paper reports the quantitation of acetaminophen ( I ) ,  
chlorpheniramine maleate ( I I ) ,  dextromethorphan hydro- 
bromide (1 II ) ,  and phenylpropanolamine hydrochloride (IV) 
in  combination, using HPLC. The method requires three dif- 
ferent mobile phases for complete analysis. 


EXPERIMENTAL SECTION 


Materiak-All chemicals and reagents were USP. NF, or ACSquality and 
used without further purification. The sodium salt of I-heptanesulfonic acid2 
was used as received. 


A liquid chromatograph3 attached to a multiple-wavelength detector4 and 
a recorderS was used. The column6 (30 cm X 4 mm id.)  was purchased and 


* Eastman Kodak Co.. Rochester, N.Y. 
Waters ALC202 equipped with a U6K Universal injector; Waters Associates. Mil- 


ford, Mass. ‘ Spectroflow Monitor 7 7 0  Schoeffcl Instruments. Ramsey, N.J. 
Omniscribc 521 3-1 2; Houston Instruments. Austin, Tex. 
w-Bondapak phenyl; Waters Associates. Milford, Mass. I Comtrex; Bristol-Myers Products, New York. N.Y. 
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Table I-Chromatographic Conditions 


Mobile Flow Rate, Scnsi- Wavelength. 
Compound Phasc mL/min tivity nm 


Acetaminophen I 1.5 0.04 256 (Fig. 1) 
Phenyl ropanolamine 2 2.5 0.02 256 (Fig. 1 )  
Chlorpieniramine and 3 2.0 0.02 262 (Fig. 2) 


Dextromethorphan" 4 2.0 0.02 279 (Fig. 3) 
Chlorpheniramine and 4 2.3 0.02 262 (Fig. 4) 


dextromethorphan 


dextromethorphan" 


It was necessary to develop another mobile phase due to interference from the ex- 
cipients in liquid dosage form. 


used as received. The four different mobile phases used were an aqucous buffer 
(pH - 7) containing 0.02 M ammonium acetate and 15% v/v of methanol 
(mobile phase I ) ;  an aqueous buffer containing 0.02 M KH2P04 with pH 
adjusted' to -2.6 with an 85% aqueous solution of phosphoric acid (0.4 mL/L) 
(mobile phase 2); an aqueous buffer (pH - 3.3) containing0.005 M sodium 
I-heptanesulfonate, 1% v/v of glacial acetic acid, and 48% v/v of methanol 
(mobile phase 3); and an aqueous buffer (pH - 4.1) containing 1% v/v of 
ammonium formate buffer (3) and 40% v/v of methanol (mobile phase 4). 
The temperature was ambient and the chromatograph chart speed was 30.5 
cm/h. Other chromatographic conditions arc listed in Table 1. 


Preparation of Stock and Standard Solutions-Thc stock solution of acet- 
aminophen (1.0 mg/mL) was prepared by dissolving 100 mg of acetaminophen 
in methanol to make 100 mL of the solution. A stock solution of chlor- 
pheniramine maleate was prepared by dissolving 50 mg in water to make 100 
mL. The standard solutions were prepared as follows: for acetaminophen, 2 
mL of the stock solution was diluted to 100 mL with water; for phenylpropa- 
nolamine hydrochloride, 50 mg of the powder was dissolved in watcr to make 
100 mL; for dextromethorphan hydrobromide, 40 mg of the powder was dis- 
solved in water to make 200 mL; for a mixture of chlorpheniramine maleate 
and dextromethorphan hydrobromide, dextromethorphan hydrobromide 
powder (40 mg) was mixed with 8.0 m L  of the stock solution of chlorphenir- 
amine maleate and brought to 100 mL with water. Other solutions of different 
concentrations were prepared as needed. 


Sample PreparPtion-Cornmercia~ Liquid-For the acetaminophen assay, 
a 2.3-mL quantity of the commercial liquid was diluted to 50 mL with water. 
A 2-mL quantity of this solution was mixed with 2 mL of methanol and diluted 
to 100 mL with water. For all others, 15 mL of the liquid was diluted to 25 
mL with water. I f  dextromethorphan hydrobromide was to be assayed at 279 
nm (Table I), then 7.5 mL of the liquid was diluted to 25 mL with water. 


Tablets-Ten tablets were accurately weighed and ground to a fine powder. 
For the acetaminophen assay, enough powder to represent 50 mg of acct- 
aminophen was mixed with -40 mL of methanol. The mixture was stirred 
for 2-3 min, brought to volume (50 mL) with methanol, and filtercd. The first 
10 mL of the filtrate was rejected, and then a portion was collected and diluted 
(2 mL to 100 mL) with water. For all others, enough powder to represent two 
tablets was mixed with -45 mL of water and stirred for 4-5 min. The mixture 
was brought to volume (50 mL) with water and filtered. The first 10 rnL of 


1 I \  


MINUTES 
Figure 1 -Sample chromatograms. Key: (A) standard solution of aceta- 
minophen ( I ) ;  (B)  tablet of I ;  (Cj standard solurion of phenylpropanolamine 
hydrochloride (IV): (0) tablet of IV. Peak I is the respective drug peak: the 
out of scale peak in chromatogram D is from acetaminophen. 


' Beckman Zeromatic SS-3 pH meter; Beckman Instruments. Fullerton, Calif. 


i 


A 


1 
I 


2 


I B  I 1  h 
I l l  i I \  


Figure 2-Sample chromatograms from a standard solution (A). a tablet 
(B), and a Iiquid preparation (C) using mobile phase 3 at 262 nm. Key: ( I )  
chlorpheniramine; (2 )  dextromethorphan. The out of scale peaks in chro- 
matograms Band Care from acetaminophen. The other peak in chromato- 
gram C i s  from the excipient and dextromethorphan (upper part). 


the filtrate was rejected, and then a portion of the clear filtrate was collected 
for assay. I f  dextromethorphan was to be assayed at 279 nm. then powder 
representing one tablet was used. The rest of the procedure was as de- 
scribed. 


Content Uniformity of the Tablets (Except Acetaminophen--A singlc tablet 
was ground to a fine powder, mixed with -23 mL of water, and stirred for 4-5 
min. The mixture was brought tovolume (25.0 mL) with water and filtered. 
The first 7 mL of the filtrate was rejected, and then a portion of theclear fil-  
trate was collected for assay. If dextromethorphan hydrobromide was to be 
assayed at 279 nm, the filtrate was diluted ( 1 : l )  mith water. I t  was not con- 
sidered necessary to determine the contcnt uniformity of acetaminophen (325 
mg/tablet) since it represented the bulk of the tablet. 


Chromatographic Procedure-The assay sample (20.0 pL) was injected 
into the chromatograph under the described conditions. For comparison, an 
idcntical volume of the standard solution was injected after the assay sample 
eluted. 


Since preliminary investigations indicated that peak heights were directly 
related to thc concentrations (range tested f 5 0 %  of the standard solutions), 
the results were calculated by: 


Ph a 


Phs 
- X 100 = Percent of thc label claim 


I 1 II I 1 


MINUTES 
Figure 3-Sample chromatograms from a standard solution and a liquid 
dosage form using mobile phase 4 at 279 nm. Key: ( I )  dextromethorphan. 
At this wauelength, the peak from chlorpheniramine was uery small (peak 
beforepeak I j .  
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Table II-Assay Results 


Dosage Forms Acetaminophen Chlorpheniramine Dextromethorphan Phenylpropanolamine 


Commercial Formulations 
Tabletb 
Tabletd 
Tabletsd 


(Different lot) 
El(xird 
Elixird 


(Different lot) 
Synthetic Mixtures 


98.7 
99.2 


100.8 
101.4 


100.8 
100.8 


Assay Results, 9% of the Label Claim‘ 


99.5c 
99.OC 


99.OC 
99.4e 


99.9= 
99.5 


97.lC 
100.2c 


99.4c 
100.5c 


100.v 
100.0 


96.2 
98.7 


100.0 
100.2 


101.1 
99.2 


Content Uniformity Results 


Tablet I - h 97.2 99.4 98.1 
Tablet 2b - 93.1 100.2 99.7 
Tablet 3 - 94.2 97.4 94.4 
Tablet 4 - 105.4 103.4 102.5 
Tablet S b  - 103.2 101.7 102.1 
Tablet 6d - 97.4 96.8 98.5 
Tablet 7d - 96.8 97.9 99.1 
Tablet €id - 102.7 102.1 101.8 
Tablet 9d - 99.6 99.1 100.0 
Tablet lod - 103.0 102.3 103.1 


The lakl claim per tablet or per I5 mL of the liquid was: acetaminophen. 325 mg; chlorpheniramine maleate. I mg; dextromcthorphan hydrobromide, 10 mg; phenylpropanolamine 
hydrochloridc. 12.5 mg. Using mobile hase 3. In tabkts of one manufacturer, the cxcipicnts interfered with dextromethorphan assay 
when mobile phase4 was used. Bristol-Myers; New York. N.Y. Using mobile pfase4 at 262 nm. There was interference withdextrometho han assay from theexcipients when 
mobile phase 3 was used. Using mobile phase 4 at 279 nm. Contained the same active ingredients as stated under footnote (1 per 500 mg oypowder plus 31.5 mg of corn starch 
and 120 mg of lactose. * Not determined. 


Ohm Laboratories; N.  Brunswick, N.J. 


where Ph. is the peak height of the assay sample and Ph, is that of the standard 
solution, which contained identical concentrations ofdrugs based on the label 
claim. 


RESULTS AND DISCUSSION 


Acetaminophen Assay-The results (Table 11) indicate that the developed 
method can be adopted for the quantitation of acetaminophen in tablets and 
liquids without any interference from other active ingredients and excipients 
(Fig 1 A and B). This was expected since the bulk of the tablet was acet- 
aminophen and the liquid contained 325 mg/15 mL. The peak heights were 
related to the concentrations (range tested, 0.2-0.6 pg) with an RSD of 1.2% 
based on five injections. 


Phenylpropanolamine Hydrochloride ( IVbThe  results (Table 11) indicate 
that the developed method can be used to quantify IV in tablets and liquids. 
It was tedious to separate phenylpropanolamine from other ingredients, 
especially from the out of scale peak (Fig. 1 D) of acetaminophen. Many dif- 
ferent mobile phases were tried, including an aqueous solution buffered with 
either 0.02 M ammonium acetateor 0.02 M KH~POI, with the pH adjusted 
to 13 .2  with acetic acid. In  each case, I did not separate from IV, i.e., acet- 
aminophen started eluting before all of the phenylpropanolamine had eluted. 
I t  was necessary to decrease the retention time of IV and increase that of 1. 
Initially, the mobile phases had methanol ( 5  15%) and the pH was >3. Sub- 
sequently. only water was used in themobile phase (to increase the retention 
time of I) ,  and the pH was adjusted to 2.6 (to decrease the retention time of 
IV) with phosphoric acid. This mobile phase (Table I). which gavc excellent 
separation (Fig. 1 C and D), could be used to analyze IV in tablets and liquid? 
(Table 11) and for content uniformity testg, The peak heights were related to 
the concentrations (range tested, 5-  15 pg) with an RSD of 1.6% based on live 
injections. 


Chlorpheniramine Mileate (11) and Dextrometborphen Hydrobromide 
(111)-The assay method can be adapted for the quantitation of chlorphenir- 
amine and dextromethorphan (Table I I )  in tablets and liquids using mobile 
phase 3 or 4. Initially, mobile phase 3, similar to one reported in the literature 
(6). was developed. This mobile phase separated both chlorpheniramine (11) 
and dextromethorphan (111) from the other tablet ingredients (Fig. 2A and 
B). In the liquid dosage form, the excipients (probably a preservative not 
disclosed on the label) interfered (Fig. 2C) with the dextromethorphan assay 
peak. Therefore, it was necessary to develop another mobile phase for dex- 
tromethorphan in the liquid dosage form. Mobile phase 4, similar to that re- 
ported previously (3). was used (Fig. 3) io successfully quantify dextro- 
methorphan in the liquid dosage form at 279 nm (wavelength of maximum 
absorption). By selecting this wavelength, it was possible to increase the 
sensitivity of the method twofold for the analysis of dextromethorphan. 
However, mobile phase 4 at  262 nm could also be used to analyze both 
chlorpheniramine and dextromethorphan (Fig. 4) in the liquid dosage and 


tablet forms from one manufacturer. In tablets from a different manufacturer, 
there was interference with the dextromethorphan peak from theexcipients 
(probably the yellow color) not disclosed on the label (Fig. 4C) when mobile 
phase 4 was used. Although either mobile phase 3 or 4 could be used to analyze 
I I  and Ill for one manufacturer’s tablets, only mobile phase 3 could be used 
to assay the same ingredients in the second manufacturer’s tablets. In the liquid 
dosage form from the second manufacturer, only mobile phase 4 quld be used 
to analyze I I  and 111. 


The peak heights were related to concentrations (range tested, 0.4-1.2pg 
for 11 and 4-1 2 pg for 111 at 262 nm or 2-6 pg at 279 nm) and the RSD values, 
based on five injections, were 2.4 and 1.9% for I I  and 111, respectively. 


The developed method can be adapted for the quantitation of I-IV in 
pharmaceutical dosage forms using a single column and three different mobile 
phases. The method can also be used for the determination of the content 
uniformity of the tablets (Table 11). This is imporcant since the quantity of 
chlorpheniramine maleate was only 1 mg in a >500-mg tablet. 


MINUTES 
F i p e  4-Sample chromatograms from a standard solution. a liquid dosage 
form, and a tablet using mobile phase 4 at 262 nm. Key: ( I )  chlorpheniramine: 
(21 dextromethorphan. At this wavelength. chlorpheniramine could also be 
assayed. In  chromatogram C, the excipients from the tablet interfered with 
the peak of dextromethorphan. 
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Abstract 0 A high-performance liquid chromatographic (HPLC) method 
for the determination of codeine in human plasma is described. The specific, 
precise, and sensitive method can be used to determine plasma codeine levels 
after administration of therapeutic doses of Codeine. After purification on a 
Cl8 extraction column, codeine in the form of hydrochloride is $luted. After 
addition of the internal standard, the codeine is separated on a reverse-phase 
Clg column using a slightly alkaline mobile phase and is then determined by 
U V  detection. The analysis takes 3.5 min per run; the limit ofdetection is-3 
pg/L for a 50-pL loop and 800 pL of plasma. The absolute recovery is 98.4 
f 6.7% ( n  = 14) in the 10-300-pg/Lrange. Within therange, thecalibration 
curve is linear. 


Keyphrases 0 Bioavailability-codeine, human plasma, HPLC 0 Co- 
deine--- bioavailability, HPLC 0 HPLC-bioavailability of cge ine  


Numerous methods for the detection of codeine are reported 
in the literature, including GC (1-S), GC-MS (6-9), TLC 
(10-12), RIA (3, 13-15), radioactive labeling (16, 17), and 
several high-performance liquid chromatographic (HPLC) 
methods. However, with one exception (1 8), these have not 
been used to detect codeine in plasma ( I  9-2 1). 


Some of the detection methods are not sufficiently sensitive 
or selective and others require sophisticated equipment 
(GC-MS) or specialized techniques (RIA). Our objective was 
to develop an HPLC method which is well suited for routine 
determination of codeine in plasma. 


EXPERIMENTAL SECTION 


Material and Methods-A liquid chromatograph1 equipped with a U V  
detector2 was used. The loopvolume was 5OpL. but could be increased to 150 
pL without affecting separation performance. Membrane filters) (pore size, 
0.45 pm) and a 10-pL syringe4 were also used. 


Codeine hydrochloride5 and diazepam5 (internal standard) were used as 
supplied. Methanol6 and ammonium carbonate’ were AR grade. The CIS 
extraction columnsh had a volume of 1 mL. Solutions of 0.1 M HCI, I M 
ammonium hydroxide, methanol-0. I M ammonium hydroxide (20:80; mix- 


’ Model 8OOO; Spectra Physics, Santa Clara, Calif. 
2 Spectrornonitor I l l :  Laboratory Data Control, Rivicra Beach, Fla. ’ Sartorius; Gbttingen, F.R.G. 


Hamilton. Bonaduz, Switzerland. 
5 Gerot Pharrnazeutika. Vienna. Austria. 
6 Baker, Deventer, The Nctherlands. ’ Merck. 


ture A), and methanol-0.1 M HCI ( 5 0 5 0  mixture B) were prepared. The 
internal standard solution was -200 pg of diazepam/20 mL of methanol. 


The buffer (pH 8.9) was made with 80.5 mL of 0. I M boratesolution ( I  .237 
gofboricacidin 10mLof0.1 MNa0H)and 19.5mLof0.1 M HCI.Distilled 
water was used throughout. 


The mobile phase was methanol-0.1 M ammonium carbonate (7030). The 
mixture was used within 2-3 d, because tailing at the codeine peak was 
sometimes observed with older mixtures. 


The chromatographic conditions included a 250 X 4-mm column8, filled 
in-house9 with PRlygosil C 18, 7.5 pm; the flow rate was 2.0 mL/min; the 
column oven temperature was 45OC; the detector wavelength was 220 nm, 
0.01 AUFS, time constant I min; the injection volumc was 50- 150 pL by loop; 
and the recorder advance was 10 mm/min. 


Sample Preparation-Plasma (citrate anticoagulant) was filtered through 
a 0.45-pm membrane filter and 0.8 mL was mixed with 0.3 mL of buffer (pH 
8.9). The mixture was quantitatively transferred into a Cla extraction column6 
and centrifuged at 500Xg for 1-2 min; the plasma passed completely through 
the tube. To eliminate interfering substances. the extraction column was 
washedwith I mLofO.1 MHCI, 1 mLofmixtureA.and0.3mLofO.l MHCI 
(each wash was followed by a I-min centrifugation at 500Xg). The eluates 
were discarded. Codeine was then eluted with 300 pL of mixture B. With 
commonly used centrifuges. 10-40 extraction columns can be eluted at the 
same time. which shortens the analysis time. The ammonium hydroxide so- 
lution (-30 pL, pH >8) and 5 pL of the internal standard solution werc added 
to the eluate. After thorough mixing, theloop was rinsed and filled with - I 0 0  
p L  (-180 pL if a 150-pL loop was used) of this solution. 


Standard Preparation-Samples (2, 8, 20 and 40 pL) of a solution con- 
taining 4 ng of codeine base/pL (weighed as codeine hydrochloride, dissolved 
in water and diluted accordingly) were added to 0.8-mL plasma blanks. The 
remainder of the procedure is as described in Sample Preparation. 


The quotientsof the peak areas (codeine-internal standard) of thesamples 
were compared with a calibration curve 


Bioavailability Shdy-In a randomized crossover study, bioavailability 
was determined with six healthy male volunteers (mean age, 46.8 f 15.2; mean 
weight, 74. I f 9.7 kg; and mean height 178.3 f 6.25 cm). The subjects un- 
derwent medical examinations and laboratory tests which showed them to 
be in  good health. All subjects had been informed of the investigation proce- 
dures and had expressed their agreement in writing. 


The subjects received two different oral codeine-doxycycline preparations 
on different days. The test preparations were 100 mg ofdoxycycline with 30 
mg of codeine base as the phosphate in diffusion pellets (preparation l)Io and 
I00 mg of doxycycline with 30 mg of codeine base as resinate (preparation 
2)”; both were sustained-release preparations. Thedose was twocapsules per 


Hibar RT; Merck. 
Machery/Nagcl. Diiren. F R.G. 


lo Batch 4PA-222. Doxifussin; Gerot Pharrna~eutika. 
‘ I  Batch 8 10238. Vibratussal; Pfirer. Karlsruhe, F.R.G 
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ferences in the amount of nuclei per gram of organ or tissue. The unbound 
concentration of doxorubicin in the cytosol must be -2.3 times higher than 
that in plasma according to the pH partition hypothesis. 
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Abstract 0 The synthesis and biodistribution properties of 99mTc-labeled 
N-substituted tyramine, [N-(4-hydroxyphenethyl)iminodiacetic acid] are 
described. Tissue distribution studies in rats were indicative of high hepatic 
and kidney extraction, accompanied by rapid plasma and urinary clearance 
and minimal biliary excretion. These findings were substantiated by organ 
image analysis. The preliminary data indicate that this labeled material may 
represent a new class of radiopharmaceuticals for the evaluation of hepatic 
and renal functions. 


Keyphrases 0 Biodistribution-99mTc-labeled tyramine iminodiacetic acid, 
preparation 0 Tyramine iminodiacetic acid-biodistribution and preparation 
0 Radiopharmaceuticals-preparation and biodistribution of 99”Tc-labeled 
tyramine iminodiacetic acid 


Tyramine (I), a noncatecholic phenethylamine found in a 
variety of plants and animal tissues ( l ) ,  is produced by de- 
carboxylation of its parent amino acid tyrosine (2). Normally, 
the physiological effects of tyramine are minimal because 
>90% of the tyramine is rendered metabolically inactive by 
mitochondria1 monoamine oxidase during its first passage 


through the liver after absorption (3, 4). The rapid rate of 
elimination and its inability to cross the blood-brain barrier 
( 5 )  protect the body from the adverse peripheral and neuro- 
toxic effects of tyramine. 


Abnormal metabolism of tyramine has been implicated in 
a variety of clinical disorders. Abnormal urinary excretion of 
the amine occurs in patients suffering from Parkinson’s disease 
(6 ) ,  schizophrenia, induced hypertensive crisis (7), cystic fi- 
brosis (8), epilepsy (9). hypertyrosinemia (lo), depression, and 
migration (1 1). We have recently demonstrated that the 
tyramine concentration is abnormally elevated in the plasma 
and urine of patients with cirrhosis (12, 13), hepatitis (14), and 
Reye’s syndrome (1 3, as well as in experimental animals with 
hepatic insufficiency or portacaval shunt (1 6). 


In view of its clinical importance, we have taken the initia- 
tive to develop a radiopharmaceutical from tyramine. In this 
report, we describe the synthesis, biological distribution, and 
image characteristics of 99mTc-labeled N-(4-hydroxyphen- 
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Figure I-Sciniograms ofrais obiained at 2 (a), 5 (b), and 10 (c) min afier 
the intravenous injection of 0.5 mCifkg of 99mTc-labeled tyramine diacetic 
acid. 


ethy1)iminodiacetic acid (11) an iminodiacetic acid-containing 
radiopharmaceutical which is structurally related to tyra- 
mine. 


EXPERIMENTAL SECTION 


Chni.&y-N-(4-Hydroxyphenethyl)iminodiacetic acid (11) was prepared 
by a modified procedure of Callery et al. (1 7). A solution of tyramine' (1.37 
g, 10 mmol) in 95% ethanol (100 mL) was added dropwise to a stirred solution 
of chloroacetic acid (1.9 g, 20 mmol) in 95% ethanol (50 mL). During the 
addition, the mixture was maintained at pH >7 with 5 M NaOH. The re- 
sulting mixture was heated under reflux for 48 h, was allowed to cool, and the 
resulting white precipitate was removed by filtration. This material was 


\--I 


' Sigma Chemical Co.. St. Louis, Mo 


washed with 95% ethanol, recrystallized (80% ethanol) and dried under re- 
duced pressure at 50°C, to give 1 .O g (40?6 yield). The resulting salt was dis- 
solved in water, acidified to pH 3 by the dropwise addition of 6 M HCI, and 
the resulting precipitate was collected and recrystallized from methanol-water 
to yield white crystals, mp 284-287OC; IR (Nujol) 3200-2800, 1650,900, 
800, and 700 cm-'; 'H-NMR (D20): 6 2.5-3.2 (m, 4, CHzCHz), 3.4 (s, 4, 
CHzCOO), and 6.5-7.0 ppm (m. ArH). TLC on silica gel GF revealed one 
spot with Rf values of 0 in solvent system A (teri-amyl alcohol-benzene-40% 
methylamine; 24:8:12) and 0.4 in solvent system B (I-butanol-acetic acid- 
water; 25:4:10). Tyramine had Rlvalues of 0.75 and 0.65 in solvent systems 
A and B, respectively. 


Anal.-Calc. for C12H15NO~: C, 56.91; H, 5.93; N, 5.33. Found: C, 57.50; 
H, 6.18; N, 5.65. 


Labeling with Technetium-99m-The iminodiacetic acid derivative of 
tyramine was labeled by stannous chloride reduction of sodium [99mTc]per- 
technetate eluate from a molybdenum-99-technetium-99m generator in 
aqueous solution. 


A solution of the derivative ( 5  mg, 0.043 mmol) in 1 mL ofdistilled water 
(pH 5-6) was prepared in an evacuated glass tube. To this was added 0.2 mL 
(0.25 mg, 0.001 1 mmol) of a solution of stannous chloride prepared by the 
procedure of Mock (18). The mixture was vortex-mixed for 30 s. Labeling 
with technetium-99m was accomplished over a period of 5 min by the addition 
of the pertechnetate ( 5  mCi). 


Radiochemical Purity-The radiochemical purity of 99mTc-labeled material 
was examined by silica gel (glass fiber support) and cellulose (plastic sheet 
support) ascending TLC, with normal saline, 1-butanol-acetic acid-water 
(4: 1 :7), and acetonitrile-water (3: 1) as solvents. The radiochromatograms 
of imaging agent were compared with those obtained for both pertechnetate 
anion and for technetium-99m-tin colloid, which was prepared by the method 
used for the preparation of the wmTc-labeled iminodiacetic acid. Gel per- 
meation chromatography was used to assess the stability of the chemical bond 
between technetium-99m and tyramine diacetic acid. Repacked (1 X 10-cm) 
disposable columns containing Sephadex G-25 medium2 (10-mL volume) were 
used. The imaging agent (1 pCi) in 0.2 mL of normal saline was applied to 
the column and eluted with 50 mL of normal saline. Fractions (1 mL each) 
were collected and counted. The elution pattern of the wmTc-labeled imino- 
diacetic acid was compared with that of pertechnetate and the technetium- 
99m-tin colloid. 


Biodistribution Studies-The biodistribution studies were carried out in 
male Sprague-Dawley rats (200-300 g) that were fasted overnight. The rats 
were anesthetized with sodium pentobarbital (25 mg/kg). A catheter3 ( id. ,  
0.58 mm; o.d., 0.965 mm) was inserted into the jugular vein for the adminis- 
tration of imaging agent; another one was placed in the carotid artery for blood 
sampling. A third catheter was inserted into the common bile duct, retrograde 
to the liver, for collection of bile. The mixture of the radiopharmaceutical 
preparation was administered intravenously (0.5 mCi/kg) as a bolus injection. 
Heparinized blood samples (1 mL) were drawn at predetermined intervals. 
The rats were then sacrificed serially at  intervals to 180 min after injection. 
At the time of death, the wet weights of the liver, kidney, heart, intestine, brain, 
spleen, stomach, lung, and muscle were determined. The tissue samples were 
homogenized' in a 4:l water-organ mixture, and 0.5-mL aliquots were 
counted. The radioactivity in plasma, bile, and tissue samples was expressed 
as a percentage of the injected dose per gram of sample. The urine (0.1 mL, 
1:100 dilution) from the urinary bladder was also counted. 


image Analysis-Ten rats were evaluated. The imaging system consisted 
of a mobile cameraS interfaced with a computer6. The study began with an 
anesthetized rat placed supine on a table under the detector of a portable 
gamma scintillation camera. The detector was positioned so that the field of 
view included the liver, lung bases, kidneys, and bladder. The imaging agent 
(0.5 mCi/mg) was injected intravenously into the jugular vein. Data aqui-  
sition by the computer started simultaneously with the injection. Serial images 
of the whole rat were taken and recorded at predetermined intervals over a 
period of 3 h. 


RESULTS 


Radiochemical Analysis-Chemical purity of the tyramine diacetic acid 
was established by elemental, spectral, and chromatographic analyses. The 
radiochemical purity and labeling yield of the imaging agent were determined 
by radiochromatographic analysis. The iminodiacetic acid was labeled with 
technetium-99m in yields >95% as assessed by silica gel and cellulose TLC 


2 PD-I0 Pharmacia Fine Chemicals. 
3 PE-50 Clay Adam, Parsippany, N.J. 
4 Pol tron; Brinkman Instruments. Wstbury, N.J. 
6 Muga Cart Medical Data System. 


Picrer Dynamo. 
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Table I-Average. Percent Injected Radioactivity in Tissues and Plasma of Rats after Intravenous Administration of wc-Labeled Tyrnmine Diacetic 
Acid 


Tissue 
Radioactivity, 9% of Dose/g of Tissue 


5 min 10 min 30 rnin 60 min 120 min 180 rnin 


Liver 
Kidney 
Brain 
Heart 
Intestine 
Plasma 


5.2 
8.5 
0.3 
0.20 
0.30 
4.1 


3.2 
5.21 
0.01 
0.16 
0.15 
1.7 


2.3 1.4 
3.0 2.2 
0.008 0.007 
0.13 0.072 
0.11 
0.85 


0.067 
0.65 


1 .o 
1.8 
0.007 
0.072 
0.067 
0.47 


0.75 
1 .o 
0.00s 1 
0.060 
0.005 1 
0.28 


0 The range was <10% of each value; n = 6 rats per group. 


i n  three solvent systems. On silica gel, the 99mTc-labeled material exhibited 
an Rf value of 1.0 in each of the solvents (0.9% NaCI, I-butanol-acetic 
acid-water (4:1:1), and acetonitrile-water (3:1)], whereas pertechnetate and 
technetium-99m-tin colloid gave Rf values of 1 and 0, respectively, in these 
systems. On cellulose, the labeled iminodiacetic acid migrated with Rfvalues 
of 0,0.8, and 0 the colloid remained at the origin and pertechnetate migrated 
with Rf values of 1.0, 0.4, and 1.0 in these solvent systems. In all cases, 
99mTc-labeled tyramine diacetic acid yielded a well-defined chromatographic 
spot. The results of Sephadex G-25 chromatographic analysis revealed that 
>95W of the labeled material was eluted from the column as compared with 
1% of labeled colloid. This was an indication that the iminodiacetic acid is a 
strong chelating agent. Increased dilution and prolonged standing at room 
temperature had minimal effect on the radiochemical purity of labeled ma- 
terial, providing further evidence of the stability of this wmTc-labeled radio- 
pharmaceutical. 


In Vivo Studies in Rats-Tissue Disrriburion, Plasma, Urine, and Bile 
Analyses-The data in Table I represent the activity in various tissues at 5. 
10. 30, 60, 120, and 180 min after the intravenous injection of the imaging 
agent. Data are expressed as the percentage of administered dose per gram 
of tissue (wet weight). The tissue distribution data indicate a selective accu- 
mulation of the 99mTc-labeled material by the liver and kidney. There was 
an -1Mfold increase in the concentration of this agent in the liver and kidney 
as compared with the brain, intestine, and heart at 5 min postinjection. This 
was followed by a rapid clearance, since 50% of the activity was eliminated 
from the liver and kidney by 30 min. 


The main elimination pathway of radioactivity after administration of the 
imaging agent was uia the kidney. At 180 min, -50-60% of the radioactive 
dosc was accounted for in the urine. Less than 5% of the dose appeared in the 
bile at 180 min. Radiochromatographic analysis indicated that most of the 
activity in plasma, urine, and bile was in the form of the injected v c - l a b e l e d  
material. 


Image Analysis-Imaging studies substantiated the tissue distribution data. 
In Fig. 1 are shown whole rat body scans obtained at 2, 5 ,  and 10 rnin after 
intravenous injection of 0.5 mCi/kg of 99mTc-labeled tyramine diacetic acid. 
The scans indicate high and selective uptake followed by a rapid wash-out of 
the radiopharmaceutical from the liver and kidney with concomitant accu- 
mulation of the radioactivity in the urinary bladder. 


DISCUSSION 


In the present study it has been demonstrated that substitution of the ter- 
minal amino group of tyramine with the chelating moiety iminodiacetic acid 
produced a tyramine derivative which was capable of complexing with tech- 
netium-99m in quantitative yield. By utilizing silica gel or cellulose TLC in 
several solvent systems, the labeled material exhibited a single distinct sharp 
peak and the absence of a radioactive band associated with pertechnetate or 
technetium-99m-tin colloid. The stability of the chelate in this radiophar- 
maceutical was indicated when increased dilution, prolonged storage (up to 
4 h), and incubation at 37OC for 1 h had a minimal effect on its radiochemical 
composition. 


Biodistribution studies in rats indicated avid extraction of the labeled ma- 
terial by the liver and kidney with minimal accumulation in the brain, heart, 
and intestine after intravenous administration. The plasma elimination pattern 
of 99mTc-labeled tyramine diacetic acid is indicative of the plasma clearance 
of endogenous and exogenous amines with high first-pass hepatic extraction 
(19,20). The main elimination pathway of radioactivity after administration 
of the imaging agent was oia the kidneys, which is similar to that of tyramine 
(3,21). Biliary excretion was minimal since <5% of the injected dose appeared 
in the bile at 3 h postinjection. 


Furthermore, evidence supporting the fact that extensive dissociation in 
uiuo of 99mTc-labeled material to colloidal technetium or pertechnetate did 
not occur was obtained when radiochromatographic analysis of plasma, bile, 
and urine contents produced a chromatogram identical to that of the imaging 
agent before injection. This suggests that the 99mTc-labeled iminodiacetic acid 
chelate remains intact in uiuo and is eliminated in an unchanged form. 


These preliminary results indicate that 99mTc-labeled tyramine diacetic 
acid may represent a new class of radiopharmaceuticals for the evaluation 
of hepatorenal function independent of the hepatobiliary system. 
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COMMUNICA TIONS 


Decrease in the Rate of Capsule 
Dissolution Due to 
Formaldehyde from Polysorbate 80 
Au toxidation 


Keyphrases 0 Dissolution, capsule-rate decrease, formation of formalde- 
hyde. plysorbate 80 autoxidation 0 Polysorbate 80-autoxidation, formation 
of formaldehyde, decreased dissolution rate, capsules 


To the Editor: 


Dissolution studies on some stability samples of gemfibrozil 
capsules showed a significant decrease in dissolution rate with 
time of storage and exposure to humidity. Observations of 
these slowly dissolving samples during the tests showed that 
the capsule contents were held together by a thin, tough, 
water-insoluble film, the disruption of which was seen to be 
the dissolution rate-limiting factor for the drug product. A 
bioavailability study of such film-forming gemfibrozil capsules 
showed them to be bioequivalent to the readily dissolving 
product. Thus, the decrease in  dissolution rate in the in uirro 
test is an anomaly because it does not correlate with in uiuo 
results. This communication describes studies which estab- 
lished that film formation is due to denaturation of the inner 
surface of the capsule by formaldehyde, formed by trace aut- 
oxidation of the polysorbate 80 used as an excipient. 


Polysorbate 80 had been useful in our laboratories as a 
wetting agent in capsule formulations of hydrophobic drugs. 
It was convenient to prepare a 1 :2 dispersion by drying an al- 
cohol solution of polysorbate 80 mixed with colloidal silica. The 
silica aided in powder flow, facilitating high-speed encapsu- 
lation. This dispersion was used in several capsule formulations 
of investigational drugs, all of which exhibited film formation 
when stored under high-humidity conditions. Studies on ex- 
perimental capsule formulations (Table I) made with con- 
stituents of the gemfibrozil capsule formula and stored at 
37OC, 37OC with 8Wo relative humidity (RH), and 45OC and 
tested after 1 ,  2, and 3 months showed that film formation 
occurred only when polysorbate 80 was present. All of the 
capsules containing polysorbate 80 showed film formation 
during testing after 1 month at 37OC with 80% RH. 


The reaction of formaldehyde and other aldehydes with 
proteins is well known (1,2). Cross-linking of the amino groups 
in gelatin results in its denaturation to an insoluble protein (3). 
Since formaldehyde could result from autoxidation of the end 


Table I-Experimental Capsule Formulations a 


Formulation 
Ingredients, mg a bb c dc ed  f J  g' h d  


~~~ ~~~~ 


Gernfibrozil 171 171 171 171 171 171 - - 


Cornstarch N F  99 94 102 100 97 104 - - 


7 _- - 90 


Polysorbatc80on Silica 5 10 - - -- - 150 - 


Polysorbate 80 N F - _  2 4 - - - -  
- _ _ -  Silica Gel N F  


Fill weight, mg 275 275 275 215 215 215 150 90 


" No. 2 snag-fit w,hitc opaque 999 capsules. Lot 162 (Capsugel). were used for all 
formulations. Film formation 3 
months at 3 7 O C .  


Questionable film formation at 3 months at 45OC. 
No film formation. Film formation I month a t  3 7 T .  


Table Il-Assay of Formaldehyde in Polysorbate 80 on Silica 


Formaldehyde, pg/g of Sample Taken 
Lot HPLC Fluorometric Colorimetric 


I 20 
2 13 
3 13 
4 18 
5 27 
6 36 


163 
55  
- 
- 
I l l  
163 


260 
I70 
75 
I00 
200 
I10 


groups in polysorbate 80 and acetaldehyde could be produced 
by oxidation of alcohol used in  preparation of polysorbate 
80-silica dispersion, the hypothesis that one or both of these 
aldehydes was responsible for film formation was tested. 
Formation of aldehydes would be facilitated by the immense 
surface area of the silica, so the results in Table I are consistent 
with the hypothesis. 


Six lots of polysorbate 80-silica dispersion were analyzed 
for formaldehyde by three methods. The HPLC method (4) 
is based on the reaction of aldehydes with 2-diphenylacetyl- 
1,3-indanedione- 1 -hydrazone and afforded a separation of 
formaldehyde and acetaldehyde derivatives. The fluorometric 
method ( 5 ) ,  based on the Hantzsch reaction, is much more 
sensitive for formaldehyde than for acetaldehyde. The same 
sample preparation was used for both; however, the fluoro- 
metric method provided significantly higher numbers. (This 
was determined later to be a result of lower reaction rate for 
the sample than the standard in the HPLC method.) The 
colorimetric microdiffusion method (6) was much simpler, 
with a weighed amount of dispersion in the outer ring of a 
microdiffusion chamber and chromotropic acid reagent in the 
inner ring. Table I I  shows results establishing that formalde- 
hyde is present in all of the samples, half of which showed 
equivalent amounts of acetaldehyde by the HPLC method. For 
the purposes of this study, the qualitative results of the tests 
were much more important than the quantitative results. 
Obtaining reliable quantitative methods for the lower al- 
dehydes in heterogeneous systems is difficult, owing to their 
volatility and reactivity; however, further work on this meth- 
odology has shown promise and may be reported elsewhere. 


The highest estimate of formaldehyde content presented in 
Table 11 is <0.08% of the polysorbate 80 content of the dis- 
persion. Thus, elucidation of the film-forming phenomenon 
provides a further example of the profound effect that trace 
decomposition may have on a drug product (7). Although the 
artifact has no bioavailability significance, it requires devel- 
opment of an alternative dissolution method for quality as- 
surance, one where the film is digested or disrupted. Based on 
these studies, dissolution testing at 1 month of capsules stored 
at 37OC with 80% RH should provide a reliable indication of 
potential problems due to aldehydes. Whether film formation 
occurs in the presence of trace aldehydes likely depends on the 
reactivity of other constituents of the formulation, the internal 
moisture content, pH, and other factors. Certainly, the use of 
aldehyde-generating excipients in capsule formulations should 
bc circumvented wherever possible. 


( I )  J. F. Walker. "Formaldehyde," 2nd ed. American Chemical Society 
Monograph Series, Waverly Press, Baltimore, Md.. 1953, pp. 31 1-317. 
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(2) Kirk-Othrner, “Encyclopedia of Chemical Technology.” 3rd ed., Vol. Wendt found (5) that -7% of an administered oral radioac- 
tively labeled nitrazepam dose appeared in the 24-h urine 


olites accounted for an additional 9%, and traces of unchanged 
drug were also isolated. Other metabolites, which represented 


1 1 .  Wiley, New York, N.Y., 1980, p. 91 1 .  
(3)  E. M. Marks, D. Toutellotte, and A. Andux, Food Techno/.. 2% 1433 specimen as nitro-reduced metabolites. ~ i ~ ~ - ~ ~ ~ ~ ~ d  metab- ( 1968). 
(4) S. J .  Swarin and F. Lipari, J .  Liq. Chromatogr., 6,425 (1983). 
( 5 )  S. Belman, Anal. Chim. Acfa., 29, 120 ( 1963). 
(6) V. P. Hollander, S. Dimowro, and 0. H. Pearson, Endocrinology, 49. 


(7) L. Chafetz and J .  Philip, J .  Pharm. Sci., 71,470 (1982). 
617 (1951). 
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Does Cimetidine Impair Nitroreduction? 


Keyphrases 0 Cimetidine-possible nitroreduction, nitrazepam 0 Nitra- 
zepam-nitroreduction, possible interference by cimetidine 


To the Editor: 


A recent report by Ochs el al. ( I )  demonstrated that ci- 
metidine reduced the clearance of nitrazepam in human 
subjects from a mean of 1.41 mL/min/kg in the control state 
to 1 .I7 mL/min/kg during cimetidine treatment. Cimetidine 
had no effect on the absorption kinetics or on volume of dis- 
tribution of nitrazepam. These observations, in conjunction 
with the belief that nitroreduction accounts for most of ni- 
trazepam clearance, prompted Ochs and co-workers to con- 
clude that cimetidine impairs the nitroreduction of nitrazepam. 
Furthermore, the authors suggested that such metabolic in- 
hibition by cimetidine may interfere with the elimination of 
other drugs biotransformed by nitroreduction (1). 


While the effect of cimetidine on nitrazepam clearance (1) 
is clear, we suggest that the above conclusion by Ochs et al. 
regarding the inhibition of nitroreduction by cimetidine may 
be premature. Our doubts are based on a review of published 
studies (2-5) of the metabolic fate of nitrazepam in humans. 
These studies reveal that while nitroreduction is an important 
biotransformation pathway for nitrazepam, it accounts for only 
a limited amount of the administered dose in humans. For 
example, Sawada and Shinohara found (2) that 17% of an oral 
dose of nitrazepam was excreted as nitro-reduced metabolites 
in the urine of human subjects in 5 d. Unchanged drug (1%) 
and a ring-opened metabolite (2%) were arso detected, but 80% 
of the administered dose was not recovered (2). Kangas (3) 
isolated unchanged drug (1%) and nitro-reduced metabolites 
(52%) from the 7-d urine samples of human subjects admin- 
istered nitrazepam, but could not account for nearly one-half 
of the administered dose. Nitro-reduced metabolites recovered 
from 72-h human urine samples represented only 6% of the 
administered nitrazepam dose in another study (4). Rieder and 


21% of the administered dose, were also present but could not 
be identified. Thus, a total of 37% of the administered dose was 
excreted in the 24-h urine sample, and much of it  was not 
identified ( 5 ) .  Although the recovery of total radioactivity 
increased to 65-70% after oral dosing and to 94% following 
intravenous administration during the subsequent 100 h, the 
proportion of the identified metabolites did not change sig- 
nificantly. Rieder and Wendt also demonstrated the accu- 
mulation of large amounts of unidentified metabolites in the 
plasma of human subjects after oral doses of this drug ( 5 ) .  
Quantitative differences among the above-described studies 
may be due to differences in analytical methods and/or to 
inclusion uersus omission of conjugated metabolites. Never- 
theless, nitroreduction in humans has been shown to account, 
at  most, for -50% (3) of total nitrazepam elimination, and for 
much less in most studies (2,4, 5 ) .  Since negligible amounts 
of unchanged drug are excreted (2-5), unidentified metabolites 
probably account (3, 5 )  for the remainder of nitrazepam 
elimination. 


Cimetidine is known ( 6 )  to inhibit oxidative biotransfor- 
mation of many drugs and, therefore, the following question 
must be raised: Is the effect of cimetidine on the clearance of 
nitrazepam due to the inhibition of some unidentified oxidative 
biotransformation rather than to inhibition of nitroreduction? 
This alternative explanation is supported by the isolation of 
small amounts of oxidized metabolites of nitrazepam from 
urine samples after the administration of the drug to humans 
(2, 5 ) .  Furtfiermore, oxidation may also be involved (7,  8)  in 
the ring-opening biotransformation of benzodiazepines which 
may be an important metabolic pathway for nitrazepam 
( 5 ) .  


Thus, it is clear that previous work has not accounted for a 
large fraction of the nitrazepam dose, and it appears that ox- 
idative biotransformations may be responsible for a portion 
of nitrazepam clearance. There is insufficient data to deter- 
mine whether nitrazepam nitroreduction or some hitherto 
unidentified oxidative metabolic pathway is impaired by ci- 
metidine. Therefore, we feel that it is premature to suggest ( 1 )  
that the ability of cimetidine to impair drug oxidation in hu- 
mans should be extended to include inhibition of nitroreduc- 
tion. There are several important drugs with a nitro group in 
their structure (e.g., chloramphenicol, clonazepam, nitrofu- 
rantoin, and metronidazole), and some of these compounds 
have been shown to be metabolized uia nitroreduction. We are 
concerned that the suggestion by Ochs ef al. (1) may foster a 
general belief that cimetidine-a widely used agent-impairs 
the elimination of such drugs via nitroreduction, a bclief for 
which there is, as yet, no firm evidence. 


Perhaps cimetidine will be shown in the future to inhibit one 
or more of the several distinct nitroreductases known [e.g., 
cytochrome whose oxidative function is inhibited by ci- 
metidine (9), can also function as a nitroreductase (lo)]. 
However, to demonstrate inhibition of nitroreduction, studies 
of the effects of cimetidine on specific biotransformations and 
on metabolite formation will be required. It will be interesting 
to watch developments in this area. 


( I )  H. R. Ochs, D. J.  Greenblatt, R.  Gugler, G. Muntcfcrig, A. Locniskar. 
and D. R. Abernathy, Clin. Pharmacol. Ther., 34,227 (1983). 
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Review of Organic Functional Groups: Introduction to Medicinal Organic 
Chemistry. By THOMAS L. LEMKE. Lea and Febiger, Philadelphia, PA. 
1983. 131 pp. 15X23cm.Price$10.50. 
The objective of this book is to provide a self-paced review of the nomen- 


clature, physical properties, chemical properties, and metabolism of organic 
functional groups that are important in medicinal chemistry. The book is 
designed for use as supplemental material for a pharmacy course in medicinal 
chemistry as well as  a concise reference for students and professional practi- 
tioners in pharmacy, medicine, nursing, dentistry, and veterinary medicine. 
After a general chapter on water solubility and chemical bonding, subsequent 
chapters focus on specific functional groups. Organic functional groups cov- 
ered include alkanes, alkenes, aromatic hydrocarbons. halogenated hydro- 
carbons, alcohols, phenols, ethers, aldehydes, ketones, amines, carboxylic acids 
and their derivatives, sulfonic acids and sulfonamides, and heterocycles. A 
chapter on empirical and analytical methods of determining water solubility 
and an appendix on acidity and basicity are also included. Review questions 
are placed at  the end of chapters to reinforce concepts presented in the 
text. 


Chapters on individual functional groups are concise, and adhere to an 
outline format where the three major subheadings are Nomenclature, Phys- 
ical-Chemical Properties, and Metabolism. There are adequate examples and 
tables of physical data given to illustrate the major points. The sections on 
nomenclature and physical-chemical properties are especially clearly written 
and complete. Most of the sections on metabolism are also clear and concise. 
However, the metabolism sections on aromatic hydrocarbons. halogenated 
hydrocarbons, and amines may be confusing since they contain several 
statements which contradict information found in drug metabolism chapters 
of current medicinal chemistry textbooks. 


The major emphasis of this book is in areas of medicinal chemistry which 
many undergraduate pharmacy students find difficult. The sections on no- 
menclature and physical-chemical properties should be very helpful to those 
students who have difficulty extracting information from general organic 
chemistry textbooks that is directly pertinent to medicinal chemistry. 
Thcrefore, this book fills a distinct need in undergraduate medicinal chemistry 
instruction. As long as weaknesses in some metabolism sections are recognized, 
this book should be an excellent supplement to most undergraduate pharmacy 
courses in  medicinal chemistry as well as a concise review for students and 
practitioners of other health professions. 


Reviewed by Michael W. Duffel 
Division of Medicinal Chemistry and 


Natural Products 
College of Pharmacy 
Universiry of Iowa 
Iowa City, IA 52242 


Applied Clinical Pharmcokinetics. Edited by DENNIS R. MUNGALL. 
Raven Press, I140 Avenue of the Americas, New York, NY 10036. 1983. 
448 pp. 
This book represents the most recent compilation of information related 


to the discipline of therapeutic drug monitoring. As stated in the preface, the 
major objective of this text is “to offer students and clinicians in pharmacy, 
medicine, pharmacology, and clinical chemistry a practical guide to clinical 
pharmacokinetics.” Although a brief introductory chapter discusses general 
concepts and basic pharmacokinetic principles, students without previous 
pharmacokinetic course work may have difficulty applying the information 
presented in the remainder of the textbook. The subsequent chapter which 
examines protein binding and free drug concentrations is complete, reasonably 
well referenced, and a good review of the pertinent drug-protein binding lit- 
erature. However, this chapter cannot be recommended for students because 
i t  contains several misleading statements and very minor yet bothersome er- 
rors. 


The remaining chapters are primarily devoted to the discussion of individual 
therapeutic agents and include: procainamide, quinidine, digoxin, anticon- 
vulsants, theophylline, aminoglycosides, warfarin, antihypertensives, lithium, 
tricyclic antidepressants, benzodiazepines, salicylates, and antineoplastics. 
The absence of a chapter addressing the pharmacokinetics of lidocaine is a 
limitation of the text and certainly would have proven more useful to the 
clinician than a chapter discussing antihypertensive agents. 


Each of the drugs reviewed has a chapter to itself with the format designed 
to cover important,aspects of clinical pharmacology, pharmacokinetics. plasma 
concentration and response relationships, dosage regimen design, and assay 
methods. The book is quite readable in this format and appears to be relatively 
free from errors. Most chapters contain practice problems along with detailed 
solutions. The information on each drug is, for the most part, well detailed 
and referenced. The concluding chapter is devoted to the use of programmable 
calculators in clinical pharmacokinetics. Included in this chapter is a group 
of calculator programs that may prove useful to those individuals who utilize 
such devices in their clinical practice. 


On the whole, this book provides a reasonable compilation of the published 
literature in the areas addressed by the authors. However, this text is not 
unique in  its area of emphasis and a more rigorous and comprehensive ex- 
amination is available as a reference source. While the practicing clinician 
may find certain areas of this book of intcrest, (e.g. practice problems, cal- 
culator programs) its general appeal is limited; therefore, the student in either 
introductory or advanced courses will find currently available tcxts of greater 
benefit. 


Reviewed by Thomas J. Nester 
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Abstract 0 Twelve fasting normal volunteers received three aspirin dosage 
forins in  a single 325-mg dose in a complete crossover study: the plasma aspirin 
;ind salicylic acid levels and the urine salicylic acid and salicyluric acid levels 
wcrc measured over 10 h. The three dosage forms included an unbuffered 
t;tblct and two effervescent solutions, one with sodium bicarbonate-citrate 
buffcr and the other with potassium bicarbonate-citrate buffer. A significantly 
faster absorption rate was observed with the sodium bicarbonate-citrate 
burfcr. when compared with the potassium bicarbonate-citrate buffer and 
the unbuffered tablets, which were equivalent. These differences were at- 
tributcd primarily to gastric emptying rate differences. Urine pH and salicylate 
renal clearance were significantly affected by the single dose of antacid buffer. 
The arca under the curve and urine accumulation comparisons suggested that 
-25% more aspirin reaches the general circulation intact after administration 
of the unbuffered tablet than the two solutions. but that the total salicylate 
absorbed is equivalent for all three dosage forms. This difference in aspirin 
bioavailability is probably due to the fact that the two buffered solutions are 
prcdomindntly absorbed through the intestine, in which presystemic hydrolysis 
occurs, whereas a significant portion of the tablet dose is absorbed through 
t he gastric mucosa. 


Keyphrases 0 Aspirin-absorption kinetics after administration of sodium- 
;ind potassium-containing buffered solutions 0 Salicylic acid-absorption 
kinetics after administration of sodium- and potassium-containing buffered 
wlutions 0 Absorption kinetics-aspirin after administration of sodium- and 
potassium-containing buffered solutions 


Aspirin is the drug of choice when a mild analgesic-anti- 
pyretic effect is required. It is also a primary agent used in the 
chronic management of rheumatoid arthritis and osteoar- 
thritis. After oral administration for pain, rapid absorption is 
desirable to provide the rapid onset of effects and to reduce 
contact time with the gastric mucosa. The potential influence 
of potassium ion versus sodium ion on the absorption kinetics 
of aspirin from two different effervescent solutions is the 
subject of this report. 


BACKGROUND 


A recent report ( I )  from this laboratory compared theabsorption kinetics 
of aspirin from three commercially available dosage forms. Two of the dosage 
Corms were extemporaneously prepared effervescent solutions containing either 
I .X25 or 3.808 g of sodium bicarbonate as a component of the buffer. It was 
concluded that a primary mechanism for the more rapid absorption of the 
solutions than the unbuffered tablet was more rapid gastric emptying. Also, 
the lower area under the aspirin curve for the solutions was attributed to a 
greater portion of the aspirin being absorbed through the intestine (i.e.. rather 
than through the stomach wall) and thus being subjected to a greater 
prcsystemic hydrolysis. 


Patients on sodium-restricted diets may wish to take aspirin as a buffered 


cffcrvescent solution. Absorption kinetics of the commercially available 
buffered effervescent solution was compared with that of a solution in  which 
the sodium was replaced with potassium. A commercially available unbuffered 
tablet was also studied for comparison. 


EXPERIMENTAL SECTION 


Dosage Forms-Three dosage forms were used to providc equal doses of 
aspirin: a plain tablet containing 325 mg of aspirin': an effervescent tablet 
containing 324 mg of aspirin, 1,904 g of sodium bicarbonate, and I g of citric 
acid2: and a prepared effervescent tablet containing 324 mg of aspirin, 2.26 
g or potassium bicarbonate, and I g of citric acid. 


Subjects-Twelve healthy volunteers (eight males and four females; ages 
21.37 years; weight, 53.6-94.5 kg) were evaluated by a comprehensive 
physical examination, blood chemistry profile (including blood count and 
differential), and complete urinalysis. Uone of the subjects had a history of 
gastrointestinal disease or surgery. All subjects were frce of any activediseasc 
process. and none had used any medication for 14 d bcfore the study. 


Method-A Latin-square design for three treatments in I2  subjects was 
employed. A 10-h fast preceded dosing and continued for 4 h postdose. At -1 
a.m.. predose urine and blood samples were obtained. and a single dose of 
aspirin with 240 mL of water was administered. The effervescent tablets were 
dissolvcd in 140 mL of water 3 min before dosing and the mixturc was then 
>wallowed. The glass was rinsed with I00 mL of water, which also was swal- 
lowed. After dosing, 100 mL of water was administered at I .  2, and 3 h, and 
;I uniform mcal was served after the 4-h sample was obtained. after which 


Howed ad libitum. Subjects remained standing or sitting through 
the day, and exercise was limited to walking about the room. 


Blood was drawn into chilled vacuum containers3 cia an indwelling catheter 
;it 5 .  10, 15. 20.30. and 45 min and I ,  I .5,2, 3 . 4 . 6 8 ,  and 10 h. Plasma was 
scparatcd by centrifugation at 1764Xg at 4OC within 20 min of collection. 
All urine was collected at 2-h intervals ovcr 10 h ,  the pt l  and volume were 
mcasurcd. and an acidified aliquot was saved for analysis. All samples were 
frozen at -30°C and assayed within 2 weeks of collection by the HP1.C 
method described previously (2). 


RESULTS 


As shown in Tables I and 11, both plasma aspirin and salicylic acid levels 
risc more rapidly after administration of the solution with sodium than the 
potassium solution or the tablet. This rank order and profile reflect the values 
for I I of the I2 subjects and is statistically significant (p < 0.05). Plasma 
aspirin levels risc rapidly to a mean peak of 7.20 pg/mL at 17.5 min with the 
single 324-mg dose in a sodium-containing effervescent solution, whereas the 
potassium-substituled solution reaches only 5.26 pg/mL at 30.4 min. which 
is not significantly higher (p < 0.05) than for the tablet. The ultimate exposure 


~~~~~ ~ ~ 


I Bayer Aspirin; Glenbrook Laboratorieb -Division of Sterling Drug Inc.. h'ew 
York. 


Alka-SeltLcr; Miles L boratoriec. Inc.. Elkhart. Ind. 
3 Vacutainer ED. 278-d9. 7.0 ml:. containing 14 mg of potassium oxalate and 17.5 


mg of d i u m  fluoride. 
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Table I-Mean Plasma Aspirin Levels and Kinetic Parameters. 


Parameter Nat solution K +  solution Tablet 


Mcan conc; pg/mL 
5 min 


I0 min 
15 min 
20 min 
30 min 
45 min 
60 min 
90 rnin 


I20 min 
Maximum 


Time of maximum 


Area under curve 


1112.  min 


conc.. r g / m L  


conc.. min 


to 120 min, (pgmin mL) 
to infinity, (pg.min/mL) 


1.04 
4.17 
6.43 
6.27 
4.4 I 
I .99 
1.10 
0.36 
0.30 


7.20* 


17.5* 


228. I * 
231.7* 


19.6, 


0.7 1 
1.84 
2.97 
3.56 
4.34 
2.65 
I .56 
0.52 
0.30 


5.27f 


30.4t 


211.4* 
2 I6.6* 


18.7, 


0.94 
2.17 
3.42 
3.98 
4.22 
3.34 
2.70 
1.28 
0.80 


4.76' 


36.7t 


276.3i 
290.8' 


24.7* 


,, A common symbol beside the mean indicates no significant difference (I, < 0.05) 
by Ihrcc-way analysis of variance and leas1 significant difference. 


to aspirin, as indicated by the area under the curve to infinity. is higher by 
-25% for the tablet than for the two buffered solutions, which are equiva- 
Icnt. 


Parameters that indicate the rate of absorption, maximum concentration, 
;ind timc to maximum concentration for salicylic acid show thesodium-con- 
tiiining solution to be faster, with the potassium-containing solution being 
intermediate, and the tablet slowest. For salicylic acid, however, only the 
maximum concentration differs significantly (p < 0.05), whereas the renal 
clearance of salicylate is higher for the two buffered solutions (Table 111). The 
ovcr;lll contribution to total clearance is not sufficient to lower the area under 
thc salicylate plasma curve over 10 h (Table 11). 


In  Table 111,  the data obtained from urine samples are summarized. and 
thc small differences in urine pH and salicylate renal clearance resulting from 
thc buffered solutions are shown. Although urine pH was measured for 10 
h. only during the first 2 h was there a significant difference between buffered 
and unbuffered dosages. Over a 10-h period, -70% of the 325-mg dose was 
recovered in urine as salicylurate and salicylate, which demonstrates the 


Table Il-Mean Plasma Salicylic Acid Levels and Kinetic Parameter' 


Parameter Nat solution Kt solution Tablet 


Mean conc.. pg/mL 
0.08 h 1.03 0.7 I 0.73 
0.16 h 6.17 3.13 2.04 
0.25 h 12.3 6.18 4.39 -. .. 


0.33 h 
0.50 h 
0.75 h 
1.0 h 
1.S h 
2 h  
3 h  
4 h  
6 h  
X h  
In h 


18.1 9.87 
20.8 16.6 
20.2 19.5 
19.0 19.1 
17.1 16.8 
15.3 15.7 ~~ 


12.0 12.5 
9.94 10.1 
5.86 6.51 
3.23 3.5 I 
I .86 2.06 


6.62 
0.6 
3.9 
4.8 
5.6 
6.1 
3.4 
I .2  
6.92 
3.96 


. .~ ~ - ~~ 2.28 
Mii i i ium conc.. pg/mL 21.8* 20.2. 17.2t 


Arca under curve 94.9* 95.6* 98. l*  
Time of maximum conc., h 0.59* 0.75; I 50' 


to infinity. pg.h/mL 
1112. h 2.42' 2.60' 2.91* 


A common symbol beside the mean indicates no significant difference (I, < 0.05) 
lor thrcc-way analysis of variance and least significant difference. 


l ab le  Il l-Mean Urine Salicylate and Salicylurate Levels. 


Na+ K +  
Parameter solution solution Tablet 


Urine volume (0 - 2 h), L 
Urine pH (0 - 2 h) 
Salicylic acid renal 


clcarancc (0 -+ 2 h), L/h 
Urine volume (0 - 10 h), L 
Snlicylic acid renal 


clcarance (0 - 10 h), L/h 
Accumulation of salicylic 


acid (0  - I0 h), mg 
Accumulation of salicyl- 


uric acid (0 - 10 h), mg 
Percent aspirin dose 


(equivalent) recovered 
as salicylic acid and salicyluratc to 10 h, 
% 


0.131* 
6.63* 
0.31* 


0.845* 
0.334* 


28.7, 


214* 


72.3* 


0.186* 0.170* 
6.87* 6.1 It 
0.43* 0.14f 


0.91 8* 0.874* 
0.353* 0.204t 


29.2* 17.1' 


206* 221* 


70.4* 69.9* 


" A common symbol beside the mean indicates no significant difference (p < 0.05) 
for thrce-way analysis of variance and least significant difference. 


equivalence of the extent of aspirin and/or salicylateabsorption for all three 
dosage forms. 


DISCUSSION 


Two significant results wereobtained from this study. First, the rapid ab- 
sorption rate of aspirin from a buffered solution is. in part, related to the so- 
dium content, and potassium is not equivalent to sodium in this regard. This 
observed difference in  absorption rate is most probably from the comparative 
effects of these two ions on gastric emptying kinetics. Before mixing with 
gaslric secretion. the solutions are each -100 m M  in sodium or potassium 
ion with a total milliosmolarity of -1204. In this concentration range, sodium 
has been shown to accelerate gastric emptying. whereas potassium inhibits 
gastric emptying (3 .4) .  Thus, although both solutions can raise gastric pH, 
which would speed gastric emptying, the inhibitory effect of potassium nullifies 
the pH effect. and the potassium-containing solution is emptied at about the 
same rate as  the unbuffered tablet. 


A second and more subtle observation is the extent to which aspirin reaches 
thc general circulation unhydrolyzed. which is the same for both the sodium- 
and potassium-containing buffered solutions. Both are -25% less bioavailable 
than the unbuffered tablet. This is consistent with the previously stated hy- 
pothesis ( I )  that the aspirin administered in  a buffered solution is ionized in 
the stomach and little or no absorption occurs until it is emptied into the in- 
testine. Intestinal absorption is associated with greater presystemic hydrolysis 
and. thus, a lower portion is bioavailable. These observations are consistent 
with the hypothesis that the potassium-containing solution is retained longer 
i n  the stomach and the antacid buffering is sufficient to reduce or inhibit 
gastric absorption. 


It would appear that the replacement of sodium in  extemporaneously pre- 
pared effervescent solutions of aspirin may slow absorption to equal that of 
a conventional tablet. However, the protection afforded the gastric mucosa 
by the elevated pH may be the same for both the sodium and potassium buf- 
rcrs. 
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Abstract 0 A high-performance liquid chromatographic (HPLC) method 
for the determination of codeine in human plasma is described. The specific, 
precise, and sensitive method can be used to determine plasma codeine levels 
after administration of therapeutic doses of Codeine. After purification on a 
Cl8 extraction column, codeine in the form of hydrochloride is $luted. After 
addition of the internal standard, the codeine is separated on a reverse-phase 
Clg column using a slightly alkaline mobile phase and is then determined by 
U V  detection. The analysis takes 3.5 min per run; the limit ofdetection is-3 
pg/L for a 50-pL loop and 800 pL of plasma. The absolute recovery is 98.4 
f 6.7% ( n  = 14) in the 10-300-pg/Lrange. Within therange, thecalibration 
curve is linear. 


Keyphrases 0 Bioavailability-codeine, human plasma, HPLC 0 Co- 
deine--- bioavailability, HPLC 0 HPLC-bioavailability of cge ine  


Numerous methods for the detection of codeine are reported 
in the literature, including GC (1-S), GC-MS (6-9), TLC 
(10-12), RIA (3, 13-15), radioactive labeling (16, 17), and 
several high-performance liquid chromatographic (HPLC) 
methods. However, with one exception (1 8), these have not 
been used to detect codeine in plasma ( I  9-2 1). 


Some of the detection methods are not sufficiently sensitive 
or selective and others require sophisticated equipment 
(GC-MS) or specialized techniques (RIA). Our objective was 
to develop an HPLC method which is well suited for routine 
determination of codeine in plasma. 


EXPERIMENTAL SECTION 


Material and Methods-A liquid chromatograph1 equipped with a U V  
detector2 was used. The loopvolume was 5OpL. but could be increased to 150 
pL without affecting separation performance. Membrane filters) (pore size, 
0.45 pm) and a 10-pL syringe4 were also used. 


Codeine hydrochloride5 and diazepam5 (internal standard) were used as 
supplied. Methanol6 and ammonium carbonate’ were AR grade. The CIS 
extraction columnsh had a volume of 1 mL. Solutions of 0.1 M HCI, I M 
ammonium hydroxide, methanol-0. I M ammonium hydroxide (20:80; mix- 


’ Model 8OOO; Spectra Physics, Santa Clara, Calif. 
2 Spectrornonitor I l l :  Laboratory Data Control, Rivicra Beach, Fla. ’ Sartorius; Gbttingen, F.R.G. 


Hamilton. Bonaduz, Switzerland. 
5 Gerot Pharrnazeutika. Vienna. Austria. 
6 Baker, Deventer, The Nctherlands. ’ Merck. 


ture A), and methanol-0.1 M HCI ( 5 0 5 0  mixture B) were prepared. The 
internal standard solution was -200 pg of diazepam/20 mL of methanol. 


The buffer (pH 8.9) was made with 80.5 mL of 0. I M boratesolution ( I  .237 
gofboricacidin 10mLof0.1 MNa0H)and 19.5mLof0.1 M HCI.Distilled 
water was used throughout. 


The mobile phase was methanol-0.1 M ammonium carbonate (7030). The 
mixture was used within 2-3 d, because tailing at the codeine peak was 
sometimes observed with older mixtures. 


The chromatographic conditions included a 250 X 4-mm column8, filled 
in-house9 with PRlygosil C 18, 7.5 pm; the flow rate was 2.0 mL/min; the 
column oven temperature was 45OC; the detector wavelength was 220 nm, 
0.01 AUFS, time constant I min; the injection volumc was 50- 150 pL by loop; 
and the recorder advance was 10 mm/min. 


Sample Preparation-Plasma (citrate anticoagulant) was filtered through 
a 0.45-pm membrane filter and 0.8 mL was mixed with 0.3 mL of buffer (pH 
8.9). The mixture was quantitatively transferred into a Cla extraction column6 
and centrifuged at 500Xg for 1-2 min; the plasma passed completely through 
the tube. To eliminate interfering substances. the extraction column was 
washedwith I mLofO.1 MHCI, 1 mLofmixtureA.and0.3mLofO.l MHCI 
(each wash was followed by a I-min centrifugation at 500Xg). The eluates 
were discarded. Codeine was then eluted with 300 pL of mixture B. With 
commonly used centrifuges. 10-40 extraction columns can be eluted at the 
same time. which shortens the analysis time. The ammonium hydroxide so- 
lution (-30 pL, pH >8) and 5 pL of the internal standard solution werc added 
to the eluate. After thorough mixing, theloop was rinsed and filled with - I 0 0  
p L  (-180 pL if a 150-pL loop was used) of this solution. 


Standard Preparation-Samples (2, 8, 20 and 40 pL) of a solution con- 
taining 4 ng of codeine base/pL (weighed as codeine hydrochloride, dissolved 
in water and diluted accordingly) were added to 0.8-mL plasma blanks. The 
remainder of the procedure is as described in Sample Preparation. 


The quotientsof the peak areas (codeine-internal standard) of thesamples 
were compared with a calibration curve 


Bioavailability Shdy-In a randomized crossover study, bioavailability 
was determined with six healthy male volunteers (mean age, 46.8 f 15.2; mean 
weight, 74. I f 9.7 kg; and mean height 178.3 f 6.25 cm). The subjects un- 
derwent medical examinations and laboratory tests which showed them to 
be in  good health. All subjects had been informed of the investigation proce- 
dures and had expressed their agreement in writing. 


The subjects received two different oral codeine-doxycycline preparations 
on different days. The test preparations were 100 mg ofdoxycycline with 30 
mg of codeine base as the phosphate in diffusion pellets (preparation l)Io and 
I00 mg of doxycycline with 30 mg of codeine base as resinate (preparation 
2)”; both were sustained-release preparations. Thedose was twocapsules per 


Hibar RT; Merck. 
Machery/Nagcl. Diiren. F R.G. 


lo Batch 4PA-222. Doxifussin; Gerot Pharrna~eutika. 
‘ I  Batch 8 10238. Vibratussal; Pfirer. Karlsruhe, F.R.G 
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Table I-Reproducibility of Codeine Determination in Blank Plasma 
spiked with Codeine 


Codeine Added, 
ua/L 


Codeine Found, 
u d L  (mean f S D )  


~ ~~ ~ 


303 304.8 f 3.70° 
I52 147.3 i 6.24h 
19 16.9 f I .94c 


* n  = 4 . b n  = 5 .  < n  = 3. 


person (60 mg of codeine). A 1 -week wash-out phase passed between the ex- 
amination days. The subjects ingested the preparations with liquid in the 
morning after fasting overnight. Two hours after administration they had a 
light breakfast. 


Blood samples were taken at 0. I ,  2,3,4,5. 7. and 24 h after administration. 
The plasma obtained from the blood samples was frozen until assayed. The 
samples were analyzed by the method described above. A Student’s t test for 
dependent samples was used to statistically compare the areas under the curves 
(AUC). Concentrations in the plasma after 24 h were usually a t  the limit of 
detection and could not be accurately determined; therefore, the values have 
not been included. 


RESULTS 


Recovery end Reproducibility-Codeine was added to the plasma and as- 
sayed according to specifications. The results were compared with those of 
codeine added to 300 pL of distilled water (plus internal standard and am- 
monium hydroxide) directly injected into the chromatograph. The recovery 
was 98.4 f 6.6% (mean value f SD;n = 16) (Table I). 


Extracts of samples from the bioavailability study were injected twice within 
I5 h. The SD was 0.3-5.9 with a CVof 0.6-10%. Repeated extraction and 
injection of several samples (20- I55 pg/L of plasma) gave an SD of 0.14- I 1 
with a CV of 0.8- 12.9%. 


We found a linear regression ( r  = 0.9989; n = 14; k = 0.0038596; d = 
0.01646) of the calibration curve in the lO-300-pglL range by adding codeine 
to blank plasma (Table I). The limit of detection with 0.8 mL of plasma and 
a 50-pL loop is 3 pg/L of plasma. I f  a 150-pL loop and greater volume of 
plasma are  used, the limit of detection can be reduced to < I  pg/L of plasma. 
There are no interfering substances present in the chromatogram: the limit 
is due to UV absorption constraints. 


Bioavailability Study-Representative chromatograms of plasma samples 
are shown in  Fig. I .  The individual and mean ( f S D )  values obtained in the 
bioavailability study are given in Tables I1  and 111 and are graphically rep- 
resented in Fig. 2. The AUC value, a measure of relative bioavailability, and 
the half-life calculated from each plasma level curve are shown in Table 
111. 


DISCUSSION 


The method outlined above offers advantages over GC, GC- MS. and TLC 
with regard to handling and analysis duration. Moreover, the rate of recovery 
is extremely high. 


The only substantial obstacle encountered in the development of this assay 


1 
L 


Table 11-Plasma Concentrations After Oral Administration of 60 mg of Codeine 


I 
Figure 1-Chromatograms o/ blank plasma ( a ) .  plasma with 13 pg/L of 
codeine ( b ) ,  and plasma wirh 59 pg/L of codeine ( c ) .  Key: ( I S )  internal 
standard: (C) codeine. 


method was the multitude of endogenous substancesdetected in the codeine 
range at  a wavelength of 220 nm. The problem was solved by selective pre- 
purification of the plasma on a C I S  extraction column6. Any neutral substances 
and acids that could interfere with the determination of codeine in the chro- 
matogram with an alkaline mobile phase were retained by the extraction 
column or eluted during the washing; codeine was eluted quantitatively in  the 
form of its salt. No interference was found with frequently coadministered 
drugs, such as  benzodiazepines (e.g., oxazepam, diazepam, flurazepam. and 
nitrazeparn). doxycyciine, bromhexine, amoxicillin, and ethambutol, using 
this procedure. The metabolites of codeine, its glucuronide, and some other 
narcotics do not interfere with codeine (retention times: codeine, 3.1 min; 
codeine glucuronide, I .4 min; norcodeine, < I  .6 min; morphine, 1.7 min; 
nalorphin, 1.3 min). 


The results of bioavailability studies using this HPLC method agree with 
results obtained by other methods with similar dosages. After administration 
of 60 mg of codeine sulfate, a maximum level of 100-1 20pg/L and an elim- 
ination half-life of 3.0-4.2 h (4) were obtained by GC. After administration 
of 65 mg of codeine phosphate. a maximum of 1 17 pg/L and an elimination 
half-life of 3.60 f 0. I5 ( n  = 6) were found by RIA ( I  2). With a 25-mg dose 
of labeled codeine phosphate, a maximum level of -40 pg/L and elimination 
half-lives of 2.2 h (1.8-2.8; n = 4) for tablets and 4.2 h (3.2-5.2; n = 4) for 
slow-release capsules were obtained (14). TLC indicates a maximum level 
of 90 pg/L after administration of 70 mg of codeine phosphate in the form 


Prep  Plasma Concentration, &Lo 
Subiect aration I h  2 h  3 h  4 h  5 h  7 h  


D 1 


2 
Mean I 
SD 
Mean 2 
S D  


34.00 
16.00 
59.00 
10.00 
93.00 
22.00 
60.00 
29.00 


14.00 
8.00 


19.00 


38.00 


48.67 
f28.93 


18.33 
f6.65 


55.00 
59.00 
62.00 
21.00 
87.00 
25.00 
09.00 


15.00 
68.00 
38.00 
65.00 
94.33 


08.00 


f54.76 
74.33 


f37.17 


65.00 
77.00 
64.00 
33.00 


155.00 
181.00 
80.00 
94.00 
89.00 
96.00 
87.00 
71.00 
90.00 


f33.57 
92.00 


f49.  I7 


58.00 
87.00 
66.00 
60.00 


133.00 
158.00 
64.00 
42.00 
82.00 


IOO.00 
73.00 
54.00 
79.33 


527.55 


f42.38 
83.50 


52.00 
76.00 
50.00 
50.00 


115.00 
133.00 
49.00 
30.00 
59.00 
83.00 
54.00 
72.00 
63.17 


f25.64 
74.00 


f34.88 


39.00 
50.00 
26.00 
37.00 
88.00 
77.00 
38.00 
20.00 
45.00 
57.00 
34.00 
42.00 
45.00 


f 2  I .98 
47. I7 


f19.30 
~ 


Plasma concentrations measured at 0 and 24 h were 0 pg/L. b Doxycycline (100 mg) in 30 mg of codeine base as the phosphate. Doxycycline (100 mg) in 30 mg of codeine 
base as the resinale. 
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Figure 2---Mean plasma concentration of six uolunteers after ingestion of60 mg of codeine in two dvferent preparations 


Table III-Area Under the Curve (AUC) and Half-Life ( t 1 / 2 )  After Oral 
Administration of 60 mg of Codeine 


AUC 0 1 2  
Subject Preparation I a Preparation 2b Preparation 1 Preparation 2 


A 329.00 403.00 5.42 3.68 
B 352.00 236.00 2.22 4.34 
C 828.50 762.50 2.89 3.20 
D 424.50 338.00 4.65 1.90 
E 457.50 459.50 3.30 3.70 
F 32 I .OO 359.00 3.68 - 


Mean 452. I 426.3 3.69 3.36 
S D  f 192.3 f 180.7 f 1.07 f 0 . 8 2  


Doxycycline ( I00 mg) in 30 rng of codeine base as the phosphate. Doxycycline ( 1  00 
mg) in 30 rng of codeine base as the resinate. 


of a slow-release preparation, with a maximum level of -95 pg/L and an 
elimination half-life of 2.2-3.9 h after administration of 35 mg of codeine 
phosphate in tablet form (9). This rapid HPLC method is, therefore, well 
suited for pharmacokinetic and clinical detection of codeine in plasma. 
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Abstract The effects of polyacrylic acid aqueous gel on the absorption of 
rectally administered ( A s ~ ’ . ~ ] - e e l  calcitonin, a calcitonin analogue, were in- 
vestigated in rats. The [Asu’n7]-eel calcitonin (1  U/kg) was given into the 
rectal loop in gel bases at various pH (5.5-8.5) and polyacrylic acid concen- 
trations (0.01-1.096 w/v). The maximum hypocalcemic effect was obtained 
in -30 min after administration of the analogue in a 0.1% w/v polyacrylic 
acid gel base at pH 5.5. The plasma calcium level decreased by -I  8% from 
the initial level. Rectal administration in vehicles such as polyethylene glycol 
1O00, triglyceride fatty acid mixture base, or saline solution had little or no 
hypocalcemic effect at a doseof 5 U/kg. The results indicated that a polyac- 
rylic acid aqueous gel base significantly improved the absorption of this an- 
alogue. Furthermore, rectal administration in a plyacrylic acid gel base (0.1% 
w/v; pH 5 .5 )  required a dose 35 times greater than an intravenously admin- 
istered dose to achieve an equivalent hypocalcemic effect. 


Keyphnses 0 Calcitonin-enhanced rectal absorption using polyacrylic acid 
aqueous gel base, rats, bioavailability 0 Rectal absorption-Calcitonin, 
plyacrylic acid aqueous gel base, bioavailability. rats 


Calcitonin, a hypocalcemic peptide hormone, has been 
isolated from the thyroid of mammals and ultimobranchials 
and has been used for the treatment of Paget’s disease as well 
as certain types of osteoporosis (1). Peptides, such as calcitonin, 
can be given effectively only by injection because, when taken 
orally, they are digested by the proteolytic enzymes in the GI 
tract and metabolized by the liver. This is a problem for pa- 
tients who are unable to have injections or are in need of 
long-term therapy. 


Rectal administration would be favorable as a dosage route 
for several classes of drugs because the “first-pass elimination” 
of high clearance drugs may be partly avoided (2,3). However, 
when comparing rectal and oral administration of absorbable 
drugs, the former dosage requires two or three times the drug 


1oCI  T 
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Figure I-Effects of the pH of polyacrylic acid gel base (0.01% w/v) on 
changes in plasma calcium levels following rectal administration of 
[Asu‘,71-eeI calcitonin in rats. The dose of [Asu’,7]-eel calcilonin is I U/kg. 
Each point represents a mean f SEM office animals. Key: (@) p H  5.5: (B) 
p H  6.5; (A) p H  7.5; (V) p H  8.5 polyacrylic acid gel. 


concentration of the latter dosage because the absorption 
surface area of the rectum is smaller than that of the duo- 
denum (1/10,000 the surface arera of small intestine). The 
bioavailability of poorly absorbable drugs such as calcitonin, 
a relatively high molecular weight compound, needs to be 
enhanced by pharmaceutical modification for rectal admin- 
istration. The aqueous gel bases of polyacrylic acid, which are 
a group of carboxyvinyl polymers cross-linked with ally1 su- 
crose, have been shown previously to significantly improve the 
absorption of insulin from the rectum (4, 5 )  and vagina (6). 
The present study was designed to evaluate the feasibility of 
rectally administering a calcitonin analogue using a polyacrylic 
acid aqueous gel base as an absorption promoter. 


EXPERIMENTAL SECTION 


Materials-[As~’-~]-eel calcitonin’ a synthetic analogue of ecl calcitonin 
in which the disulfide bridge between the first and seventh amino acids in the 
eel-calcitonin molecule is replaced by a -CHzCH2-- bridge (7) was used 
in this study. A polyacrylic acid aqueous gel base2 of molecular weight 
1,250,000 was used as obtained from the manufacturers. All reagents were 
of analytical or reagent grade. 


Preparations-Polyacrylic acid aqueous gel base was prepared by pre- 
soaking in distilled water for 15 h at room temperature and adding 10% NaOH 
solution to adjust each pH and each concentration, as previously described 
(4). The concentrations of polyacrylic acid in the gel bases were 0.01.0.05, 
0.1, and 1.070 w/v. The pH values selected for the study were 5.5,6.5,7.5, and 
8.5. [A~ul*~]-eel calcitonin was dissolved in each gel base. If the mixing process 
trapped air in the gel preparation, the air was removed by centrifugation for 
10 min at 3000 rpm. The viscosity of the gel preparation was measured with 
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Figure 2-Efjects of the concentration of polyacrylic acid gel base (pH 5.5) 
on changes in plasma calcium levels following rectal administration of 
[Asul+7]-eel calcitonin in rats. The dose of [A.su’,7]-eel calcitonin is I U/kg. 
Each point represents a mean f SEM offive animals. Key: (V) 0.01% w/v; 
(A) 0.05% w/v; (@) 0.1% w/v; (B) 1.0% w/vpolyacrylicacid gel. 


I Toyo Jozo Co., Ltd., Shizuoka, Japan. 
Carbpol941; B.F. Goodrich Chemical Co, Cleveland, Ohio. 
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Figure 3-Dose dependency of plasma calcium levels following rectal ad- 
ministration of [Asu 'f7/-eel calcitonin in polyacrylic acid gel base (0. I % w/v: 
pH 5.5) in rats. Each point represents a mean f SEM ofjive animals. Key: 
(0)  0 Ulkg; (V) 0. I U/kg; (A) 0.5 Ulkg; ( 8 )  I U/kg; (a) 5 U/kg. 


a cone and plate viscometer3 at 37OC. and its osmolarity determined by a 
freezing-point osmomete+. The gel preparations were stored in the dark at 
6 O C .  


Rectal Absorption-Young Wistar strain male rats (4 weeks old) weighing 
80-100 g were selected as the experimental animals. The animals were fasted 
for 20 h prior to the experiments, but water was given freely. During the ex- 
periment, the rats were anesthetized with pentobarbital (50 mg/kg). The gel 
preparations were warmed to 3OoC and quantities of 0.25 mL/100 g body 
weight were injected into the rectal loop (2.5 cm above the anus), which was 
isolated by ligation with thread. In comparative studies, the analogue was also 
formulated and administered rectally to separate groups of rats as  a saline 
solution, in a triglyceride fatty acid mixture base5, and in polyethylene glycol 
1000. A fourth group of rats was given the material intramuscularly. Blood 
samples (0.3 mL) were obtained with a heparinized syringe from the femoral 
vein 10 min before and at  30 min and 1,2, and 3 h postdose. The plasma was 
separated by centrifugation at  3000 rpm. The plasma calcium levels were 
determined by the o-cresolphthalein complexone method as described by 
Morin (8). The plasma concentration of calcitonin was measured by an en- 
zyme immunoassay described earlier (9). 


Protein and Cakinm Release from the Rectal Mucosa-Release of protein 
and calcium from the rectal mucosa caused by the polyacrylic acid gel was 
determined by the in situ recirculation technique. Wistar strain male rats, 
weighing 260-300 g, were fasted for 20 h prior to the experiments. During 
the experiments, the animals were anesthetized with pentobarbital (60 
mg/kg). The perfusate (20 mL) was recirculated at  the rate of 2 mL/min at  
37OC for 1 h in the colon and rectum ( 5  cm above the anus). The amount of 
protein was determined by Lowry's method (10) and that of calcium by atomic 
absorption spectroscopy. 


RESULTS 


Rbeological Characteristi& of Polyacrylic AcM Aqwous Gel-Polyacrylic 
acid aqueous gel behaves like a non-Newtonian liquid, and the viscosity is 
unchanged over a wide range of pH 4.5- 12. The apparent viscosities of gel 
bases a t  concentrations of 0.0 I ,  0.05,O. I ,  and I .O% w/v were observed to be 
24,177,285. and 1515 cps, respectively. The values were obtained with a cone 
and plate viscometer a t  37OC and a shear rate of 38.4 s-I. As may be readily 
seen, the viscosity of the gel base increased with the increase in the concen- 
tration of polyacrylic acid. The viscosity of the gel preparation did not change 
when the calcitonin analogue was dissolved in the gel base. 


Rectal Administration of [Asul*']sel Calcitonin-The effects of the pH of 
gel bases (0.1% w/vj on absorption following the rectal administration at the 
dose of 1 U/kg in young rats are shown in  Fig. I .  The absorption increased 
with the lowering of the pH of the gel preparation. The hypocalcemic effects 
were in the following order of strength: pH 5.5 > pH 6.5 > pH 7.5 > pH 8.5  
of the gel bases. The peaks of hypocalcemic effects were obtained at 30 min 
after administration, except with the pH 8.5 gel base. The plasma calcium 
values, which decreased by -18% from their original levels, recovered after 
1 h. 


'Type E; Tokyo Keiki Co., L!d.. Tokyo, Japan. ' Fiske 0 s  Osmometer; Uxbridge, Mass. 
Wilepsol H-IS; Dynamit Nobel Chemicals, Witten. West Germany. 
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E i r e  4-Changes in plasma calcium levels following rectal administraiion 
Of [ A s ~ ' , ~ / - e e l  calcitonin in various bases in rats. The dose of[Asu 1.7/-eel 
calcitonin is 5 Ulkg. Each point represents a mean f SEM offive animals. 
Key: (0) saline solution: (A) triglyceride fatty acid mixture base: (8 )  
polyeihylene glycol IOOO; (a) 0.1% w/v polyacrylic acid gel (pH 5.5). 


The effects of the various concentrations of polyacrylic acid in the gel base 
(pH 5.5) on calcium levels after the rectal administration in the gel base to 
young rats are shown in Fig. 2. The time course of the hypocalcemic effects 
showed varying patterns with different concentrations of the gel after rectal 
administration. With the 0.1% w/v  gel base, the plasma calcium level de- 
creased rapidly for 30 min, at which time the maximum of the hypocalcemic 
effect was obtained. With the 0.05% w/v gel base, the plasma calcium level 
decreaied slowly and the maximum hypocalcemic effect was found at 1 h. The 
0.01% w/v and 1.0% w/v gel bases produced little hypocalcemic action; thus, 
the maximum hypocalcemic effect was obtained with the gel base at pH 5.5 
and 0.1% w/v. 


The dose response curves of plasma calcium levels following the rectal ad- 
ministration with the gel base (0.1% w/v; pH 5 . 5 )  areshown in Fig. 3. The 
rapid decrease of the plasma calcium level was observed at doses of I and 5 
U/kg but. a t  doses of 0.1 and 0.5 U/kg slight hypocalcemic effects were seen 
from 30 min to 2 h. 


In the experiment shown in Fig. 4, the hypocalcemic effect following rectal 
administration in polyacrylic acid gel base (0.1% w/v: pH 5 .5 )  was compared 
with that obtained following administration in a triglyceride fatty acid mixture 
base, polyethylene glycol IOOO, or saline solution at doses of 5 U/kg. The saline 
solution produced no hypocalcemic effect whereas the rriglyceride fatty acid 
mixture preparation produced little hypocalcemic effect. The polyethylene 
glycol lo00 preparation produced a slight hypocalcemic effect; the minimum 
calcium level observed at 30 min after administration of [As~ '*~]-ee l  calcitonin 
was - 9 3 %  of the initial level. Figure 5 compares the hypocalcemic effect 
produced by rectally administered material in the polyacrylic acid gel base 
(0.1% w/v; pH 5 .5 )  with that administered intravenously. The plasma 
[A~u ' -~] -ee l  calcitonin levels obtained with rectal administration were com- 
pared with those with intramuscular administration. An enzyme immunoassay 
method was used to determine the [Asu'.']-eel calcitonin levels (Table I). 
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Figure 5-Changes in plasma calcium levels following rectal administration 
in 0. I% w/v polyacrylic gel base (pH 5.5) and intravenous administration of 
[Asu '.']-eel calcitonin. Each point represenis a mean f SEM o//ive animals. 
Key (a) rectal administration (5 Ulkg); (8)  intravenous administration (0.1 5 
U / W .  
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Table I-Bioavailability of [Asu'.7@l Calcitonin with Different Routes Of Administration 


Dose, U / kg n Peak PLasrna Conc.. mU/mL AUCF, rnU.h/rnL* Apparent Bioavailability. % 


Intramuscular 40 5 57.5 f 6.1 57.3 f 13.3 100 
RectalC 400 3 8.6 f 2.1 4.3 f 0.5 0.8 f 0.2 


a Each value is a mean f S E M .  b Area under plasma concentration uersus time curve. Gel base; 0.1% w/v. pH 5.5 


Table 11-Effects of Polyacrylic Acid Aqueous Gel Bases on Protein and Calcium Release from the Rectat Mucosa of Rats. 


n Released Protein, mg Released Ca+2 (mEq X lo-') 


Saline Solution 5 
0.1% NaCl Solution 2 
0.01% Gel Base (pH 5.5) 4 
0.19bGel Base (pH 5.5) 4 
0.1% Gel Base (pH 5.5) containing 0.9% NaCl 4 
0.1% Gel Base (pH 6.5) containing 0.9% NaCl 3 
O.l%Gel Base (pH 7.5) containing 0.9% NaCl 3 


0.331 f 0.018 
0.776 f 0.155b 
0.761 f 0.041* 
0.765 f O.07Ob 
0.3 I2 f 0.026 
0.388 f 0.043 
0.347 f 0.022 


6.01 f 0.23 
12.56 f 0.94b 
12.88 f 0.50: 
15.94 f 1.01 
5.84 i 0.66 
6.01 & 0.21 
6.85 f 0.60 


Each value is a mean f SEM. * p < 0.05 when cornpared to saline using student's r test 


Rectal administration in a polyacrylic acid gel base (0.1% w/v; pH 5.5) re- 
quired a dose 35 t i m a  greater than an intravenously administered dose to 
achieve an equivalent hypocalcemic effect (Fig. 5). When the calcitonin an- 
alogue was given rectally in the polyacrylic acid gel base, the apparent bio- 
availability was found to be 4 . 8 0 %  (Table I) of a comparable intramuscular 
administration. 


Protein and Calcium Releases from the Rectal Mucosa-In order to examine 
the effect of polyacrylic acid aqueous gel base on rectal mucosa, protein and 
calcium releasing effects were investigated. Table I 1  shows the amounts of 
protein calcium released from the rectal mucosa. The protein and calcium 
releasing effects of 0.01 and 0.1% w/v polyacrylic acid gel base were increased 
by -2 times that of saline. However, isotonic gel bases (at pH 5.5, pH 6.5. and 
pH 7.5 containing0.W NaCI) did not show the calcium and protein releasing 
effect. 


DISCUSSION 


It has been generally considered difficult for a peptide hormone such as  
[Asul*']-ecl calcitonin to be absorbed through the intestinal mucosa. In this 
study, the rectal administration of [As~ ' .~] -ee l  calcitonin in a saline solution 
at a dose of 5 U/kg did not lower the plasma calcium levels (Fig. 4). However, 
absorption from the rectum was significantly facilitated by a polyacrylic acid 
gel base. The pH of the gel and the concentration of polyacrylic acid in the 
gel base affected the rectal absorption. The rectal absorption increased with 
decreasing pH of the gel base in  the range of pH 5.5-8.5 (Fig. I ) .  In the ex- 
periment where the concentrations of the polyacrylic acid in the gel base were 
varied, the increased absorption was in the following order of strength: 0.1% 
w/v > 0.05% w/v > 0.01% w/v > 1.0% w/v. The enhanced absorption (as 
noted by lowering of plasma calcium levels) was concentration dependent in 
the range of 0.01-0.1% w/v polyacrylic acid. The insignificant plasma calcium 
lowering effect noted with 1% w/v polyacrylic acid gel might have been due 
to the high viscosity of the gel and/or the interaction of the calcitonin analogue 
with the polyacrylic acid in the gel base. 


When 1 U/kg was rectally administered in polyacrylic acid gel bases that 
were either isotonic (293 mOsm/kg) or hypertonic (865 mOsm/kg)--0.1% 
w/v; polyacrylic acid gel pH 5.5 containing 0.9% w/v and 3% w/v NaCI, re- 
spectively-the hypocalcemic effects were little or none (data not shown). 
Perhaps, the permeability of the calcitonin analogue through the rcctal mu- 
m a 1  membrane in isotonic and hypertonic conditions was supressed by the 
exudation of fluids. 


In order to clarify the mechanism of the promoting effect of the polyacrylic 
acid gel base. the authors studied the release of protein and calcium from the 
rectal mucosa. The 0.01% w/v and 0.1% w/v gel bases containing no additional 
sodium chloride (uiz hypotonic) increased the release of protein and calcium 
from the rectum. However. the 0.1% w/v gel base containing 0.9% w/v NaCl 
did not show any such releasing effect. Further, microscopic examination of 
histological samples revealed that the polyacrylic acid gel base caused no 
damage to the surface of the rectal mucosa, as shown in  a preliminary ex- 
periment (4). The amount of protein released by this gel base from the rectal 


mucosa was negligible compared with that by sodium deoxycholate and so- 
dium lauryl sulfate (1 l ) .  


The sequestering of calcium ions to polyacrylic acid was previously reported 
by Murata and Arai (1 2) and Robb and Sharples (1 3). These authors found 
that the polyacrylic acid gel base had chelating properties towards calcium. 
In the present study, the amount of calcium released by a hypotonic polyacrylic 
acid gel base from the rectal mucosa was also higher than that with a saline 
solution. Thus, the polyacrylic acid gel base may have altered the rectal epi- 
thelial barrier by depleting calcium ions at  the mucosal membrane. Calcium 
ions are important for preserving a tight intercellular structure. 


The comparative bioavailability of the calcitonin analogue following rectal 
and intramuscular administration showed that -35 times as much drug was 
needed in a gel base (0.1% w/v; pH 5.5) given rectally to produce an equivalent 
hypocalcemic effect. The mechanism of enhancement of rectal absorption 
by the polyacrylic acid gel is unclear. Its major absorption pathway, perhaps, 
is uia a paracellular route through the intercellular channels rather than oia 
a transcellular route through the epithelial cells. 


This study showed that polyacrylic acid aqueous gel base might be used to 
promote the rectal absorption of polypeptide drugs, such as  [ A ~ u l * ~ ] - e e l  cal- 
citonin. 
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COMMUNICA TIONS 


Decrease in the Rate of Capsule 
Dissolution Due to 
Formaldehyde from Polysorbate 80 
Au toxidation 


Keyphrases 0 Dissolution, capsule-rate decrease, formation of formalde- 
hyde. plysorbate 80 autoxidation 0 Polysorbate 80-autoxidation, formation 
of formaldehyde, decreased dissolution rate, capsules 


To the Editor: 


Dissolution studies on some stability samples of gemfibrozil 
capsules showed a significant decrease in dissolution rate with 
time of storage and exposure to humidity. Observations of 
these slowly dissolving samples during the tests showed that 
the capsule contents were held together by a thin, tough, 
water-insoluble film, the disruption of which was seen to be 
the dissolution rate-limiting factor for the drug product. A 
bioavailability study of such film-forming gemfibrozil capsules 
showed them to be bioequivalent to the readily dissolving 
product. Thus, the decrease in  dissolution rate in the in uirro 
test is an anomaly because it does not correlate with in uiuo 
results. This communication describes studies which estab- 
lished that film formation is due to denaturation of the inner 
surface of the capsule by formaldehyde, formed by trace aut- 
oxidation of the polysorbate 80 used as an excipient. 


Polysorbate 80 had been useful in our laboratories as a 
wetting agent in capsule formulations of hydrophobic drugs. 
It was convenient to prepare a 1 :2 dispersion by drying an al- 
cohol solution of polysorbate 80 mixed with colloidal silica. The 
silica aided in powder flow, facilitating high-speed encapsu- 
lation. This dispersion was used in several capsule formulations 
of investigational drugs, all of which exhibited film formation 
when stored under high-humidity conditions. Studies on ex- 
perimental capsule formulations (Table I) made with con- 
stituents of the gemfibrozil capsule formula and stored at 
37OC, 37OC with 8Wo relative humidity (RH), and 45OC and 
tested after 1 ,  2, and 3 months showed that film formation 
occurred only when polysorbate 80 was present. All of the 
capsules containing polysorbate 80 showed film formation 
during testing after 1 month at 37OC with 80% RH. 


The reaction of formaldehyde and other aldehydes with 
proteins is well known (1,2). Cross-linking of the amino groups 
in gelatin results in its denaturation to an insoluble protein (3). 
Since formaldehyde could result from autoxidation of the end 


Table I-Experimental Capsule Formulations a 


Formulation 
Ingredients, mg a bb c dc ed  f J  g' h d  


~~~ ~~~~ 


Gernfibrozil 171 171 171 171 171 171 - - 


Cornstarch N F  99 94 102 100 97 104 - - 


7 _- - 90 


Polysorbatc80on Silica 5 10 - - -- - 150 - 


Polysorbate 80 N F - _  2 4 - - - -  
- _ _ -  Silica Gel N F  


Fill weight, mg 275 275 275 215 215 215 150 90 


" No. 2 snag-fit w,hitc opaque 999 capsules. Lot 162 (Capsugel). were used for all 
formulations. Film formation 3 
months at 3 7 O C .  


Questionable film formation at 3 months at 45OC. 
No film formation. Film formation I month a t  3 7 T .  


Table Il-Assay of Formaldehyde in Polysorbate 80 on Silica 


Formaldehyde, pg/g of Sample Taken 
Lot HPLC Fluorometric Colorimetric 


I 20 
2 13 
3 13 
4 18 
5 27 
6 36 


163 
55  
- 
- 
I l l  
163 


260 
I70 
75 
I00 
200 
I10 


groups in polysorbate 80 and acetaldehyde could be produced 
by oxidation of alcohol used in  preparation of polysorbate 
80-silica dispersion, the hypothesis that one or both of these 
aldehydes was responsible for film formation was tested. 
Formation of aldehydes would be facilitated by the immense 
surface area of the silica, so the results in Table I are consistent 
with the hypothesis. 


Six lots of polysorbate 80-silica dispersion were analyzed 
for formaldehyde by three methods. The HPLC method (4) 
is based on the reaction of aldehydes with 2-diphenylacetyl- 
1,3-indanedione- 1 -hydrazone and afforded a separation of 
formaldehyde and acetaldehyde derivatives. The fluorometric 
method ( 5 ) ,  based on the Hantzsch reaction, is much more 
sensitive for formaldehyde than for acetaldehyde. The same 
sample preparation was used for both; however, the fluoro- 
metric method provided significantly higher numbers. (This 
was determined later to be a result of lower reaction rate for 
the sample than the standard in the HPLC method.) The 
colorimetric microdiffusion method (6) was much simpler, 
with a weighed amount of dispersion in the outer ring of a 
microdiffusion chamber and chromotropic acid reagent in the 
inner ring. Table I I  shows results establishing that formalde- 
hyde is present in all of the samples, half of which showed 
equivalent amounts of acetaldehyde by the HPLC method. For 
the purposes of this study, the qualitative results of the tests 
were much more important than the quantitative results. 
Obtaining reliable quantitative methods for the lower al- 
dehydes in heterogeneous systems is difficult, owing to their 
volatility and reactivity; however, further work on this meth- 
odology has shown promise and may be reported elsewhere. 


The highest estimate of formaldehyde content presented in 
Table 11 is <0.08% of the polysorbate 80 content of the dis- 
persion. Thus, elucidation of the film-forming phenomenon 
provides a further example of the profound effect that trace 
decomposition may have on a drug product (7). Although the 
artifact has no bioavailability significance, it requires devel- 
opment of an alternative dissolution method for quality as- 
surance, one where the film is digested or disrupted. Based on 
these studies, dissolution testing at 1 month of capsules stored 
at 37OC with 80% RH should provide a reliable indication of 
potential problems due to aldehydes. Whether film formation 
occurs in the presence of trace aldehydes likely depends on the 
reactivity of other constituents of the formulation, the internal 
moisture content, pH, and other factors. Certainly, the use of 
aldehyde-generating excipients in capsule formulations should 
bc circumvented wherever possible. 


( I )  J. F. Walker. "Formaldehyde," 2nd ed. American Chemical Society 
Monograph Series, Waverly Press, Baltimore, Md.. 1953, pp. 31 1-317. 
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(2) Kirk-Othrner, “Encyclopedia of Chemical Technology.” 3rd ed., Vol. Wendt found (5) that -7% of an administered oral radioac- 
tively labeled nitrazepam dose appeared in the 24-h urine 


olites accounted for an additional 9%, and traces of unchanged 
drug were also isolated. Other metabolites, which represented 


1 1 .  Wiley, New York, N.Y., 1980, p. 91 1 .  
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Does Cimetidine Impair Nitroreduction? 


Keyphrases 0 Cimetidine-possible nitroreduction, nitrazepam 0 Nitra- 
zepam-nitroreduction, possible interference by cimetidine 


To the Editor: 


A recent report by Ochs el al. ( I )  demonstrated that ci- 
metidine reduced the clearance of nitrazepam in human 
subjects from a mean of 1.41 mL/min/kg in the control state 
to 1 .I7 mL/min/kg during cimetidine treatment. Cimetidine 
had no effect on the absorption kinetics or on volume of dis- 
tribution of nitrazepam. These observations, in conjunction 
with the belief that nitroreduction accounts for most of ni- 
trazepam clearance, prompted Ochs and co-workers to con- 
clude that cimetidine impairs the nitroreduction of nitrazepam. 
Furthermore, the authors suggested that such metabolic in- 
hibition by cimetidine may interfere with the elimination of 
other drugs biotransformed by nitroreduction (1). 


While the effect of cimetidine on nitrazepam clearance (1) 
is clear, we suggest that the above conclusion by Ochs et al. 
regarding the inhibition of nitroreduction by cimetidine may 
be premature. Our doubts are based on a review of published 
studies (2-5) of the metabolic fate of nitrazepam in humans. 
These studies reveal that while nitroreduction is an important 
biotransformation pathway for nitrazepam, it accounts for only 
a limited amount of the administered dose in humans. For 
example, Sawada and Shinohara found (2) that 17% of an oral 
dose of nitrazepam was excreted as nitro-reduced metabolites 
in the urine of human subjects in 5 d. Unchanged drug (1%) 
and a ring-opened metabolite (2%) were arso detected, but 80% 
of the administered dose was not recovered (2). Kangas (3) 
isolated unchanged drug (1%) and nitro-reduced metabolites 
(52%) from the 7-d urine samples of human subjects admin- 
istered nitrazepam, but could not account for nearly one-half 
of the administered dose. Nitro-reduced metabolites recovered 
from 72-h human urine samples represented only 6% of the 
administered nitrazepam dose in another study (4). Rieder and 


21% of the administered dose, were also present but could not 
be identified. Thus, a total of 37% of the administered dose was 
excreted in the 24-h urine sample, and much of it  was not 
identified ( 5 ) .  Although the recovery of total radioactivity 
increased to 65-70% after oral dosing and to 94% following 
intravenous administration during the subsequent 100 h, the 
proportion of the identified metabolites did not change sig- 
nificantly. Rieder and Wendt also demonstrated the accu- 
mulation of large amounts of unidentified metabolites in the 
plasma of human subjects after oral doses of this drug ( 5 ) .  
Quantitative differences among the above-described studies 
may be due to differences in analytical methods and/or to 
inclusion uersus omission of conjugated metabolites. Never- 
theless, nitroreduction in humans has been shown to account, 
at  most, for -50% (3) of total nitrazepam elimination, and for 
much less in most studies (2,4, 5 ) .  Since negligible amounts 
of unchanged drug are excreted (2-5), unidentified metabolites 
probably account (3, 5 )  for the remainder of nitrazepam 
elimination. 


Cimetidine is known ( 6 )  to inhibit oxidative biotransfor- 
mation of many drugs and, therefore, the following question 
must be raised: Is the effect of cimetidine on the clearance of 
nitrazepam due to the inhibition of some unidentified oxidative 
biotransformation rather than to inhibition of nitroreduction? 
This alternative explanation is supported by the isolation of 
small amounts of oxidized metabolites of nitrazepam from 
urine samples after the administration of the drug to humans 
(2, 5 ) .  Furtfiermore, oxidation may also be involved (7,  8)  in 
the ring-opening biotransformation of benzodiazepines which 
may be an important metabolic pathway for nitrazepam 
( 5 ) .  


Thus, it is clear that previous work has not accounted for a 
large fraction of the nitrazepam dose, and it appears that ox- 
idative biotransformations may be responsible for a portion 
of nitrazepam clearance. There is insufficient data to deter- 
mine whether nitrazepam nitroreduction or some hitherto 
unidentified oxidative metabolic pathway is impaired by ci- 
metidine. Therefore, we feel that it is premature to suggest ( 1 )  
that the ability of cimetidine to impair drug oxidation in hu- 
mans should be extended to include inhibition of nitroreduc- 
tion. There are several important drugs with a nitro group in 
their structure (e.g., chloramphenicol, clonazepam, nitrofu- 
rantoin, and metronidazole), and some of these compounds 
have been shown to be metabolized uia nitroreduction. We are 
concerned that the suggestion by Ochs ef al. (1) may foster a 
general belief that cimetidine-a widely used agent-impairs 
the elimination of such drugs via nitroreduction, a bclief for 
which there is, as yet, no firm evidence. 


Perhaps cimetidine will be shown in the future to inhibit one 
or more of the several distinct nitroreductases known [e.g., 
cytochrome whose oxidative function is inhibited by ci- 
metidine (9), can also function as a nitroreductase (lo)]. 
However, to demonstrate inhibition of nitroreduction, studies 
of the effects of cimetidine on specific biotransformations and 
on metabolite formation will be required. It will be interesting 
to watch developments in this area. 


( I )  H. R. Ochs, D. J.  Greenblatt, R.  Gugler, G. Muntcfcrig, A. Locniskar. 
and D. R. Abernathy, Clin. Pharmacol. Ther., 34,227 (1983). 
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Review of Organic Functional Groups: Introduction to Medicinal Organic 
Chemistry. By THOMAS L. LEMKE. Lea and Febiger, Philadelphia, PA. 
1983. 131 pp. 15X23cm.Price$10.50. 
The objective of this book is to provide a self-paced review of the nomen- 


clature, physical properties, chemical properties, and metabolism of organic 
functional groups that are important in medicinal chemistry. The book is 
designed for use as supplemental material for a pharmacy course in medicinal 
chemistry as well as  a concise reference for students and professional practi- 
tioners in pharmacy, medicine, nursing, dentistry, and veterinary medicine. 
After a general chapter on water solubility and chemical bonding, subsequent 
chapters focus on specific functional groups. Organic functional groups cov- 
ered include alkanes, alkenes, aromatic hydrocarbons. halogenated hydro- 
carbons, alcohols, phenols, ethers, aldehydes, ketones, amines, carboxylic acids 
and their derivatives, sulfonic acids and sulfonamides, and heterocycles. A 
chapter on empirical and analytical methods of determining water solubility 
and an appendix on acidity and basicity are also included. Review questions 
are placed at  the end of chapters to reinforce concepts presented in the 
text. 


Chapters on individual functional groups are concise, and adhere to an 
outline format where the three major subheadings are Nomenclature, Phys- 
ical-Chemical Properties, and Metabolism. There are adequate examples and 
tables of physical data given to illustrate the major points. The sections on 
nomenclature and physical-chemical properties are especially clearly written 
and complete. Most of the sections on metabolism are also clear and concise. 
However, the metabolism sections on aromatic hydrocarbons. halogenated 
hydrocarbons, and amines may be confusing since they contain several 
statements which contradict information found in drug metabolism chapters 
of current medicinal chemistry textbooks. 


The major emphasis of this book is in areas of medicinal chemistry which 
many undergraduate pharmacy students find difficult. The sections on no- 
menclature and physical-chemical properties should be very helpful to those 
students who have difficulty extracting information from general organic 
chemistry textbooks that is directly pertinent to medicinal chemistry. 
Thcrefore, this book fills a distinct need in undergraduate medicinal chemistry 
instruction. As long as weaknesses in some metabolism sections are recognized, 
this book should be an excellent supplement to most undergraduate pharmacy 
courses in  medicinal chemistry as well as a concise review for students and 
practitioners of other health professions. 


Reviewed by Michael W. Duffel 
Division of Medicinal Chemistry and 


Natural Products 
College of Pharmacy 
Universiry of Iowa 
Iowa City, IA 52242 


Applied Clinical Pharmcokinetics. Edited by DENNIS R. MUNGALL. 
Raven Press, I140 Avenue of the Americas, New York, NY 10036. 1983. 
448 pp. 
This book represents the most recent compilation of information related 


to the discipline of therapeutic drug monitoring. As stated in the preface, the 
major objective of this text is “to offer students and clinicians in pharmacy, 
medicine, pharmacology, and clinical chemistry a practical guide to clinical 
pharmacokinetics.” Although a brief introductory chapter discusses general 
concepts and basic pharmacokinetic principles, students without previous 
pharmacokinetic course work may have difficulty applying the information 
presented in the remainder of the textbook. The subsequent chapter which 
examines protein binding and free drug concentrations is complete, reasonably 
well referenced, and a good review of the pertinent drug-protein binding lit- 
erature. However, this chapter cannot be recommended for students because 
i t  contains several misleading statements and very minor yet bothersome er- 
rors. 


The remaining chapters are primarily devoted to the discussion of individual 
therapeutic agents and include: procainamide, quinidine, digoxin, anticon- 
vulsants, theophylline, aminoglycosides, warfarin, antihypertensives, lithium, 
tricyclic antidepressants, benzodiazepines, salicylates, and antineoplastics. 
The absence of a chapter addressing the pharmacokinetics of lidocaine is a 
limitation of the text and certainly would have proven more useful to the 
clinician than a chapter discussing antihypertensive agents. 


Each of the drugs reviewed has a chapter to itself with the format designed 
to cover important,aspects of clinical pharmacology, pharmacokinetics. plasma 
concentration and response relationships, dosage regimen design, and assay 
methods. The book is quite readable in this format and appears to be relatively 
free from errors. Most chapters contain practice problems along with detailed 
solutions. The information on each drug is, for the most part, well detailed 
and referenced. The concluding chapter is devoted to the use of programmable 
calculators in clinical pharmacokinetics. Included in this chapter is a group 
of calculator programs that may prove useful to those individuals who utilize 
such devices in their clinical practice. 


On the whole, this book provides a reasonable compilation of the published 
literature in the areas addressed by the authors. However, this text is not 
unique in  its area of emphasis and a more rigorous and comprehensive ex- 
amination is available as a reference source. While the practicing clinician 
may find certain areas of this book of intcrest, (e.g. practice problems, cal- 
culator programs) its general appeal is limited; therefore, the student in either 
introductory or advanced courses will find currently available tcxts of greater 
benefit. 


Reviewed by Thomas J. Nester 
Division of Pharmacy Practice 
College of Pharmacy 
The Ohio State Unicersity 
Columbus, OH 43210 
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Abstract 0 Recent theoretical work has suggested that radiochemical im- 
purities can significantly alter the binding results for highly protein-bound 
drugs. We compared protein binding of warfarin by ultrafiltration and equi- 
librium dialysis with 98% radiochemically pure (I4C]warfarin. Ultrafiltration 
and equilibrium dialysis were performed at 37OC and pH 7.45 on the plasma 
of patients receiving chronic warfarin therapy. Binding to plasma from seven 
patients was measured in duplicate by both a nonspecific radioisotopic tech- 
nique and a specific HPLC technique. The nonspecific technique gave per- 
centage of free warfarin values of 1.84 f 0.1 I (mean f SD) and I .59 f 0.14 
for ultrafiltration and equilibrium dialysis, respectively. The HPLC procedure 
yielded a percentage of free warfarin by ultrafiltration of 0.969 f 0.203 and 
a value of 0.690 f 0.095 by equilibrium dialysis (p < 0.05). The HPLC pro- 
cedure for protein binding was performed on plasma samples from 12 addi- 
tional patients and yielded a percentage of free warfarin of 1.01 f 0.69 by 
ultrafiltration and 0.44 f 0.34 by equilibrium dialysis (I, < 0.05). It can be 
concluded that radiochemical impurities may lead to significant overestimation 
of the percentage of free warfarin. Ultrafiltration yielded a higher percentage 
of free warfarin than did equilibrium dialysis. but the ability to distinguish 
binding differences among patients was similar. 


Keyphrases 0 Warfarin- methodological considerations, plasma protein 
binding 0 Plasma protein binding -methodological considerations, warfarin, 
radiochemical impurities 0 Radiochemical impurities-methodological 
considerations, plasma protein binding of warfarin 


A number of factors may affect the results of protein binding 
studies. These factors include the administration of heparin, 
the type of blood collection tubes, the system used for deter- 
mining binding (equilibrium dialysis, ultrafiltration), and the 
radiochemical purity of the radiolabeled compound. Bjornsson 
et af. ( I )  have recently emphasized the importance of radio- 
chemical purity of radiolabeled drugs used for determining 
plasma protein binding. Theoretically, radiochemical im- 
purities that are poorly bound to plasma proteins could lead 
to significant overestimations of the free concentration of drugs 
that are highly bound. Warfarin is an agent which is highly 
protein bound, and its binding could be susceptible to mea- 
surement errors related to the presence of radiochemical im- 
purities. [ I4C] Warfarin is -98.5% radiochemically pure. 
Studies with [14C]warfarin for binding without a purification 
procedure (2-4) have reported a significantly higher per- 
centage of free warfarin than studies in which a TLC assay 
procedure was utilized (5 ,6 ) .  Yacobi and Levy (7) have found 
that a twofold error in the estimation of the percentage of free 
warfarin was made when radiochemically impure warfarin was 


Table I-Comparison of Ultrafiltration and Equilibrium Dialysis Methods 
for Measuring Warfarin Protein Binding' 


Procedure Mean Unbound f SD, % 


Ultra filtration 1.010 f 0.69 
Equilibrium dialysis 0.44 f 0.34 


described i n  the text ( n  = 12). 
Free and total concentrations wcre determined by the chromatographic procedurc 


used to determine protein binding in rats. No data on human 
plasma are available concerning this issue. 


The majority of studies evaluating warfarin binding have 
utilized equilibrium dialysis, and no information is available 
comparing ultrafiltration with equilibrium dialysis. In  the 
present study, the influence of radiochemical impurity on 
warfarin binding in human plasma is evaluated, and plasma 
binding as determined by ultrafiltration and equilibrium di- 
alysis is compared. 


EXPERIMENTAL SECTION 


Initial attempts were made to purify racemic [14C]warfarin' (specific ac- 
tivity, 50 mCi/mmol) before binding studies were performed. The major 
impurity could be separated by HPLC. Collection and assay of sequential 
fractions of the eluant revealed that 98.5% of the eluted radioactivity corre- 
sponded to warfarin, and -I .5% corresponded to a chromatographic peak with 
a somewhat longer retention time. However, an overall recovery of only 
20-25% could be obtained by collecting the eluant fraction corresponding to 
warfarin and extracting into ether. A second method with a sample prcparation 
column2 did not separate the impurity from the parent compound. Thus, it 
was necessary to perform the binding studies with the 98.5% pure [I4C)war- 
farin. However, the radioactive warfarin was measured in plasma, ultrafiltrate, 
or dialysate by the specific chromatographic procedure described below. 


Preliminary studies were performed to assess binding of [I4C]warfarin to 
the ultrafiltration device] and the effect of in oitro heparin on the binding of 
warfarin. Binding of (14C]warfarin to the ultrafiltration device was tested 
between the concentrations of 0.02 pg/mL and 2 mg/mL. Less than 10% 
binding to the device was found with these concentrations. No difference in 
binding was found between heparinized (in vitro) and nonhcparinized samples. 
The time to reach equilibrium with the equilibrium dialysis system4 was 
4 h. 


Plasma samples from 19 outpatients treated chronically with warfarin were 
collected in evacuated blood collection tubesS containing 143 U of lithium 
heparin per tube. Total warfarin concentrations ranged from -1.0 to 4.3 
pg/mL. The coefficient of variation of the HPLC assay was 10.09'0. All plasma 
samples wcre stored at  -2OOC until assayed. 


Equilibrium dialysis-Aliquots of plasma ( I  ml.) were dialyzed against 
I mL of 0.1 M phosphate buffer (pH 7.45) with polytef cells separated by 
dialysis membranes'. Radiolabeled [14C]warfarin (0.S pCi) was added to cach 
plasma sample. The cells were rotated in a water bath at 37OC for 4 h. 


Ultrafiltrati~n-['~C]Warfarin (1 pCi) was added to I-mL plasma samples 
placed in the reservoir of the ultrafiltration device]. An initial 100-pL plasma 
sample was obtained for measurement of total radioactivity. The samples were 
placed in a centrifuge in an incubator maintained at 37OC. Samples were al- 
lowed to equilibrate for IS min and were then centrifuged for 15 min at 


Sample Analysis-For the dialysis experiments, 0.4 pg of phenprocoumon 
(the internal standard) and 10 pg of unlabelcd warfarin (the carrier) were 
added to 250-pL samples of plasma and dialysate. For the ultrafiltration ex- 
periments, similar quantities of internal standard and carrier were added to 
100-pL samples of plasma and ultrafiltrate. Each sample was then processed 


I Oooxg. 


I Amersham Corp., Arlington Heights, 111. * Sep-Pak; Waters Associates. Milford, Mass. 
MPS-I; Amicon Corp., Danvers. Mass. 
Spectrum Medical Industries, Los Angelcs, Calif. 
Texfuno Medical Corp.. Elkton. Md. 
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and described by Fasco et al. (8). Each sample was extracted with 5 mL of 
ether, and the ether was evaporated to dryness at rmm temperature under 
a stream of nitrogen. The residue was diluted in IOOpL of mobile phase and 
injected onto a reverse-phase HPLC column6. The mobile phase was 40% 
acetonitrile in 1.5% acetic acid and was adjusted to pH 4.7 with ammonium 
hydroxide. The flow rate was 2 mL/min7. and detection was at  309 nm*. 


The effluent which corresponded to the warfarin peak was collected in a 
liquid scintillation vial, mixed with 15 mL of scintillation fluid9, and counted 
for 10 min in a liquid scintillation counterlo. The percentage of [I4C]warfarin 
that was unbound was calculated as follows: 


%unbound = (0.93A/B)100% (Eq. 1 )  


where A is the net counts in dialysate or ultrafiltrate per internal standard 
peak height for dialysate or ultrafiltrate and B is the net counts in plasma per 
internal standard peak height for plasma. The correction factor of 0.93 was 
used to correct for the fact that plasma is -93% water, and only this portion 
was available for the distribution of free drug. 


Plasma samples of 7 of the 19 patients were used to determine the apparent 
percentage of free warfarin if the extraction and chromatography procedures 
were omitted. Aliquots of plasma and dialysate or filtrate were directly p l a d  
in scintillation fluid and counted. The percent unbound was calculated a s  
follows: 


0.93 (net counts in dialysate or filtrate) 
net counts in plasma 


5% unbound = 1 WO (Eq. 2)  


For these seven patients. all procedures were performed in duplicate. 


RESULTS AND DISCUSSION 


Table I shows the mean binding values by ultrafiltration and equilibrium 
dialysis when the HPLC procedure was used. Ultrafiltration yielded a higher 
percentage of unbound warfarhthan did equilibrium dialysis (p < 0.05). 


Table I 1  demonstrates the effect of the radiochemical impurities on warfarin 
plasma protein binding and compares the results obtained between ultrafil- 
tratioq and equilibrium dialysis in  seven additional patients. A significant 
difference in the percentage of unbound warfarin was found between the direct 
Counting and the chromatographic procedures (p < 0.05). The samples 
counted directly yielded unbound values approximately twice those given by 
the more specific chromatographic procedure. These results are similar to 
those found by Yacobi and Levy (7) in rat plasma. 


An important consideration in evaluating binding procedures is the relative 
ability of each to assess differences in the percentage of unbound warfarin 


p-Bondapak Clg; Waters Associates. Milford. Mass. ’ Model M - 6 O A ;  Waters Associates. Milford, Mass. 
Varichrom U-V detector; Varian Instrument Division, Palo Alto, Calif. 
Aquasol.2; New England Nuclear Corp.. Boston. Mass. 


l o  Beckman LS 7500, Beckman Instrument Co.. Irvine. Calif. 


Table 11-Effect of R8diochemic8l Impurity on Protein Binding of 
Warfarin 


Procedure Mean Unbound f SD, 9% 


1.84 f 0.1 I 
1.59 f 0 . 1 4  
0.97 f 0.20 
0.69 f 0.10 


Ultrafiltration (counted direct1 ) 
Equilibrium dialysis (counted Jrect ly)  
Ultrafiltration (extracted, chromatographed) 
Equilibrium c h r o m a t o g r a p i h  dial sis (extracted, 


a Corn r i m s  in men patients before and after HPLC cleanup proccdurr. All samples 
wcrc p e r E m c d  in duplicate. 


between patients. This was evaluated in the present study by using the 
Spearman rank correlation coefficient (Rs). In the 12 patients in which 
equilibrium dialysis and ultrafiltration were performed singly and samples 
were assayed chromatographically, the Rs was 0.7 (p < 0.05). For the seven 
patients in which binding was determined in duplicate, these procedures 
yielded an Rs value of 0.8 I (p < 0.05). An Rs of 0.63 (p < 0.05) was found 
between unchromatographed and chromatographed samples from the ul- 
trafiltration procedure, and an Rs of 0.929 (p < 0.05) was found between 
unchrornatographed and chromatographed samples from the equilibrium 
dialysis procedure. These results suggest that the same relative binding results 
may be obtained for equilibrium dialysis whether or not a cleanup procedure 
is used. Further study of a group of patients with greater differences in war- 
farin binding is needed. 


This study demonstrates that radiochemical impurities can significantly 
alter the percentage of unbound warfarin as determined by ultrafiltration or 
equilibrium dialysis, and that equilibrium dialysis and ultrafiltration are 
similar in their ability to discriminate warfarin binding differences between 
patients. 
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Abstract 0 The effect of including charge-inducing agents (stearylamine or 
phosphatidylserine) on the zeta potential of phosphatidylcholinc-cholester- 
ol-containing liposomes in aqueous media with varjing ionic strength (sodium 
chloride) was investigated. In 150 m M  ionic strength solutions, the experi- 
mentally obtained zeta potentials were in good agreement with predictions 
made with the Gouy-Chapman equation, after proper correction for bulk ionic 
interaction. However, at low ionic strength, substantial deviations occurred 
which were ascribed to incomplete dissociation of the phosphatidylserine 
molecules or protonation of the stearylamine molecules due to the large diffuse 
double layer (Debye length). Predictions were made on the physical stability 
of the liposomes based on the Derjaguin-Landau-Verwey-Overbeek (DLVO) 
theory and current knowledge of hydration effects on interparticle interaction. 
For negatively charged liposomes. both at low and high ionic strength. no 
increase in particle size was found after storage. For low ionicstrength solu- 
tions, this agreed with the calculations; for the high ionic strength solutions, 
aggregate formation in a secondary minimum was expected. For positively 
charged liposomes, the physical stability predicted from theoretical consid- 
erations did not correlate with the experimentally observed stability. 


Keyphrases Liposomes-phosphatidylcholine-cholesterol, ionic strength, 
lipid composition physical stability 0 Stearylamine-liposomes with phos- 
phatidylcholine and cholesterol, physical stability 0 Phosphatidylserine- 
liposomes with phosphatidylcholinc and cholesterol, physical stability 


The surface potential is an important parameter influencing 
liposomal behavior. I n  uiuo, the surface charge density has 
been found to influence the distribution of liposomes (1.2) and 
in oitro, a high potential might contribute to their physical 
stability by reducing the rate of aggregation and fusion. 
Frfkjaer et al. (3) reported an increase in physical stability 
of liposomes (against aggregation or fusion) by decreasing the 
ionic strength and increasing the surface charge density of li- 
posomes consisting of phosphatidylcholine (I)  and phospha- 
tidylserine (11). However, if there is no electrostatic repulsion 
between two liposomes this will not necessarily result in ag- 
gregate formation or fusion of the colliding particles, as many 


0.5 t 
i I  / 


” 
0 100 200 300 400 500 600 


ELECTRICAL FIELD STRENGTH, Wm-’ 


Figure I -Dependence of velocity on electrical field strength for liposomes 
composed of phosphatidylcholine-cholesterol-srearylamine (IO:4:2); ionic 
strength, 2.3 mM. The line represents least-squares fit and the vertical bars 
are SD. 


uncharged liposomes are fully stabilized by hydration energies 


The influence of the surface charge density and ionic 
strength on the zeta potential of I and cholesterol-containing 
liposomes with stearylamine (111) or I 1  was investigated by 
microelectrophoresis. The zeta potentials obtained experi- 
mentally were compared with surface potentials (90) pre- 
dicted by the Gouy-Chapman equation. 


Using the Derjaguin-Landau-Verwey-Overbeek (DLVO) 
theory (6) and information on hydration energies between 
phospholipid vesicles (4, 5 ) ,  calculations were made on the 
physical stability of the liposomes against aggregation or fu- 
sion. These predictions were verified by determining the actual 
size by dynamic light scattering. Because the surface potential 
cannot be measured by electrophoresis, the zeta potential, 
instead of \Elo, was used for the evaluation of the experimental 
results. 


(4, 5 ) .  


EXPERIMENTAL SECTION 


Positively and negatively charged multilamellar liposomes were prepared 
by the “film” method (7). Positive liposomes consisted of phosphatidylcholine 
( I ) ’ <  cholesterol2, and stearylamine ( I l l ) )  in the molar ratio 10:4:1,2, or 3, 
corresponding to maximum (positive) surface charge densities of 0.019.0.037, 
or 0.054 respectively. For negative liposomes, phosphatidylserine ( 1 0 4  
was used instead of 111. With I I ,  maximum (negative) charge densities of 
-0.018,0.034, or 0.047 respectively, can be reached. 


After film formation in pear-shaped flasks in a rotary evaporator at 40- 
4SoC, the film was left under reduced pressure for 2 2  h in a desiccator. It was 
hydrated with NaCl solution (ionic strength, 2-150 mM). The water was 


- 8 0  t 1 


I 


0 0 .01  0 . 0 2  0.03 0.04 0 . 0 5  0 .06  
CHARGE DENSITY, 


Figure 2-Zeta potential of negative liposomes as a function of surface charge 
density for 6.6 mM ( 8 )  and 152 mM ( 0 )  ionicstrengths. Liposome compo- 
sition: phosphatidylcholine-cholesterol-phosphatidylserine (l0:4:l, 2, or 
3) with a charge density of 0.018,0.034. or 0.047 C-m-2. respectively. Vertical 
bars represent SD. 


I Egg yolk, L-a-phosphatidylcholine type V-E; Sigma Chemical Co., St. Louis. 


2 Sigma Chemical Co. 
410. 


ICY Pharmaceuticals, Plainview. N.Y. 
Bovine brain; Sigma Chemical Co. 
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F i g r e  3-Effect of ionic strength on the zeta potential for negative liposomes 
composed of phosphatidy lcholine-cholest erol-phosphat idy lserine ( I  0:4:2). 
Key: (a) surface potential calculated according to Eq. I: (b) surface potential 
calculated according to Eq. 2 (K = 0.0008 rn3-mol-'), and E q .  1 ;  (c) exper- 
imental zeta potential. Vertical bars represent SD. 


freshly distilled in glass, and nitrogen was passed through the solution for 10 
min. The final phospholipid concentration was -7.5 pmol/mL. Negative 
liposome dispersions contained I mM EDTA. The pH was adjusted to 5.9 f 
0.1 with dilute HCI or NaOH. After pH adjustment, the concentration of 
NaCl in the dispersion was determined conductometrically~. I f  necessary, 
corrections for EDTA were applied. After complete dispersion of the film by 
shaking and vortexing at 40-45OC, the liposomes were stored overnight a t  
4-6OC and extruded the next day through membrane filters6 with 400-nm 
pores (8). 


Mobilities of the liposomes were measured in  a cylindrical-cell microclec- 
trophoresis apparatus'at 25OC. Heat effccts were minimized by using currents 
of <2 mA and short current passage times. The liposome dispersions were 
diluted with the hydration medium to avoid an overcrowded field of view. To 
minimize electrode polarization, successive measurements were made in both 
current directions. At least 20 particles were measured in each direction at  
the lower and upper stationary levels. Data obtained for both directions of 
liposome movement did not differ significantly (Student's t test; p = 0.95) 
and were averaged. 


Mean diameters of the liposomes were measurcd with a dynamic light- 
scattcring technique8 1 d after extrusion and after 7 and 14 d. A polydispersity 
indcx was also obtaineds. This index ranges from 0 to 9; 0 refers to a mono- 
dispersed system, 9 to an extremely polydispersed system. A gold suspension 
approaching a normal size distribution with a mean diameter of -50 nm and 
a CV of 15% has a polydispersity indcx of 39. The dispersions were stored at 
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Figure 4-Zeia potential of posiihe liposomes as afunclion (/surface charge 
density for 2.3 (.I and 153 mM (Oj ionic strengths. Liposome composition: 
phospharidylcholine-cholesterol-stearylamine (/0:4:), 2, or 3) with a charge 
density of 0.019. 0.037, or 0.054 C.m-2. respectively. 


PW 9505; Philip Cambridge, U.K. 
Unipore filters; Biorad. Richmond, Calif. ' Mark 11; Rank Brothers. Bottisham. U.K. * Nanosizcr: Coulter Electronics Ltd., Luton, U.K. 
J .  Leuvering, personal communication. 


Table I-Effect of Ionic Strength on the Zeta Potential of Positive 
Liposomes 


Ionic Zeta 
Strength. m M b  Potential, mV CV,% 90,mV' 


2.3 
15.3 
I50 


62 
51 
34 


I3  133 


15 38 
13 8s 


Composition: phmphatidylcholine- choltiterul -stearytaminc (10 4.2). charge denhit). 
0.037 (C.m-z). NaCl solutions Calculated according toihc Gou) -Chapman q u a i i o n  
(Eq 1 ) .  


4-6OC. protected from light. Before measuring the mean diameter. the dis- 
persions were equilibrated for at least 3 h at room temperature (20-25OC). 
Appropriatc corrections were made for temperature-dependcnt parameters 
(e.g., medium viscosity). Before taking the readings, thc dispcrsions were 
dilutcd 10- 100 times with solutions of the same ionic strcngth. For these dilute 
dispersions. the influence of thc ionic strength on the particle size meisurcment 
is negligible (9). 


The influence of dilution on the calculated diameters and polydispersiti 
indices was investigated. In  the concentration range covcrcd by the dynamic 
light-scattering technique. the average size of primary or fuscd vcsicles and 
the aggregate dimensions did not depend on the phospholipid concentration, 
The absorption (at 700 nm) per pmol/mL of phospholipid per crn path length 
was constant after dilution. These findings justify the converbion of the data 
obtained wi th  the dilute dispersions to the original dispersion>. 


The purity of I and I I  wasasscsscd asdcscribcd b! Frpkjaer er al (3) .  Ly-  
sophosphatidylcholinc and lysophosphatidylserine wrre scpdralcd from intact 
phospholipids by TLC lsilica gello, chlorol'orm-mcthanol- water (65:35:5)] 
visuali~cd with iodine vapor The spots wcrc scraped off, and the compounds 
werc cxtracted with methanol. The lysophosphatid!lcholin~ and Iyhophos- 
phatidylserinc contcnt was deterrnincd by phosphate analysis ( 10). Before 
the liposome preparation. <! and 5% of these compound5 were dctcctablc in 
I- and Il-containing vials, respcctivcly. In a comparable system. Kitagawa 
el a1 ( I  I )  found that the presenceofthcse compounds in thcscconccntrutionb 
had a ncgligible effect on particle si7e. One weck after lipwomc prcpar.ition. 
no dctectable lysophosphdtidylcholine and 1yiophozphatjd)lrcrrnr incruse 
was observed. 


RESULTS AND DISCUSSION 


A linear relationship between thc velocity of liposomes and the elcctrical 
field strength is predicted by theory. I n  our cxperiment. result\ agreed with 
theory (Fig. I ) .  There was no diffccrence between mobilities at the lower and 
thc upper stationary levels for the same dispersion. All cdlculatcd zeta po- 
tcntials were taken from upper stationary lcvcl data. The HelmholtL-Smo- 
luchowski equation was uscd to calculate the zeta potcntial from mobility data. 
In cases of low ionic strength, particlcs with an estimatcd diameter > I  pm 
were selected for mobility measurcments to avoid corrcctions for rclaxation 
(12, 13). 


100 ' * O I  A 


8 0 /  60 I \ 
F 401 I\ \ 


-40 1 'I 
-601 1 "  
-80 I 
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Figure 5-Calculation ofinteraction energies (Viol) herween two liposomes 
(radii 200 nm) according to the Derjaguin-Landau- Venvey-Ouerbeek theory 
as a function of interparticle distance. The Mamaker cons/unt is S X 10-2' 
J .  based on data reported by Rand 15). Key /zeta potential (m V)/ionic strength 
(mM) f: (a) 30/3; (b) IO/ISO: (c) 20//50; (d) ?10/150. 


lo  Prccoated silica gel 60 F254: E. Merck. Darmstadt. F .R . t i  
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Table 11-Effect of Changing the Ionic Strength of the Outer Aqueous 
Medium of Liposome Dispersions on the Zeta Potential a 


Table 111-Physical Stability of Positive and Negative Liposomes: Particle 
Size of Liposome Dispersions 1 and 7 d After Extrusion. 


Initial After Changing 
Ionic Zeta Ionic Zcta 


Strength. Potential Strength. Potential, 
Charge mM m V C  mMb mVC 


Mobilities were measured at least 2 h after changing [he medium. NaCl solutions., 
for negative liposomes in combination with I mM EDTA. Zcta potentials arc the mean 
of duplicate experiments. Composition of positivc liposomes: phosphatidylcholine- 
cholesterol-stearylamine ( I  0:4:2). Negative liposomes: phosphatidylcholine-choleb- 
tcrol-phospha[idylserinc ( l04:2) .  f Not available. 


Figure 2 is a plot of the zeta potential cersus the surface charge density (a). 
This parameter was calculated assuming a surface area of 0.70 nm2 per I or 
I 1  molecule. Values from 0.67 nm2 (14) to 0.72 nin2 ( I  5, 16) were reported 
for I and 0.70 nm2 for 11 (17, 18). The value used for the area covered by one 
cholesterol molecule was 0.28 nm2 (7), and for one molecule of 111 the value 
used was 0.25 nm2. For I:] bilayer combinations consisting of I and cholesterol. 
an area of 0.96 nm2 was found for a unit consisting of one molecule of I and 
one molecule of cholesterol (5).  This indicated that interactions between the 
different molecular species in the bilayer do not substantially influence the 
area covered by the individual molecules. Thc surface charge density could 
be calculated (19) from these data. It was assumed that the phospholipids and 
additives spread evenly and laterally over the bilayers (20). For 1- and I I -  
containing vesicles with relatively large radii of curvature (like those used in 
this study), the distribution over the two halves of the bilayer is expected to 
be fairly symmetrical (20.21 ). At theexperimental pH, both thedeprotonation 
of I 1  and the protonation of 111 werealmost complete (22.23). For negative 
liposomes, zeta potentials were obtained at two ionic strength levels as a 
function of I I  content. For an ionic strength of 152 mM, a nearly linear in- 
crease of the zeta potential with surface charge density was observed. For low 
ionic strength data (6.6 mM), this increase was less pronounced. 


A comparison was made between the experimcntally obtained zeta poten- 
tials and surface potentials calculated from the surface charge density. The 
effect of ionic strength on the zeta potential for the negative liposomes with 
an intermediate 11 content (charge density 0.034 C.nr2)  is shown in Fig. 3. 
Line a represents the effect on the surface potential as  predicted by the 
GOUy-Chdpman equation for a single symmetrical electrolyte (Eq. I ): 


u =  ( 8 . N . € r . f o . k T ) ' / 2 . C i / 2 . s i n h ( 0 . 5 . e . ~ o / k T )  (Eq. I )  


Line bgives the surface potential calculated (with Eq. 1) after correction of 
the surface-chargedensity for thesodium ion interaction with I I  (Eq. 2). This 
interaction reduces the effective surface charge density (24): 


where cccorr and u are the corrected and uncorrected surface charge density 
(Cm-2), respectively; e is the charge of a proton (C); k is the Boltzmann 
constant (J-K-'); T is absolute temperature (K); K is the intrinsic binding 
constant (m3/mol); C is the concentration (mol/m3); N is Avogadro constant 
(mo1-I); cg is the permittivity (C-V-'m-i); and c, is the relative permittivity 
(no units). 


m3-mol-' was used (25) for the instrinsic binding 
constant of the sodium ion to 11, and the value for the relative permittivity of 
water was 78.3 (26). The zeta potential data comply reasonably well with the 
corrected surface potentials for the dispersions in 61 and I52 mM NaCI. In 
principle, the surface potential always has to exceed the zeta potential as  the 
hydrodynamic plane of shear does not coincide with the surface, but is posi- 
tioned at a finite distance from it (27). For the lower NaCl concentrations, 
the deviation between experimental and theoretical data increased. The in- 
fluence of the divalence of the EDTA2- ion was neglected in  the calculations, 
as the inclusion of a divalent ion complicated them considerably. This approach 
was justified because i t  was found experimentally that for the negative lipo- 
somes, under conditions where the influence of the EDTAz- ion is expected 
to be most pronounced (low I 1  content, low ionic strength). the presence of 
EDTA2- ion in the aqueous medium did not change the zeta potential sig- 
nificantly (Student's r test. p = 0.951: with EDTA, 58 mV (SD 8 mV, n = 42). 
without EDTA. 55 mV (SD 7.5 mV, n = 35).  


The correction proposed by Nir and Bcntz (24) takes into account inter- 
actions of the bilayer I I  molecules with cations from the bulk. The large de- 
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(t/-) sccondary minimum over -3 kT at an interparticledistance >2.5 nm. (k$) 
electrmtatic repulsive encrgy; (V,,,) van dcr Waals attractive cncrgy (effective Hamaker 
constant. 5 X lo-" J ) .  Predictions made using the Derjaguin-Landau -Verwey-Cherbcek 
theory. Polydispersity index 2-3. f Polydispersity index i. g Strongly hcterodisperse 
with mean diameters >loo0 nm. * Polydispersity index 2-3 for all negative l i p  
somes. 


viation from the theoretical predictions at low ionic strength might be caused 
by a limitation in  the ionization of 11. In a solution of NaCl with an ionic 
strength of 5 mM, the Debye length ( I  / K )  is 4.4 nm and exceeds the distance 
between the molecules (2-3 nm, assuming the I 1  molecules to be spread evenly 
over the bilayer). Therefore, mutual interference cannot be excluded. For a 
solution of 150 mM ionic strength, the Debyc length is only 0.8 nm and no 
interaction is expected. Hauser el a/. (20) suggested an analogous mechanism 
for the incomplete ionization of fatty acids clustering in bilayers. 


The results obtained with positive liposomes at two ionic strength levels are 
plotted in Fig. 4. For the 150 m M  ionicstrength series. the zeta potential in- 
crease leveled off at charge densities >0.037 Cm-2.  Little increase of the 
potential with the surface charge density was found for solutions of 2.3 mM 
ionic strength. 


Table I gives the zeta potentials of the positive liposomes with an interme- 
diate 111 content over an ionic strength range from 2.3 to 150 mM. The ex- 
perimental results were compared with the calculated surface potentials 
(Gouy-Chapman equation) listed in the last column. Here, as  with the neg- 
ative liposomes, for the high ionic strength dispersions a good agreement with 
theory was found; for low ionic strength, the experimental values for the zeta 
potentials were too low. 


The proposed explanation for the deviation of the experimental zeta po- 
tentials from theory implies that changing the outer aqueous medium of the 
liposome dispersions from low to high ionic strength and uice uersa. has in 
principle a reversible impact on the zeta potential. The effect of changes in 
the ionic strength in the aqueous phase outside the bilayer on the zeta potential 
was investigated. The positive and negative liposomes with intermediate I l l  
and 11 content. respectively, prepared under low ionic strength conditions, were 
mixed with at least 100-fold excess of an NaCl solution of high ionic strength 
(150 mM). After 2 h of equilibration. the mobilities were determined. For the 
positive liposomes, the reverse was done: dispersions in the high ionicstrength 
medium were diluted with the low ionic strength solution. The results are listed 
in Table 11. Changing the medium resulted in zeta potentials comparable with 
those existing after preparation of the liposomes at that particular ionic 
strcngth. This is an indication that preparing these types of liposomes at  low 
or high ionic strength does not result in  structures that differ irreversibly from 
each other. 


The physical stability, on storage at 4OC. was investigated for various types 
of positively and negatively charged liposomes. Results of particle size mea- 
surements l d and 7 d after extrusion through 400-nm membrane filters are 
shown in Table I 1  1. Deviations of the reported particle diameter from the pore 
diameter (400 nm) were ascribed to differences in filtered l i p o m e  dispersion 
volumes. The initial filtrate generally contained smaller-sized liposomes. There 
was a distinct difference between the behavior of stable and unstable disper- 
sions. For unstable dispersions, the mean particle diameter was at least double 
the diameter of the membrane pore with a polydispersity index > 7  after I 
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week. Stable dispersions had diameters <400 nm and polydispersity indices 
of 2-3 both at the day of extrusion and after I week. In all cases, changes in 
particle size occurred independently of phospholipid concentration within the 
first week of storage. No difference was found in particle diameters of the 
negative liposomes measured after 7 or I4 d of storage. This was also true for 
the two stable positive liposome dispersions. 


Frvkjaer ef a/. (3) found, for I- and 11-containing liposomes, an enhanced 
stability with decreasing ionic strength and increasing I 1  content. Under the 
experimental conditions in this study, negative liposomes were stable inde- 
pendent of ionic strength and surface chargc density. Positive liposomes had 
no correlation between the zeta potential and particle size stability; those with 
low surface charge density were stable a t  an ionic strength of 2.3 mM. Lipo- 
s o m a  with high surface charge density, on the other hand, were stable at an 
ionic strength of 150 mM. A high positive zeta potential (61 or 57 mV). as 
was observed with the low ionic strength medium, did not therefore. guarantee 
a stable dispersion. Whether particle size growth was caused by aggregation 
or fusion of the particles was not studied. 


We investigated whether the experimental results could be predicted by 
the existing theories on the physical stability of liposome dispersions. The 
interaction energy between two approaching liposomes was calculated ac- 
cording to the DLVO theory (6) using V,,, = Vat, + cLp, or: 


v,, = - - + 2Etco90*a - In ( I  t e-xll) (Eq. 3) 12H 


where VIM, vLp, and Vat, are the total, electrostatic repulsive, and attractive 
energies, respectively; a is the radius of the lipasome; H is thedistance between 
the bilayer surfaces; and A is the effective Hamaker constant. In Eq. 3, Val, 
is calculated with a simplified equation for solid spheres and H << a. Results 
obtained with the complete equation for spherical shells, as given by Nir and 
Bentz (24), differed <5% for H I 2 0  nm. 


The results suggest that. for low ionic strength (3 mM) dispersions with 
a zeta potential of >3O mV. a V,,, of at  least 100 kT can be reached (Fig. 5 ) .  
This implies that the rate of aggregation of these charged primary particles 
(compared with uncharged particles) is reduced by at least a factor of lo9, 
and that dimer formation is limited to < I  0% of the primary particles over 2 
weeks (6). Therefore, at low ionic strength the dispersions used should bestable 
(Figs. 2 and 4). Aggregation in the primary or secondary minimum was un- 
likely as the electrostatic repulsion exceeded the van der Waals attraction. 
These calculations are estimates because the effective Hamaker constants 
for the I ,  cholesterol, and I I  or I I I  systems are not known precisely. Rand ( 5 )  
reported a value of 9 X J for I-cholesterol 
( 1 : I )  bilayers. We chose 5 X J for our calculations. For low ionic 
strengths, all dispersions were predicted to be stable. However, for the positive 
liposomes, aggregation or fusion occurred with two of three dispersions. 


For the 150 mM ionic strength dispersions, cLp was not dominant. Sec- 
ondary minima could be observed by using realistic 90 values (Fig. 6). The 
secondary minima are not affected by repulsive hydration energy, as the in- 
fluence of this energy decreases steeply with increasing interparticle distance 
and can virtually be neglected for interparticle distances >2.5 nm (5).  As far 
as  electrical repulsion is concerned, the dispersions with low 111 and inter- 
mediate I I  content should behave similarly under 150 mM ionic strength 
conditions as they have similar zeta potentials (-17 and - 2 0  mV, respec- 
tively). Experimentally, the negative liposomes were stable, and the positive 
liposomes were unstable. Apparently factors other than the electrical repulsion 
(e.g., VaI,) control stability. As stated above, the secondary minima shown 


J for pure I and I .2 X 


i n  Fig. 6 are not affected by the hydration forces. I n  the case of negatively 
charged liposomes containing 100% I I ,  aggregation in the secondary minimum 
is assumed to be a reversible process in the presence of sodium ions (28). I n  
these dispersions, both aggregate formation and dissociation occur. In the 
dispersions under investigation, an analogous situation is likely. The mass 
average aggregate size a t  equilibrium was calculated for a -4-kT secondary 
minimum for negative liposomes of the compositions used in this study. Di- 
ameters of 200 and 400 nm were taken with phospholipid concentrations be- 
tween 7.5 X lo-’ M (the concentration of the dispersions on storage) and 7.5 
X M (the minimum concentration used in dynamic light-scattering 
studies). The equations and boundarj conditions for these calculations have 
been described by Bentz and Nir (28). Under the chosen conditions substantial 
aggregate formation was predicted, depending on the phospholipid concen- 
tration. This could not be confirmed experimentally, as no concentration- 
dependent mean diameter or polydispersity was observed in this study. 


The negatively charged liposome dispersion (predicted to aggregate in the 
secondary minimum) was stable. I f  the physical model that was used to predict 
the stability is correct. the experimental results indicate that V,,, is overrated 
for the negatively charged liposomes. This might be ascribed to an overesti- 
mation of the value for the Hamaker constant. 


It is remarkable that two positively charged liposome dispersions (zeta 
potentials of 34 and 39 mV) that are both predicted to form aggregates in the 
secondary minimum (Table 111) behave differently. The first one forms ag- 
gregates; the second is stable for a t  least 2 weeks. 


CONCLUSIONS 


Increasing the charge density from -0.018 to 0.050 C m r 2  resulted in 
considerably larger zeta potentials for the dispersions with an ionic strength 
of I50 mM. Almost no increase was found at an ionic strength of -5 mM. The 
zeta potcntials were larger at low ionic strength, but not as large as predicted 
by the (corrected) Gouy-Chapman equation. Based on these data for low ionic 
strength, high electrostatic repulsive energies, and thus stable dispersions, were 
expected. However, two of the positive liposome dispcrsions were not stable. 
Apparently. in these systems particles can form aggregates because of a 
mechanism interfering with the “classical” DLVO theory (with consideration 
given to repulsive hydration forces). 


On the other hand, for high ionic strength dispersions, DLVO calculations 
predicted an irreversible aggregation in a primary minimum or a reversible 
aggregation in  the secondary minimum. However, no aggregation at  all 
(negative liposomes and one positive liposome dispersion) or irreversible 
aggregation was found. This unexpected stability against aggregation in thc 
primary minimum c a n  be ascribed to the hydration forces. However, hydration 
forces do not extend far enough from the surface of the bilayer to affect the 
reversible aggregation in the secondary minimum. 
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Abstract 0 The hydrolysis of poly(ortho-ester)s and a monomeric model 
compound, 3,9-dibenzyloxy-3,9-diethyl-2.4,8,lO-tetraoxaspiro[5,5~un- 
decane, was camed out in dionane-da-dioxane and followed by IH-NMR and 
HPLC, respectively. Experimental results suggested that the polymer deg- 
radation proceeds to a large extent uia random scission. The hydrolysis was 
catalyzed by the acid; the catalytic rate constant increased predictably with 
decreasing aqueous pK. of the acid. The reaction is first order with respect 
to the catalyst concentration and the number of ortho-ester linkages present, 
and it is independent of water in the concentration range studied. Strain at 
the ortho-ester bond may be a factor influencing the hydrolysis rate. 


Key phrases 0 Hydrolysis- poly(ortho-ester)s, homogeneous solutions 0 
Polymers-hydrolysis of poly(orth0-ester)s, homogeneous solutions 0 
Degradatipn-polymers. hydrolysis of poly(orrho-ester)s, homogeneous so- 
lutions 0 Poly(orth0-ester)s- hydrolysis, homogeneous solutions 


Poly(ortho-ester)s are a novel class of polymers with po- 
tential utility in drug delivery systems. Their use as an erodible 
matrix for the delivery of a steroid has been demonstrated by 
Heller et al. (1).  In  these systems, water-soluble salts were 
incorporated into the polymer, and the release mechanism 
appeared to be similar in part to that described by Fedors (2). 
Osmotic imbibition of water induced the swelling of the matrix, 
which subsequently burst and released the drug. 


Poly(ortho-ester)s, as with most ortho-esters, undergo 
acid-catalyzed hydiolysis quite readily and are relatively un- 
reactive in neutral or basic media (3,4). Thus, when exposed 
to an aqueous environment, the erosion of the polymeric matrix 
may be induced by the presence of an acidic catalyst. The acid 
may be external or may be generated in situ by an acid-pro- 
ducing agent such as acid anhydride incorporated in the device. 
Since acid anhydrides are neutral, and therefore noncatalytic, 
they add to the stability of the device during storage. 


Following this rationale Shih et al. ( 5 )  have demonstrated 
the use of poly(or2ho-ester)s delivery systems, achieving 
zero-order release of timolol maleate. The release rate was 


effectively controlled by the amount of acid anhydride incor- 
porated into the device and the aqueous pK, of the corre- 
sponding acid. It was proposed that the mechanism of drug 
release from such a system results from the contribution of 
several processes, namely, the permeation of water into the 
polymer matrix, the hydrolysis of the acid anhydride to the 
corresponding acid, the hydrolysis of the ortho-ester linkages, 
and the dissolution of the drug species into the medium ( 5 ) .  


The present studies were undertaken as part of an effort to 
understand the various physicochemical processes which 
govern the release of drugs from poly(ortho-ester)s delivery 
systems. In an attempt to separate the various contributing 
factors, we report the kinetics of the hydrolysis of poly(or- 
tho-ester)s [poly(3,9 -dialkyloxy - 3,9 - diethyl - 2,4,8,10- 
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Scheme I- Acid-catalyzed hydrolysis of poly (ortho-esrerls. 


0022-35491841 1100- 1563$0 1.0010 
@ 1984, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 1563 
Vol. 73, No. 11, November 1984 
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Abstract 0 The percutaneous absorption and disposition of iodochlorhy- 
droxyquin (5-chloro-7-icdo-8-quinolinol; I)  from a 3% cream were studied 
in  five dogs Over a 28-d topical treatment period. Plasma levels, determined 
by HPLC. were 0.275-0.525 pg/mL. The steady-state elimination rate of 
total I in urine was 2.4-3.0 mg/d. The apparent elimination rate constant and 
half-life were 0.25 i 0.05 d-] and 3.1 f 0.5 d, respectively. Greater than 50% 
of topically applied I was absorbed over 16 h. Occlusion of the skin without 
the drug indicated that the skin acted as a reservoir for the drug. Feces analysis 
for iodochlorhydroxyquin from one dog showed that 27.1 f 8.5 mg/d was 
eliminated uia this route. Tissue levels of I 15 dafter the 2 8 4  topical treatment 
were 0.7 pg/g of liver, 0.2 pg/g of kidney, and 0.8 pg/g of mesenteric fat. The 
apparent rate constants of plasma level decline after a 100-mg iv bolus dose 
of I were a = 3.9 h-' and B = 0.6 h-1. The urinary elimination after intra- 
venous administration was biphasic. The rate constant for the slow elimination 
phase was 0.4 i 0.1 d-I, and the half-life was 2.0 f 0.5 d. The primary neu- 
rological symptoms observed during topical treatment were ataxia and hind 
limb paralysis. Microscopic examination revealed liver necrosis. A weight Ias 
of 15.3 f 2.7% was also observed over the 28-d topical treatment period. The 
results indicate that significant percutaneous absorption of I occurs, and that 
chronic high-dose topical treatment may lead to toxicity. 


Keyphrases 0 lcdochlorhydroxyquin-percutaneous absorption and dispo- 
sition in dogs Absorption-percutaneous. disposition of iodochlorhy- 
droxyquin in dogs 0 Neurotoxicity-percutaneous absorption and disposition 
of iodochlorhydroxyquin in dogs 


Iodochlorhydroxyquin (5-chloro-7-iodo-8-quinolinol; I), 
also known as clioquinol, is a dihalogenated derivative of 8- 
hydroxyquinoline. It is used widely as an amebicidal agent, and 
as an antibacterial and antifungal agent for the treatment of 
various dermatological disorders. Due to its neurotoxicity, the 
drug is no longer given orally in the United States and Japan, 
but it is still used orally in many countries (1, 2). Iodochlo- 
rhydroxyquin is still used topically for diaper rash and other 
skin disorders and is presumed to undergo little or no percu- 
taneous absorption. Tateishi and Otsuki (3) first reported that 
oral administration to dogs, cats, and monkeys resulted in the 
occurrence of a myelo-opticneuropathy. The neurological 
symptoms seen in these animals were comparable with those 
seen in patients suffering from subacute myelo-opticneuro- 


Worden and Heywood (4) have reported hind limb and 
proprioceptive reflexes and yellow staining of the fur when dogs 
were treated orally with 250-400 mg of I per kg of body weight 
daily for 25 weeks. The minimum serum levels of I at  the be- 
ginning of intoxication during chronic studies in adult dogs 
were 6-22.6 pg/mL when given 100 mg/kg/d orally (5). 


Hansson (6) has studied the oral absorption of the drug in 
normal humans and reported that 3-5% of a given oral dose 
was recovered in the urine. Berggren and Hansson (7) have 
observed that the proportion of an oral dose of halogenated 
hydroxyquinoline which is absorbed was as high as 46%. 


Iodochlorhydroxyquin is believed to undergo limited ab- 
sorption through the skin, although few data are available on 
the extent of this absorption. A child with generalized psoriasis 
treated with ointment containing I was reported to have 18.1 


pathy (3). 


mg/100 mL of the conjugated drug in the urine (8). Fischer 
and Hartvig (9) treated four patients with widespread der- 
matitis of an unstated type with an ointment containing 3% I, 
and serum levels of I were estimated by electron-capture GC 
to be 0.8-1.2 pg/mL. In this study, we examined the percu- 
taneous absorption and excretion of iodochlorhydroxyquin in 
dogs. 


EXPERIMENTAL SECTION 


Animals and Procedure-Five male mongrel dogs (weight, 16.5-19 kg) were 
used. The dogs were fed a solid diet' and had free access to water. All dogs 
were treated for parasites and vaccinated against hepatitis. The animals were 
maintained for at least 1 week before initiating the studies. Five grams of 3% 
iodochlorhydroxyquin cream* was applied topically twice daily at 8 a.m. and 
4 p.m. for 28 d over a 200-cm2 area on the back of each dog after the area was 
shaved. The area was occluded with plastic wrap3 and gauze. Before appli- 
cation of each new dose of I, the skin was cleansed with water and dried. Blood 
samples were drawn at  the following times during treatment: 0, I ,  2 ,4 ,6 ,8 .  
10, 12,and24 hand2,3 ,4 ,7 ,  14,21,and28d.Bloodsampleswereobtained 
during the first week through an indwelling catheter placed in the jugular vein. 
The tubing was tunneled under the skin from the jugular vein to the back 
behind thc head and exteriorized. The exposed end of the catheter was covered 
with a padded collar around the neck to prevent damage to the catheter by 
the dog. Each dog was also inserted into an elastic stockinette which enclosed 
the collar, neck, and thorax and prevented scratching of the jacketed area. 
The patency of the catheter was maintained by flushing with normal saline 
and filling with heparin sodium (loo0 USP U/mL) every day. A blood sample 
was withdrawn and discarded, and a 3-mL sample of blood was then with- 
drawn for analysis. 


At the end of the first week of treatment, the catheter was closed. For the 
subsequent time intervals, blood samples were drawn from a foreleg using 
heparin as  the anticoagulant. Plasma was separated by centrifugation at 
3000Xg for 10 min and refrigerated or frozen if the samples were not analyzed 
immediately. No plasma sample was kept for more than 3 days before analysis. 
Urine samples taken every 24 h were collected a t  the following times during 
treatment by using metabolism cages: I .  2 ,3 ,4 ,  5 ,6 ,7 ,  10, 14. 21. and 28 d. 
Feces were collected every 24 h from one dog during the 28-d treatment on 
days 0, I ,  7, 14, 2 I ,  and 28. 
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Figure 1 -Mean plasma leuel f SD of twnconjugated iodochlorhydroxyquin 
i n j k e  dogs afier topical treatment. 


' Kasco Dog Chow; Con-Agra Pet Food Division. * Ciba Pharmaceuticals, Summit, N.J. 
Saran Wrap; Dow Chemical Co.. Midland. Mich. 
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Figure 2-Mean rate of excretion f SD of total iodochlorhydroxyquin with 
time over 28 d of topical treatment offive dogs. 


After the 28-d topical treatment. blood and urine samples were collected 
at  2, 3,4,6.8, 10, and 12 d posttreatment. Following this 12-d posttreatment 
interval, the backs of the dogs were again occluded with plastic wrap and gauze 
without drug, and blood and urine samples were obtained for an additional 
6 d. The general condition of the dogs was examined daily, and the animals 
were weighed weekly. 


Two months after topical treatment with I ,  three dogs were given a single 
bolus dose of 100 mgof 1 intravenously dissolved in 2.0 mL of dimethyl sulf- 
oxide and 0.50 mL of ethanol. Blood samples were drawn at 15, 30,45, 60, 
120, and 180 min, and urine samples were collected each 24 h for 6 d. 


Microscopic Examinntiom-The optic nerve from one dog that was killed 
after 28 d of topical treatment with I was isolated and fixed with glutaral- 
dehyde and examined by electron microscopy. Kidney and liver tissues ob- 
tained from the dogs following sacrifice (after the intravenous treatment with 
1) were examined microscopically. Formalin (10%) was used to fix the tissues. 
Liver and kidney sections were also fixed and examined from one dog which 
died 15 d posttreatment. 


Sample Analysis-The plasma concentration of nonconjugated iodochlo- 
rhydroxyquin was determined by HPLC after ether extraction by using a Cis 
reverse-phase column (10). The total urinary excretion of I after hydrolysis 
of conjugated metabolites according to Chen et al. ( 1  I )  was assayed by a 
predously described HPLC procedure (12). The nonabsorbed I remaining 
on the backs of the dogs after topical treatment was also analyzed by HPLC 
as  previously reported ( 1  3). 


j 
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RESULTS AND DISCUSSION 


lodochlorhydroxyquin ( I )  cream was applied twice daily for 28 d, and the 
mean plasma level of nonconjugated I from five dogs were determined and 
plotted against time (Fig. I ) .  A steady-state plasma level was achieved in 4-5 
d at  4 . 5  pg/mL. Our results demonstrated that the drug is readily absorbed 
through the skin and presumably passes directly into the systemic circulation 
where easily measurable levels of the nonconjugated form occur after topical 
treatment (Fig. I ) .  Plasma levels could be detected 12 h after initial appli- 
cation, and accumulation of the drug in plasma did not occur. 


During topical treatment, 24-h urine samples were collected, and the mean 
rate of elimination was plotted against time (Fig. 2). After day 7, theelimi- 
nation rate reached steady state and ranged from 2.4 to 3.0 mg/24 h. In pre- 
vious studies, i t  has been shown that >90% of the drug excreted in the urine 


600 I 
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Figure 3- -Mean f SD of total iodochlorhydroxyquin excreted with time 
after topical treatment and after again occluding the hacks ofthe dogs with 
plastic wrap. 


is in the conjugated form, either as the glucuronide or sulfate ( 5 ) .  Therefore, 
the total amount of the drug eliminated in the urine during topical application 
was determined after hydrolysis of the conjugates. In spite of continuing topical 
treatment, the plasma levels and urine excretion rates remained constant, 
suggesting that the drug was being eliminated uia another route and/or being 
stored in various tissues of the dogs. Therefore, feces from one dag were col- 
lected and analyzed over 28 d of topical treatment. The average total excreted 
in the feces was 27.1 f 8.5 mg/24 h, indicating that the drug was being ex- 
creted largely by the fecal route as compared with urinary elimination. Pre- 
vious studies have also shown excretion in the feces. Tamura (2) has reported 
that most of the iodochlorhydroxyquin conjugates are concentrated in the bile 
and are excreted into the intestinal lumen. A greenish-colored stool has also 
been seen in experimental dogs suffering from subacute myelo-opticneuro- 
pathy (3) and is due to the formation of an iron chelate of the drug. 


After topical treatment for 28 d, the plasma levels and urinary excretion 
of the drug were followed for an additional 12 d. The elimination rate was 
plotted against lime (Fig. 3). The 24-h rate of total elimination decreased from 
568 f 31 pg at  48 h posttreatment to 78 f 26 pg after 12 d. The plasma 
concentration fell under the detection limit of our assay method 1 d after 
discontinuation of treatment. The rate constant of decline of elimination and 
the apparent half-life ( t 1 / 2 ) ,  were calculated from the slope of a plot of the 
logarithmic rate of elimination against time (Fig. 4) and Eq. 3 (see below). 
These values are 0.25 f 0.05 d-1 and 3.0 f 0.5 d, respectively. 


The percentage of the drug absorbed was determined by measuring the 
amount of drug which remained on the back of each dog (14). Sixteen hours 
after a single 5-g application of 3% iodochlorhydroxyquin cream, 52.5 f 4.5% 
of the drug was absorbed. This value is the mean of 10 determinations. 


To determine whether the skin was simply acting as a permeable membrane 
or as  a reservoir for the drug, the areas of application on the dogs were again 
occluded with plastic wrap and gauze without application of the drug, and 
the plasma levels and urinary elimination were followed for an additional 6 
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Figure 5-Nonconjugated plasma concentration plotted with time after in- 
travenous administration of a 100-mg iodochlorhydroxyquin dose in three 
dogs. 
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Table I-Kinetic Parameters Calculated from 100-mg i v  Bolus Injection of 
lodochlorhydroxyquin in Three Dogs 


(Y 


P 
Apparent t 1 / 2  
A 
B 
co 
Apparent Vd 
Apparent V,  


3.9 h-I 
0.6 h-I 
1.16 h 


20 f 4 pg/mL 
10 f 2pg/mL 


20.8 f 2.6 pg/mL 
4.91 f 0.56 L 
3.45 f 0.46 L 


d. lodochorhydroxyquin was not detectable in the plasma, whereas the urinary 
excretion rate increased and, after 3 d of occlusion, again began to decline (Fig. 
3). The elimination rate of total iodochlorhydroxyquin was 78 f 26 pg/24 
h at 12 d posttreatment, whereas the rate increased to 153 f 8 pg/24 h during 
the third day of occlusion of the application site. These observations suggest 
that the skin acts as a reservoir for this drug, providing a slow release of I. 
Occlusion has been previously reported to increase the absorption and pene- 
tration of many drugs through the skin due to increased hydration of the 
stratum corneum and increased skin temperature (14. 15). This mechanism 
may explain the increase in the elimination of the drug when the site of ap- 
plication was again occluded without drug application. 


A single intravenous administration study was conducted to obtain more 
kinetic data and to observe the effects of placing iodochlorhydroxyquin directly 
into the systemic circulation. Plasma and urine levels were monitored for 6 
d. Three dogs were given 100 mg of I intravenously, and mean plasma con- 
centrations of nonconjugated drug were plotted against time (Fig. 5). The 
kinetic data were calculated from the slope and intercept of a plot of the log 
plasma concentration with time (Fig. 6) by: 


dose Vd = 7 
CO 


dose v, = - 
A + B  
0.693 


1112 = - k 
where Vd is the apparent volume of distribution, V, is the volumeof the central 
compartment, t l p  is the apparent half-life, CO is the initial plasma concen- 
tration, A and B are the intercepts from the plot of log C against time, and, 
k is the apparent rate constant. The data are presented in Table I. The a p  
parent rate constant (8) of the slow elimination phase was calculated from 
the slope of the plot, whereas apparent rate constant (a) for the rapid decline 
was calculated by the feathering method (16). A biphasic decline in the plasma 
levels of I was observed (Fig. 6), which may reflect in part the limited aqueous 
solubility of the drug (2). Furthermore, the rapid disappearance of the drug 
from plasma may be due to rapid metabolism as  well as  rapid tissue distri- 
bution as a result of the high lipid solubility of the drug. 


Urine samples were also collected at various intervals after intravenous 
administration of 1. and the mean rateof elimination with time is presented 
in Fig. 7. The urinary elimination of total I is biphasic, with an initial rapid 
elimination phase followed by a slow elimination phase, reflecting changes 
seen in plasma levels of the drug. The rate constant for the slow phase was 
determined from the slope, and the apparent 1112 was calculated by E q  3. The 
values are 0.4 f 0.1 d-I and 2.0 f 0.5 d. respectively. The results shown in 
Figs. 6 and 7 suggest that a rapid distribution of I occurs from blood to tissue, 
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Figure 6- Mean concentration f SD of nonconjugated iodochlorhydroxy- 
quin in plasma after a 100-mg iu bolus injection in three dogs. 
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Figure 7-Excretion rate of total iodochlorhydroxyquin after a 100-mg iv 
bolus dose. 


followed by a slow elimination of the drug due to the high lipid solubility of 
iodochlorhydroxyquin. 


Liver, kidney, and mesenteric adipose tissue levels of I were analyzed from 
three dogs. The dogs were killed 2 weeks after intravenous treatment, and the 
following tissue levels were obtained: liver, 1.22 f 0.23 pg/g; kidney, 0.83 
f 0.24 pg/g; mesenteric fat, 0.88 f 0.14 pg/g. In addition, one dog died 15 
d after topical treatment of 1. The amounts of iodochlorhydroxyquin in the 
liver, kidney, and mesenteric adipose tissue were 0.74,0.23, and 0.85 pg/g, 
respectively. Tissue retention of I has previously been reported. Tamura (2) 
has found 0.5, 0.3, and 0.1 pg of unconjugated 1 per gram of fresh liver, 
mesenteric adipose tissue, and sciatic nerve, respectively, in patients suffering 
from subacute myelo-opticneuropathy 9 months after oral treatment with I 
had ceased. 


Weight loss occurred in all animals during topical treatment. An average 
loss of 15.3 f 2.76% over 28 d was observed, while no weight loss occurred 
in control animals. Various neurological side effects have been reported after 
oral administration of iodochlorhydroxyquin (1,17, 18). No toxicity has been 
reported,after topical application because, in part, long-term studies have not 
been previously conducted; it has generally been assumed that I is not a p  
preciably absorbed through the skin. During this 2 8 d  study, all dogs became 
lethargic and less responsive to stimuli. In one of the dogs, partial hind limb 
paralysis was Seen which was identical to that reported by Tateichi and Otsuki 
(3) after oral administration of iodochlorhydroxyquin. Three of the dogs de- 
veloped rashes and inflammation of the treated areas. An optic nerve was 
removed from a dog which was sacrificed after 28 d oftopical treatment and 
examined by electron microscopy. No damage or demyelination was observed. 
Optic nerve damage after long-term oral use of I has been reported (2). Either 
the concentrations of I achieved by topical application or the length of time 
the drug was applied were insufficient to produce optic nerve damage. 


One of the dogs died 15 d after topical treatment. The liver was green-gray 
in color, suggesting hepatocellular toxicity. Microscopic examination of the 
liver demonstrated diffuse centrilobular and mid-zonal cell necrosis associated 
with marked dilation and congestion of the sinusoids, as well as  the central 
lobular vein. N o  significant histological alterations were observed in  the 
kidneys. Three other dogs were sacrificed after completion of the absorption 
and distribution studies. Histological examination of the kidneys indicated 
no renal toxicity4. However, examination of the livers in each case revealed 
centrilobular and mid-zonal vacuolization and necrosis with sinusoidal dilation 
and congestion4. The livers of control dogs did not demonstrate these changes. 
The results suggest that long-term topical application by an occlusion tech- 
nique, as might be experienced with diaper dermatitis, can result in sufficient 
absorption to produce hepatotoxicity. Liver and kidney damage after oral 
treatment is well known and has been previously reported (19, 20). 


The achievement of steady-state levels in plasma during topical treatment 
indicates that accumulation in plasma does not occur. lodochlorhydroxyquin 
is rapidly absorbed through the skin. The liver is the main site of metabolism, 
primarily converting the drug to glucuronide and sulfate conjugates (2). 
Nonconjugated drug in plasma is transferred to the tissues due to its high lipid 
solubility (2). As a consequence, prolonged excretion of the drug occurs. 


Nonconjugated iodochlorhydroxyquin is neurotoxic (5). Investigations by 
tissue culture techniques have shown direct toxic effects of the drug on nerves, 
whereas the glucuronide conjugate produced no cellular toxicity (21). 


The results of this study indicate that it is important to use iodochlorhy- 
droxyquin cautiously when topical application is required, particularly when 


* Unpublished results. 
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it is used for a prolonged period of time and over a large body surface area, 
due to the extensive percutaneous absorption and the well-recognized toxicity 
of the drug. 
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Abstract 0 The adsorption of phenethylamines (dextroamphetamine, 
phentermine, mephentermine, diethylpropion), choline, and phenylimidazoles 
(levamisole and imazalil) was examined in oitro in aqueous solutions on 
bentonite and on lewatite at 25OC. An ion-exchange mechanism prevails for 
lewatite and for bentonite up to 0.8 rnEq.g-I. The organic cations are more 
strongly adsorbed on bentonite than on lewatite. On bentonite, the selectivity 
of adsorption follows the order: primary < secondary < tertiary phenethyla- 
mines. An interlamellar monolayer is formed. All drugs, except choline and 
imazalil, are adsorbed in excess of the cation exchange capacity of bentonite 
without observable CI- adsorption and pH changes. Desorption is reversible 
for lewatite and partially irreversible for bentonite. 


Keyphrases 0 Phenethylamines-in oitro adsorption-desorption by a ben- 
tonite and a resin 0 Phenylimidazoles-in citro adsorption-desorption by 
a bentonite and a resin 


The prolonged action of drugs in the GI tract with a peak- 
and-valley pattern of the drug in the blood (1) is realized by 
binding, e.g., phenethylamines as diethylpropion, to an ion- 
exchange resin. The same effect was also observed for an oral 
dose of a mixture of clay-drug compared to the pure drug [e.g., 
amphetamine, (2)]. Clindamycine, tetracycline (3), and 
chlorpheniramine (4) are adsorbed by cation exchange under 
pH conditions favoring the cationic form of the drugs, and they 
penetrate into the interlayer spaces of montmorillonite, pro- 
ducing an increase in the basal distance. 


There are many important clay-organic interactions, i.e., 
some animal feed additives are adsorbed on vegetable carriers 
such as maize or soy starch or on resins; bentonites are used 
as binder and caloric extender for poultry ( 5 ) ;  fungicides such 
as imazalil, used in the foliar treatment of bananas, contami- 
nate the soil. Clay minerals constitute an interesting com- 


mercial alternative to resin. Therefore, the adsorption of 
phenethylamines, choline, a quaternary amine, and two im- 
idazoles on bentonite and lewatite were investigated as model 
in vitro systems. Desorption behavior was tested with simu- 
lated gastric and intestinal fluids. 


EXPERIMENTAL SECTION 
The macroporous (100-200 mesh) sodium lewatitel and bentonite2 were 


used as adsorbents. Air-dried resin was equilibrated for 2 weeks with an at- 


S 
Figure 1-Adsorption ofdiethylpropion (A) and imazalil (v). and sodium 
desorption (0) on lewatite at pH 4 and 25°C versus S, the equivalent fraction 
of the organic cation in the equilibrium solution. Filled symbols refer to the 
desorption of the organic cation with a simulated gastricjluid (0.1 M NaCI. 
P H  2). 


I Resin S P  I080 (analytical grade); Merck, F.R.G. * Wyoming bentonite (Volclay); American Colloid Co.. U S A .  
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Review of Organic Functional Groups: Introduction to Medicinal Organic 
Chemistry. By THOMAS L. LEMKE. Lea and Febiger, Philadelphia, PA. 
1983. 131 pp. 15X23cm.Price$10.50. 
The objective of this book is to provide a self-paced review of the nomen- 


clature, physical properties, chemical properties, and metabolism of organic 
functional groups that are important in medicinal chemistry. The book is 
designed for use as supplemental material for a pharmacy course in medicinal 
chemistry as well as  a concise reference for students and professional practi- 
tioners in pharmacy, medicine, nursing, dentistry, and veterinary medicine. 
After a general chapter on water solubility and chemical bonding, subsequent 
chapters focus on specific functional groups. Organic functional groups cov- 
ered include alkanes, alkenes, aromatic hydrocarbons. halogenated hydro- 
carbons, alcohols, phenols, ethers, aldehydes, ketones, amines, carboxylic acids 
and their derivatives, sulfonic acids and sulfonamides, and heterocycles. A 
chapter on empirical and analytical methods of determining water solubility 
and an appendix on acidity and basicity are also included. Review questions 
are placed at  the end of chapters to reinforce concepts presented in the 
text. 


Chapters on individual functional groups are concise, and adhere to an 
outline format where the three major subheadings are Nomenclature, Phys- 
ical-Chemical Properties, and Metabolism. There are adequate examples and 
tables of physical data given to illustrate the major points. The sections on 
nomenclature and physical-chemical properties are especially clearly written 
and complete. Most of the sections on metabolism are also clear and concise. 
However, the metabolism sections on aromatic hydrocarbons. halogenated 
hydrocarbons, and amines may be confusing since they contain several 
statements which contradict information found in drug metabolism chapters 
of current medicinal chemistry textbooks. 


The major emphasis of this book is in areas of medicinal chemistry which 
many undergraduate pharmacy students find difficult. The sections on no- 
menclature and physical-chemical properties should be very helpful to those 
students who have difficulty extracting information from general organic 
chemistry textbooks that is directly pertinent to medicinal chemistry. 
Thcrefore, this book fills a distinct need in undergraduate medicinal chemistry 
instruction. As long as weaknesses in some metabolism sections are recognized, 
this book should be an excellent supplement to most undergraduate pharmacy 
courses in  medicinal chemistry as well as a concise review for students and 
practitioners of other health professions. 


Reviewed by Michael W. Duffel 
Division of Medicinal Chemistry and 


Natural Products 
College of Pharmacy 
Universiry of Iowa 
Iowa City, IA 52242 


Applied Clinical Pharmcokinetics. Edited by DENNIS R. MUNGALL. 
Raven Press, I140 Avenue of the Americas, New York, NY 10036. 1983. 
448 pp. 
This book represents the most recent compilation of information related 


to the discipline of therapeutic drug monitoring. As stated in the preface, the 
major objective of this text is “to offer students and clinicians in pharmacy, 
medicine, pharmacology, and clinical chemistry a practical guide to clinical 
pharmacokinetics.” Although a brief introductory chapter discusses general 
concepts and basic pharmacokinetic principles, students without previous 
pharmacokinetic course work may have difficulty applying the information 
presented in the remainder of the textbook. The subsequent chapter which 
examines protein binding and free drug concentrations is complete, reasonably 
well referenced, and a good review of the pertinent drug-protein binding lit- 
erature. However, this chapter cannot be recommended for students because 
i t  contains several misleading statements and very minor yet bothersome er- 
rors. 


The remaining chapters are primarily devoted to the discussion of individual 
therapeutic agents and include: procainamide, quinidine, digoxin, anticon- 
vulsants, theophylline, aminoglycosides, warfarin, antihypertensives, lithium, 
tricyclic antidepressants, benzodiazepines, salicylates, and antineoplastics. 
The absence of a chapter addressing the pharmacokinetics of lidocaine is a 
limitation of the text and certainly would have proven more useful to the 
clinician than a chapter discussing antihypertensive agents. 


Each of the drugs reviewed has a chapter to itself with the format designed 
to cover important,aspects of clinical pharmacology, pharmacokinetics. plasma 
concentration and response relationships, dosage regimen design, and assay 
methods. The book is quite readable in this format and appears to be relatively 
free from errors. Most chapters contain practice problems along with detailed 
solutions. The information on each drug is, for the most part, well detailed 
and referenced. The concluding chapter is devoted to the use of programmable 
calculators in clinical pharmacokinetics. Included in this chapter is a group 
of calculator programs that may prove useful to those individuals who utilize 
such devices in their clinical practice. 


On the whole, this book provides a reasonable compilation of the published 
literature in the areas addressed by the authors. However, this text is not 
unique in  its area of emphasis and a more rigorous and comprehensive ex- 
amination is available as a reference source. While the practicing clinician 
may find certain areas of this book of intcrest, (e.g. practice problems, cal- 
culator programs) its general appeal is limited; therefore, the student in either 
introductory or advanced courses will find currently available tcxts of greater 
benefit. 


Reviewed by Thomas J. Nester 
Division of Pharmacy Practice 
College of Pharmacy 
The Ohio State Unicersity 
Columbus, OH 43210 
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Penetration of Trolamine Salicylate into the Skeletal 
Muscle of the Pig 
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Abstract 0 Studies to determine the extcnt of local tissue penetration of 
topically applied trolamine [14C]salicylate were conducted in domestic pigs. 
The preparation was applied onto a I 00-cm2 shaved area of skin overlying the 
biceps femoris at a concentration of 0.7 mg of salicylate/cm2 to closely ap- 
proximate the actual use in humans. At least 82% of the topically applied 
trolamine salicylate was absorbed over a 2-h period. Bascd on blood and muscle 
salicylate levels, a localization of the absorbed drug occurred in  muscle 
underlying the treated area within 120 min. Muscle from the treated area had 
a concentration of salicylate that was I3 times that of blood and 49 times that 
of muscle taken from untreated areas. Blood samples taken from the treated 
area at 10.20, and 30 min showed that salicylatc levels ranged from 15.8 to 
5.3 pg/g.  Less than 0.5% of the applied drug was excreted in the urine during 
the 2-h period. 


Keyphrases 0 Trolamine salicylate-percutaneous absorption, local tissue 
penetration, domestic pigs 0 Percutaneous absorption-trolamine salicylate, 
domestic pigs, local tissue penetration 0 Tissue penetration-local, percu- 
taneous absorption of trolamine salicylate, domestic pigs 


Trolamine salicylate is the active ingredient in a number of 
topical analgesic creams that are used for sore muscles, joint 
stiffness, and strains. The creams are also used as a topical 
adjunct for arthritis and rheumatism therapy. Although the 
percutaneous absorption of salicylate is well known, only one 
published report on the penetration of salicylate into canine 
knee joints has shown that preferential uptake and localization 
of salicylate occurs in tissue and fluids beneath the area of 
salicylate application (1). This study was carried out to de- 
termine whether localization of trolamine salicylate could be 
demonstrated in the muscle of the domestic pig after topical 
administration. 


The most commonly used laboratory species have loose- 
fitting skin, a heavy hair coat, and dermal vasculature that does 
not resemble that found in humans (2). The pig, on the other 
hand, has a sparse hair coat, close-fitting skin, a thick epi- 
dermis with a well-differentiated lower limit, a dermis with a 
distinct papillary body, a highly elastic tissue content (3,4), 
and vascularization similar to that of humans (2, 5 ) .  These 
findings have been confirmed ultrastructurally by Kdrasek and 
Oehlert (6 ,  7). In  addition, the thickness of the dermis and 
epidermis (8). the distributed enzymes (9), the keratinous 
proteins ( 1  0), and the permeability characteristics of pig skin 
closely resemble those of humans ( I  I ,  12). 


EXPEklMENTAL SECTION 


Materials-The [7-'4C]salicylic acid' had a specific activity of 0.37 
mCi/mg. Scintillation fluid2, carbon dioxide trapping agent2. cellulose cups2, 
powdered cellulose3, I4C-recovery standards3. and scintillalion fluid4 werc 
commercially obtained. All other materials were reagent grade, obtained from 
commercial sources, and used without further purification. 


Animals-Six healthy female Yorkshirc swine (weighing 23-40 kg), 
maintained on a commercial swine diets. were used. 


I New England Nuclear Corp.. Boston. Mass. 
Permafluor V. C a r h o r b .  Combusto Cones; Packard Instrument Co.. Inc.. Downers 


Packard Instrument Co., Downer5 Grove. 111. 
Thrift-Solve: Kcw Scientific. Inc.. Columbus. Ohio 
Yoeman, Plain City. Ohio. 


Grove, 111. 


Dosage Preparation--A trolamine [ ''C]salicylate formulation based on 
a commercial topical cream6 was prepared. The trolamine ['4Cjsalicylate was 
incorporated into a white hydrophilic cream base by dissolving [ ''C]salicylate 
( I  gCi/mg) and trolamine in stoichiometric proportions in the aqueous phase 
of the cream. The oil phaseof the cream was then added and thoroughly mixed. 
The final concentration of trolaminc (14C]salicylate was 10% (w/w). 


DruE Treatment and Sample Collection-Before the experiment. each pig 
was dosed with acepromazine ( I .  I mg/kg im) followed 30 min later by ad- 
ministration of pentobarbital' (30 mg/kg ip). Phenobarbital was administered 
intravenously as required during the experimental period. The animals were 
quickly washcd with watcr and dried, and their hind quarters were clipped 
and carefully shaved. Shaving was performed with a safety razor and warm 
water. The trolamine ('4C]salicylate formulation was not applied until 45-60 
min after shaving. During the 45-60-min pretreatment, the urinary bladder 
was cathcterizcd with a polypropylenccatheter, and a 10- X 10-cm area was 
marked over the biceps femoris. The radiolabeled cream was applied to this 
area with a syringe fitted with a 16-gauge blunt needleand spread evenlyover 
the area by gentle rubbing. The syringc was calibrated to deliver 1.5 g of the 
preparation. which contained the equivalent of 72 mg of salicylic acid. This 
application closely approximates the amounts and conditions of application 
of trolamine salicylate applied in actual practice by humans. 


In pigs I through 4,30 rnin after the application of the dose, one-half of thc 
100-cm2 arca was washed with a damp paper towel until the cream was no 
longer visible. An incision of -4 cm was then made in the center of the washed 
area with a scalpel. The scalpel blade was changed often during the cutting 
of the skin. The subcutaneous fat (when present) was then removed with 
scissors to expose the underlying muscle. Three samplcs of the exposed muscle 
(0.4-0.6 g) were then removed with scissors and pressed firmly between gauze 
to rcmove blood. Muscle was also taken from the contralateral side (control) 
by the same procedure. At the same time, blood samples were collected from 
the orbital sinus. The procedures were repeated at I20 min postdose. Skin  
wipes taken at 120 min were retained for analysis ofcarbon-14. Skin removed 
from the total area of application (I0 X 10 cm) was assayed for carbon-I4 
in  pigs I and 4. 


The concentration of salicylate in  blood at  the site of application was de- 
termined in pigs 5 and 6. The area of drug application was cleaned as described 
above. and blood samples were taken from shallow incisions (1-1.5 mm) at 
10. 20. and 30 min postdose. 


All samplcs were placed in cellulose cups and allowed to air-dry for 48 h 
before combustion in an oxidize?. The amount of radioactivity on the paper 
towel wipes was determined by placing the wipes into a 500-mL beaker con- 
taining a magnetic stirring bar and by adding 300 mL of toluenc. The beaker 
was covered and placed on a magnetic stirrer to stir overnight. Duplicate I-mL 
samples were rcmovcd the next morning and added to 10 mL of scintillation 
fluid4. The carbon-I4 was quantitated by liquid scintillation counting. 


RESULTS AND DISCUSSION 


Skin wipes taken at  120 min after application of the dose indicated 7.9 f 
O.S% (mean f SEM)  of the dose remaining on the skin, whereas assays of skin 
tissue showed 9.3 f 0.7% remaining in the skin. These figurcs were calculated 
from data obtained at the 120-min sampling time and multiplied by a filctor 
of two. since one-half of thearca remained at this time. Thus, at least 82%of 
the dose was found to bc absorbed within 120 min after application. The ex- 
ccllent absorption of trolamine salicylate shown by the data was not a result 
of incomplete extraction of the paper towels. Extraction of paper towels 
containing a known amount of cream indicated that 49.1.78.1,90.7,93.7,97.7, 
I01 .O, and 100% of the applied carbon-I 4 could be recovered at 30.60, and 
90 min and 2,3,4, and 7 h, respectively. The literature indicates that the ab- 
sorption of salicylate after topical administration to humans varies consid- 
erably. Feldmann and Maibach have found that only 13% of the applied sa- 
licylate was absorbed in a 24-h period (13). whereas Taylor and Halprin have 


Myoflex creme (trolamine salicylate); Adria I.ah)mtorics. Inc.. Dublin, Ohio. 
Nembutal. * Model 306 Sample Oxidizer. Packard Instrument Co. 
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Table I-Concentration of  [I4CjSalicylate in Pig Muscle ’ 


Sample Pig 


Drug Concentration, 
ng/gb 


30 min 120 min 
T/B‘ 


30 min 120 min 


Blood 


Control 
muscle 


56.4 
47.7 
35.4 
31.6 
28.7 
0.0 
R.7 


38.7 
84.5 


41.6 
55.2 


8.6 


- 


- 
- 
- 
- 


0.5 
0.0 
0.2 ~~ 


4 6.8 23.8 0.2 0.6 
Treated I 635.0 313.5 11.3 8.1 


muscle 2 150.9 582.3 3.2 6.9 
724.5 - 20.5 - 3 


4 236.8 560. I 7.5 13.5 


[ ‘‘C]Salicylate trolarnine applied topically (0.6-O.? mg of salicylic acid equivalents/cm2) over biceps femoris (treated muscle). Biopsy from treated muscle and contralateral 
Ratio of tissue to (control) muscle assayed for total carbon-14. Blood was taken from the orbital sinus. 


blood. 


Table 11-Penetration of [14CjSalicylate into Pig Muscle a 


Concentration of drug is expressed as free salicylic acid equivalents. 


Pig 
2 3 4 Mean f SEM Parameter 1 


Concentration in muscle. ng/gb 635 (30 min)E 582 ( I  20 min) 725 (30 min)d 560 ( 1  20 rnin) 625 f 37 
Carbon-14 Ratios 


Treated muscle/ blood 11.3 6.9 20.5 13.5 13.1 f 2.8 
Control musclc/blood 0.5 0.1 0.2 0.6 0.4 f 0.1 
Treated musclc/control muscle 22.1 67.7 83.2 23.5 49.1 f 15.5 


(I [ i*C]Salicyla~e trolamine was applied topically (0.6-0.7 mg/cm2) over biceps femoris (treated muscle). Biopsy from treated muscle and contralateral (control) muscle assayed 
Concentration of drug is expressed as free salicylic acid equivalents. Number in parentheses represents the time of biopsy for total carbon-14. Blood was taken from orbital sinus. 


(30 or I20 min) when concentration was higher. d Only data at 30 min were obtained. Animal dicd from anesthesia before 120-min sampling time. 


shown that 60% of the dose was absorbed within a 24-h period (14). In the 
latter study, the peak plasma level occurred at 5 h. The extreme differences 
shown in  the percentage of the dose absorbed between these two studies are 
probably due to the vehicle and the treatment of the dose after application. 
Feldmann and Maibach applied salicylate to the skin dissolved in a small 
volume of acetone, whereas Taylor and Halprin used 60% propylene glycol 
and 19.4% alcohol as a vehicle and occluded the areas for 10 h. However. not 
only the vehicle. but also the salt form of salicylate affect the rate of its per- 
cutaneous absorption. Gaudin has demonstrated that the percutaneous ab- 
sorption of the trolamine salt of salicylate after 24 h is I .7 times greater than 
that of the sodium salt form ( 1  5 ) .  The fact that the dose of salicylate applied 
to the skin of the pig in the present study was the trolamine salt in a hydrophilic 
cream base most likely accounts for the rapid absorption of the dose. 


Although the dose was well absorbed, urinary excretion ofcarbon- I4 was 
found to be minimal. Urinecollected during the first 30 min postdosecontained 
0. I3 f 0. 12% of the dose, and 0.45 f 0.07% (mean f SEM) of the dose was 
cxcrctcd after 2 h. 


Data obtaincd from the blood and tissue samples taken at 30 and 120 min 
;ire shown in Table I .  Greater concentrations of carbon-I4 were observed in 
the treated area at  30 min of pigs I and 3, whereas pigs 2 and 4 were found 
to have a greater concentration of carbon-I4 at I20 min. Pig 3 died from the 
anesthesia after the 30-min muscle biopsy, but thcdata obtained at that time 
were similar to those in pigs 1,2. and 4, which had greater concentrations of 
carbon- 14. 


A summary of those data representing the greater concentration of salicylate 
in muscle is presented in Table I I .  Whether these data represent the highest 
concentrations of carbon-I4 achieved during the experimental period is not 
known since samples were only obtained at 30 and I20 min to minimize the 
possible effects of local trauma. 


Table I I  shows that [’4C]salicylate was detectable in  muscle underlying 
the site of application in greater concentrations (49 times) than that taken 
from the contralateral (control) muscle. Gross differences in skin thickness 
were observed not only from pig to pig, but also from areas as close as 3.5 em 
within the same pig. This may have influenced the differences in the time of 
detection of the greater concentration from pig to pig. Table I I  also shows the 
ratios of [ ‘‘C]salicylate levels in muscle to [’4C]salicylate levels in blood taken 
from the orbital sinus. The data show that the carbon-I4 concentration was 
-I 3 times greater in  the muscle underlying the site of drug application than 
in the blood. The concentration of salicylate in pig muscle was low compared 
with that obtained in the dog ( I ) .  This difference may be attributed to the 
application of a much lower dose in the pig (1.5 uersus 10 g) without mas- 
saging the preparation into the skin, as was done in the dog. However, despite 
methodological differences, preferential uptake and localization of salicylate 


in  tissues underlying the area of drug application were found in both 
studies. 


Analysis of blood taken from the applied area also indicated that the pen- 
etration of salicylatc through the dermis to underlying muscle occurs fairly 
rapidly. Whether partitioning of the salicylate between the local vasculature 
and the muscle tissue accounts for the high concentration of salicylate in the 
muscle beneath the area treated with trolamine salicylate is not known. 
However, blood collected from sballow incisions in the dermis of pigs 5 and 
6 had carbon-I 4 concentrations equivalent to 15.8 f 4.6,6.2 f 3.3, and 5.3 
f I .8 f ig of salicylatc/g (mean f S E M )  at 10.20. and 30 min, respectively. 
Data obtained from control muscle demonstrate that salicylate has a mus- 
cle-blood partition coefficient of 0.1. I f  this coefficient is applicable in  the 
tissues underlying the point of trolamine salicylate application, then the local 
blood salicylate concentrations of 5- 16 pg/g would be expected to result in 
salicylate concentrations of 500- 1600 ng/g in the treated muscle. This agrees 
with the mean value of 625 ng/g that was actually found. 


Several studies have demonstrated the percutaneous absorption of salicylic 
acid and its ultimate excretion from the body. However, the significance of 
this absorption with regard to a local pharmacological effect on muscles or 
other tissues beneath the area of application has not been fully investigated. 
The present studies, as well as an earlier study ( I ) ,  have indicated that salicylic 
acid does, indeed, penetrate the skin and is taken up by muscle tissue beneath 
the treated area. Although these studies shed little light on the pharmacological 
significance of the concentration of salicylic acid present in the muscle of the 
treated area, the fact that significant amounts of salicylate were transported 
through the local area and permeated the musculature provides a basis for 
the possible efficacy of topically applied trolamine salicylate. 
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Abstract 0 A stability-indicating analytical method is described for the si- 
multaneous determination of nitrate, and if present, its reductive degradation 
product, nitrite. in toothpastes. Nitrate and nitrite were extracted from the 
toothpaste using distilled water and separated from other water-soluble ex- 
cipients by two RP-8 columns (250 mm X 4 mm i.d.) using a mobilc phase 
containing 0.2% (w/v) sodium acetate and 2.5% (v/v) glacial acetic acid in 
distilled water. A UV detector set at 313 nm was used for quantitation. The 
method was applied to commercial toothpastes containing 5% potassium ni- 
trate and yielded an average recovery of 100.1% with a relative standard de- 
viation of 1.43%. Average recovery of nitrate and nitrite from spiked samples 
were 100.6% and 96.4% respectively. The minimum detectable concentration 
for nitrite was 50 p g / g  of toothpaste. 


Keyphrases 0 Nitrate-simultaneous determination with nitrite, toothpastes, 
HPLC 0 Nitrite-simultaneous determination with nitrate, toothpastes, 
HPLC 0 Dentifrices-simultaneous determination of nitrate and nitrite, 
HPLC 


Potassium nitrate, reportedly a tooth desensitizing agent 
( 1  -3), is the active ingredient in commercial dentrifrices for 
the treatment of dental hypersensitivity. As nitrate ion can be 
converted to nitrite by reducing agents or bacteria, a simple, 
specific, and sensitive method for simultaneous determination 
of intact nitrate and its reductive degradation product is de- 
sirable for routine quality control and stability evaluation. 


The widely used colorimetric procedures for nitrate (4, 5) 
and nitrite (6- 12) are subject to interference by other ions and 
generally require tedious sample treatment. In addition, those 
methods involving the cadmium reduction of nitrate to nitrite 
(6, 7) prior to color development often suffer from nonstoi- 
chiometric conversion. 


Methods involving derivatization followed by HPLC (1 3)  
or GC (14, 15) are lengthy. The potentiometric method with 
a nitrate ion-selective electrode ( 1  6-1 8) ,  differential pulse 
polarography (19), and enthalpimetric analysis for nitrate (20) 
are specific, but they measure only one ion (nitrate or nitrite). 
The newly developed ion chromatography (21) and its varia- 
tions (22-27) are selective, sensitive, and suitable for one-step 
differentiation and determination of nitrate and nitrite. 
However, the need for additional expensive instrumentation 
(an ion chromatography system with conductivity or electro- 
chemical detector and ion-exchange columns) hinders the use 
of this technique. 


Recently, Skelly (28) reported the use of an eluant con- 
taining the octylamine salt of a mineral acid to separate inor- 


ganic anions on a conventional reverse-phase column, with 
detection at 205 nm. Leuenberger et al. (29) and Cortes (30), 
using phosphate buffer as an eluant, have described the reso- 
lution of nitrate from nitrite on an amino normal-phase col- 
umn. The separation mechanism of the former is dynamic 
ion-exchange, while the second is weak base ion-exchange. 
Both methods, which directly determined nitrate and nitrite 
by conventional HPLC with low-wavelength detection, are 
simple and sensitive, but they have not been applied to the 
toothpaste matrix. 


The purpose of this paper is to report the separation and 
simultaneous determination of nitrate and nitrite by high- 
performance liquid chromatography (HPLC) using two RP-8 
columns with acetate buffer as mobile phase. The separated 
nitrate and nitrite were monitored by a UV detector set at  3 13 
nm. No sample treatment or cleanup was required, and the 
method was found to be simple, rapid, precise, and selective 
for the measurement of nitrate and nitrite in a complex 
toothpaste matrix. 


EXPERIMENTAL S E n I O N  


Chemicals and Reagents-Potassium nitrate' and sodium acetate* were 
used without further purification. Glacial acetic acid3 and 0.1 M sodium nitrite 
solution4 were used as  received. 


Apparatus-The liquid chromatographs was fitted with a manual sept- 
umless injectoP, a fixed-wavelength UV detector (31 3 nm)', and a strip-chart 
recorders. The recorder was connected to a laboratory data system9 through 
an A/D converterlo. Two 250 mm X 4.0-mm i.d. columns containing 10-pm 
Lichrosorb RP-8 packing" and one precolumn containing 37-40-pm octa- 
decylsilane packingI2 were used. 


Chromatographic Conditions-The chromatographic solvent was 0.24 
(w/v) sodium acetate in distilled water containing 2.5% (v/v) glacial acetic 
acid, adjusted to pH 3.0 f 0.1 with glacial acetic acid or sodium hydroxide. 
This solvent was vacu~m-filteredl~ through a 0.45-pm filterI3 and deaerated 


I Baker Analyzed Reagent. J .  T. Baker Chemical Co.. Phillipsburg, N.J. 
2 MCB Manufacturing Chemical Inc.. Cincinnati. Ohio. 


'Orion Resoarch Inc.. Cambridge, Mass. 
V W R  Scientific Inc.. South Plainfield. N.J. 


Model 6000 A Pump; Waters Associates, Milford, Mass. 
Valco Model CV6-UHpa- N60. 7000 psi sample injection valve quipped with 


a 100-pL sampling loop. ' Model 440; Waters Associates. Milford, Mass. * Houston Instrument. Austin, Tex. 


lo  Model 18652A; Hewlctt-Packard, Avondale, Pa 
1 1  Cat. #9318; Merck. Elmsford, N.Y. 
l2 Waters Associates. Milford. Mass. 
' 3  Millipore Corp.. Bedford. Mass. 


Model 21 MX Computer with model 26JM terminal; Hewlett-Packard. Avondalc, 
Pa., and model DP 8000 printer; Anadex. Chatsworth. Calif. 
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Abstract 0 The hydrolysis of poly(ortho-ester)s and a monomeric model 
compound, 3,9-dibenzyloxy-3,9-diethyl-2.4,8,lO-tetraoxaspiro[5,5~un- 
decane, was camed out in dionane-da-dioxane and followed by IH-NMR and 
HPLC, respectively. Experimental results suggested that the polymer deg- 
radation proceeds to a large extent uia random scission. The hydrolysis was 
catalyzed by the acid; the catalytic rate constant increased predictably with 
decreasing aqueous pK. of the acid. The reaction is first order with respect 
to the catalyst concentration and the number of ortho-ester linkages present, 
and it is independent of water in the concentration range studied. Strain at 
the ortho-ester bond may be a factor influencing the hydrolysis rate. 


Key phrases 0 Hydrolysis- poly(ortho-ester)s, homogeneous solutions 0 
Polymers-hydrolysis of poly(orth0-ester)s, homogeneous solutions 0 
Degradatipn-polymers. hydrolysis of poly(orrho-ester)s, homogeneous so- 
lutions 0 Poly(orth0-ester)s- hydrolysis, homogeneous solutions 


Poly(ortho-ester)s are a novel class of polymers with po- 
tential utility in drug delivery systems. Their use as an erodible 
matrix for the delivery of a steroid has been demonstrated by 
Heller et al. (1).  In  these systems, water-soluble salts were 
incorporated into the polymer, and the release mechanism 
appeared to be similar in part to that described by Fedors (2). 
Osmotic imbibition of water induced the swelling of the matrix, 
which subsequently burst and released the drug. 


Poly(ortho-ester)s, as with most ortho-esters, undergo 
acid-catalyzed hydiolysis quite readily and are relatively un- 
reactive in neutral or basic media (3,4). Thus, when exposed 
to an aqueous environment, the erosion of the polymeric matrix 
may be induced by the presence of an acidic catalyst. The acid 
may be external or may be generated in situ by an acid-pro- 
ducing agent such as acid anhydride incorporated in the device. 
Since acid anhydrides are neutral, and therefore noncatalytic, 
they add to the stability of the device during storage. 


Following this rationale Shih et al. ( 5 )  have demonstrated 
the use of poly(or2ho-ester)s delivery systems, achieving 
zero-order release of timolol maleate. The release rate was 


effectively controlled by the amount of acid anhydride incor- 
porated into the device and the aqueous pK, of the corre- 
sponding acid. It was proposed that the mechanism of drug 
release from such a system results from the contribution of 
several processes, namely, the permeation of water into the 
polymer matrix, the hydrolysis of the acid anhydride to the 
corresponding acid, the hydrolysis of the ortho-ester linkages, 
and the dissolution of the drug species into the medium ( 5 ) .  


The present studies were undertaken as part of an effort to 
understand the various physicochemical processes which 
govern the release of drugs from poly(ortho-ester)s delivery 
systems. In an attempt to separate the various contributing 
factors, we report the kinetics of the hydrolysis of poly(or- 
tho-ester)s [poly(3,9 -dialkyloxy - 3,9 - diethyl - 2,4,8,10- 
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Scheme I- Acid-catalyzed hydrolysis of poly (ortho-esrerls. 
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Scheme 11-Acid-catalyzed hydrolysis of J.9-dibenzyloxy-3,9-diethyl- 
2.4,8. I O-tetraoxaspiro~5.5~undecane. 


tetraoxaspiro[ 5,5]undecane)] and a monomeric model 
compound, 3,9-dibenzyloxy-3,9-diet hyl-2,4,8,1 O-tetra- 
oxaspiro[5,5]undecane ( I )  in homogeneous solutions. From 
this experiment, the intrinsic reactivity of the polymers may 
be independently obtained. The mode of depolyrnerization, the 
reaction rate constants, and the sensitivity of the reaction to 
the nature of the catalysts and to the concentration of water 
and acid were determined. 


Several papers and reviews on ortho-ester chemistry have 
been published (3,4,6- 1 1). The acid-catalyzed hydrolyses of 
ortho-esters is now thought to proceed uia three steps. The 
first, and generally the rate-determining, step is the generation 
of a dialkoxycarbonium ion and an alcohol. The carbonium 
ion hydrates readily in the second step to form an unstable 
intermediate, the hydrogen ortho-ester, which breaks down 
to give an ester and an alcohol. For cyclic ortho-esters, the 
exocyclic alkoxy group is normally expelled in the first stage 
( I  1 ). Accordingly, the acid-catalyzed hydrolysis of I and 
poly(ortho-ester)s may be described as shown in Schemes I 
and 11. The final products, alcohol and pentaerythritol di- 
propionate, were isolated and identified by HPLC comparison 
with authentic samples. 


EXPERIMENTAL SECTION 


Materials-Compound I and all polymers were used as provided'. Com- 
pound I was further purified by preparative TLC with prccoated silica-gel 
glass plate2. The solvent system was 5% v/v ethyl acetate3 in hexane3. The 
band at R10.89 was located under short-wavelength UV light, removed from 
the plate, and extracted with methylene chloride'. The solvent was evaporated 
with a commercial evaporator4, and the residual solvent was removed under 
reduced pressure at room temperature for I2 h. Water was distilled in an 
all-glass apparatus. Dioxane) was dried with lithium aluminum hydrideS and 
distilled. Acetonitrile3, HPLC grade, dioxane-dB6, trichloroacetic acid6, di- 
chloroacetic acid6, monochloroacetic acid6. formic acid6. phthalic acid6, and 
maleic acid6 were used as received. 


CH2- 


VII. R = - ( C H 2 ) 6 -  VIII. R = - ( C H 2 ) a -  


- .  
I Provided by Dr. J .  Hcller, SRI Internatir,nal. Menlo Park, Calif. * Precoated silica gel GF 1500-pm glass plate; Analtcch, Inc.. Newark. Dcl. 


' Rotavapor; Brinkman Instruments. Westbury. N.Y. 
Fisher Scientific Co.. Fair Lawn. N.J. 


Alfa Products, Danvers, Mass. 
Aldrich Chemical Co.. Inc., Milwaukee, Wis. 
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Figure 1 --Buffer-catalyzed hydrolysis of I in dioxane-water (50:SO. v/v) at 
25°C: p = 0.5 M with KCI. Plot of the observed rate constant versus total 
bu fJer concentration. 


Methods-The hydrolysis of 1 was conducted both in 50% v/v  buffered 
dioxane-water solutions and in pure dioxane. Samples of I were accurately 
weighed into 5-mL volumetric flasks and dissolved in 4 mL of dioxane. To start 
the experiment, measured amounts of water and acid stock solution in dioxane 
were transferred to the flask, and the volumes were brought to 5 mL with di- 
oxane. The initial concentration of I was 0.01 M. In experiments in buffered 
solutions, 100 pL of a stock solution of I in dioxane was injected directly into 
4 mL of buffered solution; the volume was then made up to 5 mL with the same 
solution resulting in an initial 0.02 M concentration of 1. The flasks were 
stoppered and sealed' and then placed in a water bath. The reaction was 
monitored by following the disappearance of I and the appearance of benzyl 
alcohol (111) by HPLC. The mobile phaseconsisted of 20%v/v acetonitrile- 
water for 111 and 80% v/v acetonitrile-water for 1. The flow rate was 2 
mL/min, and the detector was set at 254 nm. The column employed was a n  
ultrasphere-octadecysilanes. 


A series of four poly(ortho-ester)s, the structures of which are shown, was 
chosen for the study. Accurately weighed amounts of polymer were dissolved 
in dioxane-d9. A total of 400 pL of the solution was transferred into 'H-NMR 
sample tubes9. Immediately before the experiment, measured quantities of 
water and stock solution of acid in dioxane-da were injected into the tube. The 
total volume was brought to 500 pL with dioxane-da and mixed. The resulting 
concentration of polymer was 8% w/v. The sample tubes were then sealed and 
placed in a water bath at  37OC. Readings were performed periodically on a 


For the condensation copolymer of 3,9-bis(ethylidene)-2.4.8,1 O-tetraox- 
aspiro[5,5]undecane (IV) and 1,4-benzenedimethanol (V), monitoring of the 
disappearance of the peaks at  6 = 1.8 pprn corresponding to the a methylene 
group or the appearance of the methylene group a to the carbonyl carbon of 
the degraded product at 6 = 2.3 ppm gives a direct account of the rate of bond 
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Figure 2- Buffer-catalyzed hydrolysis of I in dioxane-water (50:50, v/v) at 
25°C; p = 0.5 M with KCI. Plot of the rate constant of the general acid- 
catalyzed reaction versus the fraction of free acetic acid. 
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Figure 3-Hydrolysis of I in dioxane-water (5050) at 25°C; p = 0.1 M with 
KCI. Plot of the logarithm of the obsemed rate constant at zero buffer con- 
centration versus pH. 


cleavage. Only the appearance of the quartet a t  S = 2.3 ppm can be used in  
the cases of the condensation copolymers of 1V and diols such as l,4-trans- 
cyclohexanedimethanol (VI) and 1.6-hexanediol (VII) due to interference 
of other protons in the system. 


RESULTS AND DISCUSSION 


pH-Rate Profile-The hydrolysis of I was carried out in 50% v/v buffered 
dioxane-water solutions at 25’C. The use of mixed solvent rendered the in- 
terpretation of the pH determination” somewhat difficult. However, when 
the apparent pH in the 50% v/v dioxane-water solvent system was plotted 
against the pH of the aqueous buffered solutions, prepared similarly but 
without dioxane, a straight line was obtained with a zero-intercept T d  a slope 
of I .05. This seems to suggest that the changes in the pH-meter readings were 
proportional to the changes in the hydronium ion activity in this system. The 
pH range studied was from 4 to 8. The buffer concentration was varied from 
0.4 to 0.005 M, whereas the ionic strength was kept at 0. I or 0.5 M with KCI. 
It was assumed that the salts employed were fully ionized. The loss of I was 
followed by HPLC and found to follow pseudo-first-order kinetics. The effect 
of acetate buffer concentration on the reaction rate is illustrated in  Fig. 1. The 
observed raie constant seems to increase linearly with buffer concentration. 
The slope of the lines increases with decreasing pH. suggesting that the free 
acid is the catalytic species. However. a plot of the rate constants of the general 
acid-catalyzed reaction against the fraction of free acid (Fig. 2) did not jield 
a straight line as expected. A change in theactivitycoefficient of the freeacid 
and the anion at high buffer concentrations may bc a possible explanation. 
The pK, of acetic acid under the reaction conditions was determined to be 
6.22 by pIl  titration. 


The rate constants extrapolated to zero buffer concentration were employed 
to construct the pH rate profile. As evident from the linearity of the plot of 


I -7 
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Figure 4-Hydrolysis of I in dioxane at 37°C; water. 2 M ;  maleic acid, 1.25 
X lo-’ M. Plot of theconcentration of dfferent species versus time. Points 
are experimental data: solid lines are generated from the kinetic model. 
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Figure 5-Hydrolysis of I in dioxane at 37°C; water, 2 M .  Plot of the two 
consecutive rate constants versus maleic acid concentration. Key: f A) kll; (0) 
ki. 


the logarithm of the pseudo-first-order rate constant extrapolated to zero 
buffer concentration uersus pH with a slope of - 1 (Fig. 3). hydronium ions 
appear to be the catdyst in this pH range. The reaction was also studied at  
pH 13. No noticeable degradation could be detected. The value for the specific 
acid-catalyzed reaction (kH+) was obtained from the intercept of the line with 
the ordinate. A kH+ value of 1.03 X lo4 min-’ M-I at  jt  = 0.1 M was only 
slightly smaller than the kH+ of 1.09 X lo4 min-l M-’ at  j t  = 0.5 M, 
suggesting that the effect of the salt was not significant. 


Mode of Depolymerization-There are two types of linkages involved, the 
internal linkages and those at  the end of the polymer chain. Differentiation 
of their reactivity directly from the polymer molecules is difficult. However. 
I has two ortho-ester linkages. When they are intact. the bonds are similar 
to the internal bonds. When one bond is broken, the remaining one resembles 
the one at the end of the chain. Thus, according toscheme 11. i t  is possible 
to determine the relative reactivity of those two types of bonds by comparing 
the rate of disappearance of 1 and the monoester (11). its partially degraded 
product. 


The reaction was carried out in dioxane at  37OC. The concentrations of I 
and water were 0.01 and 2 M, respectively. The maleic acid concentration was 
varied from 2.5 X to 5 X lo-’ M. The loss of I and the formation of 111 
were followed by HPLC. 


The differential equations defining the kinetic system are: 


- kl [ I ]  -- 
dt 


(Eq. 1) 


8 4  168 2 5 2  336 
Time (min) 


Figure 6-Hydrolysis of the I V -  V copolymer in dioxatre-de at 37°C; wuter, 
2 M: trichloroacetic acid, 1.25 X lo-’ M .  Plot of logarithm of peak inte- 
gration versus time. [I], integration of N M R  peaks during the reaction: [Ill, 
integrarion ofpeaks when the reaction is completed. Key: (a) disappearance 
of the cu-methylene protons in the polymer; (h) appearance of methylene 
protons (Y to the carhonyl carbon in rhe degradarion product. 
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Figure 7-Hydrolysis of1 in dioxane at 37°C; waler, 2 M. Plot of rheobseroed 
rare constant versus maleic acid concentration. 


0 083. 


-- 0 0 6 7 .  
c 
E .- 
z 0 0 5 0 .  


.x 


0 033. 


001 7 .  


00 


m= kl  [ I ]  - kl1 Ill] 
dt 


d 


-- d[l’ll - k1 [ I ]  + kl l  Ill] 
dt 


A t i  =0 ,  [ I ]  = (I]o,whichistheinitialconcentrationof 1,and [ I I ]  = [ I l l ]  = 
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The estimation of k1 and kl l .  the apparent pseudo-first-order rate constants 
for the two consecutive steps, respectively, was performed on a computerI2 
by a nonlinear regression program based on a pattern-search algorithm. 
Typical experimental data and the fitted curves generated for the reaction 
from the kinetic model above are shown in Fig. 4. 


The constants kl and kll obtained for various maleic acid concentrations 
are plotted in Fig. 5. The slope of the lines was taken to be the second-order 
rate constant for the reaction. The ratio k l l / k l  was -1.55, suggesting that 
the bonds at the end of the chain are only slightly more rcactive than the in- 
ternal linkages. 


In  fig. 6. a semilogarithmic plot of the IH-NMR peak integration of the 
IV-V copolymer, as a function of time resulting from the hydrolysis in diox- 
ane-ds at 37OC catalyzed by 2.55 X I0-l M dichloroacetic acid, is shown. The 
water concentration was 2 M. The concentration of the IV-V copolymer was 
8% w/v or 4 . 2 3  M of the monomeric unit. Since each monomer has two 
ortho-ester linkages. the amount of water present was about five times that 
required for complete hydrolysis of the sample. 


The pudefirst-order rate constants for the disappearance of the methylene 
group and for the appearance of the methylene group a to the carbonyl carbon 
are 3.69 X lo--’ min-l and 3.81 X 10-l min-I, respectively. This seems to 
validate the analytical procedure. The linear relationship suggests a random 
scission process in  which the majority of the bonds are of equal accessibility 


OI0 I l o o l  


l2 Honeywell. 


L’able I-Second-Order Rate Constant for the Hydrolysis of I in Dioxane 
and the IV -V  Copolymer ia Diowane-ds at 37°C a 


k l ,  M-l-min-l 
Acid Aaueous DK, 1 IV-V CoDolymer . -  . -  


Trichloroacetic acid 0.7 116.85 54. I7 
Dichloroacetic acid I .48 4.65 1.99 
Monochloroacetic acid 2.85 0.09 0.045 
Formic acid 3.75 0.006 
Malcic acid 1.83, 6.07 1.26 3.73 
Phthalic acid 2.89. 5.51 0.47 


(1 The concentration of water was 2 M. 


and the rate of scission is first order with respect to the number of oriho-ester 
linkages. 


Effect of Acid Concentration and pKa on the Hydrolysis of Poly(orth0- 
esterb-The observed rate constant of the hydrolysis of I in dioxane at 37OC 
was plotted against the maleic acid concentration (Fig. 7). The reaction ve- 
locity 01 the IV-V copolymer in dioxane-ds at 37OC in the presence of different 
amounts of trichloroacetic acid and dichloroacetic acid is shown in  Fig. 8. A 
linear relationship was apparent in all cases in the concentration range studied. 
The slope of the lines was taken as the second-order rate constant ( k 2 )  of the 
reaction. The nonzero-intercept seen with the IV-V copolymer can be at- 
tributed to the presence of a small amount of alkaline impurities in the 
polymer. 


The second-order rate constants for the hydrolytic reaction catalyzed by 
different acids are listed in Table 1. A straight linecan be drawn through the 
plot (Fig. 9) of log k z  uersus acid aqueous pK,. A positive deviation was ob- 
served for the points corresponding to phthalic acid and maleic acid. 


The unusually high acidity of the first dissociable proton of maleic acid 
1.83). a diaeid with its carboxylic groups in a cis position to each other, 


as compared with that of its trans-isomer. fumaric acid (pK.,, 3.03), was 
attributed to intramolecular hydrogen bonding which stabilizes the carbox- 
ylate monoanion. This interaction is further enhanced in an aprotic environ- 
ment ( 1  2). Thus, it was not unexpected to see the deviation from a linear re- 
lationship found with the monoacid. A similar explanation should also hold 
true for phthalic acid, in which the second carboxyl group is in the oriho- 
position. The k2 values for the hydrolysis of I are approximately twice that 
of the IV-V-copolymer. The difference is probably due to the analytical 
methods employed. The degradation of I was monitored by following its dis- 
appearance by HPLC. Thus, the scission of one ortho-cster linkage results 
in  the loss of one molecule of 1. The NMR technique gives a true account of 
the rate of cleavage of the linkages. Statistically, it is expected that the rate 
constant of the disappearance of I should be approximately twice as fast as 
the rate of bond cleavage if the reactivity of the ortho-ester bond on the 
monomer and on the polymers is similar. This was further confirmed when 


- 3 ‘  
0 I 2 3 4 5  
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Figure 9-Plot of the logarithm of the second-order rate constant versus 
aqueous p K,; water. 2 M. The organic acids used were trichloroacetic acid 
(pKa. 0.70). dichloroacetic acid (p K., I .48). monochloroacetic acid (pK., 
2.85). formic acid (pKa, 3.75), Maleic acid (pK., 1.83. 6.07) andphthalic acid 
(pK., 2.89.5.51). Key: hydrolysis of the IV-V copolymer in dioxane-dg ai 
37°C catalyzed by carhoxylic monoacid (O) ,  and by maleic acid (A); hy- 
drolysis of1 in dioxane at 37°C catalyzed by carhoxylic monoacid (0). by 
maleic acid (A), and by phthalic acid (a). 
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Table 11-Hydrolysis of I in Dioxaneand the IV-V Copolymer in Dioxane- 
da at 37°C' 


Water Dielectric Observed Kate Constant, min-' 
Concentratlon, M Constant I* IV - V  CopolymerC 


0. I 2.86 3.4 x 10-3 


2 13.73 I .97 X I 0-2 5.39 x 10-3 


0.5 5.37 1.63 X 
I 8.34 1.72 x 


3 18.52 2.23 x 5.56 X 
4 22.80 2.56 X 


1.0.01 M: IV-V copolymer. 8% w/v. Reaction catalyzed by 2.5 X lo-' M maleic 
acid. 


Table Ill-Hydrolysis of Poly(ortb0-ester)s in Dioxane-ds at 37°C 
Catalyzed by Dichloroacetic Acid 


Reaction catalyzed by 3.5 X lo-' M dichloroacetic acid. 


Polymer k z ,  M-l-min-' 


IV-VI  copolymer 0.87 
IV- V I I copolymer I .80 
IV-V copolymer I .96 
I V - V I I I  copolymer 2.8 1 


k 2  values for the hydrolysis of I in dioxane at 37OC i n  the presence of maleic 
acid and 2 M water obtained by 'ti-NMR were compared with those obtained 
under the same conditions by HPLC. The ratio of k2 HPLC-k2 'H-NMR 
was 2.1 5. 


Effect of Water Concentration on the Hydrolysis of Poly(orthonter)s-A 
semilogarithmic plot of the degradation of the 8% w / v  IV-V copolymer in 
dioxane-ds at 37OC catalyzed by 3.5 X 10-I M dichloroacctic acid in the 
presence of 0. I M water is presented in  Fig. 10. As expected, the reaction 
proceeded until -25% of the ortho-ester linkages were cleaved. The initial 
slope was employed a the pseudo-first-order rate constant for the reaction. 
Thc observed rate constants for the reaction at different water concentrations 
are listed in Table 11, along with the estimated dielectric constant of the di- 
oxane-water system. These are computed from the dielectric constant of water 
of 78.54 ( 1  3) and from the dielectric constant for dioxanc of 2.209 ( 1  3). as- 
suming that the contribution of each component to the dielectric constant of 
the system is proportional to its mole fraction. The observed rate constant 
increases only 1.5-fold for a 30-fold increase in water concentration. A similar 
observation can be made for the hydrolysis of I in  dioxane at 37°C cataljzed 
by 2.5 X lo-) M maleic acid. When the rate constants were plotted (Fig. 1 1 )  
against the solvent dielectric constant, an apparent linear relationship with 
a nonzero-intercept was observed. Thus. the experimental results suggest that, 
over the range studied, the reaction proceeds independently of  the amount 
of water present. and the incrcase in  reaction velocity is due to the change in 
polarity of the reaction medium. This is reasonable since the rate-determining 
step of the reaction is the formation of the dialkoxy carbonium ion which is 
independent of the water concentration. 


Effect of Polymer Structure on the Hydrolysis Rate-The second-order 
rate constants for the hydrolysis of four polymers in dioxane-ds at 37OC cat- 
alyzed by dichloroacetic acid are shown in Table 111. The polymers and *ater 
concentrations were held constant at 8% w/v and 2 M, respectively. Bunton 
and DeWolfe (7) have shown that an increase in the basicity of the oxygen 
atom on the leaving alkoxy group or a stabilization of the forming carbonium 
ion will result in a more reactive ortho-ester. For the polymers under consid- 
eration, once the alkoxy groups are cleaved. the resulting carbonium ions are 
identical; thus, if the observations of Bunton and DeWolfe are applicable, the 
difference in their reactivity should originate from the difference in the basicity 


4 8  96 144 I 9 2  
Tlme l m l n l  


Figure 10-Hydrolysis of the I V- V copolymer in dioxane-ds at  37°C; water. 
0.1 M; polymer, 8. I7% w/u; dichloracetic ocid. 3.5 X 10-3 M. [I], integration 
of NMR peaks during the reaction. 
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Figure I I-Plot ofthe obserced rate constan! versus dielectric constant. Key 
(A) hydrolysis of the 1 V-Vcopolymer in dioxane-ds catalyzed by 3.5 X 10-l 
M dichloroacetic ocid: (0)  hydrolysis o f i  in dioxane ar 37"Cca1aIyzed by 
2.5 X lo-' M maleic acid. 


of thediol oxygen atoms. This would predict that I V - V  and 1V-ethylene glycol 
(VIII) copolymers are the most stable. The fact that the rank order of the 
second-order rate constant for the polymers studied cannot be rationalized 
in terms of the inductive effect of the diol alkyl chain on the basicity of the 
oxygen atoms at the reaction site implies that another driving force may be 
more influential. When the rate constants are compared with the molecular 
size of the diols, an apparent correlation is  found. The smaller the diol mole- 
cule, the more reactive the polymer, suggesting thar strain at the orrho-ester 
bond may bc a factor determining the hydrolysis rate. 


CONCLUSIONS 


The hydrolysis of four poly(orrho-ester)s and a monomeric model com- 
pound in homogencous solution was investigated. I t  appears that the reactivity 
of the orlho-ester linkage in the polymer chain is comparable to that of the 
linkage in  the monomeric model compound. In 50% dioxane-water, the re- 
action is subject to both specific and general acid catalysis. In dioxane, the 
hydrolysis reaction is acid catalyzed and independent of the water concen- 
tration in the range studied. The rate equation for the hydrolysis of poly(or- 
rho-estcr)s in dioxane may bc written as: 


-- -dlnl - k 2  [ n ]  [AH] 
dr (Eq. 4) 


where n is the concentration of orrho-ester linkage, AH is the concentration 
of the acid, and kz is the second-order rate constant of the reaction. The log- 
arithm of the xcond-order rate constant is linearly related to the aqueous pK, 
of the catalyst. The experimental results suggest that the bonds at  the end of 
the polymer chain may be slightly more reactive than the internal linkages, 
but overall. the reaction procecds toa large extent ciu random scission. Strain 
at  the ortho-ester linkages may play a role in the determination of its reac- 
tivity. 
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Abstract 0 A series of 3’-O-acyl derivatives of 5’-amino-Y-deoxythymidine 
(5’-NH2-TdR) (Illa-j) was synthesized by acylation of 5’-azide5’-deoxy- 
thymidine ( I ) .  The resulting acetoxy aridcs were reduced by catalytic hy- 
drogenation to givc the corresponding amines. The antiviral activity against 
herpes simplex virus typc I (HSV-I) in cifro, the aqueous solubilities, and 
the octanol-water partition cocfficients of these compounds were determined. 
All these derivatives have shown potency against HSV- I virus similar to the 
parent compound, except the aromatic and highly branched aliphatic esters, 
llli  and 111~.  which arc less active. Because of their markedly improved lipo- 
philicity, these compounds are believed to penetrate the biological membranes 
more easily, and thus, would be more effective for the topical treatment of 
cutaneous herpes virus infections. 


Keyphrases 0 3’-O-Acyl derivatives of S’-amino-5’-deoxythymidine- 
synthesis. antiviral activity Prodrugs-potential, topical application. 3’- 
0-acyl derivatives of S’-amino-5’-deoxythymidine 


The 5’-amino analogue of thymidine (5’-N H2-TdR) has 
demonstrated potent antiviral activity against herpes simplex 
virus type 1 (HSV-I) in the complete absence of toxicity to the 
uninfected host Vero cells in culture (1,2). This compound was 
therapeutically effective in the topical therapy of herpetic 
keratouveitis in rabbits, and systemic administration into the 
neonatal mouse revealed no adverse effect in vivo or by the 
histopathological examination (3). Chen et al. (4) have re- 
cently found that 5-NH2-TdR was a substrate for the HSV- 
1-encoded thymidine kinase but was not a substrate for the 
cellular thymidine kinase. The complete lack of toxicity of 
5’-NH2-TdR to the uninfected Vero cells is probably due to 
the lack of the herpes simplex virus-induced thymidine kinase 
which is required for activation (4, 5). 


Recently, Baker et al. ( 6 )  have reported the synthesis of a 
series of 5’-0-acyl derivatives of 9-P-~-arabinofuranosylad- 
enine (vidarabine, ara-A). These compounds were designed 
as prodrugs for vidarabine and have demonstrated better l i -  
pophilicity, and thus, thc potential for improved membrane 
transport over vidarabine. Among these compounds, the 5’- 
0-valeryl derivative has shown a marked increase in both li- 
pophilicity and antiviral activity compared with that of 
vidara bine. 


Recently, Hettinger et al. (7) have reported that both 5 -  
iodo-2’-deoxyuridine (idoxuridine, IUdR) and 5-iodo-3’,5’- 
di-O-acetyl-2’-deoxyuridine (Ac2l DU), an 0-acetyl derivative 


of IUdR, were effective against keratitis. However, AczlDU 
was significantly more effective than the placebo 1 d sooner 
than was idoxuridine. The greater lipid solubility of the 
AczlDU that resulted in greater epithelial penetration could 
account for this difference. Based on these findings, a series 
of 3’-O-acyl derivatives of Y-NHz-TdR has been synthesized. 
Preliminary studies indicated that all these compounds retain 
the same degree of antiviral activity in comparison with the 
parent compound, except the 3’-O-tert-butylacetyI and 3’- 
0-benzoyl esters, lIIi and I l l j ,  which were found to be less 
active. The lipophilicities of these derivatives increased 
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it is used for a prolonged period of time and over a large body surface area, 
due to the extensive percutaneous absorption and the well-recognized toxicity 
of the drug. 
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Abstract 0 The adsorption of phenethylamines (dextroamphetamine, 
phentermine, mephentermine, diethylpropion), choline, and phenylimidazoles 
(levamisole and imazalil) was examined in oitro in aqueous solutions on 
bentonite and on lewatite at 25OC. An ion-exchange mechanism prevails for 
lewatite and for bentonite up to 0.8 rnEq.g-I. The organic cations are more 
strongly adsorbed on bentonite than on lewatite. On bentonite, the selectivity 
of adsorption follows the order: primary < secondary < tertiary phenethyla- 
mines. An interlamellar monolayer is formed. All drugs, except choline and 
imazalil, are adsorbed in excess of the cation exchange capacity of bentonite 
without observable CI- adsorption and pH changes. Desorption is reversible 
for lewatite and partially irreversible for bentonite. 


Keyphrases 0 Phenethylamines-in oitro adsorption-desorption by a ben- 
tonite and a resin 0 Phenylimidazoles-in citro adsorption-desorption by 
a bentonite and a resin 


The prolonged action of drugs in the GI tract with a peak- 
and-valley pattern of the drug in the blood (1) is realized by 
binding, e.g., phenethylamines as diethylpropion, to an ion- 
exchange resin. The same effect was also observed for an oral 
dose of a mixture of clay-drug compared to the pure drug [e.g., 
amphetamine, (2)]. Clindamycine, tetracycline (3), and 
chlorpheniramine (4) are adsorbed by cation exchange under 
pH conditions favoring the cationic form of the drugs, and they 
penetrate into the interlayer spaces of montmorillonite, pro- 
ducing an increase in the basal distance. 


There are many important clay-organic interactions, i.e., 
some animal feed additives are adsorbed on vegetable carriers 
such as maize or soy starch or on resins; bentonites are used 
as binder and caloric extender for poultry ( 5 ) ;  fungicides such 
as imazalil, used in the foliar treatment of bananas, contami- 
nate the soil. Clay minerals constitute an interesting com- 


mercial alternative to resin. Therefore, the adsorption of 
phenethylamines, choline, a quaternary amine, and two im- 
idazoles on bentonite and lewatite were investigated as model 
in vitro systems. Desorption behavior was tested with simu- 
lated gastric and intestinal fluids. 


EXPERIMENTAL SECTION 
The macroporous (100-200 mesh) sodium lewatitel and bentonite2 were 


used as adsorbents. Air-dried resin was equilibrated for 2 weeks with an at- 


S 
Figure 1-Adsorption ofdiethylpropion (A) and imazalil (v). and sodium 
desorption (0) on lewatite at pH 4 and 25°C versus S, the equivalent fraction 
of the organic cation in the equilibrium solution. Filled symbols refer to the 
desorption of the organic cation with a simulated gastricjluid (0.1 M NaCI. 
P H  2). 


I Resin S P  I080 (analytical grade); Merck, F.R.G. * Wyoming bentonite (Volclay); American Colloid Co.. U S A .  
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2 . 0:4 . 9 6 


S 


Figure 2-Adsorption of amphetamine (0)s phentermine (0). and me- 
phentermine (@) and sodium desorption (0) on bentonite at pH 5. Basal 
distances of the amphetamine-bentonite complexes in solution (A) or dried 
in 1.333 X Pa vacuum for I d at 25°C (V). S is the equivalent fraction 
of the organic carion in the equilibrium solution. 


mosphere of 4wo relative humidity. The cation exchange capacity (CEC), 
measured by isotopic dilution of 22Na, was 4 mEq-g-I dry resin. The bentonite 
fraction, under 0.5 pm, was separated by centrifugation, washed with acidified 
(pH = 3.5) and neutral NaCI (1 M) solutions for removal of hydroxy-alu- 
minum compounds, and stored in the dark as a 1% suspension. The CEC of 
the bentonite was 0.7 and 0.8 mEq-g-I clay at  pH 4 and 5, respectively. 


The adsorbates were the organic cations dextroamphetamine3, phenter- 
mine4, me~hentermine~, diethylpropion6, choline’, levamisole7. and imazalil’. 
All of these have CI- as  the anion, except for mephentermine which was 
purchased as thesulfate. Amphetamine and imazalil were obtained as  bases 
and titrated to the equivalence point with HCI. 


Exchanges were carried out in polyethylene tubes by end-over-end shaking 
for 48 h at 25OC and 0.01 M. For lewatite, 30-50 mg of resin were equilibrated 
with 30-40 mL of mixed Na-organic cation solutions containing different 
proportions of the two ions. The lewatite was separated by centrifuging for 
5 min at  14,000 rpm. In the case of bentonite, 10-mL portions of a 1% clay 
suspension, enclosed in dialysis tubing, were equilibrated with 20 mL of mixed 
Na-organic cation solution. 


All adsorptions were carried out a t  pH 5, except for imazalil and diethyl- 
propion, in order to minimize hydrolysis of the clay. The low pK, of 6.53 for 
imazalil necessitated experiments camed out at pH 4 to ascertain the presence 
of the cation. In the case of diethylpropion, the decomposition of the molecule 
was minimized by exchange at pH 4. The extent of adsorption was determined 
by radiometric analyses using: I4C-labeled amphetamine*, cholineB, and di- 
ethylpr~pion~; 3H-labeled imaialil’ and levamisole*; **Na; 3aC110. Countings 
were performed on 5-mL aliquots of the supernatant solutions, using a liq- 
uid-scintillation counterll and a y-scintillation counterI2. The concentrations 


3 C.E.R.T.A., SO50 EghezCe. Belgium. ‘ Troponwerkc, 5000 K6ln 80, F.R.G. 
Wycth, Taflon, Maidenhead, U.K. 


6 Trenkcr. I 1  80 Brussels. Belgium. ’ Janssen Pharrnaceutica. 2340 Beers. Belgium. * C.E.A. Saclay; 91 190 Gif-sur-Yvette. France. 


10 I.R.E., 6220 Fleurus. Belgium. 
‘ 1  Tricarb 460 C; Packard. 
12 PDG Auto-gamma; Packard. 


Laboratory of Medical Chemistry and Toxicology, University of Litge, Bel- 
gium. 


‘k + i 
. 0.2 . 9 4 . 0,6 . QO . 


1 I 


S 


Figure 3-Adsorption of imazalil (V) and sodium desorption (O),  adsorption 
of diethylpropion (A) on bentonite at pH 4.  Basal distances of the imaza- 
lil-bentonite complexes in solution (v) or dried in 1.333 X Pa vacuum 
for I d at 25°C (A). S is the equivalent fraction of the organic cation in the 
equilibrium solution. 


of phentermine and mephentermine were determined by UV absorption at  
252 nmi3. 


The swelling of tbe clay was studied by X-ray diffraction. For this purpose 
the sediment, obtained after centrifuging for 5 min at 14,000 rpm, was 
transferred into a Lindemann capillary, which was sealed, transferred to a 
Debye-Scherrer camera, and irradiated with CuK,. The remainder of the 
sediment was rinsed with distilled HzO, centrifuged, air-dried, and dried under 
high vacuum for 1 d at  25OC before X-ray measurement. 


Desorption experiments were carried out on the fully exchanged resins, 
prepared by mixing 50-mg resin and 40-mL (0.01 M) organic cation. In the 
case of the clay, the desorption was studied on samples containing a low and 
a high organic cation content. These were obtained by equilibrating 10 mL 


1 


ql . Q 2 . Q  3 .  a4 


Figure4-Releasepattern in vitro at 25°C by a simulated gastricjluid (0.1 
M NaCI, pH 2) from bentonite of phentermine (8), diethylpropion (A), and 
imazalil (r). Open symbols refer to the adsorption isotherm. S is the 
equivalent fraction of the organic cation in the equilibrium solution. 


S 


l 3  Shimadzu QV-50 Spectrophotometcr; Kyoto, Japan 
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Table I-Natural Log of tbe Mean Selectivity Coefficient for the Exchange of Na by the Organic Cation on Lewatite and Bentonite at 298 K 


In K, In K, 
(lewatite) (bentonite) 


Amphetamine 9.6 PhCH2CH(CH3)NH+ - 3.35 


PKa Formula 


Phentermine 9.84 PhCH2C(CH3)2NH:) 1.67 3.39 
Mephentermine 10.11 PhCH2C(CH3)2NH2CH: - 4.63 
Diethylpropion 8.78 PhCOCH(CH3)NH(CzHs): 1.45 5.40 
Choline HO-CH2-CH2-N(CH3): - 3.26 


Levamisole 8.00 6.39 


Imazalil 6.53 


@ 
I 


3.9 7.56 


of a 1% clay suspension with 30 mL 0.01 M and 30 mL 0.025 M solutions of 
the organic cation, respectively. The desorption procedure was as follows: after 
5 min of centrifugation at 14,000 rpm, 30 mL of the supernatant was removed 
and used for radioassay. The addition and removal of 20-mL portions of the 
supernatant was performed every hour thereafter. The amount desorbed was 
obtained from the radioassay of the successive supernatants and was expressed 
as a fraction of the initially adsorbed amount. The desorbing agent used was 
part of a simulated gastric fluid (NaCI 0.1 M, pH 2). The drug release pattern, 
as a function of time, was followed for a simulated intestinal fluid [I22 mmol 
NaCI, 5 mmol KCI, 1 mmol KH2PO4, and 26 mmol NaHCOs/L, i.e., a buffer 
solution of pH 8, (6)]. 


RESULTS 


Figure I shows the adsorption isotherms for diethylpropion and imazalil 
on lewatite; phentermine follows the same pattern as diethylpropion. In  all 
cases the maximum loading equals the CEC. The adsorption occurs by ion 
exchange because, at every loading, the Na+ ion release equals the amount 
of adsorbed organic cation. 


The adsorption isotherms for amphetamine, phentermine, mephentermine, 
diethylpropion, and imazalil on bentonite, together with basal spacings, are 
presented in Figs. 2 and 3, respectively. They have two characteristic features: 
( a )  a stoichiometric ion-exchange proccss wherein the Na+ ion release equals 
the amount of adsorbed organic cation, and (b) adsorption in excess of the 
CEC. The latter is more pronounced for amphetamine followed by phenter- 
mine, mephentermine, and diethylpropion. The excess adsorption is not ac- 
companied by simultaneous adsorption of C1- or by pH changes. 


The basal spacing of 1.56 nm is independent of the loading and of the type 
of phenethylammonium cation. For choline and imazalil they are 1.50 and 
1.72, respcctively. The thickness of a clay plate was 0.96 nm. The differences 


30 


Figure 5-Kineiic desorpiion profile with a buffer soluiion at pH 8 o/: (B) 
phentermine-bentonite (1.06 mEq-g-'). (u) phentermine-bentonire (2.95 
mEq-g-I). (A) diethylpropion-benionite (1.14 mEq.g-I), and (Y) diethyl- 
propion-benionite ( I  .78 mEq-g-lJ. 


(e.g., 1.56 - 0.96 nm = 0.60 nm) were indicative of a monolayer of organic 
cations on the surface. 


Lewatite desorption of diethylpropion and imazalil was the reverse of the 
ion-exchange reaction as verified by the overlap of desorption and adsorption 
isotherms (Fig. I ) .  This is also the case for bentonite up to a loading with or- 
ganic cations of 4 . 7  mEq.g-I. It should, however, be mentioned that since 
the H+ concentration is much higher during desorption (but still 10 times 
smaller than the Na concentration), adsorption and desorption isotherms are 
not fully comparable. 


When the loading on bentonite exceeds the CEC, adsorption and desorption 
curves are not superimposed, Fig. 4. The desorption experiments at pH 8 are 
presented in Fig. 5; 12 h were required to reach equilibrium. A smaller relative 
amount was desorbed for high loadings of organic cations as illustrated for 
phentermine and diethylpropion. Imazalil could not be desorbed at pH 8 be- 
cause of the pKa value and the limited solubility of the base (0.3 gL-1). 


DISCUSSION 
For lewatite, ion exchange was the only adsorption mechanism, whereas, 


for bentonite, ion exchange was followed by an excess adsorption process of 
the organic cations. From molecular models we estimated that I .49 mEq-g-1 
amphetamine and 0.9 mEq-g-' diethylpropion can be adsorbed as monolayers 
in the interlamellar space of bentonite (700 m2-g-') (7). Therefore, excess 
adsorption occurs to a large extent on the external surface, but the mechanism 
of adsorption is unclear. 


For the exchange reaction between a solid exchanger (2) and a solution 
(s): 


Na, + B: + B, + Na: (Eq. 1) 


The selectivity coefficient, K,, is defined as: 


where Z and M refer to the equivalent fraction for the surface phase and the 
molality for the solution phase concentration. The latter can also be expressed 
in S units, i.e., the equivalent fraction of the ion under consideration in the 
equilibrium solutions (8). The dependency of 1% selectivity coefficient on the 
organic loading is shown in Fig. 6. The mean K,  value is: 


Table 11-Total Charge and Charge Density of the Ammonium Group of 
the Organic Cations a 


-NH,R(,-,) (Charge/Volume), 
I 


PhCHzCH(CH3)NH' 0.6239 0.1166 
PhCHtC(CH3)2NH$ 0.5994 0.1 127 
P ~ C H ~ C ( C H ~ ) ~ N H Z C H :  0.6300 0.0765 
PhCOCH(CH,)NH(C2Hs): 0.721 7 0.0494 
HO-CH2-CH2-N(CH3): 0.7506 0.0252 


a Obtained from CNW/Z calculations. 
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Figure 6-Surface composition dependence of the se- 
lectivity coefficient for the exchange of Na by organic 
cation B at 2S"Con (a) lewatite: phentermine (o), di- 
ethylpropion (A), and imazalil (V) and. (b) bentonite: 
choline (*), d-amphetamine (0). phentermine (a): 
mephentermine (@), diethylpropion (A), levamisole 
(@), and imazalil (v). "":-;:I 


0.1 0.3 9.5 0.7 0.9 
rn Eq g-' m Eq * g-1 


The lower limit is necessary for the inaccuracy of the measurements a t  very 
small loadings, and the upper limit eliminates the e x m  adsorption. The mean 
selectivity coefficients are given in Table I. The data show that the organic 
cations are more strongly adsorbed on bentonite than on lewatite. 


The selectivity order on bentonite was found to be: choline < amphetamine 
< phentermine < mephentermine < diethylpropion < levamisole < imazalil. 
This selectivity order is explained by the charge delocalization principle, which 
is also operative in the case of alkylammonium ions (9-1 I ) ,  histammonium, 
and ethyldiammonium ions (12). This principle states that selectivity increases 
with the increasing delocalization of the positive charge over a molecule. 


We have calculated the charge on the N and the groups directly attached 
to it by CNDO/2 ( I  3). This charge divided by the van der Waals volume is 
a measure of the charge density, as shown in Table 11. Figure 7 shows that 


thol,". 


0.05 0.10 0.15 
I . . . . . . . . . . . . . . . )  


CHARGE DENSITY 


Figure 7--The selectivity coefficient of exchange as a function of (he charge 
density of the ammonium group. 


there is a linear correlation between the charge density and the average ex- 
change selectivity coefficient of the organic cations investigated. There is a 
deviation for choline, but this is probably due to the absence of a phenyl 
ring. 
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Review of Organic Functional Groups: Introduction to Medicinal Organic 
Chemistry. By THOMAS L. LEMKE. Lea and Febiger, Philadelphia, PA. 
1983. 131 pp. 15X23cm.Price$10.50. 
The objective of this book is to provide a self-paced review of the nomen- 


clature, physical properties, chemical properties, and metabolism of organic 
functional groups that are important in medicinal chemistry. The book is 
designed for use as supplemental material for a pharmacy course in medicinal 
chemistry as well as  a concise reference for students and professional practi- 
tioners in pharmacy, medicine, nursing, dentistry, and veterinary medicine. 
After a general chapter on water solubility and chemical bonding, subsequent 
chapters focus on specific functional groups. Organic functional groups cov- 
ered include alkanes, alkenes, aromatic hydrocarbons. halogenated hydro- 
carbons, alcohols, phenols, ethers, aldehydes, ketones, amines, carboxylic acids 
and their derivatives, sulfonic acids and sulfonamides, and heterocycles. A 
chapter on empirical and analytical methods of determining water solubility 
and an appendix on acidity and basicity are also included. Review questions 
are placed at  the end of chapters to reinforce concepts presented in the 
text. 


Chapters on individual functional groups are concise, and adhere to an 
outline format where the three major subheadings are Nomenclature, Phys- 
ical-Chemical Properties, and Metabolism. There are adequate examples and 
tables of physical data given to illustrate the major points. The sections on 
nomenclature and physical-chemical properties are especially clearly written 
and complete. Most of the sections on metabolism are also clear and concise. 
However, the metabolism sections on aromatic hydrocarbons. halogenated 
hydrocarbons, and amines may be confusing since they contain several 
statements which contradict information found in drug metabolism chapters 
of current medicinal chemistry textbooks. 


The major emphasis of this book is in areas of medicinal chemistry which 
many undergraduate pharmacy students find difficult. The sections on no- 
menclature and physical-chemical properties should be very helpful to those 
students who have difficulty extracting information from general organic 
chemistry textbooks that is directly pertinent to medicinal chemistry. 
Thcrefore, this book fills a distinct need in undergraduate medicinal chemistry 
instruction. As long as weaknesses in some metabolism sections are recognized, 
this book should be an excellent supplement to most undergraduate pharmacy 
courses in  medicinal chemistry as well as a concise review for students and 
practitioners of other health professions. 


Reviewed by Michael W. Duffel 
Division of Medicinal Chemistry and 


Natural Products 
College of Pharmacy 
Universiry of Iowa 
Iowa City, IA 52242 


Applied Clinical Pharmcokinetics. Edited by DENNIS R. MUNGALL. 
Raven Press, I140 Avenue of the Americas, New York, NY 10036. 1983. 
448 pp. 
This book represents the most recent compilation of information related 


to the discipline of therapeutic drug monitoring. As stated in the preface, the 
major objective of this text is “to offer students and clinicians in pharmacy, 
medicine, pharmacology, and clinical chemistry a practical guide to clinical 
pharmacokinetics.” Although a brief introductory chapter discusses general 
concepts and basic pharmacokinetic principles, students without previous 
pharmacokinetic course work may have difficulty applying the information 
presented in the remainder of the textbook. The subsequent chapter which 
examines protein binding and free drug concentrations is complete, reasonably 
well referenced, and a good review of the pertinent drug-protein binding lit- 
erature. However, this chapter cannot be recommended for students because 
i t  contains several misleading statements and very minor yet bothersome er- 
rors. 


The remaining chapters are primarily devoted to the discussion of individual 
therapeutic agents and include: procainamide, quinidine, digoxin, anticon- 
vulsants, theophylline, aminoglycosides, warfarin, antihypertensives, lithium, 
tricyclic antidepressants, benzodiazepines, salicylates, and antineoplastics. 
The absence of a chapter addressing the pharmacokinetics of lidocaine is a 
limitation of the text and certainly would have proven more useful to the 
clinician than a chapter discussing antihypertensive agents. 


Each of the drugs reviewed has a chapter to itself with the format designed 
to cover important,aspects of clinical pharmacology, pharmacokinetics. plasma 
concentration and response relationships, dosage regimen design, and assay 
methods. The book is quite readable in this format and appears to be relatively 
free from errors. Most chapters contain practice problems along with detailed 
solutions. The information on each drug is, for the most part, well detailed 
and referenced. The concluding chapter is devoted to the use of programmable 
calculators in clinical pharmacokinetics. Included in this chapter is a group 
of calculator programs that may prove useful to those individuals who utilize 
such devices in their clinical practice. 


On the whole, this book provides a reasonable compilation of the published 
literature in the areas addressed by the authors. However, this text is not 
unique in  its area of emphasis and a more rigorous and comprehensive ex- 
amination is available as a reference source. While the practicing clinician 
may find certain areas of this book of intcrest, (e.g. practice problems, cal- 
culator programs) its general appeal is limited; therefore, the student in either 
introductory or advanced courses will find currently available tcxts of greater 
benefit. 


Reviewed by Thomas J. Nester 
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College of Pharmacy 
The Ohio State Unicersity 
Columbus, OH 43210 
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Abstract 0 A stability-indicating analytical method is described for the si- 
multaneous determination of nitrate, and if present, its reductive degradation 
product, nitrite. in toothpastes. Nitrate and nitrite were extracted from the 
toothpaste using distilled water and separated from other water-soluble ex- 
cipients by two RP-8 columns (250 mm X 4 mm i.d.) using a mobilc phase 
containing 0.2% (w/v) sodium acetate and 2.5% (v/v) glacial acetic acid in 
distilled water. A UV detector set at 313 nm was used for quantitation. The 
method was applied to commercial toothpastes containing 5% potassium ni- 
trate and yielded an average recovery of 100.1% with a relative standard de- 
viation of 1.43%. Average recovery of nitrate and nitrite from spiked samples 
were 100.6% and 96.4% respectively. The minimum detectable concentration 
for nitrite was 50 p g / g  of toothpaste. 


Keyphrases 0 Nitrate-simultaneous determination with nitrite, toothpastes, 
HPLC 0 Nitrite-simultaneous determination with nitrate, toothpastes, 
HPLC 0 Dentifrices-simultaneous determination of nitrate and nitrite, 
HPLC 


Potassium nitrate, reportedly a tooth desensitizing agent 
( 1  -3), is the active ingredient in commercial dentrifrices for 
the treatment of dental hypersensitivity. As nitrate ion can be 
converted to nitrite by reducing agents or bacteria, a simple, 
specific, and sensitive method for simultaneous determination 
of intact nitrate and its reductive degradation product is de- 
sirable for routine quality control and stability evaluation. 


The widely used colorimetric procedures for nitrate (4, 5) 
and nitrite (6- 12) are subject to interference by other ions and 
generally require tedious sample treatment. In addition, those 
methods involving the cadmium reduction of nitrate to nitrite 
(6, 7) prior to color development often suffer from nonstoi- 
chiometric conversion. 


Methods involving derivatization followed by HPLC (1 3)  
or GC (14, 15) are lengthy. The potentiometric method with 
a nitrate ion-selective electrode ( 1  6-1 8) ,  differential pulse 
polarography (19), and enthalpimetric analysis for nitrate (20) 
are specific, but they measure only one ion (nitrate or nitrite). 
The newly developed ion chromatography (21) and its varia- 
tions (22-27) are selective, sensitive, and suitable for one-step 
differentiation and determination of nitrate and nitrite. 
However, the need for additional expensive instrumentation 
(an ion chromatography system with conductivity or electro- 
chemical detector and ion-exchange columns) hinders the use 
of this technique. 


Recently, Skelly (28) reported the use of an eluant con- 
taining the octylamine salt of a mineral acid to separate inor- 


ganic anions on a conventional reverse-phase column, with 
detection at 205 nm. Leuenberger et al. (29) and Cortes (30), 
using phosphate buffer as an eluant, have described the reso- 
lution of nitrate from nitrite on an amino normal-phase col- 
umn. The separation mechanism of the former is dynamic 
ion-exchange, while the second is weak base ion-exchange. 
Both methods, which directly determined nitrate and nitrite 
by conventional HPLC with low-wavelength detection, are 
simple and sensitive, but they have not been applied to the 
toothpaste matrix. 


The purpose of this paper is to report the separation and 
simultaneous determination of nitrate and nitrite by high- 
performance liquid chromatography (HPLC) using two RP-8 
columns with acetate buffer as mobile phase. The separated 
nitrate and nitrite were monitored by a UV detector set at  3 13 
nm. No sample treatment or cleanup was required, and the 
method was found to be simple, rapid, precise, and selective 
for the measurement of nitrate and nitrite in a complex 
toothpaste matrix. 


EXPERIMENTAL S E n I O N  


Chemicals and Reagents-Potassium nitrate' and sodium acetate* were 
used without further purification. Glacial acetic acid3 and 0.1 M sodium nitrite 
solution4 were used as  received. 


Apparatus-The liquid chromatographs was fitted with a manual sept- 
umless injectoP, a fixed-wavelength UV detector (31 3 nm)', and a strip-chart 
recorders. The recorder was connected to a laboratory data system9 through 
an A/D converterlo. Two 250 mm X 4.0-mm i.d. columns containing 10-pm 
Lichrosorb RP-8 packing" and one precolumn containing 37-40-pm octa- 
decylsilane packingI2 were used. 


Chromatographic Conditions-The chromatographic solvent was 0.24 
(w/v) sodium acetate in distilled water containing 2.5% (v/v) glacial acetic 
acid, adjusted to pH 3.0 f 0.1 with glacial acetic acid or sodium hydroxide. 
This solvent was vacu~m-filteredl~ through a 0.45-pm filterI3 and deaerated 


I Baker Analyzed Reagent. J .  T. Baker Chemical Co.. Phillipsburg, N.J. 
2 MCB Manufacturing Chemical Inc.. Cincinnati. Ohio. 


'Orion Resoarch Inc.. Cambridge, Mass. 
V W R  Scientific Inc.. South Plainfield. N.J. 


Model 6000 A Pump; Waters Associates, Milford, Mass. 
Valco Model CV6-UHpa- N60. 7000 psi sample injection valve quipped with 


a 100-pL sampling loop. ' Model 440; Waters Associates. Milford, Mass. * Houston Instrument. Austin, Tex. 


lo  Model 18652A; Hewlctt-Packard, Avondale, Pa 
1 1  Cat. #9318; Merck. Elmsford, N.Y. 
l2 Waters Associates. Milford. Mass. 
' 3  Millipore Corp.. Bedford. Mass. 


Model 21 MX Computer with model 26JM terminal; Hewlett-Packard. Avondalc, 
Pa., and model DP 8000 printer; Anadex. Chatsworth. Calif. 
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A I 


B I 


Figure 1.- Chromatograms of (A )  a standard solution 
containing 0.614 mg/mL of nitrate ( I )  and 2.3 pg/mL of 
nitrite (2)  and (B)  a typical commercial toothpaste sample 
coniaining 5% potassium nitrate; peak I = NO,. peak 2 
= excipients in the toothpaste. 


0 2 4 6 8 10 I2 I4 16 18 20 22 24 
MINUTES 


for 5 min with stirring before use. The temperature was ambient, thesolvent 
flow rate was 1 .O mL/min, and the inlet pressure was I800 psi. The detector 
sensitivity was 0.1 AUFS. and thc chart speed was I .O cm/min. 


Standard Solutions-Thrcc standard solutions containing 30.7.61.4. and 
92.1 rng of nitrate and, respectively, 11 5 ,  230, and 460 pg of nitrite per 100 
mL were prepared in distilled water and filtered as described above prior to 
injection. 


Assay for Commercial Products-An accurately weighed 2.0-g portion of 
the toothpaste was transferred to a 100-mL beaker, 20 ml. of distilled water 
was added, and the contcnts were mixed with a spatula to complete dispersion. 
The dispersion was then quantitatively transfered to a 100-mL volumetric 
flask, diluted to volume with distilled water, and mixed well. A portion of this 
solution was centrifuged at 3000 rpm for 5 min and filtered through a 0.45-pm 
filter before injection. 


Spiked Samples-Accurately measured quantities of nitrate and nitrite 
were admixed with a placebo portion of toothpaste. These mixtures were 
formulated to contain 30.7,61.4, and 92.1 mg of YO, and 1 15.230. and 460 


Table I-Recovery Data for Nitrate from Spiked Samples 


Amount 
Added. m e  


Amount 
Found. ma Recovery. B 


0.5062 0.5167 (RSD = 0.69%. ti = 3) 102.07 
1.0124 1.0199 (KSD = 1.1  I%,  n = 4) 100.75 
1.5186 1.5045 (RSD = 1.72%. n = 3) 99.07 
Mean N = 10 
S D  
KSD 


100.6 
1.63 
I .62 


pg of NOz, respectively. per 2.053 sample. These samples were assayed as 
described above for commercial products. 


Quantitation --Since peak areas of nitrate and nitrite were found to be di- 
rectly proportional to their concentrations, all results were calculated by in- 
terpolation from standard curves of peak areas uersus concentrations. 


RESULTS AND DISCUSSION 


Linearity responses for nitrate and nitrite were observed, respectively, over 
the range of 0.307-0.921 mg/mL with a correlation coefficient of 0.999 and 
1.15-9.2 pg/mL with a correlation coefficient of 0.999. The relationship of 
peak area to concentration can be presented by the linear regression equations 


Table 11-Assay Results for Toothpaste Containing 5% Potassium Nitrate 


Sample 


I 
2 
3 
4 
5 
6 
7 
8 
9 


Mean 
S D  


RSD 


Potassium Nitrate Percent of 
Found. 70 Label Claim 


5.09 101.8 
4.99 99.8 
5.07 101.4 
5.00 100.0 
4.90 98.0 
5.02 100.4 
5.02 100.4 
4.89 97.8 
5.07 101.4 


100. I 
I .43 
1.43 
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Figure 2-Chromatogram of a toothpaste placebo spiked with both nitrate ( I )  and nitrite (2). The spikedplacebo wasprepared by adding 100 mgofpoiassium 
nitrate and 2 mL of 5.0 mM sodium nitrite solution into 2 g of ioothpasie p1acebo;peak 3 = excipienis in the toothpaste. 


y = 35789.8~ + 1 1  27.5 for nitrate and y = 6 6 8 3 2 2 ~  + 312 for nitrite. where 
y is the peak area obtained by the laboratory data system and x is the con- 
centration in  mg/mL. 


Chromatograms obtained for a standard solution of nitrate and nitrite and 
for a typical commercial toothpaste containing 5% potassium nitrate are 
presented in Fig. 1 A and B. respectively. The nitrate ion was well resolved from 
the other excipients. and the recovery data for nitrate from spiked samples 
of toothpaste (Table I )  illustrate the validity of the method for these formu- 
lations. Average recovery for placebo dentifrices spiked with three concen- 
tration levels (50, 100, and 150% of label concentration) of nitrate was 100.6% 
with a standard deviation of 1.63%. This method has been used routinely in  
a product stability program and found to be accurate and precise with a rel- 
ative standard deviation of 1.43% ( n  = 9). Representative data arc summarized 
in Table 11. 


Although nitrite was not detected in any commercial toothpaste samples, 
it was necessary to demonstrate the selectivity of the method for nitrate in the 
presence of nitrite; therefore, spiked toothpaste samples containing both nitrate 
and nitrite were prepared and assayed. A representative chromatogram of 
a spiked sample containing 61.4 mg of nitrate and 1 15 pg of nitrite per 100 
mL is reproduced in Fig. 2. Excellent resolution of nitrite from nitrate, an 
essential requirement for a stability-indicating assay, was obtained. Average 
recovery at the 2.3-9.2-pg/mL nitrite level was 96.490, with a relative standard 
deviation of 6.7% (n  = 8). The minimum detectable concentration of nitrite 
was 50 pg/g of toothpaste sample. 


The retention of nitrate and nitrite on a reverse-phase column may be at- 
tributed to the interaction of these anions with the protonated silanol backbone 
of stationary phase at the acidic condition (pH 3.0 f 0.1) employed in this 
experiment. In addition to this electrostatic attractive force, solute anions may 
also experience the steric exclusion provided by the hydrophobic long-chain 
octyl substituents of the stationary phase. The balance between these two 
opposing forces could determine the retention of anions on the column and 
the separation of one anion from the others. The unsatisfactory results obtained 
with an RP-18 column may be due to the overwhelming steric exclusion pro- 
vided by the more hydrophobic octadecyl substituents of the stationary 
phase. 
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Abstract 0 A series of 3’-O-acyl derivatives of 5’-amino-Y-deoxythymidine 
(5’-NH2-TdR) (Illa-j) was synthesized by acylation of 5’-azide5’-deoxy- 
thymidine ( I ) .  The resulting acetoxy aridcs were reduced by catalytic hy- 
drogenation to givc the corresponding amines. The antiviral activity against 
herpes simplex virus typc I (HSV-I) in cifro, the aqueous solubilities, and 
the octanol-water partition cocfficients of these compounds were determined. 
All these derivatives have shown potency against HSV- I virus similar to the 
parent compound, except the aromatic and highly branched aliphatic esters, 
llli  and 111~.  which arc less active. Because of their markedly improved lipo- 
philicity, these compounds are believed to penetrate the biological membranes 
more easily, and thus, would be more effective for the topical treatment of 
cutaneous herpes virus infections. 


Keyphrases 0 3’-O-Acyl derivatives of S’-amino-5’-deoxythymidine- 
synthesis. antiviral activity Prodrugs-potential, topical application. 3’- 
0-acyl derivatives of S’-amino-5’-deoxythymidine 


The 5’-amino analogue of thymidine (5’-N H2-TdR) has 
demonstrated potent antiviral activity against herpes simplex 
virus type 1 (HSV-I) in the complete absence of toxicity to the 
uninfected host Vero cells in culture (1,2). This compound was 
therapeutically effective in the topical therapy of herpetic 
keratouveitis in rabbits, and systemic administration into the 
neonatal mouse revealed no adverse effect in vivo or by the 
histopathological examination (3). Chen et al. (4) have re- 
cently found that 5-NH2-TdR was a substrate for the HSV- 
1-encoded thymidine kinase but was not a substrate for the 
cellular thymidine kinase. The complete lack of toxicity of 
5’-NH2-TdR to the uninfected Vero cells is probably due to 
the lack of the herpes simplex virus-induced thymidine kinase 
which is required for activation (4, 5). 


Recently, Baker et al. ( 6 )  have reported the synthesis of a 
series of 5’-0-acyl derivatives of 9-P-~-arabinofuranosylad- 
enine (vidarabine, ara-A). These compounds were designed 
as prodrugs for vidarabine and have demonstrated better l i -  
pophilicity, and thus, thc potential for improved membrane 
transport over vidarabine. Among these compounds, the 5’- 
0-valeryl derivative has shown a marked increase in both li- 
pophilicity and antiviral activity compared with that of 
vidara bine. 


Recently, Hettinger et al. (7) have reported that both 5 -  
iodo-2’-deoxyuridine (idoxuridine, IUdR) and 5-iodo-3’,5’- 
di-O-acetyl-2’-deoxyuridine (Ac2l DU), an 0-acetyl derivative 


of IUdR, were effective against keratitis. However, AczlDU 
was significantly more effective than the placebo 1 d sooner 
than was idoxuridine. The greater lipid solubility of the 
AczlDU that resulted in greater epithelial penetration could 
account for this difference. Based on these findings, a series 
of 3’-O-acyl derivatives of Y-NHz-TdR has been synthesized. 
Preliminary studies indicated that all these compounds retain 
the same degree of antiviral activity in comparison with the 
parent compound, except the 3’-O-tert-butylacetyI and 3’- 
0-benzoyl esters, lIIi and I l l j ,  which were found to be less 
active. The lipophilicities of these derivatives increased 


OH 
I 


0 
II 


R-C-Cl 
pylidine 
- 


I 
0-C-R a 6-C-R a 


IIa-i IIIa-j 
IIa, IIIa R = CHJ 
IIh,IIIbR =CHzCH3 
IIc, IIIc R = (CH2)2CHs 
IId, IIId R = (CHdsCH3 
IIe,IIIe R = (CH&CH3 


Scheme I 
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l a b l e  I-Phwical I h t a  for 5‘-0-Acvl Derivatives of Sf-Amino-5’-deoxvthvmidine 


Compound 
Solubility, 
mg/mLU 


c Value 
Buffer” 1 -0ctanol‘ 


Part i t  ion 
Coefficient 


( P ) J  log P 


5’-N I i2-Td K 
IIla 
l l lb  
I l lc  
l l ld  
Ille 
I l l f  
l l lg  
l l l h  
Illi 
I I l i  


51.5 
339. I 
88.8 


433.7 
17.2 
6.9 


2X.7 
131.1 
174.7 
407.8 


3.0 


10,146 
9.630 
9,504 
8.884 
9.629 
9.546 
8,622 


8.953 
8,994 


11.293 


11.996 


7674 0.00886 -2.05 
897 I 0.03 19 - I  .49 
8154 0.0323 - 1.49 
8347 0.0645 -1.19 
9036 0.268 -0.51 
9053 0304 -0.29 
8797 1 3 7  0.27 
9674 2.21 0.34 
7683 0. I48 -0.83 
8742 0.333 -0.48 
8861 0.357 -0.45 


” Determined in 0.1 M phosphate buffer (p l l  7.0). .4t A,,, 265 i n  0.1 M phosphate buffer ( p H  7.0). AI h,,, 265 in I-octanol. P = [soIuteJ,.,l,.ol/[solutelpho,phatc h,fcr. 


markedly with the increase of the carbon-chain length, the 
3’-O-octanoyl ester lllg showing the highest lipophilicity. 
Because of their increased lipophilicity, these prodrugs might 
penetrate the biological membranes and the lipoidal stratum 
corneum more readily (8) ,  and therefore, would be more 
suitable and effective for topical application for treatment of 
cutaneous virus infections. 


RFSULTS AND DISCUSSION 


Chemistry- -A series of 3’-O-acyl derivatives of 5’-amino-5’-deoxythymidine 
(5’-NH2-TdR) with various chain lengths (Illa-i) and aromatic substituents 
( I l l j )  were synthesized as outlined in Scheme 1. Treatment of 5’-azido-5’- 
deoxythymidine ( I )  (2) with the corresponding acyl chloride in pyridine at 
4OC for 24 h gave the 5’-azido-3’-O-acyl cornpounds lla-j. Catalytic (10% 
palladium on charcoal) hydrogenation of Ila-j in  EtOH afforded the desired 
5’-amino-3’-O-acyl derivatives llla-j. These compounds were characterized 
by IH-NMR spectroscopy and elemental analysis. The ‘H-NMR spectra 
(MezSO-d6) showed a downfield shift for the 3’methinyl protons in all of these 
compounds in comparison with 5‘-amino-5’-deoxjthymidine, except the highly 
branched 3’-O-terf-butylacetyI ester Illi. The downfield shift probably is 
caused by the deshielding effect of the 3’-0-acyl function. The C- I’, C-2’. C-4‘. 
and (2-5’ protons in the sugar moiety, and the C-6 proton in the pyrimidine 
base ring in IJli, shifted upfield relative to that of the parent compound. This 


Table 11-Effect of Various 5’-Amino-3’-O-acSl-thymidine Derivatives on 
the Replication of Herpes Simplex Virus Type 1 and Vero Cells In Vitro” 


Percen t Inhibition 
Compound R Conc.. p M  HSV-I Vero Cells 


Illa CtI3 400 
l l l b  CIIlCH3 400 
Illc C H ~ C H ~ C I I I  400 
Illd C I I ~ ( C H ~ ) Z C H ~  400 
Ille C H ~ ( C H ~ ) , C H J  200 


400 
I l l f  CIi?(CHz)dCH, 400 
l l lg  Ct12(Cl12)sCH, 200 
l l l h  CH(Ct13)2 400 
I l l i  C(CH3)3 400 
I l l j  C6H5 400 
5’-  Am i no-5- I00 


400 
dcoxythymidine 


95 None 
97 Kone 
97 20 
98 I9 
99 None 
99.6 25 
99.2 h6 
96 83 
96 40 
19 
62 
92 None 


99 None 


“ A\sayc were carried out in triplicate with appropriate controlh. V i m  titer in absence 
olcoinpound was 2.1 X lo7 pfu. 


upfield shift appears to be the result of the shielding effect exerted by the highly 
branched rert-butylacetyl substituent in the 3’-O-acyl group. 


The water solubility and partition coefficient (P) of Illa-j were determined 
by UV spectroscopy (6 ,9 ,  10). and the data are  summarized in Table 1. The 
aqueous solubilities of the short-chain (R = 1-3 carbons) esters, Illa-c, in- 
crease 6-, I .5-, and 7.5-fold. respectively, over that of the parent compound, 
5’-amino-5’-deoxythymidine (5’-NHz-TdR). As the carbon-chain length 
increases to five-seven carbon atoms (llld-f), the aqueous solub 
crease. In this series. the 3’-0-hexanoyl derivative IIle is the least soluble in 
water, with a solubility of 6.9 mg/mL. Unexpectedly, the water solubility of 
the eight-carbon chain ester, Illg, increased to 131.1 mg/mL, which is -2 
times greater than that of the parent compound (57.5 mg/mL). Among these 
3’-O-acyl derivatives, the 3’-O-butyryl ester l l lc  and the 3’-0-benzoyl ester 
l l l j  possess the highest and the lowest water solubilities, with values of 433.7 
mg/mL and 3.0 mg/mL. respectively. The highly branched 3’-O-ferf-butyl- 
acetyl ester Illi, has the second highest water solubility (407.8 mg/mL). 


The lipophilicities of these 3’-0-acyl derivatives (Illa-j) were determined 
uiu a I-octanol-water (0.1 M phosphate buffer) distribution measured in terms 
of partition coefficient (P). As expected, the lipophilicities of these compounds 
increase commensurately with the increase of the carbon-chain length. The 
3’-O-octanoyl ester l l lg  has the greatest lipophilicity, as  reflected by the P 
value which approaches 2.21. Compound I I l g  was found to be -250 times 
more lipid soluble than the parent compound (5’-NHl-TdR, P = 0.00886). 
The highly branched 3’-0-ferf-butylacetyI and the aromatic substituted 3’- 
0-benzoyl derivatives, IIli and Illj, are also quite lipid soluble, with P values 
of 0.333 and 0.357, respectively. 


Biological Activity-The antiviral activity of these compounds against 
herpes simplex virus type I (HSV-I) was determined. The effect of these 
compounds on the replication of the uninfected host Vero cells was also in-  
vestigated. The results are listed in Table II. At 400 pM,  Illa-h show sig- 
nificant antiviral activity by inhibition of the formation of infcctious HSV-I 
virions. the inhibition ranging from 95% for IIla to 99% for Ille. The aromatic 
substituted 3’-0-benzoyl derivative l l l j  is less active than the aliphatic 
straight-chain esters, and the highly branched rert-butylacetyl ester I l l i  
demonstrates little antiviral activity. 


All compounds, except the long-chain esters l l l fand Illg, show little or no 
cytotoxicity to the host Vero cells at the test concentrations. However, I I I f  
and lllg were found to be somewhat cytotoxic against the Vero cells at 400 
and 2 0 0 ~ M .  respectively. I t  is worthwhile toacknowledge that among these 
compounds the valeryl ester l l ld  and the hexanoyl ester Ilk have shown 
significant antiviral activity and favorable lipophilicity with no apparent 
cytotoxieity to the host. 


EXPERIMENT4L SECTION’ 


General Procedure for the Synthesis of Illa-j-Compound I (10.0 g. 0.037 
mol) was dissolved in 100 mL of pyridine at room temperature. The solution 
was cooled in an ice-bath. and. with stirring, 0.045 mol of the appropriate acyl 
chloride was added dropwise oio an addition funnel. The mixture was stirred 
at  4OC for 24 h, and then 8 mL of water was added. The solvent was evapo- 
rated under reduced pressure below 30OC. The glassy residue was dissolved 


’ Melting points were taken on a Thomas-Hoover Unimelt apparatus and are not 
corrected. The thin-layer chromatography was pcrformcd on E M  Silica gel 60 F254sheets 
(0.2 mm). The U V  spectra were recorded on a Reckman-?S spectropholometer, and the 
NMR spectra were taken on a Varian T-60 spectrometer at  60 MHz. using .Me4Si as 
internal reference. The elemental analyses were carried out by Baron Consulting Co., 
Analytical Services, Orange, Conn. Where analyscs arc indicated only by symbols of 
the elements. the analytical results obtained for those elements were within *0.4% of 
the theoretical values. 
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Table 111-Characteristics of S’-O-Acvl Derivatives of S’-Amino-S‘-deoxvthvmidine 


Compound Formula“ Description Yield, % b  
Melting 


Point. OC 
~~ 


l l la  
l l lb  
l l lc  
llld 
l l le  
lllf 
lllg 
lllh 
IIli 
llli  


white powder 
white powder 
white powder 
white powder 
white powder 
white powder 
white needles 
white needles 
white needles 
white needles 


62 
32 
30 
36 
28 
29 
22 
20 
25 
22 


137-138 
141-142 
228-231 (dec.) . .  
162-163 
210-215 (dec.) 
213-214 (dec.) 
220-221 (dec.) 
240-242 (dec.) 
235-236 (dec.) 
234-235 Idec.) 


~ ~~ 


All cornpounds were analyzed for C .  H. and N: all values were within f0.41 of the theoretical value. Yield calculations are based on 5’-azido-5’-deoxythymidine ( I ) .  


in 200 mLof CHCl3 and the organic phase was washed with H 2 0 ,  saturated 
NaHCOl solution. and H2O. The solution was then clarified with amorphous 
carbon2, filtered, and dried over anhydrous MgS04. The solvent was removed 
under reduced pressure to give the corresponding 5’-azidc-3’-O-acyl derivatives 
IIa-j. 


Solutions of Ila-j in 100 m L  of EtOH were hydrogenated at 50 psi at room 
temperature in the presence of 10% palladium on charcoal (0.5 g) for 2 h. After 
filtration. the filtrates were concentrated to afford glassy residues which were 
crystallized from EtOH-EtzO to give the 5’-amino-3’-O-acyl derivatives 
Ma-j .  Thc physical data of these compounds are listed in Tables 1 and 111. 


Determination of Solubility for IIIa-j -Each compound (10 mg) was stirred 
overnight at room temperature (21OC) in 10 mL of0.l M phosphate buffer. 
Excess compound was removed by filtration through a sintered glass funnel, 
and the Concentration of the solute was determined by UV spectroscopy using 
the epsilon (0 value. which was previously determined in the phosphate 
buffer. 


Determination of Partition Coefficients for Illa-j-Solutions (10 mL) of 
each compound in 0.1 M phosphate buffer having a UV absorbance of 1.0-1.7 
of the A,,, were vigorously stirred at room temperature (21 “C) for 2 h with 
10 mL of I -octanol. The solutions were thcn transferred to a 60-mL separatory 
funnel. and the layers were separated. The concentration of the solutes in 
aqueous phosphate buffer and in 1 -octanol at equilibrium were determined 
by the UV spectroscopic technique, and the partition coefficient of each 
compound was calculated as P = [solute] I.octano~/[~~lute]waler. 
‘H-NMR Data (Me2SO-ds)-5‘-Amino-S’-deoxyrhyrnidine--d 1.80 (s, 


3, 5-CH3). 2.1 5 (t.2,2’-H), 2.77 (br d, 2.5‘-H), 3.70 (m, 1,4’-H), 4.25 (m, 
I ,  3’-H), 4.78 (br s, 2, 5’-NH2, D20 exchangeable), 6.17 (t, I .  J13.2, = 7 Hz, 
1’-H), and 7.62 ppm (s, I ,  6-H). 


Compound IIIa--6 1.80 (s, 3, S-CH3). 2.1 1 (s, 3, COCHs), 2.21-2.53 (m, 
2. 2’-H), 2.83 (br d, 2, 5’-H), 3.88 (m. I ,  4’-H). 4.63 (br s, 2, 5’-NH2, D2O 
exchangeable), 5.26 (m, I, 3’-H), 6.18 (t, I ,  J I , , ~ ,  = 7 Hz, 1’-H), and 7.78 ppm 


Compound tttb--b 1.02 (t, 3. C-CHI), I .79 (s, 3.5-CHl). 2.02-2.62 (m. 
4,2’-H and -COCH2-C), 2.77 (br d, 2, 5’-H), 3.82 (m, 1,4’-H), 4.59 (br s, 
2, 5’-NH2, D20 exchangeable), 5.22 (m, I ,  3’-H), 6.12 (1, I ,  J l r . 2 ,  = 7 Hz, 
1’-H). and 7.72 ppm (s. 1. 6-H). 


Compound Ittc--d 0.92 (t, 3, C-CH,), 1.62 (m, 2, C-CH2-C), I .82 (s, 
3.5-CH3).2.11-2.61 (m,4,2’-Hand-COCH2-C),3.12(brd,2,5’-H),4.16 
(m. 1,4’-H), 5.21 (m, I ,  3’-H), 6.16 (t. l.J1?,2, = 7 Hz, l’-H),7.68 (s, I ,  6-H), 
and 8.48 ppm (br s, 2, 5’-NH2, D2O exchangeable). 


Compound IIId--6 0.95 (m, 3, C-CH3). 1.10-1.70 [m, 4, C-(CH&-C], 
1.80 (s, 3,5-CH3), 2.38 (1.4, 2’-H and -COCH2-C), 3.14 (br d, 2,5’-H). 4.12 
(m, I .  4’-H), 5.19 (m, I ,  3’-H), 6.1 I (t, I ,  J1r.z = 7 Hz, 1’-H), 7.68 (s, I ,  6-H), 
and 7.90 ppm (br s, 2, Y-NHz. DzO exchangeable). 


Compoundtt/e--60.90(m, 3,C-CH3), 1.04-1.59 [m,6,C-(CH2)3-C], 
1.74 (s.3, S-CH,). 2.32 (m.4, 2’-H and -COCH2-C), 2.80(br d, 2, 5’-H), 
3.84 (m. I .  4‘-H). 4.61 (brs, 2, 5’-NH2, D20 exchangeable), 5.20 (m, I ,  3’-H), 
6.10 ( t ,  I ,  J I , . ~ ,  = 7 Hz, I’-H). and 7.70 ppm (s, I ,  6-H). 


CompoundItlf--60.90 (m, 3, C-CHI). 1.10-1.68 [m. 8,C-(CH2)4-C], 
I.XO(s,3,5-CH3),2.39(brt,4,2’-Hand -COCH*-C),3.2O(brd,2.5’-H), 
4.20 (m, I ,  4’-H), 5.26 (m, I ,  3’-H). 6.09 (t. I ,  J1,.2, = 6.5 Hz, 1’-H), 7.79 (s. 
I .  6-H), and 8.59 ppm (br s, 2, 5’-NH2, DzO exchangeable). 


Compound ffIg--60.88 (m. 3.C-CHl). 1.02-1.68 [m. IO,C-(CH2)s-C], 
1.80 (s, 3.5-CH3). 2.34(br t, 4.2’-H and -COCH2-C). 3.18 (brd ,  2,5’-H), 
4.16(m,1,3’-H),5.22(m,1,3’-H),6.13(t,l,J,~~~=7.5Hz,l‘-H),7.72(s, 
I ,  6-H), and 8.52 ppm (br s. 2, 5’-h’H2. D2O exchangeable). 


Compound Itlh--b 1.05 (s, 3, C-CH3), 1.17 (s, 3, C-CHI), 1.83 (s, 3, 
5-CH1),2.25-3.85(m,3,2’-Hand-COCH~),3.17(brd,2,5’-H),4.18(m, 


(s, 1,6-H). 


1,4’-H),5.20(m, 1,3’-H),6.12(t, 1,J1,.z=6.5Hz1 I’-H),7.70(s, 1,6-H), 
and 8.55 ppm (br s, 2, 5’-NH2, D20 exchangeable). 


Compound Itti--6 0.82 [s, 9, C-(CH3)]], 1.26 (s, 3, 5-CH3), 1.02- 1.70 
(m, 4,2’-H and -COCH2-C, overlapping with 5-CHI), 2.20 (br d, 2.5‘-H). 
3.20 (m, I ,  4’-H), 4.22 (m. I ,  3’-H), 5.18 (t. 1.J1t.y = 7 Hz, l’-H), 6.72 (s, 
1.6-H), and 7.48 ppm (br s, 2, 5’-NH2, D2O exchangeable). 


CompoundIIIj--6 1.84 (s, 3.5-CH]), 2.55 (m, 2.2‘-H). 3.32 (m, 2.5‘-H), 
4.40 (m, 1,4’-H). 5.52 (m5 I ,  3‘-H), 6.30 (1. I ,  J I , J  = 7 Hz, 1’-H), 7.32-8.20 
(m. 6, 6-H and --C6H5), and 8.42 ppm (br s, 2, 5’-NH2, DzO exchange- 
able). 


Biological Test Procedures-The antiviral activities of various compounds 
listed in Table I were determined. Vero cells were grown to confluency in 
25-cm2 flasks using Dulbecco’s medium supplemented with IWo fetal calf 
serum. The cells were then infected with Herpes simplex virus type 1 (CL- 
IOI)] at a multiplicity of infection (MOI) of 20. After a 1-h absorption period 
at 37OC, the viral inoculum was removed. and the flask was washed once with 
phosphate-buffered saline. The test compounds indicated in Table I were 
dissolved in Dulbecco’s medium supplemented with serum and then added 
to the flask. The infected cultures were incubated at  37OC for 40 hand then 
frozen until virus titrations were performed. Virus was released by freezing 
and thawing the media-cell suspension one time. The cell lysates were diluted 
directly, and the virus yield was assayed by plaque formation on Vero cells. 
The number of plaque-forming units (pfu) of virus in the drug-treated cultures 
relative to that found in thc drug-free condition was determind and expressed 
as percent inhibition in Table 111. 


The cytotoxicity of the various test compounds on the uninfected host Vero 
cells wasdetermined (Table 111). Verocells in Dulbecco’s medium (2.5 mL) 
supplemented with 10% fetal calf serum were added to eight 25-cm2 flasks 
a t  a concentration equivalent to 0.1 confluency for each compound under 
assay. After incubation at 37OC in 5% C02-95% air for 1 d. the test wmpound, 
dissolved in 2.5 mL of the above growth medium, was added and two flasks 
were harvested immediately by decanting the medium, washing once with 5 
mL of buffered saline, and then incubating at 37OC for 15  min with a 5-mL 
solution of trypsin (0.125%) and EDTA (0.02%). The cells dislodged from 
the flask by this latter procedure were generally in clumps and were dispersed 
by repeatcd forceful pipetting of the suspension against the surface of the flask. 
To I mL of the well-dispersed cell suspension, 0.2 m L  of trypan blue solution 
was added, and the number of cells was counted using a hemocytometer. Each 
day for the next 3 d ,  two of the remaining flasks were harvested in the afore- 
mentioned manner for determination of cell number. 
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Abstract 0 A cartridge serum and urine extraction procedure of the &a- 
drenergic antagonist, nadolol, employing a cross-linked styrene-divinyl 
benzene macroreticular resin is described. Samples were analyzed as  the si- 
lylated derivative by gas chromatography-mass spectrometry (GC-MS) using 
selected-ion monitoring. Wien  nadolol was orally coadministered with its 
deuterated analogue, relative bioavailability could be demonstrated with six 
or fewer subjects. Employing a base-deactivated G C  phase, the limit of de- 
tection is 1 ng and 0.5 ng/mL of serum for nadolol and the deuterated ana- 
logue, respectively. For levels of <I0 ng/mL. the respective coefficients of 
variation are 4 and 2%. For concentrations of > 10 ng/rnL, the CV is I %  for 
nadolol and nadolol-dg. 


Keyphrases 0 Nadolol-human serum and urine, GC-MS, selected-ion 
monitoring, nadolol-d9 GC-MS-selected-ion monitoring. nadolol, human 
serum and urine, nadolol-dg 


Nadolol ( I )  is a nonselective P-adrenergic antagonist rec- 
ommended for the treatment of hypertension and angina 
pectoris,( 1,2). Dreyfuss et al. have determined bioavailability 
parameters of orally and intravenously administered [ I4C]- 
nadolo\(3,4) in mildly hypertensive humans. Nadolol is par- 
tially and variably absorbed ( I ) ,  like other /3 blockers, but it 
is eliminated without metabolism. With oral administration, 
the pharmacokinetic profile of nadolol is described by an open 
two-compartment model with respective absorption, distri- 
bution, and elimination half-livcs of -1, 1.5, and 17 h (3, 
4). 


A gas chromatography-selected-ion monitoring mass 
spectrometry (GC-SJM MS) determination of nadolol serum 
levels was previously reported (5). Carlin et al. ( 6 )  have re- 
cently presented an elegant application of GC-SIM MS to the 
measurement of low levels of the P-blocker timolol and Its 


O R  R' 


R 


Nadolol I H 
Deuterated nadolol II H 
Internal reference 111 H 


- 


I V  Si(CH3)3 
V Si(CH3)3 
VI Si(CH3)3 


deuterated analogue in a coadministration bioavailability 
evaluation. Coadministration bioavailability studies for other 
drug types have been reported by Strong et af. (7),  Wolen et 
af. (8), d'A. Heck et al. (S), Walle and Walle (lo), Alkalay 
el al. (1 l ) ,  Murphy an4Sullivan ( 1  2), and most recently by 
Cohen et al. (1 3). The extraction and isolation procedure (5) 
has been simplified for more effective sample processing by 
GC-SIM MS (1  3) .  The bioavailability of two 80-mg formu- 
lations of nadolol ( I )  given to six subjects, administered either 
as a tablet or solution along with a concomitant 80-mg solution 
of nonadeuterated nadolol ( I  I )  is presented. 


EXPERIMENTAL SECTION 


Reagents-Nadolol ( I ) '  and its N-methyl derivative (111)' were charac- 
terized. pharmaceutical-grade materials ( 14). The structures and purity were 
confirmed by elemental analyses, 'H-NMR, and M S  ( I  5) and by GC-MS 
after silylation. The nonadeuterated nadolol (11) was prepared from the 
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Figure 1-El-SIM of a iypical processed .serum extract containing 133.83.4, 
and 250 ng/mL of I .  11. and 111. respeciicely. measured as their trimeth- 
ylsilylated derivatives. I V ,  V ,  and VI .  


I Nadolol (CAS 42200-33-9). N-melhyl derivative (CAS 67247-47-6); E. R. Squibb 
& Sons. Princeton, N.J. Deuterium-labeled ferf-butylamine; Merck. Sharp and Dohme 
of Canada. 
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Humans 


RAYMOND MILLER 
Received March 4, 1983, from the Department of Pharmacology, Universiiy of Poichefstroom for CHE,  Potchefstroom 2520, South 
Africa. 
X54001, Durban 40oO, South Africa. 


Accepted for publication October 5, 1983. Present address: Department of Pharmacology, University of Durban-Westville. Private Bag 


Abstract 0 Ranitidine produces a blood concentration curve with a pro- 
nounced secondary peak when administered orally and parenterally. A 
pharmacdcinetic model is proposed to describe this reabsorption phenomenon. 
The choice of a discontinuous cyclic transfer was justified on the basis of 
physiological considerations and the good agreement with data from oral and 
intravenous administration. It is proposed that ranitidine accumulates mainly 
from the systemic circulation into a depot from which drug and bioreversible 
drug #re spontaneously released in  response to food intake. The evaluation 
of the extent of the first-pass effect and the evaluation of bioequivalency are 
complicated by the model-independent AUC approach because the area under 
the Concentration uersus time curve (AUC) is dependent on the extent of re- 
cycling and thus does not properly reflect the extent of primary absorption. 
By using intravenous administration as a reference dosage form and the in-  
tegrated form of the regression equations to calculate the AUC values, the 
bioavailability of the oral dose was found to be 0.56, which corresponds well 
with the value of 0.58 obtained by linear-loglinear integration. The least- 
squares parameter estimate of the primary absorption is 0.43. 


Keypbrnses 0 Pharmacokinetics-bioavailability, ranitidine, humans 0 
Bioavailability-pharmacokinetics of ranitidine, humans 0 Ranitidine- 
pharmacokinetics, bioavailability, humans 


Evidence suggests that ranitidine, a new H2-receptor an- 
tagonist, is a t  least five times more potent (on a molar basis) 
than cimetidine in inhibiting gastric acid secretion (1-3). 
Ranitidine shows unusual pharmacokinetic behavior by pro- 
ducing a significant secondary peak in the drug concentration 
profile after both oral dosing on a fasting stomach and intra- 
venous administration (4). Cimetidine displays similar phar- 
macokinetic behavior after oral dosing on a fasting stomach 
but not after intravenous administration (5-7). Previous 
workers have concluded that a model requiring two exponential 
terms did not adequately describe ranitidine plasma level data 
after oral or intravenous administration (4). It is the purpose 
of this study to evaluate the pharmacokinetics of ranitidine 
with the data of Woodings et al. (4)'. It is proposed that ran- 
itidine pharmacokinetics can be described by a two-com- 
partment model and that the secondary peaks observed in the 
plasma level data can be described best in terms of discontin- 
uous reabsorption. 


EXPERIMENTAL SECTION 


Theory--The proposed model (Scheme I) encompasses the kinetics of 
ranitidine after oral and intravenous administration (8). After oral adminis- q-$p h>i" h 


Scheme I 


I Glaxo-Allenbury's Research (Ware) Ltd., personal communication. 


tration, the drug is presented into the gut, the absorption compartment (G), 
from which a fraction (Fcl) of the dose (D)  is absorbed by a first-order process 
into the central compartment (1) from which samples may beobtained. The 
remaining fraction ( I  - FGI) of the drug passes into compartment B in the 
first-pass transfer process. No assumptions are made about the type of transfer 
process from G to B because the kinetic behavior of the system does not depend 
on the rate of input into B but only on the amount of drug in Bat  the time that 
recycling takes place. At this time (re), a fraction ( F B )  of thedrug accumu- 
lated in B is spontaneously released into the absorption compartment. The 
drug is eliminated from the central compartment and transferred into com- 
partment B and a peripheral compartment (2) by first-order processes. After 
intravenous administration, the same model applies, except that the input is 
a bolus input into the central compartment. 


The choice of a discontinuous cyclic transfer process in the model is based 
on theoretical as  well as simulation studies, which indicate that secondary 
peaks cannot be obtained from linear compartmental systems with continuous 
cyclic transfer processes (9, 10). 


Data Treatment-By using the nonlinear regression program NONLIN 
( I  I ) ,  the equations describing this model (8) were fitted simultaneously by 
nonlinear least-squares regression to the intravenous and oral data for each 
of the six subjects at each dosage level. The data set for subjecr 1 (dose, 80 mg) 
was excluded from analysis since intravenous data were not available. The 
blood sample obtained 2 min after intravenous administration was excluded 
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Figure 1-Simultaneous least-squares f i t  of appropriate equaiions (8)Jor 
the pharmacokinetic model (Scheme I) to ranitidine data from oral (-) 
and intravenous (- - -) administrations of 20 mg of ranitidine. 
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Table I-Least-Squares Parameter Estimates 


400 


300 


200 '  


Parameter l(20) l(40) 2(20) 2(40) 


SUaXCT 2 
.I 
.I 
. l  300 I 
l 2001 t < 
\ -  


0.40 0.98 0.00 0.00 
2.61 3.90 4.80 2,'12 
2.91 3.00 1.93 3.98 
2.44 1.76 1.82 0.64 
4.45 6.01 5.82 2.95 
1.62 2.13 2.31 1.57 
3.49 1.40 1.68 2.14 
3.45 2.57 2.99 2.16 
0.43 0.40 0.23 0.77 
0.06 0.23 0.29 0.25 
0.13 0.25 0.28 0.27 


16.8 19.2 12.9 29.2 


WO) 


0.00 
3.8 1 
I .49 
1 .M) 
4.29 
1.18 
4.8 I 
2.90 
0.16 
0.04 
0.20 


- 


12.9 


3(20) 3(40) 3(80) 


0.31 0.38 0.40 
3.82 3.03 1.30 
2.94 2.67 2.03 
0.65 0.52 0.33 
5.54 8.88 2.93 
2.18 1.53 2.22 
2.56 1.65 11.32 
3.09 3.22 2.57 


11.5 8.9 20.1 


Subject (Dose, mg) 


4(20) 4(40) 4(80) 5(20) 5(40) 5(80) 6(20) 6(40) 6(80) 


0.97 0.33 0.41 0.81 0.00 0.00 0.27 0.00 0.49 
4.27 0.52 1.36 1.46 1.55 3.95 0.37 1.92 0.50 
2.93 1.32 1.48 2.98 1.26 1.45 2.96 2.88 2.86 
2.45 0.59 0.38 0.56 0.95 2.99 0.61 0.35 0.38 
3.54 18.75 5.70 4.22 2.07 5.89 8.13 3.17 6.66 
1.35 2.89 4.12 4.63 1.58 1.91 1.37 1.21 2.58 
0.92 21.46 14.62 11.94 3.70 4.30 0.20 20.30 13.31 
1.80 11.10 4.28 2.24 1.09 2.02 2.91 3.01 3.25 
0.38 0.28 0.65 0.93 0.42 0.32 0.39 0.33 0.62 


Mean CV,% 


0.34 98 
2.46 59 
2.42 33 
1.08 80 
5.82 65 
2.14 46 
7.05 99 
3.21 67 
0.43 46 0.36 0.26 0.42 . - 


0.33 0.21 0.16 0.19 0.25 0.63 0.10 0.54 0.21 0.55 0.29 0.26 0.29 53 
16.4 3.3 11.7 22.4 36.2 22.0 13.6 20.2 18.4 17.4 44 


0.25 0.27 0.20 0.08 0.G 0 . i ~  0.12 o.oi 0.17 0.01 0.04 0.39 0.18 71 


from data analysis since at this time the drug was apparently not completely 
mixed in the blood. The intravenous data were, therefore, treated as a bolus 
administration with plasma concentrat/ons obtained after 5 min. 


RESULTS 


All estimated microparameters are common for the functions describing 
the intravenous and oral data except for the time ~g and the fraction FBI of 
drug release from B (Table I). The results are summarized in Tables I and 
I 1  and Figs. 1-3. The conventional two-compartment model ( I  2) fitted to the 
data in the same way as described above performed consistently poorer, as 
judged by the information criterion of Akaike (1 3). 


The secondary peak in the plasma concentration-time curves after raniti- 
dine administration (Figs. 1-3) appears to be due to a rapid release of rani- 
tidine from a drug depot. The bile and hepatic parenchymal tissues are the 
most likely primary storage areas (14-16). The time for the release appears 
to coincide with the intakeof food in most cases and is intermediate between 
the time when free fluids were permitted, 2 h after apministration of ranitidine. 
and the time when a light lunch was provided, 3 h after administration'. The 
mean value of t g  after intravenous administration is 2.5 h, and after oral ad- 
ministration is 2.4 h (Table I). 


The transfer of drug into the depot occurs after both oral and intravenous 
administration of ranitidine since a pronounced secondary peak can be ob- 
served after either form of administration. Cimetidine, on the other hand, 
shows a pronounced secondary peak only after oral administration (5-7). The 
transfer rate of cimetidine into the depot from the systemic circulation is slow 
compared with the first-pass transfer (8). The transfer of ranitidine into the 
depot, however, appears to be mainly from the systemic circulation. The mean 
transfer of ranitidine from the systemiccirculation into the depot is 7.05 h-' 
(Table I), which is 19 times more rapid than that of cimetidine (0.37 h-l), 
as  determined in a different group of subjects using the same model as in 
Scheme I (8). The area under the concentration versus time curve (AUC) 
due to ranitidine recycling was calculated by integrating the second half of 
the regression equations (8). The mean AUC due to recycling, normalized 
for dose, after intravenous and oral administration is 5.33 ng.mL-i-h-l.mg-' 
(CV 86%) and 6.03 ng.mL-l.h-l.mg-l (CV, 44%), respectively. The larger 
AUC after oral administration may indicate that a certain amount of raniti- 
dine is transferred to the depot during the first-pass transfer. The difference, 
however, is not statistically significant. 


DISCUSSION 


The pharmacokinetic model proposed (Scheme I) is a highly simplified 
functional model constructed according to the given interpretation. The B 
compartment represents the depot of the drug that is partly released, (FB) at 
some time ( t g )  soon after or during a meal or spontaneously before a meal. 
Spontaneous contractions of the gallbladder have been shown to occur in the 
fasting stage (17). The secondary peak in the plasma concentration-time 
curves after ranitidine administration (Figs. 1-3) could be explained by en- 
terohepatic circulation of ranitidine. but no information with respect to con- 
centrations of ranitidine in bile is presently available in humans. Biliary ac- 
cumulation studies in anesthetized rats showed that, in this species, up to 17% 
of an intravenous dose was excreted in the bile during4-5 h (14). The model 
appears to agree well with the data (Figs. 1-3) and shows that the transfer 
of the drug into compartment B from systemic circulation (1 to B) is primarily 
responsible for the accumulation of the drug in B, whereas the transfer of the 
drug into B in the first pass (G to B) only plays a minor role (Figs. 1-3, Table 
I) .  Secondary peaks are evident but not pronounced if ranitidine is taken with 
food (18). The excretion of bile in response to food may play a role if  the 
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Figure 2-Simultaneus least-squaresfit of appropriate equations (8) for the 
pharmacokineteic model (Scheme I)  to ranitidine data from oral (-)and 
intravenous ( -  - -) a2ministrations of40 mg of ranitidine. 
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Table 11-Phamncokinetic Parameters 


Subject (Dose, mg) 


Parameter I(20) l(40) 2(20) 2(40) 2(80) 3(20) 3(40) 3(80) 4(20) 4(40) 4(80) 5(20) 5(40) 5(80) 6(20) 6(40) 6(80) MeanCV,% 
~~~ ~~ 


1112. h 1 . 1  1.29 1.05 1.26 1.61 1.05 1.87 0.83 1.82 0.69 0.50 0.67 1.73 1.69 2.1 1.3 0.98 1.27 37 
Vdm L 63.2 73.7 45.5 84.0 59.7 40.7 60.4 46.5 59.6 24.7 27.8 42.7 83.7 89.9 94.2 73.1 66.0 60.9 34 
AUC (i.v.), n p h  mL 361.6 897.5 598.9 763.5 2274.7 674.6 1538.6 2608.6 701.0 1591.4 2267.7 610.1 1030.1 2332.6 505.7 782.6 2323.0 - c  - c  


AUC (po)* ngh/mL 188.8 471.8 243.8 627.3 747.6 358.6 603.8 907.8 353.8 548.2 1686.2 478.9 948.0 948.6 369.8 543.8 1305.4 - c  - c  
D (i.v.)/AUC (I.v.), L/h 55.3 44.6 33.4 52.4 35.2 29.6 26.0 30.7 28.5 25.1 35.2 32.8 38.8 34.3 39.5 51.1 34.4 36.9 25 
I) (i .v.\ /AIIC.. l , / l .a  9 . 1  49.6 38.7 63.2 37.3 35.4 28.6 51.4 29.5 36.6 53.9 50.0 39.4 44.5 39.6 60.7 59.9 45.7 24 
O,j'AucjpOj','i/hb 58.2 4 9 5  58.5 62.9 37.4 35.1 2 8 1  5 1 . 8  2 9 3  36.1 54.2 49.6 39.2 44.7 39.6 60.4 60.2 45.6 25 
Vket. L/h 58.0 49.3 38.6 63.1 37.4 35.5 28.7 51.7 29.5 36.6 50.1 50.2 39.5 44.4 39.6 60.8 59.8 45.5 24 
AUCIcm\IAUC(i.v.) 0.52 0.53 0.41 0.82 0.33 0.53 0.39 0.35 0.50 0.34 0.74 0.78 0.92 0.41 0.73 0.69 0.56 0.56 33 
D , I D  i b i k  . ' 0.55 0.58 0.47 0.99 0.35 0.63 0.42 0.59 0.52 0.49 1.14 1.19 0.93 0.53 0.73 0.82 0.98 0.70 37 


~ ~~ ~~ ~ 


0 AUCl = AUC (Lv.) - AUCtn, where AUC,B, = area under curve resulting from recycling. * Dl - FD(p0) + FnD~(po) .  The mean value is only applicable if normalized 
for dose. 


during the elimination phase (20). However, sin= the computer program for 
the spline method is not generally available, the use of the linear trapezoidal 
method during the absorption phase and the log-linear trapezoidal method 
in the postabsorption phase is the most logical general approach. The l in-  
ear-log-linear trapezoidal combination has the advantage that it is simple to 
apply and yields very acceptable results (21). 


The AUC after intravenous and oral administration was calculated by the 
linear trapezoidal method for the ascending portions of the curve, whereas 
the log-linear trapezoidal method was used during the descending parts of the 
curve. The AUC was extrapolated to infinity by using the least-squares-fitted 
terminal log-linear slope. The model-independent bioavailability of 0.58 (CV 
35%) thus calculated corresponds very well to thevalue of 0.56 calculated from 
the model-dependent integrated form of the regression equations (Table 
11). 


It is evident that in the presence of recycling it is not possible to calculate 
FGI by a model-independent approach. With the present model, FGI can be 
determined by t h e  nonlinear least-squares regression to the intravenous and 
oral data. The mean value of 0.43 (Table I) corresponds well with the extent 
of cimetidine primary absorption of 0.45 (8). The AUC is still a useful pa- 
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Figure 3-Simultaneous least -squares f i t  of appropriate equations (8) for 
the pharmacokinetic model (Scheme I) to ranitidine data from oral (-) 
and intracenous ( -  - -) administrations of 80 mg of ranitidine. 


rameter since, physiologically and pharmacologically, it is a more meaningful 
parameter than one which measures the extent of primary absorption. The 
extent of recycled drug, however, plays a large and varying role in the deter- 
mination of total bioavailability. Those times at which accumulation of drug 
in the recycling compartment is mainly due to the first-pass effect the sec- 
ondary peak would usually be observed mainly after oral administration, as 
is the case for cimetidine (4). Bioavailability calculated by using the AUC 
after intravenous administration as a reference, therefore, varies, depending 
on the extent of recycling after intravenous and oral administration. F may 
appear to be smaller than FGI if recycling after intravenous administration 
is greater, similar to FGI if the extent of recycling is similar after intravenous 
and oral administration, and greater than Fol if the extent of recycling after 
oral administration is greater. This phenomenon can be illustrated by com- 
paring F (Table I I )  and FG, (Table I) in subject 5. After the 40-mg dose, the 
secondary peak was negligible after intravenous administration and relatively 
large after oral administration (Fig. 2). This is reflected by a relatively large 
%; of 0.92, as compared with the FGI of 0.42. After the 80-mg dose, the sec- 
ondary peaks appear to be equally large after intravenous and oral adminis- 
tration (Fig. 3). This is reflected by a value for Fof  0.41 which is still larger 
than but very similar to the FGl of 0.32. After the 20-mg dose, the secondary 
peaks after intravenous and oral administration are not very extensive and 
appear to be similar. The value of 0.78 for F, however, is now smaller than 
0.93 for FGI ,  which reflects more extensive recycling after intravenous ad- 
ministration. For ranitidine, F is generally larger than FGI, except for subject 
3 (80-mg dose), subject 5 (20-mg dose), and subject 6 (80-mg dose) in which 
the opposite is true (Tables 1 and 11). The bioavailability of ranitidine (0.56) 
is lower than that of cimetidine (0.61), although the extent of primary ab- 
sorption i s  very similar (8). This may simply be an artifact of the method of 
calculating bioavailability, since the greater AUC after intravenous admin- 
istration of ranitidine due to recycling may artificially reduce this value. 


Ranitidine clearance, calculated as the ratio of the dose to AUC after in- 
travenous administration, is 36.9 L/h (Table II), which is similar to cimetidine 
clearance, which is 35.5 L/h (8). If the AUC is corrected for recycling, the 
clearance of ranitidine is 45.7 L/h (Table 11). Recycling of ranitidine, 
therefore, apparently decreases the clearance of ranitidine by -20%. The lower 
clearance parameter is pharmacokinetically more meaningful and relates to 
the average plasma concentration attained with any particular dose. 


The major difference in the pharmacokinetics of ranitidine and cimetidine 
appears to be that recycled ranitidine is accumulated mainly from the systemic 
circulation, whereas accumulation of cimetidine takes place mainly during 
first-pass transfer. This may be. due to high affinity of ranitidine from the 
systemic circulation for bile. The secondary peak, however, does not seem to 
be present when cimetidine is taken orally with food (22). and the same phe- 
nomenon may occur after intravenous administration. The excretion of bile 
in response to food may play a role if the smaller amount of bile in the hepatic 
system reduces the uptake rate or capacity of the system. In  this case, ne- 
glecting to adhere strictly to the oral administration fasting protocol when 
administering the drug intravenously could result in  secondary peaks that are 
greatly reduced or absent. Under these circumstances, the assumption that 
cimetidine is accumulated mainly during the first-pass transfer would not be 
valid. To avoid any ambiguity, the identical protocol should be followed when 
the drug is administered extravascularly and intravascularly. In any event, 
this difference, whether real or spurious, would probably not account for the 
large diffcrence in potency. 


GLOSSARY 
AUC = J-0" Cdi 


B = drug depot compartment 
C = blood cimetidine concentration 
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D = dose 
D g  = XB + ( I  - Fci)D 
DT = F G ~ D  + FeDg,  the apparent amount of the dose absorbed 


F g  = fraction of drug accumulated in B that is released to G at  time 
F = AUC,/AUCiV, the apparent fraction of the dose absorbed 


t = t g  


central compartment 
FGI = fraction of D absorbed by first-order absorption into the 


1 - FGI = fraction of D transferred from G to B 


K z ~  = first-order transfer rate constants 
G = compartment from which absorption takes place 


t = time 
t L  = lag time 
t g  = time when a part ( F B D ~ )  of the drug accumulated in B is 


Vd = volume of distribution 
X B  = amount of drug transferred from compartment I to 


released to G 


compartment B a t  time t = t g  
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Dose-Dependent Pharmacokinetic Study of Pefloxacin, A 
New Antibacterial Agent, in Humans 
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Abstract 0 A dose-dependent pharmacokinetic study of pefloxacin was per- 
formed after four intravenous infusions and four orally administered doses. 
After intravenous infusion, the pharmacokinetic profiles of the plasma con- 
centrations showed a biphasic decline, with half-lives (mean f SD) of 8.55 
f 4.20 min and 1 1.50 f 1.75 h, respectively. Intravenous infusion and oral 
administration yielded similar results. The pharmacokinetic parameters re- 
mained constant in the dose range of 200-800 mg from the plasma and urine 
data. 


Keyphrases 0 Pharmacokinetics-dose-dependent, pefloxacin, new anti- 
bacterial agent 0 Pefloxacin-ncw antibacterial agent, dose-dependent 
pharmacokinetics 0 Antibacterial agent-dose-dependent pharmacokinetics 
of pcfloxacin 


Pefloxacin , 1 -ethyl-6-fluoro- 1,4-di hydro-7-( 4-met hyl- 
1 -piperazinyl)-4-oxo-3-quinolinecarboxylic acid (I), is a new 
antibacterial compound shown to be highly active against both 
Gram-negative and Gram-positive bacteria (1, 2). A large 
percentage (85%) of the drug administered is transformed into 
several metabolites, the IV-oxide, the demethyl, and the oxo- 
demethyl analogues (3). Since the pharmacokinetic data for 
this drug have not been reported in humans, a preliminary 


I Roger Bellon Laboralories. Alfortville, France 


study was performed to investigate the plasma and urine 
profiles of pefloxacin in a dose-dependency study in hu- 
mans. 


EXPERIMENTAL SECTION 


Materials-Pefloxacin and its 6-chloro analogue’ (11) (the internal stan- 
dard) showed no impurities in two different T L C  systems. All reagents were 
commercially available analytical grades and used without further purifica- 
tion. 


Pefloxacin Analysis-Unchanged pefloxacin in plasma or urine was 
measured by HPLC (3) using a liquid chromatograph2 equipped with a UV 
spectrophotometer (280 nm) and a continuous flow cell with an 8-pL capacity. 
A 200-mm steel column was used, packed with a monomolecular layer of 
octadecyltrichlorosilane chemically bonded to silica beads with an average 
particle size of 7 pm3. 


n-. R d C - ”  


7 CH,-N N 
C,H, 


U 


I : R = F  
11: R = CI 


2 Waters Associates. Paris, France. 
3 Lichrosorb RP-18; Merck, Paris, France. 
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Determination of Orally Coadministered Nadolol and Its 
Deuterated Analogue in Human Serum and Urine by 
Gas Chromatography with Selected-Ion Monitoring Mass Spectrometry 


ALLEN 1. COHEN gX, RICHARD G. DEVLIN $7, EUGENE IVASHKIV *§, PHILLIP T. FUNKE *n, and 
TERRENCE McCORMICK *I 
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Abstract 0 A cartridge serum and urine extraction procedure of the &a- 
drenergic antagonist, nadolol, employing a cross-linked styrene-divinyl 
benzene macroreticular resin is described. Samples were analyzed as  the si- 
lylated derivative by gas chromatography-mass spectrometry (GC-MS) using 
selected-ion monitoring. Wien  nadolol was orally coadministered with its 
deuterated analogue, relative bioavailability could be demonstrated with six 
or fewer subjects. Employing a base-deactivated G C  phase, the limit of de- 
tection is 1 ng and 0.5 ng/mL of serum for nadolol and the deuterated ana- 
logue, respectively. For levels of <I0 ng/mL. the respective coefficients of 
variation are 4 and 2%. For concentrations of > 10 ng/rnL, the CV is I %  for 
nadolol and nadolol-dg. 


Keyphrases 0 Nadolol-human serum and urine, GC-MS, selected-ion 
monitoring, nadolol-d9 GC-MS-selected-ion monitoring. nadolol, human 
serum and urine, nadolol-dg 


Nadolol ( I )  is a nonselective P-adrenergic antagonist rec- 
ommended for the treatment of hypertension and angina 
pectoris,( 1,2). Dreyfuss et al. have determined bioavailability 
parameters of orally and intravenously administered [ I4C]- 
nadolo\(3,4) in mildly hypertensive humans. Nadolol is par- 
tially and variably absorbed ( I ) ,  like other /3 blockers, but it 
is eliminated without metabolism. With oral administration, 
the pharmacokinetic profile of nadolol is described by an open 
two-compartment model with respective absorption, distri- 
bution, and elimination half-livcs of -1, 1.5, and 17 h (3, 
4). 


A gas chromatography-selected-ion monitoring mass 
spectrometry (GC-SJM MS) determination of nadolol serum 
levels was previously reported (5). Carlin et al. ( 6 )  have re- 
cently presented an elegant application of GC-SIM MS to the 
measurement of low levels of the P-blocker timolol and Its 


O R  R' 


R 


Nadolol I H 
Deuterated nadolol II H 
Internal reference 111 H 


- 


I V  Si(CH3)3 
V Si(CH3)3 
VI Si(CH3)3 


deuterated analogue in a coadministration bioavailability 
evaluation. Coadministration bioavailability studies for other 
drug types have been reported by Strong et af. (7),  Wolen et 
af. (8), d'A. Heck et al. (S), Walle and Walle (lo), Alkalay 
el al. (1 l ) ,  Murphy an4Sullivan ( 1  2), and most recently by 
Cohen et al. (1 3). The extraction and isolation procedure (5) 
has been simplified for more effective sample processing by 
GC-SIM MS (1  3) .  The bioavailability of two 80-mg formu- 
lations of nadolol ( I )  given to six subjects, administered either 
as a tablet or solution along with a concomitant 80-mg solution 
of nonadeuterated nadolol ( I  I )  is presented. 


EXPERIMENTAL SECTION 


Reagents-Nadolol ( I ) '  and its N-methyl derivative (111)' were charac- 
terized. pharmaceutical-grade materials ( 14). The structures and purity were 
confirmed by elemental analyses, 'H-NMR, and M S  ( I  5) and by GC-MS 
after silylation. The nonadeuterated nadolol (11) was prepared from the 


vl 


A=l6600 
H= 2770 


V (dg) 
A= 3650 
H= 500 


94.1 -- --- 


I L 1 b 


1 2 3 
Minutes 


Figure 1-El-SIM of a iypical processed .serum extract containing 133.83.4, 
and 250 ng/mL of I .  11. and 111. respeciicely. measured as their trimeth- 
ylsilylated derivatives. I V ,  V ,  and VI .  


I Nadolol (CAS 42200-33-9). N-melhyl derivative (CAS 67247-47-6); E. R. Squibb 
& Sons. Princeton, N.J. Deuterium-labeled ferf-butylamine; Merck. Sharp and Dohme 
of Canada. 
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Table I-Serum Concentrations of Nadolol for Subjects 1-6 (Solution versus Deuterated Solution) 


Hours 
Postdose 


1 
2 
3 
4 
5 
6 
8 


12 
24 
48 


Serum Concentration, ng/mL 
Dcuterated Solution (11)  Solution ( I )  


1 2 3 4 5 6 1 2 3 4 5 6 


89.3 39.0 37.5 50.1 
I 78.0 74.2 33.6 49.6 
118.0 314.0 76.4 70.7 


90.5 179.0 65.9 64.9 
55.8 115.0 69.9 67.4 
51.2 113.0 58.5 51.0 


98.4 282.0 88.8 61.8 


41.9 62. I 32.8 29.0 
22.0 31.5 19.3 20.6 
11.5 6.5 7.9 9.4 


29.7 33.0 113.0 46. I 
21.5 26.9 197.0 92.2 
45.3 209.0 136.0 369.0 


127.0 I 84.0 172.0 3i4.0 
90.7 83.3 I 13.0 208.0 
69.8 75.2 68.3 134.0 
68.0 78.0 64.1 131.0 
41.2 47.1 48.8 74.6 
26.8 18.9 27. I 36.1 


2.5 2.2 10.6 8.3 


44.7 63.7 31.7 35.6 
39.3 59.5 23.8 30.7 


100.0 86.5 53.6 247.0 
I 10.0 80.5 122.0 209.0 
82.4 86.0 129.0 97.9 
86.9 68.7 85.4 92.2 ~~ 


72.0 62.8 71.0 80.2 
40.5 39.8 50.4 59.1 
26.6 24.6 31 3 22.2 
10.7 13.5 4.0 3.0 


epoxyketal intermediate (VII) (14) by thc rcaction with 98 atom-% deute- 
rium-labeled terr-butylamine (VII  1 ) ) .  


Synthesis of 11-A solution of I7 mL of methanol containing 4.9 g ( I  7.7 
mmol) of VII and 4.3 g (52.4 mmol) of V was rcfluxed for 2.5 h using a dry-ice 
condenser. The volatilcs were then distilled into a dry-ice trap at 6O-7O0C at  
20 torr and used again until  the remaining V l l l  was <lo% of the original 
amount. The combined residues were purified by extraction with 100 and 50 
mL of 6% w/v  aqueous citric acid from 100 mL of ether. The aqueous layer 
was adjusted to pH 10.8 with 5 M NaOH and then was extracted with 200 
mL of ether (4X). The dried residue was dissolved in 60 mL of warm water 
containing 8 mL concentrated hydrochloric acid. and was allowed to stand 
for 3 h. The pH of the cooled aqueous solution was adjusted to pH 7.8 with 
5 M NaOH. washed Hith 100 mL of dichloromethane, then made to pH 10.2 
with 10 M NaOH. saturated with sodium chloride, and exhaustively extracted 
with dichloromethane. The pooled extract was then treated with activated 
charcoal and concentrated under reduced pressure. The crude product was 
crystallized from 350 mL of warm acetone and then cooled to room temper- 
ature. The slurry was cooled in  an ice bath, and 350 mL of hexane was grad- 
ually added. The crystalline material was collected by filtration, and then the 
material was washed with 100 mL of cold acetone hexane (1:I) and dried, 
to give (70% yield) a crystalline powder. mp 128-1 30°C; IR (KBr):  2208 cm-l 
(C-D stretch); 100-MHz ‘H-NMR (methanoLd4): 6 2.5-3 (m, 6. CH2N, 
2 CHzAr), 6.5-7.1 (m,  3, ArH). and 3.8 -4.1 ppm (m,  5, CH-0) [identical 
patterns as I except 6 1.1 2 ppm (s, 9. CHI) is replaced with a broad weak peak 
(CDzH-)]; EI-MS M+: m/z 318,300 (M+ - CD]). 274 (rearrangcment, 
M +  - C2H40). and 95 [CH~NHC(CD,) I  base ion] (cstimated octadeutcro 
analogue I0-15%). EIGC-MSofV M+: m/z 534 (absent),519 (M+ - CHI), 
516 (M+ - CD]), 95 (base ion) (c.J. Fig. I ) ;  PCI GC-MS of V MH+: m/z 
535 (c.J. Fig. 2) (estimated octadeutero analogue 10-1 5%). 


Anal.-Calc. forC17l11~D~N04:C,64.12; Dand H. 11.39(8.55 as H); 
N, 4.40. Calc. for C17H27N04: C. 65.99; H, 8.80; N ,  4.53. Found: C, 64.10; 
H, 8.69 ( H  equivalent to 27 atoms/moI), N, 4.38. 


v1 


524 4 


540 4 


5194 
MH+ 


V A= 1840 


535 4 


’” A=2220 
lM-CH3) 


510.3 
MU+ .... . 


526 3 
I I 1 1 I I 1 


1 2 
Minutes 


Figure 2 .. PCI-.TIM of u rypical processed wrum exrracr containing 122, 
127, and 250 ng/niL of I. 11, and 111. respectirely, measured a s  [heir rri- 
nreihylsilylared dericatires. I V .  V. and VI .  


The extraction cartridges2 were used as received. N-(TrimethylsiIyl)im- 
idazole in pyridine] ( I  .5 mEq/mL) was obtained in I-mL sealed ampules. 


Standard Solutions -Stock solutions of I .  I I .  and I l l  prepared in 0.1 M HCI 
were refrigerated and used for a t  least 6 months. Diluted working solutions 
were prepared daily in 0.1 M HCI. 


Equipment-Various equipment used in the sample preparation include: 
evaporators4.’, vortex mixer6, reaction vials’, vial seals8, crimper9, centrifugeto, 
screw-cap culture tubes”. disposable Pasteur pipcts12. syringes”, repipet 
dispenser14, and dessicators. 


Extraction Procedure-Serum-Thawed and centrifuged I -mL serum 
samples, processed in groups of 35, were transferred to the extraction car- 
tridges2, placed on I50 mL screw-top culture tubes, and 250 ng of internal 
reference solution 111 and I mL of distilled water were added to each cartridge. 
A I .O-mL blank serum sample containing 500 ng of I, 500 ng of I I .  and 250 
ng of I l l  was processed with each set of samples. A calibration sample curve 
was prepared using blank serum to which 0-500 ng each of I and I I  and 250 
ng of I I I  were added. 


The cartridges were centrifuged at 800 rpm for 30 s. The cartridge caps were 
removed, and the cartridges were then centrifuged for 5 min at  lo00 rpm, and, 
if required at 1500 rpm until centrifugation was complete. After the addition 
of 4 mL of water, the cartridge was centrifugcd at lo00 rpm for 4 min. followed 
by 1500 rpm for 1 min. To each cartridge, placed on a scintillation vial, 2 mL 
of methanol was added, and the cartridges were centrifuged at lo00 rpm for 
5 min. The contents of the cartridge was evaporated in a sample concentrator 
at 65OC. reconstituted in 0.5 mL of methanol, and transferred to a 1-mL re- 
action vial. A solution of I .  I I .  and 111, which constitutes the unextracted 
control. was evaporated4. Each solution was evaporated’ to dryness under 
nitrogen at  6OOC. After drying under reduced pressure in a desiccator for 30 
min. the samples were capped. 


Urine-To each cartridge 0.5 or 0.1 mL of thawed urine was added, fol- 
lowed by 0.5 pg of 111 internal reference solution and 3 mL of H20. These 
samples were then processed in the same manner as  serum samples. 


Calibration and Preparation of Control Blood end Urine Samples-Varying 
amounts of I (and an equal amount of I I  for simultaneous measurements) were 
added to cartridges containing I mL of serum to yield concentrations from 
0 to 500 ng/mL. To each cartridge, 250 ng of internal reference 111 was added. 
The control sample represents the calibration point equal to 500 ng of I and 
II and 250 ng of 111. 


The urine standard curve was prepared from urine samples containing from 
0 to I pg of I and I I  and 0.5 pg of 111. Only 0. I mL of urine was needed from 
samples collccted within the first 4 h, and 0.5 mL was required after 4 h. Like 
the serum control, the control urine represents the 2.1 calibration point. The 
ratio of the maximum peak heights uersus the respective nanogram (or mi- 
crogram) ratio was fitted by linear r e g r e s ~ i o n ~ ~  ( I  3). For serum: 


R1 = 0.01916 + 1.0654R’l (nadolol) (Eq. 1) 


R2 = 0.00467 + 0.7969R’~ (deuterated nadolol) (Eq. 2) 
~~ ~ 


Type W. crosi-linked styrene-divinyl benzene macroreticular resin with activators; 


Tri Sil 1.; Picrcc Chemical Co.. Rockford. 111. 
Model SC248 with scintillation adapter No. 3500750-4; Brinkmann Instru- 


SC-3 concentrator with DB-3 dri-block heating bath: Techne. 
Cat. No. 12-8 12: Fisher Scientific Co. ’ Cat. No. 3-3123, I-mL; Supelco. Bellefonte, Pa. 


LI Cat. No. 5080-871 3; Hewlett-Rckard Co. 
Cat. No. 6-406-20; Fishcr Scientific Co. 


lo International Centrifuge Co. 
I I  Cat. No. 14-930-105, 25  x I50 mm; Fisher Scientific Co. 


Cat. No. 13-678-68, Pasteur Type, 23-cm long; Fisher Scientifs Co. 
I J  Size IOOA-FN, Cat. No. 2-1536. fine needle IOOpL; Supelco. 
I 4  1 ml.; Lab Industries. 
I 5  The BASIC program for the HP S985B GC MS is available on request. 


E. I .  DuPont Co., Wilmington. Del. 


ments. 
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Table Il--Serum Concentrations of Nadolol for Subjects 1-6 (Tablet versus Deuterated Solution) 


Serum Concentration, ng/ml, 
Hours Deuterated Solution (11) Tablet ( I )  


Postdose 1 2 3 4 5 h 1 2 3 4 5 6 . .___. ~. ~ 


I 47.8 56.3 18.5 52.9 19.7 13.1 67.4 77.9 8.7 67. I 20.4 14.9 
2 54.0 94.7 81 6 73.6 16.9 41 .n 68.0 I 24.0 84.X 92.3 17.x 47.7 . . .  ~. . . .  .. - .~ ... . .. 


3 136.5 234.0 114.0 126.0 29.8 83.4 165.0 269.0 128.0 153.0 38.8 133.0 
4 119.0 177.0 132.0 92.9 80.8 85.5 140.0 210.0 143.0 116.0 109.0 144.0 
5 121.0 118.0 105.0 68.6 61.6 56.2 I 1  1.0 141.0 117.0 85.7 80.8 91.9 
6 79.3 107.0 92.4 62.9 43.7 47.1 90.9 128.0 106.0 79.4 61.2 77.4 
i 64.9 ~ 90.0 86.1 50.9 37.4 42.9 78.0 I 16.0 100.0 65.1 48.9 69.5 


12 51.0 59.3 52.2 30.9 26.7 37.5 48.5 74.9 59.3 39.0 34.8 55.7 
24 19.9 23.8 27.0 18.2 9.8 15.1 23.3 28.4 31.8 26.6 13.2 21.2 
48 4.4 6.6 7.0 7.5 3.9 2.0 6. I 9.4 7.8 10.7 4.7 4.8 


For urine: 


RI  = 0.05734 + 0.9781 R’1 (nadolol) 


Rz = 0.04410 + 0.8248R’2 (deuteratcd nadolol) (Eq. 4) 


where R’I and R’2 are  concentration ratios and R1 and R2 are the measured 
ratios ( I  3). 


!jelected-lon Monitoring-The extracted samples were reconstituted in 
40 p L  of N-(trimethylsilyl)imidazole in pyridine] at least 1 h prior to analysis. 
N-(Trimethylsilyl)imidazole (0.25 pL in pyridine) was drawn into a 10-pL 
syringe, followed by 1 p L  of solution. The appropriate ion profiles (m/z 86.1, 
m/z 95.2, and m/z 100.2) were obtained by selected-ion monitoring (SIM). 
The maximum peak heights were measured using a program written especially 
for the batch processing of data ( 1  3). 


Instrumental Procedure- The combined GC-MS, with the data systemI6, 
was tuned’’ for electron-impact (El) MS from 69 to 502 D using perfluoro- 
butylamine at an ionization voltage of 70 eV and at  an emission of 300 p A .  
The ion source was controlled at a constant temperature of 2 0 0 O C .  For positive 
chemical ionization (PCI) MS the source parameters were optimized at an 
ionization voltage of 300 eV. 


A septum guidela was attached to the GC injector. The analysis was carried 
out on an 80-cm X 2-mm i.d. silanized glass column packed with 3% SP- 
2100DB19, which was connected through a single-stage jet separator. The 
transfer line and separator were maintained at 275OC. while the column was 
kept a t  an isothermal temperature of 23OOC and the injector was heated to 
265OC. Typical retention times of 1.9 min for the silylated compounds ( I V  
and V)  and 2.5 min for the silylated internal reference ( V I )  were obtained at  
a helium flow rate of 30 mL/min (Fig. I ) .  Helium, otherwise diverted, was 
allowed to flow into the ion source at  I .3 min after sample injection until the 
end of the measurement. The multiplier and electron voltages were only a p  
plied during the data collection period, from 1.5 min after injection until the 
termination of the run. 


Positive CI GC-MS was obtained with methane as the G C  carrier gas, a t  
a flow rate of 20 mL/min, flowing directly into the source to create a I-torr 
source pressure (Fig. 2). Otherwise, the chromatographic conditions were 
identical to that of the El GC-SIM MS. 
Drug Administration-All subject5 fasted for 8 h prior to and for 4 h after 


dosing. Twenty-milliliter blood samples were drawnZo from an antecubital 
vein, under sterile conditions. The whole blood was allowed to clot and was 
then centrifuged. Urine was collected for 0-4,4-8,8- 12, 12-24. and 24-48 
h after dosing. After measurement of the total volume for each collection, a 
15-mL aliquot was transferred to a small, labeled plastic container and 
frozen. 


(Eq. 3)  


RESULTS AND DISCUSSION 


The cartridge extraction procedure (16) is based on a column packed with 
cross-linked styrene-divinyl benzene macroreticular resin, processed manually 
with a conventional laboratory centrifuge. Timolol samples were separated 
on a reverse-phase C I S  cartridge, supplemented with acid -base extractions 
(6). Using [’4CJnadolol as a tracer. nadolol is quantitatively absorbed on the 
column from pH 2-13.5 solutions. Washing with distilled water removed 
potentially interfering serum components without disturbing the absorbed 
I. Nadolol is quantitatively displaced with methanol, but <80% is displaced 
by equal amounts of acetone. Lower polarity solvents such as dichloromethane 


l6  Model HPS985B: Hewlctt-Packard. Palo Alto. Calif. 


I *  Cat. No. 2-0839; Supelco. 
l9 One 80/100 Supelcoprt; Supelco. 
2o Vacutainers: Becton. Dickinson and Co. 


AUTOTUNE, Ilewlctl-Packard. 


did not displace I at all. On the other hand, solvent mixtures containing 125% 
methanol also produced quantitative elution. The radioactivity was quanti- 
tatively recovered with 0.5-2 mL of methanol. The dried eluate was suffi- 
ciently pure to be directly silylated for GC-MS analysis. Similarly, processed 
urine samples yielded excellent recoveries for microgram quantities of 1. This 
isolation procedure directly replaces the fluorometric (17) and MS ( 5 )  ex- 
traction procedures. I t  is also likely that other @-adrenergic agents would 
behave similarly in this extraction system. 


The GC-MS SIM processing efficiency was improved by reducing 
“ghosting” and tailing of the underivatized secondary aminc. A glass column 
containing a specially base-deactivated methyl silicone polymer packed phaseI9 
was operated isothermally. Background components with interfering ions were 
minor, although the background at rn/z 95 was somewhat greater than at the 
even-mass m/z 86 and 100 ions (Fig. 1). Confirmation of the structures of the 
silylated derivatives was made by PCI GC - M S  SIM (Fig. 2). For I the limit 
of detection is at least 1 ng/mL. and for the deuterated analogue (11) i t  is 
-50% of that value. Nine of twelve time-Lero samples were found to have no 
detectable 1, while two contained 0.1 ng and another 0.3 ng per milliliter. All 
12 deuterated analogue (11) values were measured as 7ero. All 48-h serum 
samples had nonzero values (Tables I 111). The estimated C’V for mcasurc- 
ments at 10 ng/mL arc 4% for I and 2% for 11, which decreases to I %  for both 
I and I I  at greater concentrations. 


Urine contained from 0.2 to 24 pg/mL of I and 11. As a percentage of the 
dose. the amounts excreted with time were not necessarily influenced by urine 


Table Ill-Mean Serum Concentrations of Nadolol After Concomitant 
Administration of Perdeuterated Solution with Either m Tablet or an Oral 
Solution 


Mean Scrum Concentration. ng/mL 
Hours Deutcrated Deutcratcd 


Postdose Tablet (1) Solution (11) Solution ( 1 )  Solution ( I I I  


I .o 
Mean 42.7 
SEM 12.7 


2.0 
Mcan 72.4 
SEM 15.1 


3.0 
Mean 147.8 
SEM 30.3 


Mcan 143.7 
SEM 14.6 


Mean 104.6 
SEM 9.3 


M ed n 90.5 
SEM 9.7 


Mean 79.6 
SEM 10.0 


Mean 51.7 
.$EM 6. I 


4.0 


5.0 


6.0 


8.0 


12.0 


24.0 
Mean 24. I 
SEM 2.1 


48.0 
Mean 7.2 
SEM I .o 


All doses were 80 mg. 


34.7 55.8 46.4 
8.0 12.3 9.0 


60.3 73.8 64.0 
11.7 26.6 24. I 


120.6 
27.6 


165.4 
49.0 


138.9 
42.2 


114.5 157.9 140.3 
14.9 35.9 33.0 


88.4 119.4 
12.1 19.1 


95.7 
17.3 


71.7 89.2 75.5 
10.3 9.8 8.3 


62.0 80.2 70.0 
9. I 10.5 9.6 


42.9 52.2 42.4 
5.3 5.3 4.8 


19.0 28.0 23.2 
2.5 2.0 2.0 


5.2 8.4 6.7 
0.9 I .7 I .5 
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Table IV-Urinary Excretion of h'adolol for Subjects 1-6 (Solution versus Deuterated Solution) 


Urinary Excretion, % of Dose" 
Hours Deuterated Solution ( I t )  Solution (1) 


Post dose I 2 3 4 5 6 I 2 3 4 5 6 
~~ ~~ 


0-4 1.58 3.96 I .47 1.36 1 34 1.38 I .29 4.70 1.82 I .68 1.61 1.71 
0-8 4.24 8.39 3.88 2.92 3.1 I 5.21 5.04 9.79 4.78 3.64 3.13 6.57 
0-12 5.50 10.30 4.73 3.99 5.1 I 6.63 6.59 12.04 5.82 5 02 6 20 x 29 . ~- ~ .- ~~ 


0-24 7.87 13.36 5.84 6.28 7.40 7.68 9.46 15.7 1 7.22 7.82 9.03 9.59 
0-48 10.63 17.01 7.72 8.68 8.72 8.75 12.74 20.09 9.50 10.82 10.67 10.91 


All doses were 80 mg 


Table V-Urinary Excretion of Nadolol for Subjects 1-6 (Tablet versus Deuterated Solution) 


Urinary Excretion, %of Dose" 
Hours Deuteratcd Solution (11) Tablet ( I )  


Postdose 1 2 3 4 5 6 I 2 3 4 5 6 


0-4 I .65 1.53 I .38 2.33 0.8 I 2.4 I 2.03 1.82 I .35 2.94 0.88 2.93 
0-8 5.12 3.94 2.04 4.3 1 2.10 5.20 6 02 4.70 2.1 I 5 42 7 21 7 51 . -. - - ._ ._ . ~~ ~ ~~ 


0-12 6.21 5.30 3.06 5.49 s.05 6.26 7.37 6.38 3.30 7 .oo 6.26 9.12 
0-24 8.8 I 10.27 5.54 7.97 5.57 8.5 I 10.54 12.42 6.15 10.14 6.94 12.34 
0-48 11.44 12.80 7.06 10.52 1.09 9.21 13.75 15.56 1.96 13.37 8.87 13.35 


~ ~~ ~~~ ~ ~~ 


a All doses were 80 mg. 


volume (Tables I V  and V). The amount of drug excreted is directly related 
to the circulating serum levels just prior to or during the collection period. 


Since the deuterated analogue (11) was administered to all subjects, an 
evaluation of the variation bioavailability can be readily assessed. As a rule, 
no subject exhibited identical bioavailability for I 1  with respect to maximum 


Table VI-Area Under the Serum Concentration-Time Curve from 0 to 48 h 


concentration levels. time to maximum, and area under the curve. Conse- 
quently comparison of intrasubject data is unreliable, which then requires 
treating the composite data (Table 111). With this limited data set of six 
subjects, sufficient smoothing has occurred to begin to show equivalcnce be- 
tween the legs of the administration of thedeutcrated analogue (Table I l l ) .  


AUc0-48. ngh/mL 
Deuterated Deuterated 


Tablet Solution Relative Area Solution Solution Relative Area 
Subject (1) ( 1 1 )  (Ratio) (1) 4 1 1 )  (Ratio) 


1 
2 
3 
4 
5 
6 


Mean 
SEM 


I802 
2585 
208 I 
1732 
1078 
1641 
I820 
204 


1608 
2092 
1836 
I326 
823 


1074 
1460 
I95 


RSD, % 
Number of Subjects 


Required 


1.12 
1.24 
1.13 


1971 
2970 
1654 


1.31 1591 
1.31 1716 
I .53 I908 
I .27 I968 
0.06 209 


Tablet uersus Solution" 


Absolute Area 
14.4 


7.2 (=8) 


1681 
2542 
1287 
I261 
1465 
1626 
I645 


I92 


1.17 
1.17 
I .28 
1.26 
1.17 
1.17 
I .20 
0.02 


Relative Area 
11.0 


4.2 ( = 6 )  
~~ ~ 


No statistically signilicant differences were observed between tablet and solution or between deuterated solutions. 


Table VII-Mean Cumulative Urinarv Excretion of Nadolol 


Mean Cumulative Excretion, % of Dose 
No. of 


Dcuterated Relative Deuterated Relative Subjects 
Tablet Solution Excretion Solution Excretion Required" 


Interval (1) (11) (Ratio) Solution ( I )  (11) (Ratio) Absolute Relative 


0-4 h 
Mean I .99 1.68 1.16 2.24 I .85 1.22 98 2 
SEM 0.34 0.25 0.04 0.49 0.42 0.0 I 


Mean 4.84 3.88 I .22 5.59 4.63 1.21 54 4 
SEM 0.79 0.52 0.05 0.95 0.83 0.01 


Mean 6.57 5.23 I .24 7.32 6.04 1.22 36 2 
SEM 0.18 0.48 0.05 I .04 0.92 0.01 


Mean 9.76 1.78 1.25 9.80 8.07 1.22 12 2 
SE M 1.09 0.77 0.05 I .24 1 . 1  1 0.0 I 


Mean 12.14 9.70 I .25 12.44 10.25 1.22 10 2 
SEM I .23 0.95 0.04 1.57 1.41 0.01 


0-8 h 


0-12h 


0-24 h 


0-48 h 


No statistically significant differences were observed between tablet and solution or between deuterated solutions. 
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The urinary excretion patterns of nadolol ( I )  and nadolol-d9 (11) arc sum- 
marized in Tables IV and V. Depending on the drug form, subjcct, and leg, 
8-20% (mean 12%) and 7- 17% (mean 10%) of the respective doses of I and 
I I  are  excreted in 48 h. Although not entirely unexpected, the deuteratcd so- 
lution formulation (11) has lower bioavailability than either the solution ar 
tablet formulations of I .  From the statistical criteria applied to absolute bio- 
availability data, the deuterated solution formulation is marginally bioequi- 
valent, differing by <20% from the nondeuterated tablet and solution for- 
mulations. The tablet and solution formulations of 1 are bioequivalent, on the 
other hand, and the urinary excretion values also parallel these observa- 
tions. 


The use of the nonadeuterated analogue was based on the availability of 
intermediates. Apparently extensive deuterium labeling in  the side chain re- 
sulted in reduced absorption and lower bioavailability. While it might have 
been more appropriate to have used I3C- and ISN-labeled nadolol to reduce 
the isotope effects. the deuterated form yielded reliable results which paralleled 
those of the nonlabeled forms of I .  


The mean serum values of the area under the bioavailability curve can be 
calculated from the absolute areas in the conventional way ( I  8)21 or from the 
relative area, defined as absolute area the formulation of I divided by the value 
for the coadministered I I  (Table VI). From the absolute area, seven to eight 
subjects would be required as the minimum number to demonstrate bio- 
equivalence, while only four to five subjects would be required to show the 
bioequivalence using cadministration*’. Increasing this number to six ensures 
staying within the confidence of establishing bioequivalence. The use of the 
relative parameter is even more striking in the evaluation of the urinary ex- 
cretion data, which required a minimum of 10 subjects in the normal approach 
and either 2 or 4 subjects using relative bioavailability (Tablc VII). 


For studies employing analytical methods wi th  reasonable precision, the 
limitation in bioavailability studies continues to be in the variability of the 
disposition by the subjects. In these instances. the use of coadministration 
represents the optimum method of generating a reliable data set with a min- 
imum of subjects. Rapidly processed, an early evaluation of the bioavailability 
of a new dosage form can be made. It also takes the greatest advantage of the 
M S  selective capability. Finally, the introduction of new low-priced high- 
performance El mass selective detectors should result in  a wider acceptance 
of coadministration relative bioavailability and absolute bioavailability MS 
evaluations. 


2 1  M. Stern; personal communication. 
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Abstract 0 A series of daunorubicin derivatives were prepared by sodium 
cyanoborohydride reductive amination of daunorubicin with appropriate 
amines. All derivatives were found to bind quite strongly to DNA and viscosity 
increases with linear DNA indicated that each formed an intercalation 
complex. A range of octanol-aqueous buffer partition coefficients was ob- 
tained, around the values of daunorubicin and dauxorubicin hydrochloride, 
by varying the character of the starting amine. All monoamine derivatives 
had activity against P388 leukemia in mice which was similar to that of 
daunorubicin. A diamine derivative had reduced activity against P388. Several 


anthracyclines administered as DNA complexes had similar activity against 
P388 but significantly reduced toxicity compared to the uncomplexed com- 
pounds. For anthracyclines which bind strongly to DNA, optimum activity 
against P388 leukemia in  mice seems to be centered on compounds with oc- 
tanol-buffer partition coefficients in the range of 0.5-0.8. 


KeYPhraw 0 Anthracyclines-new derivatives, antineoplastic agents 
Toxicity-reduced cardiotoxicity* anthracyclines 


The glycosidic anthracycline antibiotics daunorubicin (I)  
and dauxorubicin hydrochloride (II), are being clinically used 
as antineoplastic agents ( 1  -8). Unfortunately, these drugs are 
severely limited by their dose related cardiotoxicity ( 1  - 5 ) .  
Although the molecular basis of the cardiotoxicity is not clear, 
two proposed mechanisms are widely accepted. First, the an- 


thracyclines are reduced to semiquinone free radicals and, 
subsequently, generate oxygen radicals which cause membrane 
lipid peroxidation and DNA strand scission (9-1 1).  Second, 
the chemically labile glycosidic bonds of I and I 1  are cleaved 
by glycosidases to form the respective aglycons during in oiuo 
metabolism ( 1  -4,9, 12). The water insoluble aglycons accu- 
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Abstract 0 Approximately 90% of the sodium present in a washed aluminum 
hydroxycarbonate gel was removed by exchange with magnesium. This be- 
havior supports recent structural studies which have suggested that cations 
such as sodium serve as counterions in aluminum hydroxycarbonate gel. 
However, sodium could not be removed from dihydroxyaluminum sodium 
carbonate by exchange with magnesium because sodium is part of the crystal 
structure. It is hypothesized that aluminum hydroxycarbonate gels which resist 
removal of sodium are actually mixtures containing dihydroxyaluminum 
sodium carbonate in addition to aluminum hydroxycarbonate. 


Keyphrases Aluminum hydroxycarbonate gel-removal of sodium by 
magnesium Counterions-removal of sodium by magnesium in aluminum 
hydroxycarbonate gel 


Structural studies have suggested (1, 2) that the acid-re- 
active aluminum hydroxide gel used in antacids has a planar 
structure in which the basic unit is a six-membered ring of 
aluminum atoms joined by double hydroxide bridges. Car- 
bonate is specifically adsorbed at aluminum sites along the 
edge (3-5). This structure suggests that other cations which 
may be present simply function as counterions. To further test 
the structural model of aluminum hydroxycarbonate gel, the 
ability of magnesium ions to replace sodium ions was 
studied. 


EXPERIMENTAL SECTION 


The aluminum hydroxycarbonatc gcl was precipitated by reacting solutions 
of 0.5 M aluminum chloride and 2.0 M sodium carbonate a t  a constant pH 
of 7.0 (6). A gel composed of a mixture of aluminum hydroxycarbonate and 
dihydroxyaluminum sodium carbonate was precipitated from the same system 
at a constant pH of 8.5 (6). 


Each gel was divided into two equal portions. One portion, designated as 
the control, was washed with distilled water by adding a volume of distilled 
water equal to the volume of the gel. mixing for I5 min, and centrifuging to 
produce a clear supernatant. The supernatant was tested for chloride by the 
silver nitrate test (7). The washing procedure was repeated until the super- 
natant was free of chloride as indicated by the silver nitrate test. The second 
portion was washed four times with a volume of I M MgC12, which was equal 
to the volume of the gel before washing with distilled water as described above, 
and is called the magncsium-exchanged portion. 


The chloride-containing aluminum hydroxide gel was prepared by treating 
0.5 M AICI, with 1 M KOH (8). Theequivalent aluminum oxide and mag- 
nesium content were determined by chelatometric titration (9). 


The sodium content was determined by atomic absorption spectrometry'. 
A sample containing a 0.4-g equivalent of aluminum oxide was dissolved by 
adding 4 mL of I2 M HCI. Potassium chloride (95 mg) was added, and the 
final volume was adjusted to 25 mL with distilled water. Standards and blanks 
for the magnesium-exchanged samples contained the same quantity of mag- 
nesium ion as was present in the sample. 


IR spectra2 were recorded on air-dried samples with potassium bromide 
pellets (0.75-mg sample and 300 mg of KBr). X-ray diffractograms were 
obtained with air-dried samples in powder mounts (McCreery mounts). 
Diffractograms were recorded from 6 to 40' (20) under the following condi- 
t i o n ~ ~ :  CuK, radiation, 30 kV, 28 mA, 2'/min. The acid neutralization re- 


~ ~ ~~ ~ 


i Model 290B, Perkin-Elmer Co., Norwalk, Conn. * Model 180; Perkin-Elmer Co . Norwalk. Conn. 
Siemens A G Kristalloflex 4 generator, Type F diffractometer: Karlsrule. Federal 


Republic of Germany. 


action was monitored by an automated4 pH-stat titration (10). The point of 
zero charge was determined by a continuous titration procedure (8). 


RESULTS AND DISCUSSION 


The control and magnesium-exchanged portions of the aluminum hy- 
droxycarbonate gel each required four washings with distilled water to produce 
a negative test for chloride. The control contained 0.82 M (8.4%) equivalent 
aluminum oxide and 2.5 X M (0.057%) sodium, which is equivalent to 
a sodium-aluminum molar ratio of I .5 X The magnesium-exchanged 
portion contained 0.78 M (8.0%) equivalent aluminum oxide and 2.7 X 
M (0.0062%) sodium, which is equivalent to a sodium-aluminum molar ratio 
of 1.7 X Thus, -90% of the sodium present in the control was removed 
by the magnesium-exchange procedure. 


The IR spectrum and X-ray diffraction pattern of the magnesium-ex- 
changed portion were typical of aluminum hydroxycarbonate gel ( I  1) and 
were identical with the control (Fig. 1A and B), indicating that nostructural 
changes occurred due to the magnesium-exchange procedure. 


The control aluminum hydroxycarbonate gel was free of magnesium, 
whereas the magnesium-exchanged portion contained 6.9 X M (0.17%) 
magnesium, which is equivalent to a magnesium-aluminum molar ratio of 
0.044. Thus, as suggested by recent structural studies (1 -5 ) .  sodium appears 
to be a counterion in aluminum hydroxycarbonate gel and not a structural 
component. 


It should be noted that the sodium content of the control was low in terms 
of the clinical use of aluminum hydroxycarbonate gel as  an antacid. For ex- 
ample, if the control were used at  a dosage regimen of 40 mEq/dose for seven 
daily doses, as occurs in high-intensity antacid therapy ( I  2, 13). the aluminum 
hydroxycarbonate gel would contribute 32 mg of sodium/d to the sodium 
intake of the patient. This represents only 6.4% of the 500 mg (22 mmol) of 
sodium allowed in a strict sodium-restricted diet (14). The magnesium-ex- 
changed aluminum hydroxycarbonate gel would only contribute 3.7 mg of 
sodium/d for the same dosage regimen ( < I %  of the sodium allowed in a strict 
sodium-restricted diet). 


The ratio of milliequivalents of magnesium adsorbed to milliequivalents 
of sodium desorbed was 6.2. This ratio exceeds the expected value of 1. It is 
hypothesized that magnesium displaced some other cation, such as a proton, 
in addition to sodium. Magnesium ions could displace protons in the diffuse 
portion of the electrical double layer or perhaps from the Stern layer. 


The hypothesis that magnesium exchanges for protons in addition to sodium 
was tested by titrating a chloride-containing aluminum hydroxide suspension 
with magnesium nitrate. The pH of the chloride-containing aluminum hy- 
droxide suspension and the 6 X low4 M M g ( N 0 3 ) ~  was adjusted to 9.6, which 
is the point of zero charge for the chloride-containing aluminum hydroxide. 
This was necessary to eliminate pH shifts in the suspension on addition of ti- 
trant, which could be attributed to a simple ionic strength effect (8). The pH 
of the chloride-containing aluminum hydroxide suspension decreased from 
pH 9.6 to 8.76 as a result of titration with 3 mL of 6 X M Mg(N03)2 
(Table I). Titration with 3 mL of water adjusted to pH 9.6 only caused a pH 
change of 0.08. The decrease in pH on addition of Mg(N03)2 is believed to 
be due to the exchange of magnesium for protons at the aluminum hydroxide 
surface. Normally, the pH of the aluminum hydroxide at its point of zero 
charge would be unaffected by an ionic strength change since the background 
salt usually behaves as an indifferent electrolyte. This suggests that magnesium 
specifically adsorbs as  a Stern layer ion and displaces protons in the pro- 
cess. 


The antacid properties of the magnesium-exchanged aluminum hydroxy- 
carbonate gel are very similar to the control. Both portions reacted completely 
within 15 min, with the neutralization of three protons per aluminum ion. 
Thus, the presence of sodium as a counterion in aluminum hydroxycarbonate 


PHM 26, TTT60. ABU 12 (2.5 mL). TTA60, REA 160, Radiometer, Copenhagen. 
Denmark. 
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Figure I-IR spectra. Key: (A) control aluminum hydroxycarbonate gel: (B) magnesium-exchanged aluminum hydroxycarbonate gel; (C) control gel containing 
aluminum hydroxycarbonate gel and dihydroxyaluminum sodium carbonate: (D)  magnesium -exchanged gel contuining uluminum hydroxycarbonate gel 
and dihydroxyaluminum sodium carbonate. 


gel is unimportant in terms of antacid properties since the rate of acid neu- 
tralization is independent of sodium content (1 5). 


The hypothesis that sodium is a counterion in aluminum hydroxycarbonate 
gel was further tested by attempting to exchange magnesium for sodium in 
a gel which is known to be a mixture of aluminum hydroxycarbonate and 
dihydroxyaluminum sodium carbonate. Dihydroxyaluminum sodium car- 
bonate has the formula NaAI(OH)2CO, and is known mineralogically as 
dawsonite (16). The precipitation conditions were altered to produce the de- 
sired mixture (6). The 1R spectrum of the mixture (Fig. IC) shows a wider 
split of the u3 mode of carbonate ( I  560 and 1410 cm-I) than aluminum hy- 
droxycarbonate (Fig. IA).  The 1R spectrum of the mixture alsocontains bands 
which are characteristic of dawsonite a t  3290, 18 18. 955,935,846, and 550 
cm-l (17). in addition to the bands associated with aluminum hydroxycar- 
bonate. 


Table I-Titration of Aluminum Hydroxide' with 6 X M Magnesium 
Nitrate 


Sampleb Blankb 
DH Titrant. mL DH Water. mL 


9.60 
9.52 
9.44 
9.36 
9.30 
9.21 
9.12 
9.05 
8.96 
8.86 
8.76 


0 
0. I 
0.2 
0.3 
0.4 
0.6 
0.8 
1 .o 
I .4 
2.0 
3.0 


9.63 
9.61 
9.60 
9.58 
9.56 
9.55 


0 
0.1 
0.5 ~~ 


1 .o 
2.0 
3.0 


At PH TI to the point of zero charge (9.6). Aluminum hydroxide gel (100 mL) 
containing equivalent aluminum oxide. 


The sodium to aluminum molar ratio of the mixturc was 0.50 after washing 
with water. The high sodium to aluminum molar ratio is due to the presence 
of dawsonite. which has a sodium -aluminum molar ratio of I .  The sodium- 
aluminum molar ratio of the mixture only decreased to 0.42 after magnesium 
exchange. It is believed that the sodium associated with aluminum hydroxy- 
carbonate was exchanged with magnesium. but the sodium in dawsonite is 
part of the crystal structure and was nat exchanged with magnesium. 


In conclusion, cations such as  sodium which arc present in  aluminum hy- 
droxycarbonate gel function as counterions and can be removed by cation 
exchange. However, sodium cannot be removed by cation exchange from 
dihydroxyaluminum sodium carbonate. Thus, aluminum hydroxycarbonate 
gels which resist the removal of sodium by cation exchange may alsocontain 
dihydroxyalurninum sodium carbonate (dawsonite). 
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Abstract 0 A simple method is described for the rapid, quantitative analysis 
of caffeine in human plasma. Caffeine levels present in plasma following drug 
administration were determined by high-performance liquid chromatography 
with UV detection at 273 nm after plasma protein precipitation. Caffeine was 
detectable a t  levels as  low as  0.1 pg/mL. Mean recoveries of 98% with a 
coefficient of variation of 3% were obtained for plasma standards, in which 
concentrations ranged from 0. I to 8 pg/mL. Interassay variability of the slope 
of the standard curve had a coefficient of variation of 3%. Application of this 
method during human bioavailability studies is described. 


Keyphrases Caffeine-HPLC, human plasma. bioavailability 0 Bio- 
availability-caffeine, HPLC, human plasma, oral dosing 


Caffeine is a commonly ingested drug that is present in 
foods, beverages, and medicaments. Its widespread use has 
stimulated an interest in the development of a simple and rapid 
plasma determination for caffeine suitable for analyzing 
multiple samples. 


Although GC ( 1  -3) and spectrophotometric (4) methods 
exist for caffeine determination in biological fluids, high- 
performance liquid chromatographic (HPLC) methods are 
relatively few, and those available suffer from the disadvan- 
tages of inadequate sensitivity (9, time-consuming extraction 
steps (5-7), dedicated equipment (8), inadequate sample 
cleanup, inadequate sensitivity for pharmacokinetic studies 
(9-1 l ) ,  and insufficient testing in human plasma (1 1). 


The method described herein involves a single plasma pro- 
tein precipitation followed by liquid chromatographic deter- 
mination of caffeine in the clear supernatant. The plasma 
proteins were denatured and precipitated with 0.15 M 
B a ( O H ) 2  and 5% ZnS04 solutions, as described previously 
(12). The use of this combination of reagents results in a su- 
pernatant with a neutral pH and a clean chromatographic 
profile due to efficient coprecipitation of both plasma proteins 
and excess reagents. The method is capable of detecting at least 
0.1 pg/mL of caffeine, and the reproducibility eliminates the 
need for an internal standard. Furthermore, the ease and ra- 
pidity of sample workup make this method ideal for multi- 
ple-sample analyses. 


This method has been used routinely on long-term human 
bioavailability studies, resulting in clean predose plasma 
chromatograms with no interference and no column deterio- 
ration after several hundred analyses, and has been found to 
be precise and accurate. 


Accepted for publication July 11. 1983. 


EXPERIMENTAL SECTION 


Reagents-Standard solutions were prepared in distilled water. The 0.1 5 
M Ba(0H)z and 5% ZnS04 solutions were obtained commercially’. 


Instrumentation and Operating Conditions-The analysis was performed 
with a high-performance liquid chromatograph2 with a variable-wavelength 
UV detector3 set at 273 nm, an automated injection system4 fitted with a 
75-pL loop. and a 30 cm X 4-mm i.d. reverse-phase, high-efficiency c18 COI- 


d 4 - - L‘ J 


0 I2 0 1 2  0 12 


MINUTES 
Figure I-Chromatograms for a typical subject. Key: (A) taken prior lo 
cafjeine ( I )  administration: (B) taken 10 min afrer oral administration oftwo 
65-mg tableis; (C) taken 20 min postdose. 


I ZnS04 solution (lot SO-Z-10). Ba(Otl)2 solution (lot SO-B-I 38); Fisher Scientific 


* Model 6000; Waters Associates. Milford, Mass. 
1 Model 773; Kratos. Ramsey, N.J. 


co. 


Model 725; Mircomeritics, Norcross, Ga. 
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The urinary excretion patterns of nadolol ( I )  and nadolol-d9 (11) arc sum- 
marized in Tables IV and V. Depending on the drug form, subjcct, and leg, 
8-20% (mean 12%) and 7- 17% (mean 10%) of the respective doses of I and 
I I  are  excreted in 48 h. Although not entirely unexpected, the deuteratcd so- 
lution formulation (11) has lower bioavailability than either the solution ar 
tablet formulations of I .  From the statistical criteria applied to absolute bio- 
availability data, the deuterated solution formulation is marginally bioequi- 
valent, differing by <20% from the nondeuterated tablet and solution for- 
mulations. The tablet and solution formulations of 1 are bioequivalent, on the 
other hand, and the urinary excretion values also parallel these observa- 
tions. 


The use of the nonadeuterated analogue was based on the availability of 
intermediates. Apparently extensive deuterium labeling in  the side chain re- 
sulted in reduced absorption and lower bioavailability. While it might have 
been more appropriate to have used I3C- and ISN-labeled nadolol to reduce 
the isotope effects. the deuterated form yielded reliable results which paralleled 
those of the nonlabeled forms of I .  


The mean serum values of the area under the bioavailability curve can be 
calculated from the absolute areas in the conventional way ( I  8)21 or from the 
relative area, defined as absolute area the formulation of I divided by the value 
for the coadministered I I  (Table VI). From the absolute area, seven to eight 
subjects would be required as the minimum number to demonstrate bio- 
equivalence, while only four to five subjects would be required to show the 
bioequivalence using cadministration*’. Increasing this number to six ensures 
staying within the confidence of establishing bioequivalence. The use of the 
relative parameter is even more striking in the evaluation of the urinary ex- 
cretion data, which required a minimum of 10 subjects in the normal approach 
and either 2 or 4 subjects using relative bioavailability (Tablc VII). 


For studies employing analytical methods wi th  reasonable precision, the 
limitation in bioavailability studies continues to be in the variability of the 
disposition by the subjects. In these instances. the use of coadministration 
represents the optimum method of generating a reliable data set with a min- 
imum of subjects. Rapidly processed, an early evaluation of the bioavailability 
of a new dosage form can be made. It also takes the greatest advantage of the 
M S  selective capability. Finally, the introduction of new low-priced high- 
performance El mass selective detectors should result in  a wider acceptance 
of coadministration relative bioavailability and absolute bioavailability MS 
evaluations. 


2 1  M. Stern; personal communication. 
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Abstract 0 A series of daunorubicin derivatives were prepared by sodium 
cyanoborohydride reductive amination of daunorubicin with appropriate 
amines. All derivatives were found to bind quite strongly to DNA and viscosity 
increases with linear DNA indicated that each formed an intercalation 
complex. A range of octanol-aqueous buffer partition coefficients was ob- 
tained, around the values of daunorubicin and dauxorubicin hydrochloride, 
by varying the character of the starting amine. All monoamine derivatives 
had activity against P388 leukemia in mice which was similar to that of 
daunorubicin. A diamine derivative had reduced activity against P388. Several 


anthracyclines administered as DNA complexes had similar activity against 
P388 but significantly reduced toxicity compared to the uncomplexed com- 
pounds. For anthracyclines which bind strongly to DNA, optimum activity 
against P388 leukemia in  mice seems to be centered on compounds with oc- 
tanol-buffer partition coefficients in the range of 0.5-0.8. 


KeYPhraw 0 Anthracyclines-new derivatives, antineoplastic agents 
Toxicity-reduced cardiotoxicity* anthracyclines 


The glycosidic anthracycline antibiotics daunorubicin (I)  
and dauxorubicin hydrochloride (II), are being clinically used 
as antineoplastic agents ( 1  -8). Unfortunately, these drugs are 
severely limited by their dose related cardiotoxicity ( 1  - 5 ) .  
Although the molecular basis of the cardiotoxicity is not clear, 
two proposed mechanisms are widely accepted. First, the an- 


thracyclines are reduced to semiquinone free radicals and, 
subsequently, generate oxygen radicals which cause membrane 
lipid peroxidation and DNA strand scission (9-1 1).  Second, 
the chemically labile glycosidic bonds of I and I 1  are cleaved 
by glycosidases to form the respective aglycons during in oiuo 
metabolism ( 1  -4,9, 12). The water insoluble aglycons accu- 
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mulate in heart tissue. The anthracyclines are no doubt Capable 
of multiple mechanisms of action at several biological sites. 
Their antitumor activity is believed to be at least partially due 
to their ability to bind in oioo to DNA of nuclear deoxyri- 
bonucleoprotein ( 1  -8). The results of X-ray diffraction and 
model building studies have shown that there is a specific 
complex formed between the anthracyclines and DNA (7 ,8 ) .  
As part of a continuing effort ( 1  3, 14) to prepare derivatives 
of I and I1  with higher specificity, reduced toxicity, and also 
to develop in uitro methods for biological activity evaluation, 
we report the synthesis and biological effects of a new series 
of anthracycline amine derivatives IV-VII. The results of in 
uiuo testing for the DNA complexes with some of the new 
analogues are also presented. 


Since bulky substituents at C-13, such as rubidazone, 111, 
maintain high antineoplastic activity ( l ) ,  it is reasonable to 
expect that anthracycline analogues at this position would be 
active. In  an attempt to reduce the accumulation of the agly- 
cons in heart tissue, their water solubility was increased by 
introducing charged amino derivatives at C-13. I t  should be 
noted that these cationic groups could also potentially enhance 
binding affinity to DNA. In addition, varying the hydrophobic 
character of the substituents on C-13 was used to vary the 
partition coefficient of these C- 13 derivatives. 


0 HO 


NH2 HCI 
I, R = COCH:{ (Daunorubicin) 


11, R = COCH20H (Dauxoruhicin) 
111. R = C(NNHCOCGHXHB (Rubidazone) 
IV: R = CH(NHCHvHC1)CH; 
vl R = CH(NH(CH~)~CH~.HYCI)CH~ 


V1, R = CH(NH(CHd30H.HCI)CH3 
VII, R = CH(NH(CH2)sNH2(CH3!*:2HCI)CH3 


VIII, R = CH(OH)CH:{ (Daunorubieinol) 


EXPERIMENTAL SECTION’ 


(7S,9S) -7- [(3-Amino -2,3,6- trideoxy -a- 1.-lyxo-hexopyranosyl)oxy~9- 
(I-methylaminoethyl) - 7,8.9,10 - tetrahydro-6,9,1 I-trihydroxy-4-methoxy- 
5,12-naphthacenedione Dihydrochloride (C-13-Methylaminohydrodauno- 
rubicin; IV)-Methylamine hydrochloride (2.0 g, 30 mmol) and I (I75 mg, 
0.3 mmol) were dissolved in  20 m L  of methanol. To this was added 0.3 mL 
of a 1.0 M methanolic solution of NaOH and. after 15 min equilibration, 1.0 
mL of a freshly prepared methanolic solution of NaCNBH] (0.3 mmol/mL). 
The reaction was carried out at room tcrnperature in  a sealed tube for 12 h, 
at which time TLC of the reaction mixture on silica-gel plates (20% metha- 
nol-chloroform) indicated only the presence of I V  and a traee amount of VIII.  
The amount of NaOH added only partially neutralizes the added amjne hy- 
drochloride. I t  was found experimentally that addition of larger amounts of 
NaOH caused the appearance of numerous unidentified side products (TLC 
analysis) which were difficult to remove. Addition of less NaOH caused the 
reaction to proceed quite slowly and allowed the formation of larger amounts 
of daunorubicinol. VI I I .  The amount of NaOH added was, thus, chosen to 
optimize the yield of the desired product. The methanol was evaporated under 
reduced pressure and then the residue was dissolved in 10 mL of pH 10.4 
aqueous borate buffer (0.01 M) and extracted three times with a total of 30 
mL of CHCI]. The combined chloroform extracts were washed three times 


~~~ 


I NMR spectra were recorded from 0- 10 ppm on either a JEOL GX270 or on a Varian 
XL-I00  spcctromctcr. Elemental analyses were performed at Atlantic Microlab. Inc.. 
Atlanta. Georgia. Compounds I I l l  uere obtained from the Drug Development Branch 
of UCI. 


with distilled water, dried over Na2S04, and maporated under reduced 
pressure. The solid was dissolved in  mcthsnol and acidified with slightly more 
than two equivalents of aqueous 12 M HCI. The solvent was evaporated under 
reduced pressure and the residue triturated three times with 1% methanol in 
chloroform. At this timc only I V  could be detected by TLC. Thedark red solid 
was recrystallized from ethanol-ethylacetate to give 80 mg (45%) of IV (mp, 
slowly dee. >179OC); TLC (silica gel. 30%CH3OH in CH2C12): R10.19; IR 
(KBr): 3452 (N---H), 1622,and 1 5 8 9 ~ m - ~  (C=OofC ring); IH-NMR (free 
base in CDC13): 8 8.07 ( d , J  = 8.0 Hz. H-I),  7.78 (t. J = 1.5 l lz ,  H-2). 7.37 
(d, J = 8.2 Hz, H-3), 5.52 (m, H-l’), 5.28 (m, H-7). 4.06 (s, OCH]), 4.2-3.8 
(br m, OH-9, H-5’. and H-3’). 3.6-2.4 (br m. ti-4’. H-10. and H-13). 2.57 
(d,J = 2.8 Hz, NCH]). 2.0-1.3 (br m, H-8 and CH2-2’). 1.26 (d, J = 7.3 Hz, 
CH3-57, and 1.18 ppm (d, J = 6.5 Hz, CH3-14). 


And-Calc. for C2(rH&l2N209: C, 53.08; H, 6.04. Found: C, 52.90; H, 
6.06. 
(7S.99 -7- [(%Amino -f3,6 -trideoxy -a -L - lyxo - hexopyranosyl)oxyJ-9- 


(l-butylaminoethyl)-7,8,9,1O-tetrahydro - 6,9,11 - trihydroxy - 4- methoxy- 
5J2-1pphthacenedlone Dihydrochloride (C-1~5utylaminohydroa~rubicin; 
V)-The reaction of butylamine hydrochloride with I was conducted as for 
I Y ,  and the product was purified in a similar manner to yield dark red solid 
V in 67% yield (mp slowly dec. >160°C); TLC (silica gel, 20% CHIOH in 
CH2C12): R~0.52;  IR (KBr): 3452 (K -H), 1622, and 1581 cm-’ (C=Oof 
C ring); IH-NMR (free base in CDCI,): 8 8.07 (d. J = 8.0 Hz, H-I), 7.76 (1. 
J = 1.5 Hz. H-2). 7.39 (d.J = 8.0 Hz, H-3). 5.50 (m. tl-l’), 5.26 (m,  H-7). 
4.08 (s,OCH,),4.5-3.8 (br m,  OH-9, H-S’.and H-3’). 3.5 2.2 (br m. H-4, 
H-10, H-13, and CHl-a-N-butyl), 2.0-1.1 (br m. H-8, CH2-2’. CH2- 
j3-N-butyl. CHz--y-N-butyl, and CH2--b-N-butyl), 1.29 (d. J = 6.4 Hz, 
CH3-5’). 1.21 (d, J = 6.4 Hz, CHI-14). and 0.94 ppm (I, J = 7.4 Hz, 


And-Calc. for C ~ I H ~ ~ C I Z O ~ N ~ :  C, 55.1 I ;  H, 6.56. Found: C, 55.46; H, 
6.30. 


(7S,9S) -7- [(+Amino -2,3,6- trideoxy - a-I-lyxo-hexopyranosyl)oxyI -9- 
[ I-+hydroxypranyl)aminoethyll - 7,R,9,10 - tetrahydro-6.9.1 I-trihydroxy- 
Cmethoxy-5,12-nephthacenedione Dihydroehloride (C-13-I-Propanolami- 
nohydrodaunombicir VI)-- The reaction of 3-amino 1 propanol hydrochloride 
with daunorubicin was conducted as for I V  and the product was purified to 
give dark red solid VI in 38% yield (mp slowly dec. > I74OC); TLC (silica gel, 
2WoCH3OH inCH2C12): RfO.58; I R  (KBr): 3443 (N--H), 1622,and 1581 
cm-’ (C=O of C ring); ‘H-NMR (free base in CDCI3): 6 8.05 (d, J = 7.3 
Hz, H-I), 7.76 (1, J = I.OH7.. H-2). 7.37 (d,J = 8.2 Hz, H-3), 5.52 (m. H-1’). 
5.28 (m, H-7), 4.10 (s, OCH,). 4.5-3.6 (br m, OH-9, H-5’. H-3’). 3.5-2.2 
(two m, CHz--y-propanol, CHz-a-propanol. H-4’. H- 10. and H-13). 
1.9-1.5 (br m, H-8, CHz-2’ and CH2-&prupanol), 1.36 (d, J = 6.4 Hz, 
CH3-5’), and 1.29 ppm (m. J = 5.5 Hz, CH3-14). 


And-Calc. for C ~ O H ~ ~ C I ~ N ~ O ~ ~ :  C .  54.61; H, 5.96. Found: C, 54.71: 
H, 5.97. 


(7S,9S) -7- [(13 - Amino-2.3,Ctrideaxy -a- ~-lyxo-hexopyranosyl)oxy~9-(1 - (3,3-dimethyl- 1,3-diaminoethyl)] -7,8,9,1U - tetrahydro 49. I I-trihydroxy- 
4-methoxy-5,12-naphthacenedione Trihydrochloride (C-13-N,N-Dimethyl- 
1,3-propanediaminohydrodaunorubicin; VII)- The rcaction of N,N-di- 
methyl-I ,3-diaminopropane dihydrochloride with I was conducted as for I V  
and the product was purified to give dark red solid VII i n  70% yield (slowly 
dec. >18OoC); TLC (silica gel, 30% CH3OH in CH2C12): R~0 .08;  IR (KBr): 
3451 (N-H), 1622.and 1589cm-’(C-OofCring); ’H-NMR (free basc 
in CDCI]): 8 7.94 (d, J = 7.8 Hz, H-I),  7.72 (1, J = I .5 Hz, H-2). 7.34 (d, J 
= 8.0 Hz, H-3), 5.45 (m. H-1’). 5.17 (m, H-7). 4.05 (s, OCH?), 4.5-3.9 (br 
m, OH-9. H-5’. and H-3’). 3.5 2.0 (br m, H-4’, H-10, H-13, CH2- 
a-N-ethylene, and CH2--j3-N-ethylcne), 2.23 (s, NCti,), 1 .8-1 .I (br m, H-8, 
CH2-2’). 1.29 (d, J = 7.3 tlz. CHI-5’) and I .OY ppm (d, J = 6.5 Hz. CHI- 
14). 


Anal.-Calc. for C ~ ~ H . & I I N ~ O ~ . H ~ O :  C, 51.86; H, 6.53. Found: C, 51.77; 
H, 6.53. 


Octanol-buffer partition cocfficients were determined by standard equil- 
ibration methods (IS). Extinction coefficients at 480 nm, determined for the 
two different phases, were used for concentration determinations. Binding 
constants of the derivatives were determined as previously described (16) using 
spectrophotometric changes at 480 nm. The results were analyzed using 
standard methods ( I  6- 18). Viscosity measurements were made using a vis- 
cometcr2 with electronic timing as previously described ( I  3, 14). The system 
for determining inhibition of E .  coli RNA polymerase is the same as previously 
described for anthracycline derivatives (13). Salmon sperm DNA was used 
as obtained’. Stock solutions of D h A  were made in 2 m M  [1,4-piperazine- 
bis(ethanesu1fonic acid)] buffer (PIPES), pH 7.8, with NaCl added to adjust 
ionic strength. Anthracyclinc stock solutions (10 mM) were made in distilled 


CH3-N-b~tyl). 


Beckman-Zimm rotating cylinder viscomcier ’ Worthington Bicchcmical Corp 
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1 )  RNHpHCI 


2) 1 eq. 


L . 
NaOH 


NH2 


P 


1) 1 eq. 
NaCNBH3 . 


2) HCI 


R 
I 


h - H C 1  fl "P I 


NH, - HCI 
Scheme I--Synthesis of reductice dericutiws of daunorubicin. I V- VII. 


water and diluted with appropriate buffer as needed. 
Anthracycline-DNA complexes for biological testing were prepared by 


dissolving DNA (5 mM) in  0.1 mM phosphate buffer at pH 7. Anthracyclines 
were dissolved (0.01 M) in water and added very slowly with vigorous stirring 
to the DNA solution until a ratio of 1:5 of drug to DNA was obtained. The 
solution was warmed to 4OoC with stirring until all solids had dissolved and 
then was lyophilized. Volumcs were varied depending on the amount of drug 
desired. 


RESULTS 


Chemistry --The syntheses of IV-VII were carried out in good yield by 
treating daunorubicin with appropriate amines and NaCNBH3 (19) as shown 
i n  Scheme I .  The reactions were monitored by TLC. Typically, four spots of 
a reaction mixture were observed: ( a )  starting material, I; ( 6 )  daunorubicinol, 
VIII, which results from the reduction of I by NaCNBH3; ( c )  a component 
with high mobility which is presumably the aglycon of I; ( d )  the component 
which after purification was identified as the desired product and which always 
had the smallest /?I value. Daunorubieinol, VIII, was identified by treating 
I with NaCNBH3 directly under mild conditions. Typically, at the end of a 
reaction, the first three components were present in trace amount and fre- 
quently no starting material was detected. 


All reactions were performed on a relatively small scale due to the expense 
of I .  In addition to elemental analysis, the authenticity and purity of IV-VII 
were confirmed as follows: ( a )  NMR of aromatic, sugar, and methoxy peaks 
of the neutral species in CDCI, showed no significant change from I; (b) the 
C = O  IR stretching vibrations of C- I3 at 17 I2 cm-I disappear after reaction; 
( c )  the bands at 1622 and I58 1 cm-' of the two carbonyl groups of the C ring 
remain unchanged, indicating that thequinone is not reduced by NaCNBH3; 
( d )  the UV-visible spectra of the derivatives are similar to the parent com- 
pound I. indicating that the chromophore is not modified; (e) TLC of the 
purified compounds on silica gel givesonly a single spot. 


Biological Testing-Compounds IV-VII, along with I and IJ,  were sub- 
mitted to the National Cancer Institute for antitumor activity testing against 
lymphocytic leukemia P388 in mice. As shown in Table I ,  all derivatives are 


Table I-Biological Testing Results Against Mouse Lymphocytic 
Leukemia 


Optimal Toxic 
Compound NSC Number Dose. mg/kg Dose, mg/kgh T/CC 


~ 


I 082151 10 2.0 I75 
I 1  123127 10  ~~ ~~~ ~~ 


IV 257455 
V 263673 


. .  


8.0 
5.0 


~. 


3.0 204 
16.0 159 
10.0 183 


VI 266537 16.0 32.0 188 
V I I  256466 6.25 20.0 131 


All tcits were arranged through thc Drug Research and Development Program. 
Division of Cancer Treatment, National Cancer Institute. CDF mice bearing intra- 
peritoneally implanted P388 lymphocytic leukemia (lo6 cells) on day 0 werc treated on 
days I . 9  with  the specified intraperitoneal dose of aqueous drug soIutions. Detailed 
protocol> are described in Ref. 22. The toxic dose is defined as the dosc at  which T/C 
has dro ped from its maximum value to 100. T/C is the mean survival time of 
treatcdLontrol animals, in percent. and must be t 125 for an active result. 


Table 11-Binding of the Anthracycline Drugs to DNA' 
~~ ~ ~ ~ 


KOb X 10-5 KOb X 
Compound (PIPES/5I mM Na+)  ' (PIPES/ZOI mM Na+) 


I 9.3 5.8 
I 1  14.6 10.0 


1v 10.3 3.0 
V 10.5 2.6 


VI 5.8 1.6 
VII  28.0 10.9 


Binding measurements were conducted using spectrophotometric changes at 480 
nm as previously described (10. I I .  18). K O  represents the equilibrium constant for 
binding ofa drug molecule to a n  isolated site on the DKA double helix. I t  is determined 
from the intercept on the vertical axis of a Scatchard plot of binding data. 2 mM PIP& 
buffcr. pH 7.8, wi th  40 mM NaCl added. d 2 mM P I P S  buffer, pH 7.8, wLth 200 m M  
NaCl added. 


active with V and V1 showing greater activity than the parent compound I .  
Relative to I and 11, all derivatives require larger amounts of compound 
(mg/kg) to reach both the optimum and toxic doses (Table I). The ratio of 
toxic to the optimal dose is approximately two for 1 and is not significantly 
increased for any of the derivatives. The activity of V and VI is quite en- 
couraging and we have, therefore, analyzed the interaction of all of these 
compounds with DNA and have measured their octanol-water partition 
coefficients to determine how the biological testing results correlate with the 
binding and the partitioning properties. 


Mode of Binding -Since I and 11 are known to bind to DNA by intereala- 
tion, IV through V11 might also be expected to intercalate. A consistent in- 
dicator of intercalation is the ability of a drug to increase the length of linear 
DNA (20). All of the derivatives gave large increases in viscosity, as expected 
for intercalators in  the presence of linear DNA4 (16). The increases, at similar 
amounts of bound drug. were only -80% of that obtained with I and 11, in- 
dicating that replacing the keto function by the amino substituents perturbs 
the interaction of the anthracjclinc ring system with the double helix. It seems 
conclusive that 'All of the derivatives bind to DNA by intercalation, but the 
structure of the complex formed could be somewhat different from that for 
I and 11 with DNA. 


DNA-Induced Absorption Spectral Changes and DNA Bindi i  Studies-The 
anthracycline chromophore has an intense visible absorption band near 480 
nm which exhibits shifts lo longer wavelengths and hypochromism on inter- 
calation with DNA. Similar effects are seen for the derivatives IV-VII  as for 
I and 11. These spectral changes can be used to calculate equilibrium constants 
for the interaction of the anthracyclines with DNA (14. 16). Because the 
binding of these compounds to DNA is complex ( 1  7), their interactions with 
DNA have been compared by determining the intercept on the vertical axis 
from Scatchard plots of spectrophotometric binding data. This limit should 
be the apparent equilibrium constant, KO. for binding of a drug molecule to 
an isolated binding site in DNA ( I  6). This method has the advantage of giving 
accurate relativc binding strengths for a series of derivatives while not re- 
quiring any specific assumption about binding models for the DNA -drug 
interaction. A similar treatment has been used to compare the binding of 
antitumor platinum drugs with DNA ( I  8). The results for derivatives IV-VII  
compared to I are shown in Table I 1  at two different ionic strengths. 


Inhibition of Escherichia cob RNA Polymerase-If the anthracyclines 
function in part by binding to DNA, they should exert dramatic effects on the 
biological as well as the physical propcrtics of DNA. The potential biological 
inhibition in a standard E. coii RNA poljmerase assay system (9) was mon- 


Cnpublished results. 
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Table Ill-Relative Inhibition of DNA-Dependent E. roli RUA 
Polymerase 


DISCUSSION 


All of the derivatives of this study have been shown to bind strongly to DNA 
through an intercalation complex. The enhanced binding of IV and V relative 
10 I is due to increased sodium ion release by these compunds on complexation 
with DNA ( I  6). This might also partially account for the greater binding of 
VII, but the large enhancement for this compound, even at  higher ionic 
strength, indicates some additional favorable interactions with DNA. At the 
higher ionic strength, which is closer to physiological conditions, only VII binds 
to DNA better than I .  The slightly reduced binding of VI could be due to 
problems of hydration of the alcohol in the complcx uersus the free solution 
state. 


Compounds IV and V bind quite similarly to DNA (Table 11) whereas VI1 
binds much more strongly to DNA than IV or V but partitions poorly (Table 
IV) and has the lowest activity of all of the compounds of this series. The 
propanolamine derivative VI has a lower binding constant than the other 
analogues (although it still binds strongly to DNA). and it has an intermediate 
partition coefficient. This compound has the highest in uiao activity of any 
of the derivatives and is more active than the parent compound 1. Although 
there are too few compounds here to construct a structure-activity plot, i t  is 
interesting to note that dauxorubicin hydrochloride also has high activity 
coupled with a high DNA binding constant and an intermediate partition 
coefficient. This suggests that activity for those anthracycline derivatives which 
bind strongly to DNA and do not have other complicating factors might be 
found to peak at a partition coefficient of -0.7. The low dose of II required 
relative to V I  could be due, in part, to the larger DNA binding constant of If 
(Table 11). Further investigation with a series of anthracyclines with partition 
coefficients of 4 . 7  and high DNA binding constants would be of interest. 


Because of the high DNA binding constant and low partition cocfficient 
for V11 it was expected that a dramatic enhancement in activity against P388 
might bc obtained for this compound through preparation and administration 
of a DNA complex. This idea is based on the so called “lysosomotropic” 
principle, which predicts selectivc uptake by antineoplastic cells of high mo- 
lecular weight macromolecule-drug complexes. This delivery system could 
potentially increase the efficacy of the complexed drug relative to the free 
species, especially for derivatives such as V I I  which have low partition coef- 
ficients but bind strongly to DNA. As can be seen by comparison of biological 
testing results on V11 in Tables I and V,although activity was increased, the 
results were not remarkable. All of the compounds analyzed as DNA com- 
plexes had similar optimal doses both complexed and uncomplexed. The toxic 
doses were generally significantly increased in  the complexes relative to the 
uncomplexed derivatives. This suggests that the DNA is acting more to prevent 
toxicity than enhance activity. Obviously, i f  toxicity is lowered, the mean 
survival time for treated/control animals (TIC)  at  the maximum could rise 
slightly as the probability of a toxic reaction is shifted to higher dose levels 
relative to the optimum dose. Metabolic reactions, such as aglycon formation, 
would also be expected to be slower when an anthracyclinc is bound to DNA; 
this may be one of the major advantages of administering these compounds 
as DNA complexes. The activity of the V-DNA complex is encouraging and 
this compound and its DNA complex are being further investigated in in uitio 
systems. 


Compound Enzymatic Activity, % 


none (control) I00 
I 9 


II 9 
I V  10 
V 13 


VI 10 
V I I  5 


“ The kinetiu of incorporation of [’HJVMP into R N A  using E. roli R N A  polymerase 
was monitored for the compounds indicated. Hctcrogeneoua calf thymus DNA (0.12 
m M  P/L) \*as used as the template for nonspccific RNA polymerization. Drugs were 
added at 0.1 2 mM concentration and reductions in activityof R N A  polymerase monitored 
as previously described ( I  3). 


Table 1V- 1 -0ctanol-Buffer Partition Coefficients 


Compound Partition Coefficient’ 


I 
11 


IV 
V 


VI  
VII 


2.8 
0.5 
0.3 
4.3 
0.8 
0. I 


Determined rpcctrciphotometrically between I-octanol saturated uith buffer (2 m M  
PIPES. pH 7.5. wilh 20 m M  NaCI) and octanol saturated buffer using standard proce- 
dures (21) .  


l a b l e  V-Biological Activity of Anthracycline-DNA Complexes ’ 


NSC 
Compound” Number 


I on2151 
I -  nDNA 25?454 
I -sDNA 251453 
I-dDNA 262 198 


V-nDNA 263674 


VII-nDK4 262650 
V I  nDNA 266538 


Optimal Toxic 
Dose, Oose, TIC.  


mglkg‘ mg/kg 70 


I .o 2.0 I75 
0.83 5.2 217 
1.67 4.5 197 
0.83 3.2 182 
6.7 > 5 i j d  224 
> 8 d  >n 173 
6.7 13 145 


~~~~~~ ~ ~ ~ 


Testing results and column headings are iis in Table I .  * All compounds were prepared 
dt a I :.5 ratio oidrug to D N A  as described in the ~.rperimenro/Se~rion.  nDKA is native 
valmon sperm DNA; sDNA is sonicated; dDNA is denatured. Doses arc calculated 
based on the amount of drug in the DNA-drug complex. The actual dose of the complex 
was six times greater than that indicated. This indicates the maximum dose adminis- 
tcred i n  the test. The optimum or toxic doses may be greater than this value. 


itored and the results are shown in Table 111. As with other anthracycline 
derivatives, the plymerase inhibition results parallel binding interactions ( I  3, 
14) and strong inhibition of the polymerase is obtained for IV-VII. 


Partition Coefficients-The charged amine function on an already slightly 
polar parent molecule obviously has the potcntial for reducing membrane 
permeability. Octanol-buffer partition coefficients ( I  5) weredetermined to 
assess the relative abilit) of the derivatives to pass through membranes as  
compared to I and 11. The partition coefficients are listed in Table IV and, 
as expected, show decreascs for IV. VI, and a large decrease for VII. The butyl 
derivative actually partitions better into the organic phase than I. 


DNA-Anthracycline Complexes: Biological Testing- It  has been proposed 
that complexes of drugs such as the anthracyclines with suitable biopolymers 
should be absorbed faster into tumor cells than into normal cells due to the 
higher potential endocytic activity of tumor cells (21). Since the absorption 
of drugs through their macromolecular complexes should depend much less 
on their partition coefficients than absorption of free drugs, complexes of 1, 
II .  V, VI,  and V I I  with DNA were prepared. The testing results for these 
complexes are shown in Table V. As can be seen from the results with I, the 
physical state of the DNA has some effect on activity. with the native high 
molecular weight DNA complex giving higher activity than the sonicated or 
denatured samples. The complex of I with native DNA has higher activity 
than I alone, has a similar optimum dose (based on thc amount of drug in the 
dose), and has a significantly improved chemotherapeutic index as compared 
uith uncomplexed 1. The results with the derivatives indicate similar behavior. 
The complcx with VI  could not be thoroughly investigated due to limitations 
in  the amount of material available. The complex with V11 was better than 
the free drug but not as significantly improved as  one might expect based on 
its DNA binding properties. The complex with V shows marked improvement 
and has the highest activity in this series. 
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Abstract 0 Surface activity and critical micelle concentrations arc reported 
for two diuretic drugs, furosemide and triamterene. The drugs gencrate a liquid 
membrane on a supporting membrane. Transport of chloride, sodium, and 
potassium ions through the liquid membranes generated by the drugs was 
studied. The data suggest that the phenomenon of liquid mcmbrane formation 
may contribute to the diuretic action. 


Keyphrases 0 Diuretics-liquid membrane phenomenon, critical micelle 
concentrations, chloride, sodium, potassium ion transport. furosemide, tri- 
amterene 0 Furosemide-liquid membrane phenomenon. anion/cation 
transport 0 Triamterene-liquid membrane phenomenon, anion/cation 
transport 


Drugs known to act by altering the permeability of cell 
membranes are mostly surface active. Surface-active agents 
added to an aqueous phase are known to generate a surfac- 
tant-layer liquid membrane at the interface which modifies 
material transport across it (1). I t  is therefore likely that the 
liquid membranes generated by surface-active drugs play a role 
in the mechanism of drug action. A wide category of surface- 
active drugs have been investigated in this laboratory (2-7), 
and results indicated that the liquid membranes contribute to 
the mechanism of drug action. 


Most of the high-ceiling diuretics (8) are known to act by 
altering the reabsorption of cations (e .g . ,  Na+) and anions 
(e.g., CI-) in the ascending limb of the loop of Henle (8). Al- 
though diuretics act by modifying the membrane permeability, 
their surface activity is not documented in the literature. In 
the present study, surface activity of these drugs is demon- 
strated-critical micelle concentrations (CMC) have been 
determined-and the existence of liquid membranes generated 
by them at the interface is confirmed. Transport of relevant 
cations and anions in the presence of the liquid membranes 
generated by the drugs has been studied. The data indicate that 
the liquid membranes generated by the diuretic drugs con- 
tribute to the mechanism of their action. A cellulose nitrate 
microfiltration membrane/aqueous interface was chosen as 
a site for the formation of the liquid membranes to eliminate 
the possibility of active and specific interaction of the drugs 
with the constituents of the biological membranes and to 
highlight the role of passive transport through the liquid 


membranes. Two structurally dissimilar diuretic drugs (fu- 
rosemide and triamterene) were chosen for the present 
study. 


EXPERIMENTAL SECTION 


Mnterinl- Furosemidel, triamterene*, sodium chloride3, potassium chlo- 
ride3, and water (glass distilled over potassium permanganate) were used. 


Methods-The critical micclle concentration (CMC) of aqueous furosemide 
and triamterene solutions were determined from the variation in surface 
tension with concentration at 37 f 0.1 OC. The surface tensions were measured 
using a tensiometer4. To prepare'an aqucous solution of furosemide, the drug 


4.0 


AP X Nnr2 


Figure 1 -Hydraulic permeability data. Curves 1. I I .  I I I .  IV,  and V are for 
0. 2.08 X 4.16 X 8.3 X and 24.9 X Mfurosemide 
concentrations, respectively. 


I Hoechst Pharmaceutical. Ltd. 
S, K & F Ltd. 
Analytical grade. 


4hkxlel 21 Tensiomat; Fisher. 
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EDITORIAL 


A Drug Is A Drug-Or Is It? 


A matter of significant recent controversy is referred to by the 
public news media as “the use of prescription drugs in executions.” 
Indeed, this subject has become so controversial that the matter is 
to be weighed by the L.S. Supreme Court this fall. 


Capital punishment is also a controversial issue in  itself, but the 
question of using “prescription drugs” to carry out the process of 
execution is a completely separate and distinct matter. 


The current issue at hand was concisely summarizcd in a recent 
issue of APhA’s weekly newsletter, apharmacy weekly: 


“The court ( U S .  Supreme Court) will hear oral arguments in a 
suit filed against the federal government by eight Texas and Okla- 
homa prisoners awaiting executions by lethal injection. The inmates 
are asking FDA to ban the use of prescription drugs for other than 
medical purposes. 


“Currently, 14 states permit such executions, though only two 
(Texas and North Carolina) have carried any out. The executions 
typically involve the use of potassium chloride to stop the heart, a 
muscle relaxant to stop breathing, and a barbiturate to cause un- 
consciousness. 


“To date. FDA has tried to sidestep the issue, saying it  has an en- 
forcement role only in instances which endanger the public health or 
involve fraud.” 


Other press reports have gone on to state that the prisoners have 
further claimed that FDA should not permit such useof these “drugs” 
because there has not been clinical demonstration of their effectivc- 
ness and safety for this particular use, as required by federal law for 
any new use of an otherwise approved and marketed drug. 


Years ago. the United States Pharmacopeia and the National 
Formulary were faced with similar dilemmas. Substances such as 
sodium chloride, sucrose, rose water ointment, magnesium trisilicate, 
microcystalline cellulose, polysorbate, saccharin, carbon tetrachloride, 
and so on, all had multiple uses. They all had certain distinct uses as 
drug dosage form ingredients: either for the physiological activity they 
provided per se, or as pharmaceutical adjuncts that contributed to 
the overall suitability and activity of various drug dosage forms. But, 
in addition, they had certain other commercial uses that were clearly 
“non-therapeutic” or “non-drug” in nature: as foods, cosmetics, 
solvents, cleaning agents, and so on. 


However, neither the drug laws nor the USP-NF made any dis- 
tinction; in  fact, the law as well as the official compendia appcared 
to specifically blanket all such substances under the broad obligation 
of meeting USP-NF standards and specifications. The wording in 
the General Notices section of both compendia read that: “The 
standards apply equally to articles bearing the official titles . . . 
whether or not the added designation ‘USP’ (or ‘NF’) is used.” 


When the officials responsible for revising the compendia and 
maintaining their currency became aware of this unintended broad 
interpretation, they promptly introduced a clarifying new statement 
reading: “Articles listed herein are official and the standards set forth 
in the monographs apply to them only when the articles are intended 
or labeled for use as drugs or medical devices and when bought, sold, 
or dispensed for these purposes.” 


Edrror’s Note: Dr. Feldmann’s editorials arc an expression of personal opinion and do not 
nwssarily reflect vicws or pl ic im ol APhA. Thc editorials arc intended lo be provocative 
and lostimulate thinking. Readers having reactions. cithcr proor con. are invited tosubmil 
thcm lor publicalion in thc Open Forum scclion. 


This means that a box of sodium chloride-whether it is labeled 
“USP’  or not-must meet USP standards if  it is intended for use as 
a drug or therapeutic agent. If, however, it is intended for use as a 
food, or as an agent in ice cream manufacture, or to melt road ice, then 
it is not obliged to meet the compendia1 standards. 


Similarly, barbiturates are used as drugs and also as laboratory 
buffering agents; certain anticoagulants are used therapeutically and 
also as rat poison; and other examples might be cited as well. In each 
such case, it is the intended use of the substance-rather than what 
it is chemically-that determines whether it is a “drug,” and therefore 
must meet the applicable drug requirements. 


Applying this line of reasoning, the situation with regard to the 
substances used for execution oia lethal injection seems quite obvious; 
namely, the substances are not drugs because their intended use is 
clearly otherwise, despite the fact that these same substances may 
also be labeled and used as drugs under another set of circum- 
stances. 


Ironically, however,the FDA itself is largely responsible for con- 
fusing what should be a clearly differentiated situation. Approxi- 
mately 20 years ago, the FDA seized shipments of paper disks im- 
pregnated with various antibiotic agents which were intended for 
clinical laboratory use in determining whether cultures of isolated 
organisms were inhibited by one or more of the antibiotic agents. This 
FDA enforcement action was challenged by the manufacturer (Difco 
Laboratories), and the case went to trial. 


In the personal view of this writer, the antibiotic-impregnated disks 
were only a diagnostic aid at most-they were not used in any ther- 
apeutic manner and, hence, were not drugs. Although they happened 
to contain trace amounts of antibiotic substances, their use made them 
no different than other reagents used in the clinical laboratory. On 
this basis, we testified as an expert witness in Federal District Court 
on behalf of Difco Laboratories and in opposition to the position taken 
by the FDA. 


The case was a most difficult one, and was eventually decided by 
the U S .  Supreme Court in a landmarkdecision. The FDA had fought 
tenaciously to protect all aspects of its antibiotic certification program 
which was then in effect-but which has recently been abolished- 
and convinced the court of the necessity of “certifying” these test 
disks. In turn, this required the court to determine that thc disks were 
“drugs” although they never came near the patient, and in themselves 
have no effect on the course of the patient’s disease or condition of 
the patient. 


It appears to us that the conclusion of the court was terribly erro- 
neous and that many absurd interpretations mutually follow when 
the court’s general conclusion is applied to other articles and to other 
situations that have subsequently arisen. 


Perhaps the court, in  reviewing the lethal injction tissue, will see 
fit to review the Difco decision. If so, we believe that the wise course 
of action would be to reverse the unfortunate conclusion reached by 
an earlier panel of jurists some 15 years ago. 


-EDWARD G. FELDMANN 
American Pharmaceutical Association 


221 5 Constitution Avenue, N W  
Washington, DC 20037 
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Rapid Quantitative Liquid Chromatographic Determination of Caffeine Levels in 
Plasma after Oral Dosing 


S. E. O’CONNELL” and F. J. ZURZOLA 
Received May 6, 1983, from Brisiol-Myers Producis, Hillside, NJ 07207. 


Abstract 0 A simple method is described for the rapid, quantitative analysis 
of caffeine in human plasma. Caffeine levels present in plasma following drug 
administration were determined by high-performance liquid chromatography 
with UV detection at 273 nm after plasma protein precipitation. Caffeine was 
detectable a t  levels as  low as  0.1 pg/mL. Mean recoveries of 98% with a 
coefficient of variation of 3% were obtained for plasma standards, in which 
concentrations ranged from 0. I to 8 pg/mL. Interassay variability of the slope 
of the standard curve had a coefficient of variation of 3%. Application of this 
method during human bioavailability studies is described. 


Keyphrases Caffeine-HPLC, human plasma. bioavailability 0 Bio- 
availability-caffeine, HPLC, human plasma, oral dosing 


Caffeine is a commonly ingested drug that is present in 
foods, beverages, and medicaments. Its widespread use has 
stimulated an interest in the development of a simple and rapid 
plasma determination for caffeine suitable for analyzing 
multiple samples. 


Although GC ( 1  -3) and spectrophotometric (4) methods 
exist for caffeine determination in biological fluids, high- 
performance liquid chromatographic (HPLC) methods are 
relatively few, and those available suffer from the disadvan- 
tages of inadequate sensitivity (9, time-consuming extraction 
steps (5-7), dedicated equipment (8), inadequate sample 
cleanup, inadequate sensitivity for pharmacokinetic studies 
(9-1 l ) ,  and insufficient testing in human plasma (1 1). 


The method described herein involves a single plasma pro- 
tein precipitation followed by liquid chromatographic deter- 
mination of caffeine in the clear supernatant. The plasma 
proteins were denatured and precipitated with 0.15 M 
B a ( O H ) 2  and 5% ZnS04 solutions, as described previously 
(12). The use of this combination of reagents results in a su- 
pernatant with a neutral pH and a clean chromatographic 
profile due to efficient coprecipitation of both plasma proteins 
and excess reagents. The method is capable of detecting at least 
0.1 pg/mL of caffeine, and the reproducibility eliminates the 
need for an internal standard. Furthermore, the ease and ra- 
pidity of sample workup make this method ideal for multi- 
ple-sample analyses. 


This method has been used routinely on long-term human 
bioavailability studies, resulting in clean predose plasma 
chromatograms with no interference and no column deterio- 
ration after several hundred analyses, and has been found to 
be precise and accurate. 


Accepted for publication July 11. 1983. 


EXPERIMENTAL SECTION 


Reagents-Standard solutions were prepared in distilled water. The 0.1 5 
M Ba(0H)z and 5% ZnS04 solutions were obtained commercially’. 


Instrumentation and Operating Conditions-The analysis was performed 
with a high-performance liquid chromatograph2 with a variable-wavelength 
UV detector3 set at 273 nm, an automated injection system4 fitted with a 
75-pL loop. and a 30 cm X 4-mm i.d. reverse-phase, high-efficiency c18 COI- 


d 4 - - L‘ J 


0 I2 0 1 2  0 12 


MINUTES 
Figure I-Chromatograms for a typical subject. Key: (A) taken prior lo 
cafjeine ( I )  administration: (B) taken 10 min afrer oral administration oftwo 
65-mg tableis; (C) taken 20 min postdose. 


I ZnS04 solution (lot SO-Z-10). Ba(Otl)2 solution (lot SO-B-I 38); Fisher Scientific 


* Model 6000; Waters Associates. Milford, Mass. 
1 Model 773; Kratos. Ramsey, N.J. 


co. 


Model 725; Mircomeritics, Norcross, Ga. 
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Table I-Accuracv of HPLC Assrv for Caffeine in Human Plasma 


Experiment 
1 2 3 4 5 


Amount Amount Amount Amount Amount Amount 
Added. Found, Found, Found, Found, Found, 


Pg Error, % Error, % Error, % PI3 Error, % pg Error,% 


0 0.01 0.01 0 0 0 
0.01 0.01 0 0 0 0 


0.1 0.10 0.0 0.10 0.0 
0.1 0.1 1 10.0 0.10 0.0 
0.25 0.25 0.0 0.26 4.0 0.24 4.0 0.26 4.0 0.27 8.0 
0.25 0.23 8.0 0.26 4.0 0.24 4.0 0.27 8.0 0.26 4.0 
0.50 0.48 4.0 0.50 0.0 0.50 0.0 0.47 6.0 0.5 1 2.0 
0.50 0.5 I 2.0 0.52 4.0 0.50 0.0 0.50 0.0 0.55 10.0 
1 .00 0.99 I .o 1 .OO 0.0 0.96 4.0 0.99 I .o 0.89 1 .o 
1 .00 1.05 5.0 1.05 5.0 1.01 I .o 0.99 1 .O 1.01 1 .o 
2.00 1.93 3.5 1.99 0.5 2.04 2.0 I .92 4.0 1.95 2.5 
2.00 2.04 2.0 1.95 2.5 1.99 0.5 2.04 2.0 1.95 2.5 
4.00 3.86 3.5 3.84 4.0 3.94 1 .s 3.91 2.3 4.01 0.3 
4.00 4.08 2.0 3.91 2.3 3.96 1 .o 4.10 2.5 4.00 0.0 
8 .OO 7.78 3.0 8.02 0.3 7.92 1 .O 7.93 0.8 7.97 0.4 
8.00 8.25 3.0 8.1 1 1.4 8.12 1.3 8.08 1 .o 8.08 1 .o 


- - - 
- - - 


umn5. The mobile phase was methanol-water (3070). which was filtered 
through a 0.45-pm pore-size filte@ and was deaerated before use. The flow 
rate was 1.0 mL/min. The column was fitted with a precolumn packed with 
C I S  Corasil, 37-50 pm7. This precolumn was repacked once a week during 
panel use, since particulate matter accumulated on the precolumn frit and 
started to increase the column pressure after a weekly load of 300-400 in- 
jections. The detector was set a t  a sensitivity of 0.02 AUFS. 


Plasma Caffeine Study in Humans-Because the described method was 
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M I N U T E S  
Figure 2-Chromatograms of a I -mL human plasma sample processed by 
the described precipitation method. The mobile phase was 30% methanol 
at apow rate of 1.0 mllmin, and thechart speed was 15 cm/h. Key: (A)  88- 
spiked plasma; (B) plasma spiked with 0.1 pg of cajfeine (I ) ;  (C) plasma 
spiked with I pg of I .  


p-Bondapak C,S. Waters Associates. 
6 Millipore Corp.. Bedford. Mass. ’ Waters Associates. 


so sensitive to low levels of caffeine, it became necessary to insist that panelists 
abstain from caffeine-containing food, drugs, and beverages for at least 72 
h before dosing. The panelists were fasted overnight and then received a 
130-mg oral dose of caffeine in the form of two multicomponent tablets* taken 
with 100 m L  of water. It had been determined in earlier panels that coad- 
ministration of aspirin and acetaminophen do not result in drug or metabolite 
peaks which interfere with the caffeine peak. Venous blood specimens were 
withdrawn by syringe and discharged into centrifuge tubes containing heparin 
as an anticoagulant. Specimens were taken before and at  specified times after 
drug administration through 4 h. Collected specimens were centrifuged im- 
mediately for 15 min at 3500 rpm in  a bench-top centrifuge. Plasma was 
separated and analyzed for caffeine by the proposed method. 


Analysis-One milliliter of freshly drawn plasma was added to a screw-top 
culture tube (16 X 100 mm). To  each tube was added 1 mL of the saturated 
0.1 5 M Ba(OH)2 solution. The tubes were vortexed for 2 min at sufficient 
s p e d  on a multiple tube vortex mixer9 to allow thorough mixing and sufficient 
reaction time. The addition of 1 mL of the 5% ZnS04 solution was made only 
after each sample became opaque in appearance. Each tube was then capped 
and vortexed at  high speed for I min. The tubes were then centrifuged in a 
bench-top centrifuge at  high speed for 10 min. The resulting clear, water-like 
supernatant was separated from the precipitate and filtered directly into an 
autoinjector vial with a Pasteur pipet plugged with glass wool. This ensured 
a minimal volume loss and a particulate-free sample. 


Standard Curves-Calculations were carried out with standard curves 
constructed by analyzing I-mL samples of the p l e d  predose plasma spiked 
with 0.1 -8 pg of caffeine and by plotting the peak height uersus the corre- 
sponding concentration. The standard curve data were subjected to least- 
squares linear regression analyses, and the resulting equation was utilized for 
the calculation of the drug concentration in the unknown samples. 


RESULTS AND DISCUSSION 


Typical chromatograms of a predose plasma sample (Fig. IA) and the 10- 
and 20-min postdose plasma samples (Fig. 1 B and C. respectively) obtained 
for a typical subject demonstrate the specificity of this method by the absence 
of interfering peaks. With 30% methanol in water as the eluant at a flow rate 
of 1 .O mL/min. the retention time for caffeine was 9 min. 


Figure 2 represents thechromatograms of a I-mL plasma blank, a I-mL 
plasma sample spiked with 0.10 pg of caffeine, and a I-mL plasma sample 
spiked with 1 pg of caffeine. The standards and samples are chromato- 
graphically clean to the extent that caffeine concentrations <O.l pg/mL can 
be detected by this procedure. The adequate peak size and clean baseline 
resolution for a 75-pL sample injection containing 0.10 pg/mL of caffeine 
indicates the potential for detecting caffeine at concentrations of <0.1 pg/mL 
uia an increased injection volume or more sensitive detector setting. Since the 
lowest caffeine level normally encountered in our therapeutic drug monitoring 
was 4 . 2 5  pg/mL, the present sensitivity of this method is more than adequate 
for use in blood level and pharmacokinetic studies. 


Recovery-The recovery of caffeine from plasma relative to its recovery 
from water, as measured by the ratio of the slopes of the standard curves in 
plasma and water, respectively, was 0.98 f 0.03, with a coefficient of variation 


Excedrin; Bristol-Myers Products, Hillside, N.J. 
9 Kraft Apparatus, Inc., Mineola. N.Y. 
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Table 11-Caffeine Plasma Levels 


Subject 


Females 
1 
3 
5 
7 
9 


1 1  
13 
15 
17 
19 
21 
23 


Caffeine Levels, pg/mL 
10 min 20 min 40 min 60 min 120 min 180 min 240 min 


0.7578 
1.7288 
2.3238 
O.oo00 
2.9160 
0.4561 
I .7465 
4.5783 
0.3960 
0.7061 
2.0590 
1.4077 


4.3575 
4.3338 
3.9185 
1.1394 
3.6563 
2.6294 
4.3202 
5.6424 
5.3454 
3. I482 
4.3696 
4.7510 


3.9549 
3.8839 
3.8729 
3.58 I I 
3.2301 
4.4807 
4.0904 
4.3555 
5.0732 
5.7374 
3.8434 
4.377 I 


3.2918 
3.5760 
3.5312 
4.2594 
2.9 I60 
4.2 I24 
4.1134 
3.81 11 
4.6030 
5.649 I 
3.2715 
4.0692 ~~ 


25 4.2452 5.8676 5.0294 4.1912 
27 0.7842 6.8141 5.1376 4.5968 
29 0.1978 1.6808 2.6201 2.5954 
31 2.1887 4.3993 3.3050 2.8453 
33 2.3090 5.2018 3.9279 3.5032 
35 0.226 I I .2886 3.2555 3.1650 
37 4.246 1 4.9246 4.31 I8 3.9178 
39 2.2933 4.51 10 4.0826 3.7046 


2.2024 
2.6524 
3.0756 
3.7439 
2.5572 
3.7026 
3.5389 
3.2172 
3.8853 
4.7370 
2.5623 
3.5853 
3.0555 
3.8126 
2.3235 
2.1231 
2.7336 
2.7807 
3.3487 
2.7974 


1.4683 1.0657 
2.1314 1.6814 
2.7566 2.5516 
3.3370 2.9843 
2.243 1 1.9964 
3.1392 2.7367 
3.2632 3.2402 
2.7470 2.3015 
3.4646 3.1182 
4.001 5 3.5601 
2.1276 1.7845 
3.1014 2.5955 
2.4065 1.8928 
3.3530 3.1907 ~ ~... 


2.101 1 i .9775 
1.5759 1.1819 
2.2293 1.9109 
2.6677 2.4868 
2.9329 2.7 140 
2.3185 I .a397 


Males 
2 0.8973 2.3553 3.4768 2.78 15 2.3777 2.0188 1.8394 
4 0.0000 1.4353 3.8478 2.4149 2.0276 1.8454 1.6631 
6 1.4209 3.1971 2.7945 2.6998 2.3919 2.0603 1.7288 


10 3.3641 4.4493 3.0657 2.6587 1.9533 1.5735 1.3022 
I2 0.6440 2.4148 2.6026 2.1197 I .7440 I .4757 1.3148 
14 0.4455 2.0788 2.8955 2.7222 2.5242 2.2768 2.2025 
16 1.8513 3.8977 2.6830 2.4952 2.5220 2.3342 2. I464 
18 1.3558 3.9065 3.4929 3.3320 2.7575 2.7346 2.4588 
20 1.6914 4.01 58 3.7510 3.5744 3.1037 2.8389 2.4564 
22 0.1352 1.0816 3.3259 3. I096 2.4065 2.0821 1.8387 
24 0.6863 2.3792 3.7061 2.9054 2. I275 I .8073 1.6014 
26 0.1730 1.2112 2.7437 3.3122 2.1752 1.6067 1.1865 
28 0.1977 0.9887 2.5707 2.9415 2.5213 2.1258 1.8539 
30 o.Ooo0 0.9458 2.4855 2. I556 1.7157 1.4077 1.2318 
34 2. I232 3.0521 2.8398 2.707 1 2.4682 2.3355 2.3090 
40 1.6416 3.2174 3.3050 2.9548 2.2106 1.926 I 1.7729 


.a n = 36. 


of 3%. lnterassay variability of the slope of the standard curves generated 
during the bioavailability study had a coefficient of variation of <5%. A typical 
calibration regression line isy = 4 4 . 3 3 ~  - 0.37, where x is concentration and 
y is peak height; this is linear over a concentration range of 0.1-8 &mL. The 
good linearity between the peak height and caffeineconcentration in plasma 
is indicated by the correlation coefficient of >0.999. 


Accuracy-Table 1 shows the actual amounts with which I-mL blank 
plasma samples were spiked and the amounts found when the plasma was 
analyzed by the described method. The experiment was performed in d u p  
plicate on each of 5 d. The percent error for each unknown sample was cal- 
culated according to ( I  3): 


amount added - amount found ( amount added 
) x  loo percent error = 


The average percent error was 3%. In no case did it exceed 10%. 
Plasma Levels of Caffeine-A comparison was made of caffeine levels 


produced by two different caffeine-containing tablet formulations. The total 
caffeine dose administered was 130 mg. Table I 1  shows the caffeine levels for 
one of the formulations for 36 subjects in a two-way crossover study with 
samples taken at 10,20,40,60,l20, 180, and 240 rnin postdose.The 10-min 
plasma levels indicate a slower absorption by male panelists, with the lowest 
detectable level of caffeine being slightly less than 0.2 pg/mL. A further in- 
spection of the data reveals that caffeine was rapidly absorbed from the oral 
dose, reaching a peak plasma level of 3.6 pg/mL in <40 min. 


The proposed method is extremely simple, inexpensive, and sensitive for 
the rapid determination of caffeine in plasma or blood at  levels likely to be 
encountered after a usual 65- or 130-mg total dose. Plasma proteins are  de- 
natured by the addition of a saturated Ba(0H)z solution and then precipitated 
with a 5% ZnS04 solution. The resulting colorless clear supernatant is ana- 


lyzed by HPLC with conventional 3.9-mm i.d. columns. The reproducibility, 
sensitivity, and selectivity of the method make the use of an internal standard 
unnecessary. The reproducibility and reliability of this method have been 
demonstrated in >500 determinations of plasma concentrations of caffeine. 
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D = dose 
D g  = XB + ( I  - Fci)D 
DT = F G ~ D  + FeDg,  the apparent amount of the dose absorbed 


F g  = fraction of drug accumulated in B that is released to G at  time 
F = AUC,/AUCiV, the apparent fraction of the dose absorbed 


t = t g  


central compartment 
FGI = fraction of D absorbed by first-order absorption into the 


1 - FGI = fraction of D transferred from G to B 


K z ~  = first-order transfer rate constants 
G = compartment from which absorption takes place 


t = time 
t L  = lag time 
t g  = time when a part ( F B D ~ )  of the drug accumulated in B is 


Vd = volume of distribution 
X B  = amount of drug transferred from compartment I to 


released to G 


compartment B a t  time t = t g  
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Abstract 0 A dose-dependent pharmacokinetic study of pefloxacin was per- 
formed after four intravenous infusions and four orally administered doses. 
After intravenous infusion, the pharmacokinetic profiles of the plasma con- 
centrations showed a biphasic decline, with half-lives (mean f SD) of 8.55 
f 4.20 min and 1 1.50 f 1.75 h, respectively. Intravenous infusion and oral 
administration yielded similar results. The pharmacokinetic parameters re- 
mained constant in the dose range of 200-800 mg from the plasma and urine 
data. 


Keyphrases 0 Pharmacokinetics-dose-dependent, pefloxacin, new anti- 
bacterial agent 0 Pefloxacin-ncw antibacterial agent, dose-dependent 
pharmacokinetics 0 Antibacterial agent-dose-dependent pharmacokinetics 
of pcfloxacin 


Pefloxacin , 1 -ethyl-6-fluoro- 1,4-di hydro-7-( 4-met hyl- 
1 -piperazinyl)-4-oxo-3-quinolinecarboxylic acid (I), is a new 
antibacterial compound shown to be highly active against both 
Gram-negative and Gram-positive bacteria (1, 2). A large 
percentage (85%) of the drug administered is transformed into 
several metabolites, the IV-oxide, the demethyl, and the oxo- 
demethyl analogues (3). Since the pharmacokinetic data for 
this drug have not been reported in humans, a preliminary 


I Roger Bellon Laboralories. Alfortville, France 


study was performed to investigate the plasma and urine 
profiles of pefloxacin in a dose-dependency study in hu- 
mans. 


EXPERIMENTAL SECTION 


Materials-Pefloxacin and its 6-chloro analogue’ (11) (the internal stan- 
dard) showed no impurities in two different T L C  systems. All reagents were 
commercially available analytical grades and used without further purifica- 
tion. 


Pefloxacin Analysis-Unchanged pefloxacin in plasma or urine was 
measured by HPLC (3) using a liquid chromatograph2 equipped with a UV 
spectrophotometer (280 nm) and a continuous flow cell with an 8-pL capacity. 
A 200-mm steel column was used, packed with a monomolecular layer of 
octadecyltrichlorosilane chemically bonded to silica beads with an average 
particle size of 7 pm3. 


n-. R d C - ”  


7 CH,-N N 
C,H, 


U 


I : R = F  
11: R = CI 


2 Waters Associates. Paris, France. 
3 Lichrosorb RP-18; Merck, Paris, France. 
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Table I-Pharmncokinetic Parameters (Mean f SO) Obtained after Intravenous Infusion of Pefloxacin 


Dose, mg 
Parameter 200 400 600 800 


0.10 f 0.05 
9.7 f 2.1 


0.686 f 0.675 
7.35 f 5.54 


I .  149 f 0.094 
23.2 f 19.1 


100.9 f 40.9 
23.4 f 9.3 


156.4 f 53.7 


0.13 f 0.06 
10.7 f 1.4 


0.160 f 0.030 
3.46 f 1.55 


2.422 f 0.861 
46.9 f 8.7 
64.8 f 4.1 
54.3 f 4.1 


123.1 f 9.8 


0.09 f 0.03 
11.8 f 2.3 


0.170 f 0.125 
5.63 f 2.66 
2. I2 + 0.27 
68.2 200 
83.5 f 14.7 
82.2 f 22.5 
27.2 f 3 I .O 


0.25 f 0.07 
13.8 f 2.7 


0.1 30 f 0.064 
3.087 f 3.582 
1.66 1 f 0.709 
54.6 f 21.8 
65.3 f 30.9 


130.9 f 23.7 
104.8 f 19.3 


27.4 f 13.1 - 76.2 f 37.1 84.8 f 19.3 
u,, % 13.7 f 6.5 - 12.5 f 6.6 10.8 f 2. I 
CLR. mL/min 19.6 f 5.6 - 15.2 f 6.6 12.0 f 0.3 


Table 11-Pharmcokinetic Parameters (Mean f SO) Obtained after Oral Administration of Pefloxacin 


Dose, mg 
Parameter 200 400 600 800 


Lag time, h 
kr, h-1 
1112. rr h 


0.32 f 0.14 
2.11 f 0.25 
0.33 f 0.04 


0.48 f 0.23 
1.59 f 0.7 1 
0.46 f 0.27 


0.26 f 0.1 I 
2.73 f 2. I2 
0.35 f 0.19 


0.28 f 0.22 
4.01 f 2.28 
0.25 f 0.20 


11’2:ei.h 11.7 f 3.6 10.5 f 2.0 11.3 f 1.1 12.6 f 2.5 
132.2 f 26.9 112.0 f 20.5 109.9 f 17.7 137.9 f 2.1 
25.7 f 6.3 54.5 f 11.2 87.9 f 8.9 105.0 f 20.7 ACC, mg.h/L 


CLT, mL/min 135.3 f 35.5 125.7 f 25.7 I I 1.3 f 7.0 130.6 f 28.6 
Urn, mg 23.6 f 8.0 44.3 f 17.3 84.1 f 23.5 136.4 f 26.7 
u,, %I 1 1.8 f 4.0 11.1 f 4 . 3  14.0 f 3.9 17.0 f 3.3 
CLR, mL/min 15.3 f 3.8 12.9 f 2.6 14.7 f 3.6 21.9 f 4.8 


d ,  L 


The detection limit of the technique was 0.05 pg/mL in plasma and 0.5 
pg/mL in urine, with an overall recovery of 90% from both plasma and urine. 
Standard curves showed good linearity from 0.125 pg/mL to 10 pg/mL, r 
> 0.995. 
Human Experiments-Three subjects gave informed consent to participate 


in the study. They were found to be free from cardiac, renal, hepatic, respi- 
10 1 


5 


d 
\ 


t l  


0.5 


I \ 


\ 


0.1 I ._ 
o 4 8 12 11 2 1  24 2 1  12 31  


HOURS 


Figure 1-Plots of mean plasma concentrations of pejloxacin versus time 
obtained in three subjects for each infused dose. The lines were generated 
from the best-/it pharmacokinetic parameters. Key: (8)  200 mg; (A) 400 mg; 
(e) 600 mg; (0) 800 mg. 


ratory, and allergic diseases by clinical and biological examinations. None 
of the subjects received any drugs for at least 15 d prior to the study. Each 
subject received four doses (200,400,600, and 800 mg) at weekly intervals 
both by intravenous infusion over 1 hand orally in 200-mg tablet form. Oral 
administrations were given after a 15-d wash-out period. 
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0.1 I 
0 4 8 12 16 20 24 26 
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Figure 2-Plots of mean plasma concenirations of pejloxacin versus time 
obtained in three subjects for each orally administered dose. The lines were 
generated from the best-/it pharmacokinetic parameters. Key: ( 8 )  200 mg; 
(A) 400 mg; (@) 600 mg; (0) 800 mg. 
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Figure 3-Semilogariihmic plois of ihe amounis remaining io be excreted 
versus time in three subjects afier an infused dose. Key: (m) 200 mg; (@) 600 
mg; (0) 800 mg. Inset: An example of a clearance ploi obtained in subject 
A after an infused dose of 800 mg. 


A 7-mL heparinized blood sample was drawn at 0,0.23,0.5,0.75, and 1 
h during the infusion and at 10, IS. 30, and 45 min. 1, 1.5,2,2.5,3,4,6,8,10, 
24.36. and 48 h after the cessation of the infusion. After oral administration, 
sampling took place at 0,0.25,0.5,0.75, 1, 1.5,2,2.5,3,4,5,6,8, 10. 12,24, 
36, and 38 h. When variations of the infusion period or the sampling times 
occurred, the actual times were noted. 


Urine samples were collected every hour during the first 6 h, every 2 h 
during the next 6 h. and every 12 h for the next 3 d. 


Calculations-Statistical and pharmacokinetic calculations were performed 
with a table computer' using programs developed previously (4). 


RESULTS AND DISCUSSION 


Blood Sample Analysk-lnirauenous Infusion-The mean pefloxacin 
plasma concentrations obtained from the three subjects receiving intravenous 
doses are shown in Fig. I .  Individual concentrations were systematically in- 
terpreted according to three different pharmacokinetic models, k., one-, twc-, 
or three-compartment open models using a Gauss-Newton algorithmic 
method. When pefloxacin was infused, the rate of input of the drug into the 
compartmental model was treated as a zero-order process; however, it was 
a one-order process when given orally. 


At each step, the benefit of increasing the number of compartments was 
evaluated with a statistical Fischer test using the least-squares criterion. It 
showed that ihe two-compartment open model was the most suitable. The 
mean pharmacokinetic parameters (mean f SD) are listed in Table 1. It shows 
a rapid distribution phasecorresponding to a 0.146 f 0.04 h half-life (range: 
0.084-0.477) and an elimination phase with an 11.5 f 2.5 h mean half-life 
(range: 7.3-1 5 .5 ) .  The volumes of distribution are large with a mean of 40.1 
f 19.1 L (range: 6.9-66.7 L) for the central compartment and 78.2 f 28.5 
L (range: 46.2-101.0 L) for the peripheral compartment. 


Oral Adminisiraiion-Mean pefloxacin concentrations obtained from the 
three subjects receiving oral doses are shown in Fig. 2. With this route of ad- 
ministration, the best fit was obtained with the one-compartment open model 
and first-order absorption. The mean pharmacokinetic parametcrs are prc- 
sented in Table 11. All parameters are in the same range as those obtained after 
intravenous infusion. The apparent elimination half-lives and the areas under 
the plasma concentration curves are essentially identical. From this last ob- 
servation, it can be stated that the absolute availability of the tablets was 
complete, in these subjects, a t  each dose so that apparent volumes of distri- 
bution and total elimination clearances need not be corrected after oral ad- 
ministration of the drug. The distribution phase does not appear after oral 
administration, being masked by the absorption phenomenon from the GI 
tract. 


Urine Sample Annlysis-/ntravenous Infusion-The rate of unchanged 


Model 4052; Tektronin. Paris, France. 
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Figure 4-Semilogarithmic plois of ihe amounts remaining to be excreted 
versus time in three subjects after an orally administered dose. Key: (m) 200 
mg: (A) 400 wig: (0)  600 mg; (0) 800 mg. Insei: An example of a clearance 
plot obtained in subjeci A ajier ihe orally adminisiered dose of800 mg. 


pefloxacin elimination was plotted against the plasma concentration at  the 
corresponding mid-point time of urine collection. It showed a roughly linear 
renal clearance in each subject for all doses administered ( r  > 0.85). I f  the 
renal clearance IS constant as a function of time and drug concentration, it 
is then possible to compute concomitantly the plasma concentrations and the 
rate of urinary elimination according to the general relation: 


In each case, a single set of exponential terms adequately described both 
the plasma concentrations and the urinary elimination of the drug ( r  > 0.95 
between observed and calculated values). The total amount excreted in the 
urine and the estimated renal clearance were added up and are presented in 
Table 1. Furthcrmore, this concomitant analysis of plasma and urine data 
clearly show that the renal clearance was indepcndent of the plasma drug 
concentrations. The urinary data, shown in Fig. 3, are plotted as the serni- 
logarithmic amounts remaining to be excreted versus time. As one urine 
sample could not be collected after the intravenous infusion of the 400-mg 
dose, the corresponding plot was not drawn. 


0 10 20 30 40 50 
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Figure 5-Superposiiion of the plasma conceniraiion curve divided by the 
iniravenously administered dose as a function of time, in subjeci M .  
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Figure 6-Superposition of the plasma concentration curve divided by the 
orally administered dose as a function of time, in subject A. 


The examination of the cumulative excretion curves showed that the time 
of urinary collection, 4 d, was enough to have a good approximation of the total 
amount of the drug excreted at  infinity. This result was in good accordance 
with a mean apparent elimination half-life of 12 h. It showed that the urinary 
excretion of unchanged drug accounted for 14.5 f 6.5% of the infused drug, 
which wasclose to the results obtained in one subject in a preliminary study 
(3). 


Oral Administration-The same pharmacokinetic analysis was performed 
with the data obtained after oral pefloxacin administration. The urinary data 
are shown in Fig. 4. The overall recovery of unchanged drug was 13.5 f 4.1% 
of administered dose, similar to that observed after intravenous infusion. From’ 
this result, a high availability (close to 100% of the dose) could again be ex- 
pected. 


Analysis for Dose-Dependent Kinetics-The phamacokinetic analysis 
showcd that urinary elimination, namely the renal clearance, was independent 
of the administered dose and plasma concentrations. Since this urinary 
elimination of the parent drug accounted for only 14.5% of the dose admin- 
istered, 85.5% of the dose was likely to be eliminated by metabolic routes. 
Therefore, it was necessary to check the dose independency with parameters 
which took into account the overall mechanisms of drug elimination. Three 
methods were used to check the dose dependency from plasma results. Ex- 
amples of the superposition method are shown in Figs. 5 and 6. The plasma 


concentrations divided by the administered dose as a function of time show 
a reasonable superposition for the four doses tested, either after intravenous 
infusion or oral administration. 


According to Dost’s law (3, if pharmacokinetic parameters are independent 
of the dose, the area under the plasma concentration curve must be linearly 
related to the injected dose. The mean correlation coefficients were 0.956, 
0.990, and 0.998 for each subject after infusion and 0.994,0.993, and 0.919 
after oral administration. Despite the good correlation observed, there was 
little confidence in these results due to limited data available for a linear re- 
gression analysis. Accordingly, an analysis of variance (ANOVA) (6) was 
performed on the area under the curve divided by the administered dose, with 
the total data available, obtained after either intravenous or oral adminis- 
tration. It failed to show a significant difference at the 5% Ievcl between thc 
administered doses (163F = 0.46), routeofdrug administration (16’F = 0.02). 
and among the subjects = 0.68). Similarly, the same ANOVA failed 
to show any difference between administered doses (1b3F = 0.51) and dosage 
forms (16IF = 0.26) when considering urinary unchanged pefloxacin per- 
centages. For this parameter, the analysis showcd significant differences 
among individuals (p < 0.05). 


Therefore, from all statistical calculations performed, it can be concluded 
that, within the range of the doses administered, the pharmacokinetic pa- 
rameters of pefloxacin are not sensitive to dose variations. This includes both 
systemic and presystemic drug elimination because dose independency is 
observed after both intravenous and oral administration. The availability of 
the tablet form can be expected to be complete. 
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Abstract 0 Surface activity and critical micelle concentrations arc reported 
for two diuretic drugs, furosemide and triamterene. The drugs gencrate a liquid 
membrane on a supporting membrane. Transport of chloride, sodium, and 
potassium ions through the liquid membranes generated by the drugs was 
studied. The data suggest that the phenomenon of liquid mcmbrane formation 
may contribute to the diuretic action. 


Keyphrases 0 Diuretics-liquid membrane phenomenon, critical micelle 
concentrations, chloride, sodium, potassium ion transport. furosemide, tri- 
amterene 0 Furosemide-liquid membrane phenomenon. anion/cation 
transport 0 Triamterene-liquid membrane phenomenon, anion/cation 
transport 


Drugs known to act by altering the permeability of cell 
membranes are mostly surface active. Surface-active agents 
added to an aqueous phase are known to generate a surfac- 
tant-layer liquid membrane at the interface which modifies 
material transport across it (1). I t  is therefore likely that the 
liquid membranes generated by surface-active drugs play a role 
in the mechanism of drug action. A wide category of surface- 
active drugs have been investigated in this laboratory (2-7), 
and results indicated that the liquid membranes contribute to 
the mechanism of drug action. 


Most of the high-ceiling diuretics (8) are known to act by 
altering the reabsorption of cations (e .g . ,  Na+) and anions 
(e.g., CI-) in the ascending limb of the loop of Henle (8). Al- 
though diuretics act by modifying the membrane permeability, 
their surface activity is not documented in the literature. In 
the present study, surface activity of these drugs is demon- 
strated-critical micelle concentrations (CMC) have been 
determined-and the existence of liquid membranes generated 
by them at the interface is confirmed. Transport of relevant 
cations and anions in the presence of the liquid membranes 
generated by the drugs has been studied. The data indicate that 
the liquid membranes generated by the diuretic drugs con- 
tribute to the mechanism of their action. A cellulose nitrate 
microfiltration membrane/aqueous interface was chosen as 
a site for the formation of the liquid membranes to eliminate 
the possibility of active and specific interaction of the drugs 
with the constituents of the biological membranes and to 
highlight the role of passive transport through the liquid 


membranes. Two structurally dissimilar diuretic drugs (fu- 
rosemide and triamterene) were chosen for the present 
study. 


EXPERIMENTAL SECTION 


Mnterinl- Furosemidel, triamterene*, sodium chloride3, potassium chlo- 
ride3, and water (glass distilled over potassium permanganate) were used. 


Methods-The critical micclle concentration (CMC) of aqueous furosemide 
and triamterene solutions were determined from the variation in surface 
tension with concentration at 37 f 0.1 OC. The surface tensions were measured 
using a tensiometer4. To prepare'an aqucous solution of furosemide, the drug 


4.0 


AP X Nnr2 


Figure 1 -Hydraulic permeability data. Curves 1. I I .  I I I .  IV,  and V are for 
0. 2.08 X 4.16 X 8.3 X and 24.9 X Mfurosemide 
concentrations, respectively. 


I Hoechst Pharmaceutical. Ltd. 
S, K & F Ltd. 
Analytical grade. 


4hkxlel 21 Tensiomat; Fisher. 
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Table I-Values of the Hydraulic Conductivity Coefficient (t). a t  Various Concentrations of Furosemide and Triamterene 


6 0 -  


5 L -  


L 8 -  


L 2 -  


g 3 6 -  


- 
I 


n z 
x ’ 0 -  
3 


2 L  


i a  


Furosemide Concentration. X lo5 M Triamterene Concentration. X lo6 M 
2.08 4.16 8.3 2.0 5.0 10.0 


0 (0.25CMC) (OSCMC) (CMC) 24.9 0 (O.2CMC) (0.5 CMC) (CMC) 30.0 


- 


- 


Lb X lo8 (m3 - s-I N-I) 3.56 2.73 2.20 1 . 1  I 1.26 3.56 3.06 I .95 0.59 0.56 
f 0.266 f 0.105 f 0.416 f 0.075 f 0.058 f 0.090 f 0.102 f 0.088 f 0.072 f 0.066 


L E  X los (m3 - s-’ - N-I) - 2.94 2.33 - - - 2.96 2.08 _. 
f 0.105 f 0.416 f 0.102 f 0.088 


a Expressed as mean f SD. Experimental values. Calculated on the basis of the mosaic model 


was dissolved in acetone and added (stirred constantly) to the aqueous phase. 
The concentration of acetone in all the furosemide solutions was 50.4% (v/v). 
A corresponding control solution with 0.4% (v/v) acetone was used as a blank. 
For preparing aqueous solutions of triamterene. a 0.12% (v/v) aqueous solution 
of dioxane was used as a solvent. A corresponding blank solution, without 
triamterene, was used for comparison of surface tension values. The CMC 
values for furosemide and triamterene were 8.3 X M, re- 
spectively. 


The all-glass transport cell previously desribed (2) was used for the transport 
studies. A cellulose nitrate microfiltration membrane5. which acted as support 
for the liquid membrane, separated the cell into two compartments, C and 
D. The hydraulic permeability data were obtained at concentrations below 
and above the CMC values of the drugs. using the method previously described 
(2). 


The solute permeability ( w )  of chloride ions was measured in the presence 
of furosemide; that of sodium and potassium ions was measured in the presence 
of triamterene using (9, 10): 


and I X 


(L] AT J y - O  = w  
(Eq. 1) 


where J,  and Jv  are, respectively, the solute flux and the volume flux per unit 
area of the membrane; AT is the osmotic pressure difference across the 
membrane. The method of measurement has been described (2). 


Two sets of experiments were performed for solute permeability mea- 
surements. In  the first set, aqueous solutions of the drugs and the permeating 
species were kept in one compartment (compartment C of the transport cell, 
Fig. I .  of Ref. 2) and the other compartment (D) was filled with distilled water. 
In the second set of experiments, aqueous solutions of the drugs were taken 
in compartment D while compartment C contained aqueous solutions of the 
permeating species. No drug was used in the control experiments. Since hy- 
drophobic ends of the surface-active drugs would be preferentially oriented 
towards the hydrophobic supporting membrane (the cellulose nitrate micro- 
filtration membrane) in the first set of experiments, the permeating species 
would face the hydrophilic surface of the drug liquid membrane. In the second 


6 61 


;:; 
0 


AP X Nm-2 
Figure 2-Hydraulic permeability data. Curves I .  I I ,  I l l .  IV, and V are for 
0. 2.0 X 5.0 X 1.0 X lo-’. and3.0 X M triamterenecon- 
rentrations. respectively. 


Cat. No. 11 307; Sartorius (thickness, I X lo-‘ M;area, 1.794 X lo-’ m’). 


set of experiments, however, the permeating species would face the hydro- 
phobic surface of the drug liquid membranes. 


The concentrations of the diuretic drugs used in  the solute permeability 
experiments were always higher than their C M C  values to ensure that the 
supporting membrane was completely covered by the liquid membranes 
generated by them. The concentration of furosemide was 2.5 X M and 
that of triamterene was 3.0 X M. Fifteen replicates were taken for each 
value of w. All measurements were made at  a constant temperature using a 
thermostat set at 37 f 0.1OC. 


Assays-The amount of chloride ions transported to the other compartment 
was measured by the spectrophotometric6 determination at 540 nm of its 
product with brucinc3 and potassium persulfate3 (I I). The amounts of sodium 
and potassium ions transported to the other compartment were measured using 
a flame photometer’. 


RESULTS AND DISCUSSION 


Hydraulic Permeability Data-The hydraulic permeability data at various 
concentrations of the diuretic drugs, in the case of both furosemide and tri- 
amterene, were found to obey the linear relationship (9); 


Jv = LAY (Eq. 2) 


where Jv  represents the volume flux per unit area of the membrane, AP is the 
applied pressure difference, and L is the hydraulic conductivity coefficient. 
The data for furosemide and triamterene are shown in Figs. I and 2, respec- 
tively. The values of I,, calculated from the slopes of the straight lines in Figs. 
I and 2, show a progressive decrease (Table I) with increase in drug concen- 
tration up to the CMC, after which they become more or less constant. This 
gradation (Table I )  is in keeping with the liquid membrane hypothesis ( I )  and 
indicates the progressive coverage of the supporting membrane with the liquid 
membrane with an increase in the concentration of the drug up to its CMC, 
at this concentration it is completely covered. Analysis of the flow data (Figs. 
I and 2, Table I )  in the light of the mosaic membrane model ( 1  2-14) furnishes 
additional support for liquid membrane formation in series with the supporting 
membrane. The values of L (for both furosemide and trkamterene), calculated 
using the mosaic membrane model at concentrations below the CMC values 
of the drugs, match the experimentally determined values (Table I )  lending 
support to liquid membrane formation. The method of calculation is described 
in earlier publications (2-7). 


Role of Liquid Membrane Formation in Diuretic Action-The primary 
action of furosemide is to reduce activc absorption of chloride ions (8). The 
results indicate that the liquid membrane formed by furosemide, even on an 
inert support, impedes the transport of chloride ions (Table 11). Similarly, the 
liquid membrane generated by triamterene offers resistance to the transport 
of h a +  and K+ ions (Table 11). The significance of these observations is en- 
hanced because the concentrations at  which the complete liquid membranes 
are generated in series with the supporting membrane are low (on the order 
of pM) and compares favorably with the concentrations of these drugs in renal 
tubules (15, 16). 


In the case of triamterene, the data indicate (Table 11) that the transport 
of potassium ions is impeded more than the transport of sodium ions. This 
agrees with the reported observations on biological cells that triamterene is 
a potassium-sparing diuretic (1 7). In spite of the fact that in the present study 
an inert membrane like cellulose nitrate microfiltration membrane was used 
as support for the liquid membranes, the trend observed in the permeability 
of the cations is similar to that expected in biological cells. This strongly in- 
dicates that the liquid membranes generated by diuretic drugs, like triam- 
terene. play a significant role in  the mechanism of its action. 


An examination of Table I 1  reveals that the rcsistance offered to the 
transport of chloride ions ( in  the case of furosemide) and that of potassium 
ions (in the case of triamterene) is maximal when the liquid membranes 
generated by these drugs presented a hydrophilic surface to the approaching 


Spectronic-20 Bausch & Lomb. ’ Flame Photometer Type 121; Systronics. 
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Table II--Solute Permeability (0) of Ions in the Presence of Furosemide or 
Triamterene 


FurosemideC 
(Sodium) chloride 250.7 f 35 189.0 f 36 419.4 f 79 


Triamterend 
Potassium (chloride) 168.8 f 12 91.6 f 7 359.2 i 9 
Sodium (chloride) 111.2f  15 207.4 i 15 232.5 f 6 


Exprcsscd as mean f SD. * The drug in corn rtment D of the transport cell. The 
drug in compartment C of the trans p r t  cell. &trol value: when no drug was used. 


permeating species (the first set of experiments). In thelight of these obser- 
vations, it appears likely that the action sites of diuretic drugs like furosemide 
and triamterene themselves may be hydrophobic so that the hydrophobic ends 
of these drugs get attached to them leaving the hydrophilic parts to face the 
permeating species. If the action sites are hydrophobic they should be located 
within the hydrophobic core of the lipid bilayer of the membranes. To sub- 
stantiate these conjectures, which appear logical in the light of the trends 
observed in the present experiments, further investigations are needed. 


The permeability of sodium ions is impeded most when the triamterene 
liquid membrane presents its hydrophobic surface to the cation (Table 11). 
The observation, however, is of limited biological significance because tri- 
amterene is known to be a potassium-sparing diuretic (1  7). 


Diuretic drugs are also known to cause reduction in bile flow ( 1  8) and to 
alter ionic fluxes across isolated erythrocytes (19). The phenomenon of liquid 
membrane formation may be a plausible explanation for these effects. The 
decrease in reabsorption of water which results in diuresis is considered mainly 
a consequence of modification in the permeability of ions (8). The present 
study, however, indicates that the liquid membrane generated by the diuretic 
drug itself offers resistance to volume flux of water. 


Though the observed reduction in permeability of the ions (Table’ll), due 
to the liquid membrane generated by thedrugs, is passive in nature, it is likely 
to be accompanied by a consequent decrease in active transport. This would 
occur because access of the permeating species to the active sites on the bio- 
logical membrane would be reduced due to the formation of the liquid mem- 
branes in series with the biological membrane. Thus, the liquid membranes 
generated by diuretic drugs may contribute significantly to the mechanism 
of drug action by impeding transport of ions as  well as  water. 


Concentration, 24.9 X M. f oncentration, 3.0 X lOW M. 
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Abstract 0 Gompertz plots of age-specific mortality rates versus age were 
compared in alcoholics and the general population. Alcoholism had a dual 
effect, apparently increasing vulnerability to death while slowing the aging 
rate (longevity is a two-dimensional function). It was hypothesized that the 
apparent slowing of the aging rate was an artifact, resulting from population 
heterogeneity in vulnerability. It is recommended that in future studies, at- 
tempts be made to categorize alcoholic subjects with respect to alcoholic habit. 
Longitudinal studies would also be useful. 


Keyphrnses Kinetics, mortality-effects of alcoholism 0 Alcoholism- 
effects on mortality kinetics 


It has long been recognized that alcoholism has serious 
consequences for health and longevity. Excess mortality in 
alcoholics has been reported for all major disease categories, 
particularly cirrhosis, cancers of the upper respiratory and 
digestive tracts, accidents, and suicide (1). The alcoholic en- 
vironment probably promotes injury by exacerbating existing 
pathological tendencies, with the extent of deterioration being 
a weighted sum of the several kinds of injury produced in the 
constituent systems. The progressive and irreversible accu- 
mulation of informational entropy is hastened in alcoholism, 
and chances for survival are lessened. Death occurs when one 
or more subsystem is incapable of meeting the demands placed 
on it, producing a fluctuation in the physiological state of the 
organism of such magnitude as to exceed the limits within 
which homeostatic regulation can occur (2-6). The cybernetic 
failure or escape of one of these subsystems to a more likely 
configuration (death) is analogous to the transition of an ac- 
tivated complex over the activation energy barrier, implying 
an inherently stochastic component to the process. The sit- 
uation is similar to a group of identical radioactive atoms, in 
which each atom has Xdt probability of disintegrating in the 
interval dt. Alcoholic subjects are characterized by a hypo- 
thetical mean physiological state', which is more unstable than 


Mean hysiological state can be described by specifying the mean valucs of certain 
essential pl!ysiological variables in a theoretical as opposed toan operational sense (sec 
Refs. 3 and 5 for development of this concept). 


that in normal subjects and, therefore, more likely to undergo 
a biological fluctuation that produces death. This increased 
actuarial risk could result from two kinds of parameters gov- 
erning longevity: rate of aging and vulnerability (7). These 
parameters are investigated in this report. 


THEORETICAL SECTION 


The measure of age-specific mortality rate is the actuary's q, (7-10): 


where h is the length of the time interval, L, is the number living at age x, and 


I 


AGE 
Figure 1-Age-specific mortality rate ploited semilogariihmically against 
age for three populations; all populations ham the same aging rate parameter 
but difjer with respect to ihe vulnerability parameter (see texi for discus- 
sion). 
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Table I-Parameter Estimates for the Gompertz Equations in Alcoholics and General Populations. 


Ratio. 
Regression Line Alcoholic: t-Test 


Refer- Slope, Intercept, Td. 1000 90, Population Inter- 
Population Sex ence years-' years-' years-' years-' i d  9" Slopesb ceptsb 


South Africa 
Caucasion alcoholics 
Caucasion population 


Ontario, Canada 
Alcoholics 
General Populatione 
Alcoholicsd 
General Populationt 
Working class 


alcoholics g 
Working class 


population 
Middle class 


alcoholics8 
Middle class 


population h 


England and Wales 
Alcoholicsi 
General Populationj 
Alcoholics 
General Populationj 


M 23 0.0423 (0.O16Oc 
M 23 0.0816 (0.00228)' 


M 24,25 0.0599 (0.00576)c 
M 24.25 0.0931 (0.00251)c 
F 24-26 0.0301 (0.01 I8) i  
F 24-26 0.0918 (0.000638)/ 
81% M 27 0.0587 (0.00941) 


M, F 27 0.0967 (0.001 82) 


79% M 27 0.0556 (0.00854) 


M, F 27 0.0966 (0.00199) 


M 28 0.0437 (0.00365)c 
M 28 0.0981 (0.00198)c 
F 28 0.0482 (0.00406)f 
F 28 0.0987 (0.001 50)f 


I .46 (0.728) 16.4 4.32c 
-1.72 (0.118) 8.49 0.178c 1.93 24.3 


-0.0197 (0.309) 11.6 0.980' 
-2.56 (0.142) 7.45 0.0775? 1.56 12.6 


-3.05 (0.0364) 7.55 0.04741 3.05 82.1 
1.36 (0.583) 23.0 3.891 


-0.264 (0.489) 1 1.8 0.768 


-2.82 (0.0988) 7. I 7  0.0599 1.65 12.8 


0.234 (0.442) 12.5 1.26 


-2.79 (0.109) 7.18 0.0614 1.74 20.5 


1.25 (0.198) 1 5  9 349'  -. .. \ - - - - - I  


- 2 5  (0.126) 7.07 0 . 0 5 1 5 ~  2.25 67.8 
0.837 (0.222) 14.4 2.311 
-3.53 (0.0957) 7.02 0.02921 2.05 79.1 


0.025 < p < 0.05 p < 0.001 


p < 0.001 p < 0.001 


p < 0.001 p < 0.001 


0.001 < p < 0.005 p < 0.001 


p < 0.001 p < 0.001 


p < 0.001 p < 0.001 


D < 0.001 D < 0.001 
~ ~ ~~~~~~ 


a Numbers in parentheses are SDs of the parameter estimates. All tests are between alcoholics uersus the general population. Male data fitted by Eq. 4; see text for discussion. 
A I test of slopes for male Lieisus female alcoholics detected differences (p < 0.05), whereas a I test of intercepts failed to detect differences (p > 0.05). A I test of slopes for male 


uersus female populations failed to detect differences (p > 0.6). whereas a I test of intercepts detected differences (p < 0.005).f Female data fitted by Eq. 4; see text for discussion. 
8 I Tests of slopes and intercepts for workin class cerws middle class alcoholics failed to detect differences (p > 0.4). I Tests of slopes and intercepts for working class uersu.7 
middle class populations failed to detect diftrences (p > 0.8). ' I Tests of slopes and itrtercepts for male uersus female alcoholics failed to detect differences (p > 0.4 andp > 0.1. 
respectively). J A I test of slopes for male uersus female populations failed to detect differences (p > 0.8). whereas a I test of intercepts detected differences (p < 0.005). 


Lx+h is the number living at age x + h. This is an estimate of the instantaneous 
mortality rate or force of mortality, p ( x )  (5, 9): 


1 dN(x)  
p ( x )  = --- 


N ( x )  dx 
where N ( x )  is the number of individuals surviving to age x. p ( x )  is also the 
probability of an individual of age x dying over the interval from x to x + dx. 
Characteristically, 9x is high during infancy, falls to a minimum at -I0 years 
of age. and increases at  an accelerated rate thereafter. Figure I illustrates 
typical semilogarithmic age-specific mortality curves for different populations. 
Goldman ( I  I )  has noted the similarity of these curves to failure curves for 
manufactured articles. High values of 9x occur during infancy and may be 
due to birth defects, immune deficiencies. incomplete gestation, etc. These 
are analogous to initial failures of manufactured products, resulting from 
faulty steps in the manufacturing process, defective parts, etc. After the curve 
bottoms out, but before i t  becomes exponential, chance failures predominate. 
In mortality curves and for manufactured goods, these chance failures are 
due to factors which are just as likely to be operative at any one time as at  any 
other2. I n  mortality curves, this could be due to rare but fatal exposure to 
toxicants (chemicals, bacteria, etc.), accidents, etc. At some point in time, 
chance failures become exceedingly small relative to first-order wear-out 
failures, and the curve becomes exponential. Wear-out failures in manufac- 
tured articles are due to the effects of the duration of the service of the article. 
In mortality kinetics, wear-out failures are due to biological changes induced 
by p r E  we collectively lump under the heading of aging. In  those Western 
societies with good standards of living, first-order mortality kinetics are 
generally first observed between the ages of 30 and 35 years. The appropriate 
mathematical relationship, termed the Gompertz equation, is (5, 7, 9. 12- 
17): 


9= = q o .  ear (Eq. 3) 


where qx is the death rate at age x (age-specific death rate), 90 is the ex- 
trapolated value of the death rate at  age zero, and a is an aging rate parameter. 
The 40 term is a measure of the initial vulnerability (7, 15) of the population 
tosenescent-mediated causes of death in adults, i .e.,  it measures thevulner- 
ability of the population before the onset of aging. It is not an estimate of the 
death rate at birth, but rather is a theoretical parameter that is indicative of 
environmental influences and vigor of the genotype. Note in Fig. 1 that group 


This zero-order loss accounts for the age-independent term in the so-called Gom- 
pcrtz-Makeham equation (7.12.13). qx = q0-e"" + A.  which characterizes age-specific 
mortality in this region and beyond; qo and a are defined with E.q. 3, and A is the zero- 
order component to mortality. 


A is more vulnerable than group B or C. The a term specifies the rate of in- 
crease of age-specific mortality; the doubling time ( T d )  of age-specific mor- 
tality rates is equal to (In 2)/a. In  humans, Td is -8.5 years3 (18). In a ho- 
mogeneous population, an 8.5-year Td means that a typical 50-year-old in- 
dividual has twice the probability of dying during the course of one 24-h period 
than does a typical 41.5-year-old individual. 


Sacher (7) has investigated the effects of various treatments (ionizing ra- 
diation, drugs, etc.) that contribute to the shortening and prolongation of life 
and has noted that although some treatments may affect both vulnerability 
(90) and rate of aging (a), most treatments affect predominantly one or the 
other (pharmacological agents usually affect 90). In  life prolongation, effi- 
cacious pharmacological therapies such as chronic procaine administration 
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Figure 2-Gompertz plots of age-specific mortality rates versus age for male 
alcoholics and the male general population in Ontario. Canada. See Fig. 3 
for sample sizes and statistical weights in alcoholics (data are from Refs. 
25 and 26). 


In the data collated by Strehler and Mildvan (12). Td ranged from 5.82 years in 
people from Trinidad and Tobago to 1 I .3  years for Algerian Moslems. 


I192 I Journal of pharmeceutical Sciences 
Vol. 73, No. 9, September 1984 







2ol 
10 


7 


5 


4 


z 3  


s 2  
0 - 
Lu 


1 


.7 


.5 


.4 


4 


- 


- 


- 
- 
- 


Weight w 


I/\ 
20 


10 


- 7  


-5 


- 4  


- 3  P 


- 2  r 
0 
0 
d 


- 1  


.7 


.5 


.4 


0 


\ 


\ 
\ 
\ 
\ 


I \ 
\ 
\ 7 0 


0.001 L, 


I 1 I 1 I ‘ 3  
3 40 60 80 


AGE (years) 
Figure 3--Statistical weights and sample sizes (L,) for  alcoholic age-spec$c 
mortality data in Fig. 2 (data are f rom Refs. 25 and 26). 


achieve their effects by reducing 40, whereas smoking in humans (7, 19) 
shortens life by increasing 4 0 .  Strehler and Mildvan ( I  2). on the other hand, 
have developed a general theory of mortality and aging which predicts an 
inverse relationship between qo and a. 


Although the disease we term alcoholism is not generally regarded as a 
pharmacological treatment, mortality kinetics arising from it  can be analyzed 
and discussed in that context; the results of such an analysis arc reported. 


EXPERIMENTAL SECTION 


Mortality data in alcoholics was acquired by exhaustively searching the 
literature; this search ended in  December 1982. I n  all cases, data were also 
presented on the general population as  a whole4, including all individuals of 
the same sex living in designated geographical areas. 


Literature mortality data were generally collated for individuals in 5-year 
age groups; age-specific mortality rates were plotted semi~ogarithmically 
against age (Gompertz plot), where age was taken as the midpoint for the 
group. Data prior to theexponential phase were not used. Generally, this meant 
using only data obtained at  or beyond the age of 32 years. A linear transfor- 
mation of Eq. 3 is: 


In q,  = a x  + In qO (Eq. 4) 


Equation 5 was fitted to each set of data by the method of weighted, linear 


‘ The pulation h e l f  contains alcoholics. and a popular estimate of the point prev- 
alence ofkohol i sm in Western societies is 7% (20). The lifetime prevalence rate is 
higher. 
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Figure 4-ifypothetical Gomperl: curves (-1 for two strata of alcoholic 
subjects (arbitrary units). One group (qo = 0.05) is highly vulnerable to the 
tnortality eflects of alcohol, whereas the othergroup (qo = 0.01) mimics the 
general population; both groups hai:e a Td of 10. By taking the oulnerahle 
group to comprise 75% of the alcoholic population and the invulnerable group 
to comprise 25%. pooling of the alcoholic subject data gi0e.s rise to the q, data 
points between the two solid lines. The dashed line arises from a linear 
least-squares analysis of the pooled data. Note that the Td (apparent) is 
considerably increased (see text for  discussion). 


least-squares (21); parameter estimates and standard deviations were obtained 
for a and 40. The weighting factor used for In 4 ,  was the reciprocal of its 
variance, and this was estimated by (9): 


where w is the statistical weight, ii is the sampling variance, A’, is the sample 
size, and P, is the calculated probability of surviving the interval ( I  - P, = 
q x ) .  Differences between parameter estimates for alcoholics cersus the general 
population were detected by t tests (Eq. 17 in Ref. 22). 


RESULTS AND 1)lSCUSSION 


Influence of Alcoholism on Vulnerability and Aging- -Parameter estimates 
obtained from analysis of Gompertz plots are summarized in Table I .  Curves 
for alcoholics and the general population from one representative study are 
shown in Fig. 2. Figure 3 depicts sample size and statistical weights for those 
data points from alcoholics in Fig. 2. A cursory examination of these data 
indicates two significant effects of alcoholism on the Gompertz parameters. 
First, the vulnerability parameter. 90, is -10-80 times higher in the alcoholic 
populations. Second, there appears to be a concomitant reduction in  the aging 
rate parameter, a (sec below). Although Td in the general male population 
is -7.7 years, an ostensible Td of -14.6 years is noted for male alcoholics. 


The apparent increases notcd for qo and Td in male alcoholics are also seen 
in females. I n  the one study in  which alcoholic subjects were categorized as 
either “working class” or “middle class,” there were no differences in Gom- 
pertz plot slopes (p > 0.8) or intercepts (p > 0.4); in working class versus 
middle class general populations, slope (I, > 0.9) and intercept (I, > 0.8) values 
also did not differ. 


Considerable variability exists between (70 values in both normal male and 
female populations (an approximate threefold range). Aside from the genetic 
component, 40 is affectcd by environmental factors (air and water quality, 
disease-carrying insects, etc.) and medical intervention (inoculations against 
disease, antibiotic therapy, etc . ) .  Variability is also seen in a comparison of 
the influences of alcoholism on the Td and qO parameters, particularly the 
latter. Values of qO arc increased 12.6-fold over normal values in male alco- 
holics from Ontario, Canada, whereas there is a 67.8-fold increase in  male 
alcoholics from England and Wales. Part of this diversity may be due to the 
variables mentioned above, as well as genetic factors predisposing individuals 
to alcoholism. In addition, several types of alcoholism do exist. Jcllinek (29) 
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Figure 5-Double logarithmic plot of the estimated rate ofalcoholism in a 
country versus the annual per drinker consumpiion of alcohol. The equation 
consistent with this plot (y = OlyR1) wasfitted by least-squares analysis ldata 
from Rej 301 and is y = 61.5 X I  j2; r = 0.990; p < 0.Ol. 


has divided alcoholics into four major and several minor categories. The four 
major classifications are: ( a )  alpha alcoholism, a purely psychological con- 
tinued dependcnce on the effects of alcohol to relieve bodily or emotional pain; 
( b )  beta alcoholism, a condition in which alcoholic complications such as 
polyneuropathy. gastritis, and cirrhosis of the liver may occur without either 
physical or psychological dependcnce on alcohol; ( c )  gamma alcoholism, 
physical dependence and loss of control over the use of alcohol, a disease in 
and of itself; and ( d )  delta alcoholism, which is similar to gamma alcoholism, 
except instead of loss of control, there is inability to abstain (inveterate 
drinking)5. Therefore. alcoholics constitutc a markedly heterogeneous group, 
with different drinking pattern and disease entities. Additionally, it is well 
known that the risk of getting cancer, cirrhosis of the liver, ere.. due to excessive 
alcohol use varies greatly among individuals. Those alcoholics who survive 
the age of. for example. 60 ycars in effect will be the least vulnerable, and their 
average vulnerability should bc much lower than the average vulnerability 
in the general population at the same age. The range increases observed for 
qo in different populations probably reflects this heterogeneity6. 


To help explain this anomaly of an apparent slowing of aging in alcoholics, 
considcr a hypothetical situation in which the alcoholic population consists 
of two strata, one highly vulnerablc and one invulnerable to the effectsof al- 
cohol. In the latter group, the Gompertz curve is identical to that for the 
general population. I n  the former, the aging rate (a) is the same, but the 
vulnerability parameter is larger. For all alcoholics taken together, age-specific 


Current research programs are investigating the possibilities of several other or 
different types of alcoholism. 


6 Considerable heterogeneity also exists within each of the major categories with respect 
to the follouing variables: age of onset of heavy drinking. cumulative period of drinking, 
alcohol consumption. smoking habits, social and financial status. marital status, avail- 
ability and cost of alcohol, social mores, genetic constitution, geographical location, 
treatment intervention, cthnicity, acccsibility and akailability of health care, amount 
of exercise and sleep. and environmental stress. 


mortality rates will lie somewherc in between the two subgroups. This is il- 
lustrated i n  Fig. 4, in which 40 for the invulnerable group is 0.01 (arbitrary 
units), and for the vulnerable group is 0.05. Note that the doubling times (Td 
values) for the two subgroups are identical ( T d  = 10 arbitrary units). If we 
take the vulnerable group (40 = 0.05) to comprise 75% of the alcoholic pop 
ulation and the invulnerable group ( 4 0  = 0.01) to comprise 25% of the alco- 
holic population. pooling of the data results in the qx data points observed 
between the two Gompertz functions. Although the data points are best 
characterized by a curbe, a linear function may be reasonably well fitted to 
the data, and this is indicated by thedashed line ( r  = 0.92) (Fig. 4) .  Note that 
the apparent Td is now 55 .  After a number of years, the vulnerable alcoholics 
will become more or less extinct, and only the invulnerable ones will remain. 
At this age, the curve for all alcoholics would conicide with the one for the 
invulnerable group and, thcrefore, also for the general population. The larger 
the average vulnerability of the alcoholic group, as compared with the general 
population, the greater the apparent increase in Td. This hypothetical illus- 
tration is no doubt simplistic (there are probably several strata), but it does 
serve to illustrate how an erroneously high Td for alcoholics could be obtained. 
Although other possibilities exist to explain the increase in r d ,  the grouping 
of heterogeneous alcoholic population is, by far, the most likely explana- 
tion. 


If we assume the unlikely possibility that alcoholics are relatively homo- 
geneous with respect to mortality parameters, we conclude that those factors 
causing or resulting from alcoholism also slow the aging rate. The Strehler- 
Mildvan theory of mortality and aging ( 1  2). mentioned above, interrelates 
the values of qo and a and predicts that a high initial mortality rate (40) should 
be associated with as low rate of increase of mortality rate (reduced a); this 
represents yet another interpretation of the data. 


In future studies of alcoholic mortality, attempts should be made to cate- 
gorize the various types of alcoholics. Another problem is that all studies have 
heretofore becn based on age-group cohorts (not longitudinal data). Data from 
chronic, progressive alcoholics are therefore lumped with those from indi- 
viduals who have a fluctuating course or a limited single alcoholic episode. 
This may have contributed to the postulated heterogeneity in vulnerability, 
producing the postulated artifactual increase in Td. Longitudinal studies, 
therefore, would be very useful. 


Drinking Habits, Alcoholism, and Aging-The fact that alcoholism affects 
apparent values of a and 40 suggests that there might be some correlation 
between drinker consumption of alcohol in a given country and these pa- 
rameters. Data from 16 countries (12, 30) were used to test this hypothesis. 
Correlation analyses were conducted on data for per drinker consumption 
oersus a or 40. Correlation cocfficicnts were <0.02, indicating no correlations 
whatsoever. Similar results were obtained when rates of alcoholism in various 
countries were compared with a or 40 .  This analysis implies that the drinking 
habits of a nation will not affect the overall Gompertz parameters for that 
nation. As expected. annual drinker consumption of alcohol did correlate with 
the rate of alcoholism (Fig. 5 ) .  For each twofold increase in per drinker alcohol 
consumption, alcoholism increases 2.87-fold. 
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Abstract 0 The influence of complex formation on the solubility behavior 
of griscofulvin in the straight-chain Fatty acids was invcsiigated by using phase 
solubility analysis in isocrtanc (2.2.4-trimethylpcntane) at 25OC. Thcapparent 
molar solubility of the proton acceptor griseofulvin ([A],) was detcrmincd 
spectrophotomctrically in thc presence of various total molar concentrations 
([D],) of each of thc proton donors (acetic. propanoic. butanoic, hcxanoic. 
and octanoic acids). lncrcasing [Dll caused a pronounced increase in [ A ] ,  
according to a biphasic log-log relationship. suggesting thc formation of two 
complexes. AD, and AD". The data are in close agrccmcnt with a simple 
mathematical model which assumcs that twocomplexes, AD, and AD,. arc  
formed and that [Ull  5 2[U2]. whcrc D2 rcfcrs to the fatty acid dimer. Linear 
rcgrcssion analysis showed that thc data best fit the complexation models with 
n = 5 or 6 and rn = 0. 1.  or 2, dcpcnding on thc fatty acid. Assuming values 
of the dimcrization constants of the fatty acids as reportcd i n  thc lilerature. 
the stability constants of the complcxcs. K, and K,, wcrccalculatcd and found 
to decrease with increasing chain length of the fatty acids. The p r o p e d  modcl 
was critically appraised. An altcrnativc modcl, which takes into ful l  account 
the fatty acid monomcr while assuming that only one complex is formed. l a d s  
to unacceptable conclusions. 


KeyphrPses 0 Molecular complexes- griseofulvin and straight-chain alkanoic 
acids, isooctane solution, solubility 0 Carboxylic acid dirncri~ation- influence 
on molecular complexation, griscofulvin and straight-chain fatty acids, iso- 
octane solution 0 Griseofulvin -solubility in isoocatane solution, straight- 
chain fatty acids 


Complex formation, a valuable mcthod for increasing the 
solubility, dissolution rate, and bioavailability of sparingly 
soluble drugs ( I ) ,  also leads to a modification of the ratc of 
transfer of certain drugs through lipid barriers (2). Grisco- 
fulvin ( I )  exhibits a poor bioavailability due to its low aqueous 
solubility (3) .  The stablc crystal lattice of griseofulvin can, 


c1 C " , O A $  


' " O W "  


Qoca 


however, bc broken down by proton-donating solvents, such 
as chloroform (4) and the fatty acids (9, which presumably 
form hydrogen-bonded complexes. Some of these complexes 
appear to exist in the solid state as solvates or inclusion com- 
pounds ( 6 - 8 ) .  Phenobarbital, a weak acid, also forms a solid 
complex with griseofulvin (9). Soluble complexes are formed 
between griseofulvin and phenols in carbon tetrachloride (10) 
and between certain steroidal drugs and organic solvents 
( 1  1). 


The purpose of the present work is to investigate further the 
complexation of griseofulvin with the straight-chain alkanoic 
acids. The solubility method of Kostcnbauder and Higuchi 
( I  2) was employed, and isooctane (2,2.4-trimcthylpentane) 
was used as the incrt solvent. 


EXPERIMENTAL SKCTION 


Materials--Griscofulvin' was. >99% pure, as dcscribcd prcviously (5). 
Chloroform*, acctic acid'. n-butanoic acid', and n-octanoic acid) werc rc- 
ported to be >99% pure. Propanoic acid4 and n-hcxanoic acidZ were distilled 
by using a glass apparatus. Isooctane (2.2,4-1rirnethylprntane)~ was 299% 
pure. 


Solubility Determinations - A  mixture of griscofulvin ( in  excess of it,  sol- 
ubility) and 5 mL of i s w t a n e  fatty acid was shakcn at  25.0 f 0.05"C. Ali- 
quots of 0.1- I .O mL werc diluted with chloroform. and the conccntration of 
griseofulvin was detcrmined (in duplicatc) spcctroph~tometrically~ at  A,,, 
= 289.5 nm6. Saturation equilibrium was attained in <24 h .  Each value (e.g., 
[Al l )  is the mean of threc scparatc dctcrminations. 


Analysis of theSolid Phases- -A  sample of the solid was rcmovcd from the 
cquilibraled saturated solution. and the crystals wcre immediately placcd on 
filter paper. Thc following mcthods of analysis wcrc applied to all samples: 
X-ray diffraction (9), hot-stage microscopy (9) ,  thcrmogravimetry (8). and 
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Abstract 0 The tricthylammonium chloride complexes of N-substituted 
N'-cyano-0-(triphenyIstanny1)isoureas were generally found to be better 
;inti fungal and antibacterial agents than the uncomplcxed compounds. 


Keyphrases 0 N-Substituted N'-cyano-0-( triphenylstanny1)isoureas- 
complexes with triethylammonium chloride, antibacterial and antifungal 
activities 0 Antimicrobial agents-N-substituted N'-cyano-0-(triphenyl- 
st;innyl)isourea-triethSlammonium chloride complexes, bacterial and fungal 
screens 


Many biocidal applications have been found or suggested 
for organotin compounds ( I ,  2). Their use in agriculture as 
fungicides and pesticides (3-5) is of special interest because 
they degrade to nontoxic inorganic compounds and, therefore, 
appear to pose little threat to the environment (6-10). Re- 
cently, some diorganotin dihalide and di-pseudohalide com- 
plexes were shown to exhibit antitumor activity ( 1  1, 12). 


It was previously found that triethylammonium (organo- 
cyanoamino)chlorotriphenylstannates ( I ) ,  which are the 
triethylammonium chloride complexes of N-substituted N- 
(triphenylstanny1)cyanamides (11) ,  exhibit higher antifungal 
activity than the I I  compounds ( I  3). It was of interest to de- 
termine if the triethylammonium chloride complexes (111) (14) 
of some previously tested N-substituted N'-cyano-0-(tri- 
phenylstanny1)isourea compounds ( I V )  ( 1  5) would likewise 


exhibit higher antifungal activity than the IV compounds It 
was also of interest to compare the antibacterial activity of the 
I I I  and IV compounds. 


E X P E R I M E N T A L  SECTION 


The series I l l  compounds were individually dissolved in tctrahydrofuran. 
The preparation of sterile solutions of the compounds, the fungi employed, 
the ;intimicrobial testing procedures. and the determination of growth inhi- 
bition were reported previously ( I  5). The preparation of the series I l l  com- 
pounds was described previously (14). 


Tahle I -Antifungal Activity of Triethylammonium Chloride-N-Substituted N'-Cyano-O-(tripbenylstannyl)isourea Complexes (111) and N-Substituted 
N'-Cvano-0- i triohenvlstannvllisoureas I I  VI 


Aspergillus Chaetomium Cladosporium Fusarrum Myrotheeium Penicillium Khizopus Saccharomyces Trichoderma Trichophyton 


( A  TCC l2845)( A TCC 62OS)(A7'CC 121 I7) (ATCC IOO52) ( A  TCC 9095) ( A  TCC 9179)(ATCC 10404) ( A  TCC 9896) (.4 TCC 8678) ( A  TCC 9129) 
niner globosum earpophilum monolijorme oerrucaria notatum stolonijer cermisiae oiride mentagrophytes 


Comwund R I u  10 100 1 10 100 I 10 100 1 10 100 I 10 100 I 10 100 I 10 100 I 10 100 I 10 100 I 10 100 
~~ + +  i Ilia C2H5 + + +  + i t  + + +  i i i  + + +  + t i  - - -  + + +  - - -  


IIIb C H 2 = C H C - + + t  + + +  + i t  + + +  + + +  + + +  - - -  + + +  - - -  + +  + 


l l le p-FC6H4 + + +  - + +  - - t i  t i +  + + +  + t t  - - -  + + +  - - -  
IVa C6H5 - + +  - + +  - - t i  - t i  i + +  - t i  - i f  - - 2 i  - -  + + + 2 t  
IVb CYCIO-C~HI~  - i 2+ - i + i i i - i i - i i - i i - i i - - i - -  


+ + +  - - -  + +  -t lllc C Y C I O - C ~ H I I  i i t t i i i + i i t i i i i i i i - - - + +  i 
+ +  f 


i + + 2 +  


" C'onccntrxtion!. of compounds employed in micrograms per milliliter; key: (-) no inhibition of growth; ( t )  partial inhibition of growth; ( 2 i )  complete inhibillon of growth. 


H2 
+ + +  + + +  + + +  i f +  + + +  + t i  - - -  + + +  - - -  I l l d  C6Hs 


'lahle Il-.Antibacterial Activity of Triethylammonium Chloride-N-Substituted N'-Cyano-O-(triphenylstannyl)isourea Complexes (111) and N-Phenyl-N'- 
cvano- O-( tripheny1stannyl)isourea ( IVa)  


Comoound R 
Escherichia c.oliy Micrococcus ugilisa Bacillus subt iha  Staphylococcus aureusa 


\ h  10 100 I 10 I00 I 10 100 I 10 100 
- I  


t - - 2 t  - - - 2+ 2 t  2+ 2+ 2 t  
- - 2 +  2+ 2+ 2+ 2 t  2+  


- - - 2 t  2+ 2+ + 2+ 2 t  
- - - 2 t  2+  2 t  2+ 2+ 2+ 
- - - 2 t  2 +  2+ t 2+ 2+ 


- - - IIla CzHs 


Ilk CYCIO-C~H I I - - - 2 t  2 +  2+ 2+ 2+ 2+ 
l l lb 


IIId C6H: 
Ille P - F  C6H4 


CH2zCHCH2 - + 2 t  2 t  
- 2 t  2+ 
2 t  2+ 2+ + 2+ - I Va C6Hs 


" Obt~ incd  from the culture collection of the Department of Biological Sciences. St. John's University. Concentration o f  compounds cmplo)ed. in microgram.; per milliliter; 
kcy. ( - )  no inhibition ofgrowth: ( + )  partial inhibition of growth: ( 2 t )  complete inhibition of growth. 
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RESULTS AND DISCUSSION 


The data in Table I show that each of the series I l l  compounds behaved 
cwiitially idcntically toward each of the 10 test fungi. All of the series I l l  
compounds wcre inactive towards Hhiioprr.r siolonijrr and Trichodermu ciride 
;it i i l l  concentrations. In this regard they were inferior to the prcviously tested 
\cries IV  compounds. which partially inhibited R. stolonifir at IOpg/niL and 
7'.rmrideat 100pg/mL (15).  With thecxccptionof IIlc, theserics I l l  com- 
pounds partially inhibited the growth of the other eight test fungi at a con- 
ccntration of I pg/mL. Employment of higher concentrations did not improve 
the antifungal activity. Compound Ille differed from the other serics I l l  
compounds only in that i t  was inactive towards C'hurromium globosum and 
('/ac/osporiicm i'arpr~phi/um at I pg/mL. In  comparison wi th  the series 111 
compounds, IVa was inactive towards Aspergillus niKer. 01. glohosum. CI. 
cwpophillrnr. fusariunt monolifomte. Prnicillium notalum. and Succha- 
roni~'cr.s crrrrisiue at I pg/mL. Compound IVb was also inferior to the series 
Ill compounds i n  that i t  was inactive towards A. nigrr, Ch. glohosum. f .  
t)ronoli$mw, Myrorhecium rerrucuria, P. tioiuium, and S. cererisiue at I 
pp/mL. Furthermore, the series IV  compounds were inactive towards S. 
cmv.i.riue even at  10 pg/ml.. Thus, the seriez I l l  compounds generally ex- 
hibited higher antifungal activity than thc series IV compounds. 


The data in Table I I show that all of the series I l l  compounds were inactive 
towards the Gram-negntice bacterium Escherichiu coli at all concentrations. 
I n  this regird they resembled the previously tested IVa (15). All of the series 
I II compounds behaved identically towards the two Gram-positivc bacteria 
Mic~rocr~cc~rrs ugi1i.s and Hncillus sirhiiliv. totally inhibiting the growth of these 
biictcria :it a concentration of I pg/mL. In this regard they were somewhat 
bottcr than IVa, which only partially inhibited E.  suhiilis at I pg/mL. The 
iiiosl cffcclivc series I I I compound against Sruph)Iocwcus uureus was I Ile, 


which totally inhibited the growth of this bacterium at 1 pg/mL. In contrast, 
IVa was inactive towards SI. aureus at  I pg/mL. Thus, the series I l l  com- 
pounds generally exhibited higher antibacterial activity than IVa. 
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Acylation of Hemoglobin by Aspirin-Like Diacyl Esters 
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Abstract 0 Aspirin-like diacyl esters of different steric disposition have been 
prepared and compared wi th  acetylsalicylate in their abilities to modify he- 
moglobi n. 


Keyphrases 0 Diacyl csters--aspirin derivatives, acylation of hemoglobin 
0 I Icmoglobin-acylation by aspirin-like diacyl esters, sickle cell anemia 


I n  a previous paper ( l ) ,  it has been shown that aspirin can 
acylatc hemoglobin and thereby provide a novel approach to 
the alteration of sickle hemoglobin. Acctylsalicylate is the 
prototype of a general class of monoacyl esters of salicylic acid. 
Consequently, a variety of such esters have been synthesized 
( 2 )  and cxamined for their effectiveness in modifying hemo- 
globin S and in inhibiting the aggregation process leading to 
sickting. 


Among variants in  aspirin-like derivatives are the diacyl 
esters of dihydroxybenzoic acids. These seem attractive be- 
cause they would present two active acyl groups to the protein 
when it forms a reaction complex with a reagent molecule. We 
have prepared, therefore, a series of such diacyl ester com- 
pounds of different steric structure and cornpared their abilities 
to modify hemoglobin. 


EXPERIMENTAL SECTION 


A variety of hydroxybenzoic acids were purchased from commcrcial 
sourcesi. Their mono- and diacyl esters were synthesized by methods described 
in  the literature (3-7). The derivatives prepared are listed in Table I .  


Of the compounds obtained, only 3,5diaeetoxybenzoic acetic anhydride 
( X I )  has not been reported in the literature. It appeared as a by-product in 
the mother liquor (chloroform-petroleum ether) from the preparation of the 
diacetoxybenzoie anhydride (X). The fine white precipitate which appeared 
in  the mother liquor after standing for several hours was removed by filtration, 
washcd with petroleum ether, and dried without heat. mp 71-72OC. This 
product, insoluble in  aqueous NaHCO3 at room temperature, bubbled on 
heating. I t  did not give a positive FeCI, test for free phenol. 'H-NMR and 


Table I-Modification of Hemoglobin by Aspirin-like Mono- and Diacyl 
Esters 


Concentration, Modification 
Compound m M  of Oxyhemoglobin Aa, % 


I 
I I  


I l l  


IV 


V 


VI  


V I I  
V l l l  


IX 


X 
XI 


10 
10 
20 
10 
20 
10 
20 


5 
10 


5 
10 
10 
5 


10 
5 


10 
5 
5 


10 


22.5 
23.1 
34.2 
26.3 
36.8 
27.7 
37.3 
32.3 
49.3 
19.1 
37.4 
78.7 
36.3 
53.0 
23.8 
46.7 
26.3 
45.0 
79.2 


I Aldrich Chemical Co., for examplc 0 llcmoglobin concentration = 1 mM. 
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Trifluoperazine and Its Application to a Kinetic 
Study in Humans 
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Abstract 0 Antibodies were produced in rabbits immunized with 10-[[3- 
[4-(2-carboxyethyl)-I-piperazinyl] -propyl]] -2- trifluoromethyl- IOH-pheno- 
thiazine sulfoxide-bovine serum albumin conjugate. The subsequently de- 
veloped radioimmunoassay (RIA) procedure enables, for the first time, the 
quantitation of the sulfoxide metabolite of trifluoperazine in  the plasma of 
humans after administration of therapeutic doses of trifluoperazine, in which 
60 pg of the sulfoxide metabolite in 200 pL of plasma can be measured Hith 
a CV of <3%. Similar results were obtained by this assay with or without a 
benzene extraction step and also in the presence or absence of a large excess 
of trifluoperazine and suspected major metabolites of trifluoperazine. This 
RIA procedure, together with a previously developed RIA for triftuoperazine 
was used to directly determine plasma concentrations of trifluoperazine and 
its sulfoxide metabolite after administration of a single, low, oral dose of tri- 
fluoperazine to five healthy volunteers. The rapidly appearing, relatively high 
concentrations of the sulfoxide metabolite are indicative of presystemic sul- 
foxidation. The mean plasma elimination half-life for the sulfoxide metabolite 
of trifluoperazine was 5.8 f I .3 h. 


Keyphrases Pharmacokinetics-trifluoperazine and its sulfoxide metabolite, 
quantitation by radioimmunoassay 0 Radioimmunoassay-trifluoperazine 
and its sulfoxide metabolite, humans 0 Trifluoperazine-pharmacokinetics, 
radioimmunoassay, sulfoxide metabolite 


Phenothiazine antipsychotic agents are extensively me- 
tabolized into numerous metabolites, some of which may be 
of importance with regard to the therapeutic and/or toxic ef- 
fects of drug treatment. For example, in the case of the sulf- 
oxide metabolite of chlorpromazine, high plasma levels of the 
drug, which is reputed to be inactive, are associated with poor 
clinical response in schizophrenic patients under chronic 
treatment with chlorpromazine. Also, in the case of chlor- 
promazine, some workers have demonstrated that clinical 
response correlates better with plasma level ratios involving 
active drug-inactive drug (such as the 7-hydroxylated material 
plus chlorpromazine-sulfoxide metabolite) rather than with 
the steady-state levels of chlorpromazine ( 1  -3). With the pi- 
perazine-type, phenothiazine, antipsychotic agent triflu- 
operazine (I; Scheme I ) ,  the importance in clinical therapy of 
the presumed major metabolites of this drug, including the 


sulfoxide which is reputed to be inactive, is unknown. The 
major reason for this is that suitable, sensitive, and specific 
analytical methods have not been available to measure me- 
tabolite concentrations in the plasma of patients under treat- 
ment. This slow development of analytical methods can be 
largely attributed to the reputed instability and adsorptive loss 
of phenothiazines in all stages of sample handling for analysis 
and the low plasma levels encountered due to the low doses of 
trifluoperazine given to patients. In fact, only recently were 
ultrasensitive analytical methods such as GC-MS (4,5) and 
radioimmunoassay (RIA) (6 ,  7) reported for the quantitation 
of trifluoperazine in plasma. By these methods, trifluoperazine 
concentrations were quantitated in plasma after administration 
of low, single, oral doses of this drug. On the other hand, less 
sensitive techniques may not be adequate for trifluoperazine 
plasma level monitoring in most patients; for example, by a 
method based on HPLC with UV detection, measurement of 
trifluoperazine in plasma was obtained only while the patient 
was under chronic treatment with doses of trifluoperazine well 
above the recommended therapeutic dose (8). 


The ultrasensitive biological method of RIA has the ad- 
vantage over chemical methods of analysis such as GC-MS 
in that extraction of the biological sample may not be necessary 
and such methods are more amenable to routine clinical 
monitoring. In this report, a rapid, sensitive, and specific RIA 
for the sulfoxide metabolite of trifluoperazine is described. By 
using this method and a previously reported RIA for triflu- 
operazine ( 6 ) ,  the concentrations of trifluoperazine aqd the 
sulfoxide metabolite were determined in plasma samples up 
to 24 h after the administration of a single 5-mg oral dose of 
trifluoperazine to five healthy volunteers. 


EXPERIMENTAL SECTION 


Materials-The sulfoxide, N-demethyl, and 7-hydroxy metabolites of 
trifluoperazine were synthesized in this laboratory by modified literature 


Table I-Cross-Reactions a of Antiserum Against the Sulfoxide Metabolite 
of Trifluoperazine 


Compound Tested 
Cross-Reaction, 


9% 
~ 


Sulfoxide metabolite of trifluoperazine 
Trifluoperazine 
Sulfone metabolite of trifluoperazine 
N-Oxide metabolite of trifluoperazine 
7-Hydroxy metabolite of trifluoperazine 
N-Demethyl metabolite of trifluoperazine 
Ethylenediamine metabolite of trifluoperazine 
Sulfoxide metabolite of prochlorperazine 
Sulfoxide metabolite of fluphenazine 
Sulfoxide metabolite of perphenazine 
Sulfoxide metabolite of chlorpromazine 
Ring sulfoxide metabolite of thioridazine 
Prochlorperazine 
N-Demethyl sulfoxide metabolite of trifluoperazine 


r? Cross-reactions were assessed by the criteria of Abraham (15). 


100 
< I  


8 
< I  
< I  
< I  
< I  


62 
77 


< I  
< I  
< I  
55 


34 
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Table It--Determination by Direct Radioimmunoassay of the Sulfoxide 
Metabolite in Plasm Samples Spiked with a Fivefold Excess of 
Trif luopnzine or one of Its Metabolites ' 


Plasma Conc. of the Sulfoxidc Metabolite 
of Trifluoperazine. ng/mL f SD 


Compound Added n I 2 3 5 


Trifluoperazine 5 0.9 f 0.3 1.8 f 0.2 2.8 f 0.2 5.1 f 0.4 
7-Hydroxy metabolite of 3 1.2 f 0.4 2.1 f 0.2 2.9 f 0. I 4.7 f 0. I 


N-Oxidemetaboliteof 3 l . 0 f 0 . 3  2.1 f 0 . 3  3 . 3 f O . l  5 . 0 f 0 . 3  


N-Demethyl metabolite of 3 1.0 f 0.1 2.0 f 0.1 2.9 f 0.3 4.9 f 0.2 


trifluoperazine 


trifluoperazine 


trifluowrazine 


At each standard curve concentration, none of the m a n  values found for samples 
containing added trifluoperazine or metabolites differed significantly > 0.05) from 
the standards containing the sulfoxide metabolite only determined i n  t(Re same cxperi- 
mcnt. 


procedurcs (9, 10). whereas trifluoperazine dihydrochloride' and the other 
phenothiazines and their metabolites* were donated. Aromatic ring-labeled. 
tritiated trifluoperazine ( I  2.8 Ci/mmol) was procured from a commercial 
sourceJ. 


Liquid scintillation counting, in  which a commercial cocktail was used4, 
was performed in a counter equipped with automatic quench compensation'. 
All solvents were analytical grade. The dextran-coated charcoal suspension 
and the various buffers were prepared in this laboratory. TLC sheets prccmtcd 
with silica gel without fluorescence indicator (250-xx thickness). used for 
tracer isolation, were obtained commercially6. All experimental procedurcs 
were carried out under subdued lighting. 


Synthesis of the lmmunogen (IV)'-TO an aqueous solution (I0 mL) of 
l~II3-I4-(2carboxyeth~I)-l  -piperadnyl)-propyl))-2-trifluoromethyl- I OH-phcne 
thiazine sulfoxide dihydrochloride (IT) ( I .  I g. 2 mmol) ( I  I ), was added con- 
ccntrated H N O j  in  a dropwise manner. The mixture was left in the dark at 
room temperature for 2 h. During this time the mixture changed from a red- 
dish-brown precipitate to a clear pale-yellow solution. The mixture was ad- 
justed to pH 6.0 with 1 M NaOH solution and subsequently saturated w i t h  
NaCI. The product was extracted intodichloromethane (5 X 20 mL) and dried 
over anhydrous sodium sulfate to give the desired hapten I l l  (0.82 g, 80% 
yield) as pale-yellow flakes, mp 98- 102OC, which showed one spot on TLC: 
R~0.15 (benzene-methanol-diethylamine) (l00:5:5) (11. RfO.25); IR: I025 
em-! (S - 0); IH-NMR (CDCI]): 6 2.1 (I. 2, J = 6.0 Hz. propyl central 
CHz), 2.5 (m. 14. piperazine methylene, CHI-piperazine. and CHlCH2- 
COOH), 4.2 (I. 2. J = 6.0 Hz, CHI-phenothiazine). 7.8 (m, 7. ArH), and 10.0 
ppm (s, I. COOH); MS (ammonia CI): quasi-molecular ion (M + H)+ at  nl/i 
482 for I l l  and m/z 496 for the methyl ester of 111. 


Anal.-Calc. for C ~ ~ H ~ ~ F J N , O , S :  C. 57.38. H, 5.41; N. 8.73. Found: C, 
58.00; H. 5.57; N, 8.66. 


The hapten I l l  (0.130 g) was coupled to bovine serum albumind (0.19 g) 
in dioxane by using a modified mixed-anhydride method (12. 1 3 ) .  This was 
rollowed by dialysis first against bicarbonate buffer (0.1 M; pH 8) .  then 
against acetate buffer (0.1 M; pH 5.2). and finally against distilled water. 
During the dialysis against acetate buffer, there was some precipitation. which 
disappeared when dialyzed again with bicarbonate buffer. After lyophili~ation, 
the immunogcn IV was obtained as a white crystalline solid (0.27 g). A blank 
was prepared by subjecting the bovine serum albumin to the coupling condi- 
tions. but without the hapten. The number of hapten residues coupled per mole 
of bovine serum albumin conjugate was determined b) the UVp mcthod ( I  2 .  
13) to be 60. 


Synthsisof the Sulfowidc Metabolite of ('H~rifluoperazine-To a solution 


I A gift from Smith, Mine and French Lahratories. Philadelphia, Pa. 
Rhhe-Poulenc Pharma Inc.. Montreal, Quebec, Canada. 
Nuclear R&rch Centre-Negev. Beer-Sheva. Israel. ' Ready Solve.MP; Beckman Instruments Inc.. Fullerton. Calif. 
LKB RackBeta, model 415; Fisher Scientific Co.. Toronto. Ontario, Canada. 
Terochcm Laboratories Ltd., Toronto, Ontario, Canada. ' Melting points were determined with a Gallenkamp melting point apparatus and 


are uncorrected. TLC was performed with Eastman chromatogram sheets, t y p e  13254 
silica gel with fluorescent indicator); spots were observed under shortwave UV light. 


rH-.NMR spectra were determined in CDCI3 or Meso-& on a Varian T-60 instrument 
with tetramethylsilane as the internal reference. Low-resolution electron-impact (E l )  
and chemical-ionization (CI) mass spectra were recorded on a VG Micromass MM 16F 
instrument at 70 eV equip@ with a VG 2025 data svstem. IR spcctra were recorded 
on a Perkin-Elmer 297 instrument (KBr pellets). All El, CI, 'H-NMR, and IR spectra 
of synthesized compounds were consistent with assigned structures. Microanalyses for 
samples dried over phosphcrus pentoxide a t  60°C under reduced prcssure were rformed 
by Mr. R. E. Ted. Department of Chemistry. University of Saskatchewan. Arrcagents 
were urchascd from Aldrich Chemical Co., Montreal. Quebec, Canada. * &ma Chemical Co.. St. Louis, Mo. 


Pye Unicam SP 1700 spectrophotometer. 


Table 111-Intra- and Interassay Variance of the RadioimmunoassPy for 
Trifluoperazine 


Plasma Conc. of the Sulfoxide Metabolite 
of Trifluoperazine, ng/mL 


10 7.5 5 3 2 1 0.5 0.3 
_ _ _ _ _ _ _ _ _ _  


Intra-assay variancea 
SD (B/Bo,%)  0.83 0.89 0.86 1.13 1.73 1.07 0.90 0.48 
n 4 4 4 4 4 4 4 4  cv. % 2.5 2.3 1.8 1.9 2.5 1.3 1.0 0.5 


Interassay varianceb 
SD (B/Bo,%) 0.97 0.90 0.69 1.31 2.01 2.27 1.49 0.82 
n 7 1 7 7 7 1 1 1  
CV, $70 3.0 2.3 1.4 2.1 2.7 2.7 1.6 0.8 


0 Intra-assay variance was calculated from assay readings of plasma standards obtained 
on a single day of analysis. * Interassa variance was calculated from assay readings of 
plasma standards obtained on four diderent days of analysis. 


of [JH]trifluoperazineJ in ethanol (200 pL,  1 mCi/mL) was added 20 pL of 
concentrated HNOJ ( I  I M). The reaction mixture was left in thedark at  room 
temperature for 3 h and subsequently diluted with water (5 mL), basified with 
0.2 mL of saturated sodium carbonate, and extracted with benzene (5 X 3 
mL). The benzene was evaporated under a stream of nitrogen at 65OCio. The 
residue, which was reconstituted with 0.2 mL of methanol, was injected into 
the HPLC system", which was operated at  ambient temperature with a flow 
rate of 3 mL/min. The eluted peak corresponding to the sulfoxide metabolite 
(2.5-3 min) was collected. 


To determine the specific activity of the tracer. aliquots of the collected 
fraction were injected into the HPLC system. The amount of tritiated sulfoxide 
metabolite was determined by comparing the peak height of the sulfoxide 
metabolite of i)H]trifluoperazine to that obtained from injections of known 
amounts of unlabeled metabolite. The tritiated sulfoxide metabolite peak was 
collected and counted by a liquid scintillation technique. The specific activity 
of the tritiated sulfoxide metabolite was calculated to be -12.2 Ci/mmol. The 
chemical yield was found to be 50.5% by comparing the ratio of the radioac- 
tivity of the tritiated sulfoxide product with that of the [-'H]trifluoperazine 
used in the reaction. 


The purity of tracer, when required for RIA, was checked by TLC: Rf0.2 
(benzene-methanol-diethylamine; l00:5:5). The purity was always >95%. 
The working solution of the tritiated sulfoxide metabolite was prepared on 
the day of assay by diluting the required quantity of the metabolite, freshly 
collected from the HPLC system, with 0.01 M HCI such that thediluted so- 
lution contained 2000-2500 cpm/pL. 


Pilot synthesis experiments with unlabeled trifluoperazine using the oxi- 
dation procedure and isolation techniques described above gave the sulfoxide 
metabolite of trifluoperazine as white crystals, uncorrected mp 139- 14OoC 
[lit. (9) mp 14O-14IoC], which gave satisfactory C,  H, and N analytical 
data. 


Immunization-Four New Zealand White rabbitst2 (age, 4 months) were 
each given an intradermal injection of I mg of the immunogcn emulsified with 
0.5 mL of Freund's complete adjuvant-0.5 mL of isotonic saline. Thereafter, 
rabbits were reimmunized by intradermal injection at  2-week intervals with 
the same amount of immunogen emulsified with Freund's incomplete adju- 
vant. After five intradermal injections, the sera of three rabbits showed binding 
activity to the sulfoxide metabolite of [-'H]trifluoperazine. After adminis- 
tration of four intravenous booster doses of 1 mg of the immunogen in 0.25 
mL of isotonic saline, which were given oiu the ear vein at  2-week intervals, 
the three rabbits produced antisera of adequate titer (1:1300 w/v). These 
rabbits were then sacrificed, and the antisera of each of the rabbits was ly- 
ophilized and stored at  - 2 O O C .  The lyophilized antiserum of one of the rabbits 
was used for the RIA of trifluoperazine sulfoxide. 


Direct Radioimmunoassay Procedure-An aqueous solution of the sulfoxide 
metabolite of trifluopcrazine was prepared by dissolving the sulfoxide in 0.01 
M HCI whenever required. Subsequently, standard solutions containing 0.3, 
0.5, 1 .  2, 3,  5,7.5, and 10 ng of the sulfoxide/mL were prepared in pooled 
plasmat3. The working antiserum solution was prepared by dissolving the 
lyophilized antiserum in phosphate buffer (0.2 M, pH 7.2). Of this solution, 
100 p L  was used in  each assay tube. 


To each polystyrene tube ( I  2 X 75 mm), containing a 200-pL plasma 


l o  Thermolyne Dri-Bath; Fisher Scientific Co.. Edmonton, Alberta, Canada. 
Solvent delivery system (M45; Waters Associates. Milford, Mass.). a valve loop 


injector fitted w i t h a  I-mL loop (model 7120; Rheodyne. krkley. Calif.). a radial 
comprescion scparation system (t module; Waters Associates), mobile phase composcd 
of IO?h sodium acetate buffcr (0.1 M; pH 6) in methanol. and a variable-wavelength UV 
detector (Lambda Max model 480; Waters Associates) fixed at  254 nm. 


l2 Mr. Avaldcrmeer. Sherwood Park, Alberta. Canada. 
I 3  Canadian Red Cross. 
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Table IV-Pharmacokinetic Parameters of Trifluowrazine and Its Sulfoxide Metabolite' 


AUG-24 
Metabolite/ 


Age, Weight, Tmax, h Cmaa. nR/mL AUC0.24, ng.h/mLb AUCo-24 t112. h 
Subiect vears kr! Metabolite Drua Mctabolite Drur! Metabolite Drug Drua. % MetaboliteC Drugd 


1 40 67 4.5 4.5 2.9 I .9 36.3 17.3 210 7.2 10.8 
2 40 80 6 3 3.3 3.2 33.9 29.4 1 I5 5.4 7.8 
3 22 88 4.5 4.5 3.1 2.5 34.9 22.0 159 6.4 2.5 
4 32 74 3 3 2.5 1 . 1  36.8 9. I 404 6.2 15.2 
5 21 94 4.5 3 4.5 I .o 56.9 8.0 71 1 3.7 8.1 


M e a n f S D  3 1 f 9 . 2  8 0 . 6 f 1 0 . 8  4 . 5 f 1 . 1  3 . 6 f 0 . 8  3 . 3 5 0 . 7  1 . 9 f 0 . 9  3 9 . 8 f 9 . 6  1 7 . 2 5 8 . 9  3 2 0 f 2 4 5  5 . 8 f 1 . 3  8 . 9 f 4 . 6  
~ ~ 


Pharmacokinetic parameters of trifluoperazine and its sulfoxide metabolite in the plasma of five healthy volunteers after a 5-mg oral dose of trifluoperazine. AUCo-2, was 
calculated by the Ira zoidal rule. C Plasma half-life was calculated by the equation = 0.693 &,I. where k.1 was estimated by using the plasma concentrations between 6 and 
24 h. I n  the case of vorntecr 4, the 24-h plasma concentration was estimated. since there was found lo be <0.3 ng/mL of the sulfide metabolite present. d Plasma half-life was calculated 
by the equation f l / 2  = 0.693/k,l.  where k,l was estimated by the plasma concentration between 4.5 and 24 h for subjects I and 2 and between 4.5 and 12 h for subjects 3-5. 


sample (standard or from a volunteer), was added 200 p L  of phosphate buffer 
(0.2 M; pH 7.2) and 5 pL of the sulfoxide metabolite of [3H]trifluoperazine 
solution (10,000-12,500cpm). The contentsof the tubc were mixedI4 for 10 
s, and 100 p L  of antiserum solution ( I :  I 3 0 0  w/v) was added. All of the ad- 
ditions were carried out in an ice bath. The solution was mixedI4 well for 10 
sand  incubated at  37OC for 80 min. The tubes were then cooled to 4OC in an 
ice bath, and cold dextran-coated charcoal suspension ( 1  mL) was added. Each 
tube was again mixedI4 for 10s and subsequently incubated for 10 min at 4OC. 
The samples were then centrifuged (172OXg for 10 min at 4OC). The super- 
natant solution was decanted by a standardized procedure into a scintillation 
vial containing 10 mL of scintillation cocktail, mixed well, and counted for 
5 min. Each plasma sample, standard or unknown, was assayed in  tripli- 
cate. 


The calibration curve was constructed by plotting the logit values of BIB,-, 
on the y-axis and the log values of the sulfoxide metabolite Concentrations on 
the x-axis, where B and Boare the antibody-bound radioactivity in the pres- 
ence and absence of the sulfoxide metabolite, respectively. Logit BIB0 is de- 
fined as: 


Extraction Radioimmunoassay Procedure-Each I -mL plasma sample 
(standard or from a volunteer) was basified (pH 12) with saturated Na2CO3 
( 1  mL) and extracted with benzene (2  X 3 mL). The resultant extract was 
evaporated to dryness under a stream of nitrogen at 65OC. and the residue was 
reconstituted with 1 mL of phosphate buffer (0.2 M; pH 7.2). Subsequently, 
the RIA procedure described above was followed, in which 200 p L  of 7% 
aqueous bovine serum albumin solution and 200 p L  of reconstituted extract 
were used in the place of plasma and phosphate buffer, respectively. 


The efficiency of the benzene extraction of the sulfoxide metabolite of tri- 
fluoperazine was checked by repeating the extraction procedure with spiked 
plasma samples containing known amounts of the tritiated sulfoxide. Of the 
total radioactivity added, 98% was found to be extracted from samples con- 
taining 0.3-10 ng/mL of the sulfoxide metabolite of trifluoperazine. 


Plasma Samples-A 5-mg dose of t r i f luopera~inel~ was given orally with 
50 mL of water to each of five healthy male volunteers, who fasted overnightl6. 
Blood samples were withdrawn by venipuncture using evacuated heparinized 
tubes'', and contact between blood and the rubber stopper was carefully 
avoided, as spurious results have been found in  the RIA determination of 
trifluoperazine when blood has been allowed to touch the rubber stopper of 
these evacuated tubes (14). Blood samnles were taken at 0 (predose), 0.5, I ,  
1.5,2,3,4.5,6,8,  12, and 24 h postdose. The plasma was immediately sepa- 
rated and stored at  -2OOC until analysis by the procedures described above 
for the sulfoxide metabolite and by the previously reported RIA method for 
trifluoperazine (6). 


RESULTS 


Sensitivity and Specificity of tbe Radioimmunoassay for the Sulfoxide 
Metabolite of Trifluoperazine-The amount bound at  a zero concentration 
of the sulfoxide metabolite was determined at  30,60, 80, 120, and 180 min 
and at  temperatures of 4OC, 22OC (room temperature), and 37OC for the first 
incubation step in the assay procedure. From the results of these experiments, 
the optimal conditions for the assay were found to be an incubation time of 
80 min at  37OC, where the BO was -3%. 


I' Vortex Genie; Fisher Scientific Co. 
Stelazine: Smith. Kline and French Laboratories. 


l6 Protocol was approved by the local Ethics Committee on Human Experimenta- 
tion. 


Vacutainer; Becton and Dickinson. Co., Mississauga. Ontario, Canada. 


When 200-/.tL plasma samples are used, as low as 60 pg of the sulfoxide can 
be measured by the RIA. Under the assay conditions described above, the 
standard curve was linear from 0.3 to 10 ng/mL; a typical calibration curve 
can be defined by: logit y = -2.2740glo x + I .496 ( r2  = 0.999). This range 
was adequate for the determination of all but one of the unknown concen- 
trations of the sulfoxide metabolite in the plasma samples obtained after ad- 
ministration of a single oral dose of 5 mg of trifluoperazine. These concen- 
trations were determined by running a calibration curve with each set of un- 
known samples. Concentrations of the sulfoxide metabolite of <0.3 ng/mL, 
reported for one plasma sample in  the present study, were estimated. 


The specificity of the antiserum was assessed by the criteria of Abraham 
(15). The antiserum did not cross-react markedly with trifluoperazine or the 
available, supposed, major metabolites of trifluoperazine; however, the 
cross-reactivity of the N-demethyl sulfoxide metabolite of trifluoperazine as 
well as  the sulfoxide metabolites of other piperazine-type phenothiazines is 
understandable (Table 1). Interestingly, the sulfoxide of the aliphatic phe- 
nothiazine, chlorpromazine, did not cross-react. 


Also, to check cross-reactivities, plasma samples containing the sulfoxide 
metabolite of trifluoperazine over the standard curve range were additionally 
spiked with trifluoperazine at five times the sulfoxide concentrations, and the 
sulfoxide concentrations were subsequently determined by the direct RIA 
procedure. These experiments were repeated an additional four times, and 
the values obtained were compared with those for the sulfoxide metabolite 
standard curve samples prepared at the same time in  the usual manner. There 
were no significant differences (p > 0.05) in the values obtained for the sulf- 
oxide metabolite among samples of the same sulfoxide concentrations with 
or without trifluoperazine. Similar results were obtained when the 7-hydroxy, 
N-oxide, and N-demethyl metabolites were each separately added at five times 
the sulfoxide concentrations to plasma samples containing the sulfoxide over 
the concentration range of the standard curve (Table 11). 


Intra- and Interassay Variations-Both intra- and interassay variations 
were determined with plasma standards prepared in accordance with the 
described procedure. Intra-assay variations were determined from assay 
readings obtained from a singlc day, whereas interassay variations were cal- 
culated from the assay data obtained on four separate days of analysis (Table 
111). The CV was <4% for both intra- and interassay determinations at all the 
sulfoxide concentrations studied. 


Plasma Concentratiom of the SuHoxide Metabolite of Trifluoperazine and 
Trifluoperazine-The plasma concentration-time profiles (Fig. I )  obtained 
by direct RIA after administration of a single 5-mg oral dose of trifluoperazine 
to five healthy volunteers showed considerable intersubject variations in the 
plasma concentration of the sulfoxide metabolite and trifluoperazine. The 
sulfoxide metabolite was present in detectable concentrations at all sampling 
times. However, in three volunteers (subjects 3-5). no trifluoperazine was 
detected in the 24-h plasma sample. 


The areas under the plasma concentration-time curve from 0 to 24 h 
(AUCo-24) were calculated by the trapezoidal rule and ranged from 33.9 to 
56.9 ng.h/mL for the sulfoxide metabolite and 8.0 to 29.4 ng.h/mL for tri- 
fluoperazine. The values of AUCo 24 for the sulfoxide metabolite were, on 
the average, 320% of those of trifluoperazine (range, 11 5-7 10%). The time 
required to reach the peak concentrations (tmax) i n  plasma were similar for 
the sulfoxide metabolite and trifluoperazine and ranged from 3 to 4.5 h, except 
in one volunteer (subject 2), for whom the t,,, for the sulfoxide was 6 h. The 
peak concentrations (CmaX) ranged from 2.5 to 4.5 ng/mL for the sulfoxide 
metabolite and from 1.0 to 3.2 ng/mL for trifluoperazine (Table IV). 


After reaching these C,,, values, plasma concentrations declined rapidly 
in all subjects, so that for the sulfoxide metabolite, the elimination half-life 
(1112) from 6 to 24 h was calculated to range from 3.7 to 7.2 h in the five 
subjects, whereas for trifluoperazine the 1112 was in the range of 2.5-1 5.2 h. 
In the latter case, 1112 (4.5-24 h) was calculated for the only twosubjects, in 
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Figure 1-Mean plasma irijluoperazine (0) and sulfoxide meiaboliie ' 0 )  
conceniraiions injive healthy volunteers after single 5-mgoral doses of iri- 
fluoperazinc dihydrochloride. Each poini represenis mean f S D.  


whom the trifluoperazine plasma concentrations at 24 h could bc determined 
by RIA, whereas for the other three volunteers, f l p  was calculated from the 
concentration time points at 4.5-1 2 h. Closer inspection of the data indicated 
that in the case of one volunteer (subject 2), plasma concentrations of triflu- 
operazine and the sulfoxide metabolite declined biexponentially after the C,, 
was reached. For this subject, the ( r l i 2 .  a) and ( i l / 2 , 0 )  values were calculated 
as 1.9 and 12.8 h, rcspectively, for thesulfoxide, whereas the analogous values 
for trifluoperazine were 1.4 and 16.4 h. All plasma half-lives were estimated 
from the raw data using the equation i l / 2  = 0.693/k,l, where k,l is the cal- 
culated rate constant of elimination. 


The plasma concentrations of the sulfoxide metabolite of trifluoperazine 
for all plasma samples obtained from the five volunteers were also determined 
by the extraction RIA procedure. The values obtained were plotted versus 
those obtained by the direct RIA (Fig. 2). The slope of the regression line for 
this comparison had a value of 0.89, with r* = 0.92. The 95% confidence 
bounds (50.179) of the slope of this regression line were calculated, and thus, 
the slope is not significantly different statistically from 1 .O. Also, when both 
techniques were performed on three separate occasions for one of the volun- 
teers (subject 5 )  and the mean of the extraction technique values were plotted 
ciersus the mean of the direct RIA technique, the correlation coefficient was 
determined 10 be 0.98, and the slope of the regression line was 0.80. These 
results indicate that the two methods compare favorably. 


DISCUSSION 


The previously reported trifluoperazine hapten (11) was the starting material 
used for the synthesis of the desired sulfoxide hapten (111). This starting 
material ( I l j  was prcpared as previously described ( 1  I )  or by an equally 
succcssful alternate routine (Scheme I) ,  in which the N-demethylmetabolite 
of trifluopcrazine (la) was treated successively with methyl acrylate and base. 
Subsequent nitric acid oxidation of I I  gave the desired hapten (111) i n  good 
yield, although the relatively high water solubility of this compound necessi- 
tated saturation of the reaction mixture with sodium chloride so that organic 
solvent extraction of the product was feasible. A similar nitric acid treatment 
procedure was adopted to obtain the tracer required for the RIA of the sulf- 
oxide metabolite of trifluoperazine in  which the commercially available 
ethanolic solution of ('H]trifluoperazine was directly oxidized: The tritiated 
sulfoxide product was identified by its chromatographic properties (TLC and 
HPLC), as well as by indirect pilot experiments in which unlabeled triflu- 
operuine was treated by the same nitric acid procedure and the product was 
examined by qualitative spectral analysis (CI .MS, El-MS, IR, 'H-NMR),  
as well as by elemental analysis. 


The development of the present RIA was based on the most successful of 
the approaches taken i n  order to develop an RIA for trifluoperazine, in which 
the drug molecule was linked to bovineserum albumin cia a two-carbon bridge 
attached through the N-I0  side chain of the trifluoperazine structure ( I  I ) .  
The antisera raised to such an immunogcn should be specific to the ring portion 
of the drug molecule, and indeed. the sulfoxide antisera reported here did not 
cross-react with trifluoperazine, whereas there was significant cross-reactivity 
with the sulfoxide metabolites of the other available marketed piperazine-type 


ng/mL 


Figure 2-Comparison of plasma concentrations of the sulfoxide metabolite 
of irijluoperazine determined for Joe volunieers afier ingestion of 5 mg of 
irijluoperazine and analyzed by ihe exiraciion RIA and the direct RIA 
procedures (n = 50, r 2  = 0.92. slope = 0.89). 


011.61 1114 


phenothiazines. i.e., fluphcnazine, perphenazine, and prochlorperazine. Thus 
the antisera can be used for the quantitative RIA analysis of the sulfoxide 
metabolites in  plasma. Antibody recognition was not dramatically affected 
when thc 2-trifluoromethyl ring substituent of the sulfoxide metabolite of 
trifluoperazine was altered to a 2-chloro substituent. as with the sulfoxide 
metabolite of perphenazine, yet the 2-thioether. a thioridazine ring sulfoxidc 
which has a pipcridine side chain, was not recognized by the antibody. Also, 
regarding other ring-substituted compounds, there was no measured cross- 
reactivity with the 7-hydroxy metabolite of trifluoperazine, whereas the sulfone 
metabolite of trifluoperazine demonstrated low binding activity. 


This is the first report of a suitable analytical method for the quantitation 
of the sulfoxide metabolite of trifluoperazine in plasma. This RIA procedure 
can measure 60 pg of the sulfoxide metabolite in a 200-kL plasma sample, 
thus obviating the need for large blood samples. Also, similar results were 
obtained for the assay irrespective of whether the procedure was carried out 
directly on plasma or on plasma extracts. Thus, a plot of the BIB0 values ob- 
tained in the direct RIA for various plasma standards, covering the range 
0.3.- 10 ng of the sulfoxide per mL, versu.s thosc obtained in the extraction RIA 
procedure for the same plasma standards, gave an r2  value of 0.998. 


Regarding the specificity of the antiserum (Tables I and I I ) ,  there were no 
significant changes in binding when plasma standards of the sulfoxide me- 
tabolite over the standard curve concentration range were spiked with tri- 
fluoperazinc at  concentrations five times those of the sulfoxide. Therefore, 
it is unlikely that trifluoperazine will intcrfere with sulfoxide plasma con- 
centration determinations in samples from healthy volunteers or patients 
treated with trifluoperazine. Also, the available suspected major metabolites 
of trifluoperazine in  humans (the 7-hydroxy, N-oxide, and X-demethyl 
compounds) failed to demonstrate cross-reactivity either by the criteria of 
Abraham ( I  5) or when added to spiked samples of the sulfoxide metabolite 
a t  five times the concentration of the sulfoxide. However, as  expected, the 
N-demethyl sulfoxidc metabolite cross-rcacts appreciably with the antiserum. 
Whether or not the concentrations of the N-demethyl sulfoxide metabolite 
in plasma samples from patients or healthy volunteers are high enough to 
interfere in the determination of the sulfoxide concentrations awaits study 
of the levels of this metabolite in  humans after single-dose and chronic ad- 
ministration of trifluoperazine. Additional proof for the specificity of the RIA 
procedure for the sulfoxide metabolite was obtained by comparison of the data 
for extraction RIA with that for direct RIA determined for the plasma samples 
from the volunteers dosed with a single 5-mg oral dose of trifluoperazine. 
Similar results were obtained irrespective of whether the procedure was carried 
out dircctly on plasma or on plasma extracts, indicating that physiological 
material and mctabolites noncxtractable in benzene do not dramatically in- 
tcrfere in the sulfoxide determinations. 


Plasma conccntration-time profiles for trifluoperazine after administration 
of low. single, oral doses of trifluoperazine, in which trifluoperazine plasma 
concentrations were determined by RIA, have been previously reported (16). 
The mean values for this previous study with 24 healthy male volunteers, in 
which the I,,,,,, C,,,. AUCo 24, and i , / z  values for one of the tested 5-mg 
trifluoperazinc formulations were 4.0 f 1 h, 1.9 f 0.9 ng/mL, 19.3 f 11 
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ng.h/mL, and 9.3 f 7 h, respectively, are in agreement with the values re- 
ported here of 3.6 f 0.8 h, 1.9 f 0.9 ng/mL, 17.2 f 9 ngh/mL, and 8.9 f 
5 h, respectively, for the five volunteers given a single 5-mg oral dose of tri- 
fluoperazine. On the other hand, pharmacokinetic parameters in humans for 
the sulfoxide metabolite of trifluoperazine have not been previously reported. 
The mean sulfoxide concentrations were of the same order as the mean tri- 
fluoperazine concentrations at the first (0.5 h) time point and thereafter were 
greater (Fig. I) .  The presence of significant amounts of the sulfoxide (98% 
of trifluoperazine) at the 0.5-h sampling point and the fact that the plasma 
sulfoxide concentrations peaked at about the same time as the plasma triflu- 
operazine concentrations indicates that a significant proportion of triflu- 
operazine is metabolized to the sulfoxide metabolite during presystemic ab- 
sorption. Also, in all volunteers the percent AUCO-24 sulfoxide-AUCo-24 
trifluoperazine ratio was >looo/oO. The 115-7IWo range for this value in the 
five volunteers is indicative of large interindividual variation resulting from 
presystemic metabolism of trifluoperazine by routes such as sulfoxidation. 


For four of the five subjects, the terminal elimination half-life of triflu- 
operazine was longer than that of the more polar sulfoxide metabolite, which 
suggests a generally faster elimination of the sulfoxide. A similar phenomenon 
has been reported on comparison of the sulfoxide metabolite of chlorpromazine 
and chlorpromazine terminal elimination half-lives after administration of 
low, single, oral doses of chlorpromazine to healthy male volunteers (17). 
However, pharmacokinetic data obtained from the RIA measurement of 
plasma concentrations should be viewed with suspicion. Indeed, the RIA 
antisera used here for trifluoperazine plasma concentration determinations 
cross-reacts with the Ndemethyl and 7-hydroxy metabolites of trifluoperaeine 
to the extent of 26 and 24%. respectively (6). When these antisera were used 
to determine plasma Concentrations in an oral single-dose bioequivalency 
study of two trifluoperazine tablet formulations in five healthy volunteers, 
a longer mean elimination half-life (1 I .5 i 3.7 compared with 8.3 f 2.4 h for 
one of the formulations) was found than when the plasma concentrations were 
determined for the same plasma samples by a specific GC-MS method (1 8). 
The RIA method for the sulfoxide metabolite needs to be compared with a 
sensitive and specific chemical method for the determination of the sulfoxide 
in plasma to validate the pharmacokinetic data reported here. Due to such 
reasons as the demonstrated heat sensitivity of the sulfoxide metabolite of 
trifluoperazine (19) and the low concentrations encountered after adminis- 
tration of this highly potent antipsychotic agent, such development will not 
be easy. In the meantime, due to the specificity demonstrated in this report, 
the RIA for the sulfoxide metabolite can be investigated as to its suitability 
to compare measured sulfoxide concentrations in responding and nonres- 
ponding patients under chronic treatment with trifluoperazine. The resultant 
data will assist in establishing the relationship, if any. between plasma con- 
centrations of the sulfoxide metabolites of trifluoperazine, therapeutic re- 
sponse, and/or adverse drug reactions. 
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Abstract 0 A rapid, difference UV spectrophotometric assay of formulated 
drugs containing a I ,2-diphenolic group is described. I n  this assay are utilized 
the bathochromic shift of the absorption band of I ,2-diphenolic substances 
from -280 to -287 nm and the concomitant hyperchromic effect induced 
by the addition of germanium dioxide to an aqueous solution of the drug 
buffered at pH 6. The absorbance of the solution of the complexed drug rel- 
ative to that of an equimolar solution of the freedrug, which is maximum at  
-292 nm, is proportional to the concentration of the drug and is unaffected 
by the presence of other UV-absorbing substances in the formulations that 
lack the 1,2-diphenolic moiety. Applications of the assay are described for 
formulations containing epinephrine, isoetharine, isoproterenol. levodopa, 
and methyldopa. 


Keyphrases 0 1.2-Diphenolic drugs-difference UV assay in formulations 
0 Difference absorption spectrophotometry-assay of 1.2-diphenolic sub- 
stances 


To avoid the interference that may occur in conventional 
UV-spectrophotometric procedures for the determination of 
1 ,Ediphenolic drugs [e.g., epinephrine (adrenaline), levodopa, 
and methyldopa] in formulations due to the presence of co- 
formulated drugs, oxidation products, and formula;tion ex- 
cipients, many of the absorption spectrophotometric methods 
currently employed involve the conversion of the drugs to 
colored derivatives and the measurement of absorbance in the 
visible region ( I  - 5 ) .  In a previous report ( 6 ) ,  a new difference 
UV-spectrophotometric procedure for drugs coqtaining a 
1,2-diphenolic moiety was described, based on the measure- 
ment of the difference absorbance (AA) at -292 nm between 
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Figure 1-faj U V  absorption spectro of aqueous solutions of epinephrine 
bitartrate ( 2  X M) at p H  6 in the presence (A)  and absence (B) of ger- 
manium dioxide (0.4 mg.mL-’). (b) Dqference UVabsorption spectrum of 
epinephrine hitartrote ( 2  X 10-4 MI (solution A relative to solution B) .  


two equimolar solutions of the drug in pH 7 phosphate buffer, 
one of which also contains 0.1 M boric acid. The boric acid 
esters of the drugs form very rapidly and have a longer wave- 
length of maximum absorption (Amax) and a greater absorp- 
tivity than the nonesterified drug. The absorbance of the so- 
lution containing boric acid relative to that of the nonesterified 
drug is proportional to the concentration of the drug and is 
unaffected by the presence of other UV-absorbing substances 
in the sample, including monophenols, provided that the ab- 
sorbance of these substances at the wavelength of measurement 
is unchanged by the boric acid. 


Dihydroxylic and polyhydroxylic substances are known to 
react with other inorganic acids in addition to boric acid, e.g., 
arsenious acid (7), orthotelluric acid (8), and germanium 
dioxide’ (9, 10). The reaction of germanium dioxide with 
certain dihydroxylic and polyhydroxylic reagents has been used 
in both the identification (1 1) and quantitative determination 
(1 2) of trace levels of germanium. In this report, the reagent 
germanium dioxide is examined for application in the differ- 
ence spectrophotometric assay of 1,f-diphenolic drugs. 


EXPERIMENTAL SECTION 


Apparatus-Absorption and difference absorption spcctra of solutions in  
I -cm silica quartz cells were recorded from 330 to 220 nm with a recording 
double-beam UV-visible spectrophotometer*. The spectral slit width was I 
nm, the scan speed was 1 nm s-I, and the response (time constant) was 0.5 s. 


Reagents-Epinephrine bitartrate3, isoproterenol sulfate4. isoetharine 
hydrochloride5. levodopa6, and methyldopa6 were obtained commercially. 
Stock buffer (pH 6) was prepared by dissolving 9.67 g of citric acid and 22.40 
g of anhydrous sodium monohydrogen phosphate in water and diluting to 500.0 
mL. The working buffer (pH 6) was prepared by diluting 100.0 mL of stock 
buffer to 500.0 mL with water. The germanium dioxide reagent was prepared 
by dissolving, with heat, 500 mg of germanium dioxide’ in 100.0 mL of stock 
buffer (pH 6); the solution was allowed to cool and diluted to 500.0 mL with 
water. 


Standard Solutions- Approximately 50 mg of the reference substance was 
accurately weighed into a 250.0-mL calibrated flask, dissolved in 50 mL of 
water and 2.5 mL of 0.1 M HCI’, and diluted to volume with water. A 5.0-mL 
aliquot was transferred to each of two 25.0-mL calibrated flasks containing 
10 mL of pH 6 buffer and I0 mL of germanium dioxide reagent, respectively. 
and diluted to volume with water. Five minutes later. the absorbance (at the 
wavelength of maximum difference absorbance, -292 nm) of the solution 
containing germanium dioxide in the sample cell was measured relative to that 
of the free drug in the reference cell. The measured difference in absorbance 
was corrected only for the blank buffer solutions, which were prepared by 
diluting the pH 6 buffer and the germanium dioxide reagent (2:3) with water, 
as described above for the standard solutions. 


Sample Solutions-Aqueous Formulotions-The samples were diluted 
with water to give a 0.2-mgmL-t drug concentration based on the declared 


1 Formerly known as gcrmanic acid 


‘ Halewood Chemicals Ltd., Staines. Middlesex TW19 6BJ. United Kingdom. 


552 spectrophotometer; Perkin-Elmer Corp. 
BDH Chemicals Ltd.. Poole. Dorset BH12 4”. United Kingdom. 


Riker Laboratories, Loughborough. Leicestershire LEI I I EP. United Kingdom. 
Merck Sharp & Dohme Research Laboratories, Hoddcsdon. Herts. EN I I 9BU. 


United Kingdom. 
’To prevent oxidation of the drug. 
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Table I-Substances Displaying Difference Absorbance at  292 nm 


Substance 


Epinephrine 
lsoetharine 
lsoproterenol 
Levodopa 
Methyldopa 
Carbidopa 
Norepinephrine 
Dopamine 
1.2-Benzenediol 
3-Methyl-] ,2- 


Phenol Classification Amax of AA(GeO2). 


1.2-Diphenol 291.5 
I ,2-Diphenol 292.0 
I ,2-Diphenol 292.0 
1,2-Diphenol 292.5 
I ,2-Diphenol 292.5 
1.2-Diphenol 292.5 
1.2-Diphenol 291.5 
1.2-Diphenol 292.5 
1,2-Diphenol 287.0 
I .2-Diphenol 285.0 


benzenediol 
Pyrogallol I ,2,3-Triphenol 
n-ProDvl Gallate I .2.3-Tri~henol 


280.0 
306.0 


nm At292 (GeO2) 


4366 
4523 
4442 
4358 
4306 
4216 
421 I 
4017 
2629 
1631 


93 
61 I5 


At292 (GeO2)/c280 (H~BOI) /CX~O 


1.64 0.94 
1.48 0.89 
1.49 0.88 
1.56 0.9 I 
I .40 0.85 
1.58 0.70 
I .62 0.9 1 
1.43 0.82 


of Free Drug of Free Drug 


_- - 


Bense&idc 1,2,3-Triphenol 283.0 250 


concentration of the drug in the formulation, and the assay was continued as 
described above. 


Tablets-Twenty tablets were weighed and powdered. Powder containing 
-20 mg of drug was shaken mechanically with 80 mL of water and I mL of 
0.1 M HCI’ for 30 min and then diluted with water to 100.0 mL in a calibrated 
Flask. The extract was clarified through filter paper*. The first 10 mL was 
discarded, and the assay was continued as described above. 


Treatment of the Results-The concentration of drug in the sample solu- 
tions, and hence in the sample, was calculated from the proportional rela- 
tionship that exists between the measured difference absorbance and the 
concentration of the drug. 


RESULTS AND DISCUSSION 


Potentiomctric investigations have shown that strong chelates are formed 
between germanium and dihydroxylic and polyhydroxylic compounds with 
at least two hydroxyl groups in  the vicinal position. Germanium-ligand che- 
la te~ ,  I : I  or I :2, arc formed with glycols and polyhydroxylic sugars ( I  3). 
whereas 1.2-diphenols form chelatcs with 1.3 ratios (14). 


Complexation of I ,2-diphenols with germanium dioxide, like that with boric 
acid (6) .  induces a bathochromic shift of their UV-absorption bands (15). The 
cffect is illustrated in Fig. la  for aqueous solutions of epinephrine at pH 6, 
where a shift in  the X,,, from 279 nm to 287 nm and a large increase in ab- 
sorbance in  the presence of germanium dioxide is shown. The maximum AA 
of the solution of epinephrine in the presence of germanium dioxide relative 
to an equimolar solution of free drug occurs at 291.5 nm, which is almost 
identical to that of the epinephrine--boric acid product (6). The magnitude 
of the AA291.5 generated by the germanium dioxide reagent was, however, 
-75% greater than that given by boric acid (Table I) .  Other I ,2-diphenolic 
substances give similar values for the wavelength of maximum AA (292 f 
0.5 nm) [except for 1.2-benzenediol (287 nm) and 3-methyl- 1.2-benzediol 
(285 nm)] with a corresponding increase in AA values compared with those 
given by boric acid (Table I) .  


The pH and the concentration of germanium dioxide were chosen to provide 
conditions of high scnsitivity, reproduciblc AA, and a proportional relationship 
between the measured AA and concentration of drug. The effects of variation 
of pH and concentration of germanium dioxide on the absorbance at 291.5 
nm of equimolar solutions of epinephrine ( I  .4 X M) are shown in Fig. 
2. The highest A291.5 was obtained with the higher pH values and concen- 
trations of germanium dioxide. Parallel investigations of the assay conditions, 
however. showed that, although there was a linear relationship significant at 
the 99% confidence level between the measured AA291.5 and the concentration 
of epinephrine, a small but not insignificant negativc intercept was consistently 
obtained when the solutions were buffered at pH 7. This was not obscrved with 
solutions at pH 6. Therefore, pH 6 and a final germanium dioxide concen- 
tration of 0.4 mg.ml.-l (3.8 X lo-] M )  were chosen for the assay as  a com- 
prumisc which satisfied the requirements of high sensitivity and the propor- 
tionality of the measured value with Concentration of analyte. The smaller 
concentration of germanium dioxide necessary for maximum complex for- 
mation compared with that of boric acid (0.1 M) is consistent with the ob- 
servation that the stability constants of I ,2-diphenol-germanium complexes 
arc considerably higher than those of the boric acid esters ( I  5). 


Although the 1.2-diphenol- germanium complexes appear to form rapidly, 
as observed by an almost instantaneous increase in the u 2 9 2  on mixing of 
the reagents, there is a gradual dccrcase of -2% in the A292 of the complex 
during the first 5 min, after which the ,4292 and u 2 9 2  are  stable for at least 


Whatman No. I 


an additional 30 min. Measurement of the AA was, therefore, carried out 5 
min after the preparation of the solutions. 


Validation-All five drugs for which assays of formulations have been 
developed (Table 11) were found to show a proportional relationship between 
the PA at  its A,,, at -292 nm and the concentration of the drug in the range 
of 0-60 pg-mL-’ when the solutions were buffered at pH 6. For example, the 
linear regrcssion equation for cpinephrinc bitartrate was y = 0.01307~ - 
0.001 1,  whcrey is A A 2 9 l . 5  and x is the concentration of the drug in micro- 
grams per milliliter (n = 6; correlation coefficient = 0.99998). The other four 
drugs also gave satisfactory linear graphs with intercepts which, being <0.5% 
of the measured AA at  the analytical concentration of 40 pg-ml-l. were 
negligible. For comparison. the linear regression equation for a similar series 
of solutions of epinephrine bitartrate buffered at  pH 7 was y = 0.01 388x - 
0.0224. confirming the slightly greater sensitivity and unsatisfactory pro- 
portionality of the measured value and concentration at  this pH. 


0 


j 0  


0 


0.1 0.2 0.3 0.4 


CONCENTRATION OF Ge02. mg * rnL-’ 


Figure 2-f$ecrs ofuariarion ofpH and concenfrarion ofgermanium dioxide 
(Ce02) on absorbance at 291.5 nm of epinephrine hirartrate (1.4 X M). 
Key: (a) p H  7; (A) pH 6; (V) p H  5. 
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Table 11-Assay Results 


Amount Found. % of Label 


Drue. 


Claim 
Label Claim Other UV- 


Formulation Amount Source” Absorbing Components* A A  Method Official Method 


Epinephrine bitartrate 


lsoetharine hydrochloride 
lsoproterenol sulfate 


Levodopa 
Met hyldopa 


Injection BP 


Solution BP 


Eye-drops with zinc sulfate BP 


Spray, Co. with atropine BPC 


Tablet 
Tablet BP 
Spray BPC (1968) 


Tablet BP 
Tablet BP 
Tablet BP 
Tablet 


1.8 mg mL-I 


1.8 mg mL-I 


0.9 mg mL-I 


8.0 mg mL-l 


10 mg 
10 mg 
10 mg mL-’ 


500 mg 
I25 mg 
250 mg 
250 mg 


E 
Cd - 


E Chlorocresol, 1 mg mL-I 
C‘ Chlorocresol, I mg mL-’ 
E 
Cf 
E 
Cg 
Ch 
C‘ 
E 
C j  
Ck 
C’ 
Cm 
C n  Hydrochlorothiazide, 15 mg 


- 
- 


Papavcrine HCI. 8 mg mL-l 
Papaverinc HCI, B mg mL-l 


- 
- 
- 
- 
- 
- 
- 


99.5 
99.9 


101.2 
97.4 
99.5 
99.0 


100.8 
100.8 
98.1 


100.9 
100.8 
100.0 
98.0 


101.7 
101.0 
98.7 


98.1c 
98.6c 


1oo.oc 
97.1c 
99.0 
99.0 
99.0 
98.7 


100.5 
99.5 
99.6 
99.0 


102.7 
101.8 


- 


- 


a E, prepared sample; C. commercial sample. 
Evans. 
it Lot 8056. Brocades. Lot 67708022. Norton. 


Compounds absorbing at Amax of free drug at -280 nm. C Gravimetric stage only; for discusslon refer to Ref. 6. d Lot 2EP082. 
Lot 032124C. Charnwood Pharmaceuticals. Lot 98174, Thornton and Ross 


Lot 2432. Cox. fl Lot 22034, Merck Sharp and Dohme. 
Lot 7H046, Evans.fLot R8208, Macarthys. 8 Lot 48028. Evans. Lot ZBOIG. Riker 


I n  precision studies in which a sample of adrenaline injection BP was as- 
sayed 10 times by the described procedure, the mean concentration was found 
to be 100.7%of the declared amount, and the RSD of AA291 5 of the sample 
solutions was0.27%, indicating that thc reproducibility of the measured value 
was excellent. 


To investigate the specificity of the procedure for 1.2-diphenolic substances, 
a number of monophenols, diphcnols. and triphcnols were examined for dif- 
ference absorbance at 292 nm under the conditions of the assay. The results 
in Table I indicate the At292 for those substances that contain a I ,2-diphenolic 
group. Also shown are the ratios of difference absorptivity at 292 nm, using 
germanium dioxide and boric acid reagents, to the absorptivity of the free drug 
at its A,,, (-280 nm). The results dcmonstrate that the A A  generated by 
germanium dioxide is 40-64% greater than the absorbance of the free drug 
and that the AA procedure using germanium dioxide is more sensitive than 
both a conventional UV-spectrophoiometric assay and the A A  procedure 
using boric acid. 


Substances containing a I ,2,3-triphenolic group show difference absorbance, 
also observed for the boricacid reagent (6). although the A,,, of thecomplexcs 
and their A6292 are much less consistcnt than those given by the 1.2-diphe- 
nols. 


Monophenols (o-, m-. and p-cresols; o-, m-, and p-aminophenols; 4- 
methyl-2-nitrophenol; 2-methoxyphenol; 4-chloro-m-cresol; p-hydroxybenzoic 
acid; orciprenaline; acetaminophen; 2,7-dihydroxynaphthalenc; salicylal- 
dehyde), diphenols (resorcinol and hydroquinone), and a triphenol (phloro- 
glucinol) lacking the I ,2-diphenolic group do not display difference absorbance 
and do not interfere in the A A  procedure for I ,2-diphenolic substances. Sal- 
icylic acid and salicylamide, which were found to give weak A4292 values with 
boric acid (6). gave zero AA292 values with the germanium dioxide reagent. 
Papaverine, hydrochlorothiazide, and atropine, which are coformulated drugs 
in certain formulations of 1.2-diphenolic drugs (Table 11). also give zero m292 
values and do not interfere in the assay. The coincidence of the isosbestic points 
at -270 and 263 nm in the difference spectra of the sample solutions and 
appropriate reference solutions (i.e.. wavelengths of zero difference absorbance 
due to the equal absorptivity of the complexed and free forms of the drug) 
provide additional evidence of the selectivity of the procedure (6). 


Assay Results-The accuracy of the A A  procedures for formulations was 
investigated by comparing the resultsobtained in this study with those given 
by the official procedures of the British Pharmacopoeia ( I  6, 17) and British 
Pharmaceutical Codex (18. 19) for preparations containing a 1.2-diphenolic 
drug, that were either commercial samples purchased locally or samples 
prepared in the laboratory by compendia1 formulations. 


The results in Table I I  indicate that good agreement was achieved between 
the assay values of the AA procedure and the official procedures for both the 
prepared samples and the commercial samples, including those containing 
UV-absorbing substances that interfere in a conventional U V  assay. The ex- 


cellent recoveries of added drugs in the prepared samples confirm the accuracy 
of the A A  method and indicate its application as  a rapid and selective proce- 
dure for the assay of 1.2-diphenolic drugs in formulations. 
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Abstract 0 The influence of complex formation on the solubility behavior 
of griscofulvin in the straight-chain Fatty acids was invcsiigated by using phase 
solubility analysis in isocrtanc (2.2.4-trimethylpcntane) at 25OC. Thcapparent 
molar solubility of the proton acceptor griseofulvin ([A],) was detcrmincd 
spectrophotomctrically in thc presence of various total molar concentrations 
([D],) of each of thc proton donors (acetic. propanoic. butanoic, hcxanoic. 
and octanoic acids). lncrcasing [Dll caused a pronounced increase in [ A ] ,  
according to a biphasic log-log relationship. suggesting thc formation of two 
complexes. AD, and AD". The data are in close agrccmcnt with a simple 
mathematical model which assumcs that twocomplexes, AD, and AD,. arc  
formed and that [Ull  5 2[U2]. whcrc D2 rcfcrs to the fatty acid dimer. Linear 
rcgrcssion analysis showed that thc data best fit the complexation models with 
n = 5 or 6 and rn = 0. 1.  or 2, dcpcnding on thc fatty acid. Assuming values 
of the dimcrization constants of the fatty acids as reportcd i n  thc lilerature. 
the stability constants of the complcxcs. K, and K,, wcrccalculatcd and found 
to decrease with increasing chain length of the fatty acids. The p r o p e d  modcl 
was critically appraised. An altcrnativc modcl, which takes into ful l  account 
the fatty acid monomcr while assuming that only one complex is formed. l a d s  
to unacceptable conclusions. 


KeyphrPses 0 Molecular complexes- griseofulvin and straight-chain alkanoic 
acids, isooctane solution, solubility 0 Carboxylic acid dirncri~ation- influence 
on molecular complexation, griscofulvin and straight-chain fatty acids, iso- 
octane solution 0 Griseofulvin -solubility in isoocatane solution, straight- 
chain fatty acids 


Complex formation, a valuable mcthod for increasing the 
solubility, dissolution rate, and bioavailability of sparingly 
soluble drugs ( I ) ,  also leads to a modification of the ratc of 
transfer of certain drugs through lipid barriers (2). Grisco- 
fulvin ( I )  exhibits a poor bioavailability due to its low aqueous 
solubility (3) .  The stablc crystal lattice of griseofulvin can, 


c1 C " , O A $  


' " O W "  


Qoca 


however, bc broken down by proton-donating solvents, such 
as chloroform (4) and the fatty acids (9, which presumably 
form hydrogen-bonded complexes. Some of these complexes 
appear to exist in the solid state as solvates or inclusion com- 
pounds ( 6 - 8 ) .  Phenobarbital, a weak acid, also forms a solid 
complex with griseofulvin (9). Soluble complexes are formed 
between griseofulvin and phenols in carbon tetrachloride (10) 
and between certain steroidal drugs and organic solvents 
( 1  1). 


The purpose of the present work is to investigate further the 
complexation of griseofulvin with the straight-chain alkanoic 
acids. The solubility method of Kostcnbauder and Higuchi 
( I  2) was employed, and isooctane (2,2.4-trimcthylpentane) 
was used as the incrt solvent. 


EXPERIMENTAL SKCTION 


Materials--Griscofulvin' was. >99% pure, as dcscribcd prcviously (5). 
Chloroform*, acctic acid'. n-butanoic acid', and n-octanoic acid) werc rc- 
ported to be >99% pure. Propanoic acid4 and n-hcxanoic acidZ were distilled 
by using a glass apparatus. Isooctane (2.2,4-1rirnethylprntane)~ was 299% 
pure. 


Solubility Determinations - A  mixture of griscofulvin ( in  excess of it,  sol- 
ubility) and 5 mL of i s w t a n e  fatty acid was shakcn at  25.0 f 0.05"C. Ali- 
quots of 0.1- I .O mL werc diluted with chloroform. and the conccntration of 
griseofulvin was detcrmined (in duplicatc) spcctroph~tometrically~ at  A,,, 
= 289.5 nm6. Saturation equilibrium was attained in <24 h .  Each value (e.g., 
[Al l )  is the mean of threc scparatc dctcrminations. 


Analysis of theSolid Phases- -A  sample of the solid was rcmovcd from the 
cquilibraled saturated solution. and the crystals wcre immediately placcd on 
filter paper. Thc following mcthods of analysis wcrc applied to all samples: 
X-ray diffraction (9), hot-stage microscopy (9) ,  thcrmogravimetry (8). and 


I ICI I.td.. Pharmacculicals I h i r i o n .  Macclesficld. Cheshire. L I; 
J.T. Baku Chemical Co. 
BDtl  Chemicals Ltd. ' Fisher Scientific Co. Ltd 
Modcl PMQ I I IJV-visible spectrophotometcr: Zeisr 
Model I IS UV-visible spcctrophotomcter. Cary. I 
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Table I-UV Spectral Data of Griseofulvin in Various Solvents at 25°C 


lsooctane 
Chloroform in 


Chloroform 
Acetic acid 
Propanoic acid 
Butanoic acid 
Hexanoic acid 
Met ha no1 " 
Ethanolb 


isooctane (50% v/v) 


248.5 
289.0 


289.5 
288.5 
287.5 
287.2 
287.0 
291 .0 
292.0 


13.3 
16.5 


23.8 
23.3 
24. I 
23.0 
19.4 
24.1 
24.9 


317 
321 


321 
320 
320 
320 
319 
324 
325 


2.7 1 
5.03 


5.30 
5.17 
5.45 
5.23 
5.07 
5.47 
5.53 


" From Ref. 1.3. From Ref. I4 


Table 11-Apparent Molar Solubility of Griseofulvin ( [ A ] , )  in lsooctane Containing Various Total Molar Concentrations of Fatty Acids ([Dlt) at 25°C 


Acetic Acid Propanoic Acid Butanoic Acid Hcxanoic Acid Octanoic Acid 
Donor, [DI,. l.11,. [DIi, [All. [Oh. [All, IDli. [Alh [DI,. [Alt, 
To (v/v) M M x 105 M M x 105 M M X  105 M M M x 105 M X lo5 


0 
2 
4 
6 
8 


10 
20 
30 
40 
50 
60 
70 
80 
90 


I00 


0 
0.3476 
0.6952 
1.0428 
1.3904 
1.7380 
3.4759 
5.2 139 
6.9519 
8.6898 


10.428 
12. I66 
13.904 
15.642 
17.380 


0.9358" 0 
2.7580 0.2605 
6.2499 0.5 I46 
9.6369 0.7708 


17.922 1.0189 
26.807 1.2778 


185.35 2.677 I 
540.76 4.01 73 


1209.0 5.36 I2 
2 1 70.7 6.7 12 
3697 9 8.05I 
5261.5 9.357 
7675.9 10.658 


10,349 12.023 
13.034 13.38 I 


0.9358" 
2.61 87 
4.5701 
7.2094 


10.256 
12.41 8 
66.812 


117.21 
302.02 
505.91 
905.49 


1491.1 
201 7.5 
3002.6 
4160.5 


0 
0.2095 
0.41 68 
0.6191 
0.8241 
1.021 1 
2.1798 
3.2608 
4.3523 
5.4329 
6.4994 
7.5687 
8.6098 
9.6715 


10.826 


" The molar solubility of griscofulvin in pure isOOctane ( [ A ] " )  is 9.358 f iM 


differential scanning calorimetry' (DSC). For DSC, a 2-3-mg sample was 
encapsulated and heated at a rate of 10 mcal-s-', with alumina as the reference 
material, helium as the gas phase. and indium as the calibrating standard. The 
data indicated that the samples removed from the saturated solutions were 
essentially unsolvated crystals of griseofulvin. 


THEORETICAL SECTION 


Griscofulvin ( I )  contains two keto groups, four ether oxygen atoms, and 
an aromatic ring, each of which can accept protons to form a hydrogen bond. 
Since griseofulvin has no proton-donating groups, it acts only as a proton 
acceptor. A .  


Fatty acids act as proton donors, D. Since each acid molecule has only one 
proton, whereas griscofulvin has multiple acceptor sites, the total molar 
concentration of acid ( I D ] , )  and griscofulvin ([A],) in solution can be ex- 
pressed by the following mass balance equations: 


[ A ] ,  = [ A ] "  + [ A D ]  + [AD21 + [AD31 + . . . + [AD, ]  


I D ] ,  = [D] + 2[D]2  + [ A D ]  + 2[ADz] + 3[/lD,] + .  . . -t z[AD,] 


(Eq. I )  


(Eq. 2) 


wherc [A ]"  is the molar concentration of uncomplexcd griseofulvin and is equal 
to the solubility in isooctane, (AD,] is the molar concentration of a complex 
of stoichiometric number n, ID] is the molar concentration of fatty acid 
monomers, and [Dz] is the molar concentration of fatty acid dimers. 


I f  the standard state of each dissolved species ( X )  is assumed to be a hy- 
pothetical I M solution, which is assumed to behave as  i f  it were infinitely 
dilute, then the activity of X ,  1x1, is given by: 


1x1 = YXIXI (Eq. 3) 


where yx is the molarity-based activity coefficient. 
The formation of each complex can be represented as follows: 


A + nD 2 AD, (Eq. 4) 


IADnl = KI:nlAIlDl" (Eq. 5) 


(Eq. 6) [AD.] = (KI n{Ah"DIYAOn)[Dln 


' DSC-2C differential scanning calorimetcr: Perkin-Elmer. 


0,9358" 
1.5217 
2.8545 
4.5350 
7.0268 
9.4026 


29.339 
88.639 


145.56 
249.86 


644.98 
976.96 


424.78 


1349.8 
1855.8 


0 
0.1632 
0.3121 
0.4648 
0.6297 
0.7839 
1.5594 
2.3478 
3.1 179 
3.9043 
4.6932 
5.5410 
6.3 159 
7.1204 
7.8545 


0.9358" 
2.3173 
3.2021 
4.1777 
6.2423 
7.7623 


20.902 
43.084 
77.581 


128.39 
207.16 
3 19.74 
435. I8 
622.85 
858.98 


0 
0.1271 
0.2533 
0.3794 
0.5062 
0.6280 
1.2338 
1.8670 
2.4724 
3.1073 
3.7195 
4.3491 
4.78 I5 
5.5349 
6.1604 


0.9358O 
2.7 I70 
3.6332 
4.8 I25 
5.5706 
7.1758 


12.631 
25.186 
34.941 
53.863 
80.505 


1 10.40 
138.99 
185.35 
254.89 


[ADnl = Kn[DI" (Eq. 7) 


where K ] : ,  is the thermodynamic stability constant (based on activity), and 
Kn is thc apparent stability constant (based on conccntration), such that: 


K n  = KI-nlAlYb/YAD, (Eq. 8)  


2D 0 2  (Eq. 9) 


ID21 = KDlD12 (Eq. 10) 


[D21 = (KD'd~/rDz)[ol~ (Eq. 11)  


ID21 = Kd[Dlz (Eq. 12) 


Dimerization of the fatty acid donor may be represented as: 


where K D  is the thermodynamic dimerization constant (based on activity) 
and Kd is thc apparent dimerization constant (based on concentration), such 
that: 


Kd = KDY~/YD,  (Eq. 13) 


[.4D,] = (Kn/Kd"/Z)[D2]n/2 (Eq. 14) 


Equations 7 and 12 can be combined as follows: 


Two-Complex Model- - I f  the two complexes, .4Dm and AD,, are present, 


IAI,  - Inlo = i- [Ann]  (Eq. 15) 


Eq. I becomes: 


= ( K ,  * Kd-m/2)[D2]m/2 + ( K ,  * Kd-"/2)[D2]"/2 (Eq. 16) 


whereas Eq. 2 becomes: 


[D], = [D] + 2[&] + nr[ADm] + n[AD,] (Eq. 17) 


Expressing [D], [AD,],  and [AD,] i n  terms of [Dz] using Eqs. 12 and 14 
affords: 


[D]l = Kd-'/Z[Dz]'/2 + 2[D*] + ( m a  K m  Kd-"/2)[D2]m/2 
+ (n * K, * Kd-"/2)[D2]"/2 (Eq. 18) 


Two-Complex Model with Predominance of the Fatty Acid Dimer-In the 
presence of all but the lowest concentrations of fatty acid in a hydrocarbon 
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0.1 1 
[DI, , M 


solvent, [D] << [Dz], becausc Kd in Eq. 1 2  has valucs of the order of 104 M-I. 
Since the solubility of griseofulvin is always much smaller than the concen- 
tration of thc fatty acid, [AD,,,] << [D2] and [AD.] << [D4 .  Equation 17 then 
simplifies to: 


and Eq. 16 then becomes: 


[ A ] ,  - [A10 z ( K ,  * Kd-"/2 - 2-m/2)[D] ,m/2 
+ ( K ,  * Kd-"/2  2-"/2) [D]tn/2 (Eq. 20) 


Therefore: 


[ A ] ,  - [A10 =p[DI,m/2 + q[Dl,"/2 


p = K,  . K d - m / 2 .  2-" /2 ,  q = K ,  . Kn-n!2 .2-n/2  


(ES. 2 1 )  
where: 


(Eq. 22) 
Therefore: 


([A11 - [ A l ~ ) / [ D l t " / ~  z p  + q[D]t("-m)/2 (Eq. 2 3 )  


Thus, if two donor-acceptor complexes are prcsent, ( [ A ] ,  - [ A ] O ) / [ D ] , ~ / ~  
is expected to bc a linear function of [D] I (n-m)/2.  The slope. q and intercept 
p afford theapparent stabilityconstants, Kn and K,,of the respectivecom- 
plexcs, provided that the apparent dimerization constant, Kd.  is known. 


10 


figure I -Plots of log (/All - /A/o) against 
log/D],. where (JAJ, - JA/o) is the increase 
in the apparent molar solubility of griseo- 
fulvin brought about hy the presence of the 
following straight-chain alkanoic acids of 
total molar concentration. / D J I ,  in isooctane 
at 25°C. 


Single-Complex Model with Predominance of the Fatty Acid Dimer-If 
only one complex species, AD,,,, is considered, Eqs. I ,  15.20, and 21 reduce 
to: 


[ A ] ,  - [A10 = [AD,] = ( K ,  * Kd-m/2)[D2]m/2 (Eq. 2 4 )  


=z ( K ,  . Kd-m/2. 2-mP)[o],m/2 


[A11 - [A10 = p[DI,m'2 


(Eq. 2 5 )  


(Eq. 2 6 )  
The increase in solubility of thc acceptor ( [ A ] ,  - [A],,) is then expected to 
be proportional to the m/2 p w c r  of the total conccntration of donor, (DItm/2. 
The proportionality constant afrords the apparent stability constant K, of 
the complex if the apparent dimcrization constant Kd is known. By taking 
logarithms, Eq. 26 yields: 


IOg ( [ A ] ,  - [A],))  ss log (K,,, - K d - m / 2  * 2-"j2) f ( t t?/2)  * log [ D ] ,  
(Eq. 2 7 )  


Thc linear regression of log ( [ A ] ,  - [ A ] o )  against log [D][ enables the stoi- 
chiometric number m of the complex to be determined from the regression 
coefficient (slope) and K ,  to be determined from the intercept. 


Single-Complex Model Allowing for all Donor Species Including the 
Monomer-Alternative models may be constructed which take into full ac- 
count all species containing the fatty acid, including the monomer D. The 
approximate equation (Eq. 19) is clearly inappropriate here. For simplicity, 
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Table 111-Linear Regression Analyses 


Donor m n r a  1 OOsb l0Sp l0Sq 


Acetic acid 0 4 0.9949 14.35 -385.3 42.49 
0 5 0.9997 3.52 -43.45 10.52 
0 6 0.9966 11.79 230.0 2.578 
1 5 0.9996 3.79 -19.16 10.55 


Propanoic acid 


Butanoic acid 


Hexanoic acid 


Octanoic acid 


I 6 
2 5 
2 6 
3 5 


0.9957 
0.9992 
0.9944 
0.9975 


12.04 
4.45 


12.03 
6.62 


3 6 0.9932 10.84 
4 6 0.9806 11.27 
0 
0 
0 
1 
1 
2 
2 
3 
3 
4 
0 
0 
0 
1 
I 
2 
2 
3 
3 
4 


5 
6 
7 
5 
6 
5 
6 
5 
6 
6 
5 
6 
7 
5 
6 
5 
6 
5 
6 
6 


0 5 
0 6 
0 7 
I 5 
I 6 
2 5 
2 6 
3 5 
3 6 
4 6 
0 4 
0 5 
0 6 
1 5 
1 6 
2 5 


0.9964 
0.9997 
0.9976 
0.9947 
0.9996 
0.9906 
0.999 1 
0.9696 
0.9936 
0.5 166 
0.9977 
0.9997 
0.9964 
0.9964 
0.9996 
0.9932 
0.9992 
0.9778 
0.9966 
0.5874 
0.9976 
0.9992 
0.9960 
0.9968 
0.9989 
0.9927 
0.9991 
0.8724 
0.9241 


-0.3866 
0.9963 
0.9988 
0.9941 
0.9988 
0.9940 
0.9781 
0.9905 


-0.3132 
-0.21 4 I 
-0.538 I 


12.93 
3.75 


10.54 
14.16 
4.14 


16.18 
4.92 


21.02 
9.73 


37.30 
10.05 
3.44 


12.60 
11.27 
3.96 


13.02 
4.49 


16.37 
6.43 


23.21 
9.99 
5.92 


12.88 
10.17 
6.06 


11.84 
4.16 


25.34 
19.81 
15.91 
10.97 
6.32 


13.79 
5.03 


11.13 
12.01 
7.92 


53.17 
54.69 


129.36 


72.56 28.88 
-8.587 10.59 
25.53 2.590 
-3.732 10.63 
11.57 2.540 
8.597 2.166 


-67.64 


74.26 
-21.82 


10.78 
-5.493 


6.195 
1.782 
7.022 


9.529 


10.43 
-21.91 


13.51 
43.25 
6.77 1 


6.127 
I .723 
0.4807 
6.070 
1.724 
5.938 
1.679 
5.43 1 
I .525 
0.6557 
4.695 
I .470 
0.4545 
4.645 


7.897 I .457 
- 0.6 6 0 2 4.520 


5.927 1.419 
2.786 4.055 
6.020 1.261 
8.430 0.4527 


-4.01 5 4.727 
11.XX I .730 
25.01 
0.763 1 
8.542 
4.040 
7.996 
9.09 1 


10.55 
19.78 


-0.3622 
6.168 


1 I .38 
6.301 
9.047 
8.879 


10.04 
17.64 
16.30 
37.30 


0.6289 
4.639 
1.702 
4.354 
I .599 
2.981 
1.125 - 1.637 
6.254 
2.597 
1.068 
2.468 
1.017 
1.906 
0.7977 


-1.175 
-0.3239 
-7.222 


Linear regression analysis of ( [ A ] ,  - [A]o) / [D]" /*  = p + q[D]l (n-m)/2 corresponding to the formation of IWO complexes of stoichiometry AD, and AD,, where I D ] ,  is the 
[A]$)  is the increase in the apparent molar solubility of the acceptor, riseofulvin. brought about by the p r a n c e  total molar concentration ofdonor fatty acid in isooctane and ( A ]  


of the donor in isooctane solution. It is assumed here that (DA * ' ; ;O l l .  Residual standard deviation per mean value of ( ( A ] ,  - ( A ] , J ) / D ] , - ~ / ~ .  


only one complex, AD., may be assumed, in which case the third term on the 
right in each equation (Eqs. 17 and 18) is ignored, so that: 


[D], = Kd-l/2[D2]1/2 2[&] + (n-Kn*Kd-"/2)[&]"/2 
(Eq. 28) 


Equation 24 is applied to AD,, instead of AD,; thus: 


[AI1  - [A10 = (K, * Kd-"/2)[D2]n/2 


roi1 = Q ( [ A I ,  - ( ~ i ~ ) l / n  + C ~ ( [ A I ,  - [ A I ~ Y "  + w i t  - ~ 4 1 ~ )  


(Q. 29) 


Eliminating [Dz ]  from Eqs. 28 and 29 affords: 


(Eq. 30) 


(Eq. 3 1 )  


where: 


c I  = K , , - I / n  and c2 = 2K,,-I/n. Kd1/2 


Rearranging Eq. 30 into a form suitable for linear regression analysis, we 
obtain: 


where c1 is the intercept, and c2 is the slope. This model, if valid, enables both 


the stability constant (K,,) and the dimerization constant (Kd) to be calculated 
directly from the intercept and the slope. Thus, from Eq. 31, we obtain: 


K,,= (CI)-", Kd = ( C ~ / ~ C I ) ~  (Eq. 33) 


RESULTS AND DISCUSSION 


UV Spectra and the Nature of the Griseofulvin-Fatty Acid Interactiom- 
The choice of chloroform as the spectrophotometric solvent for the determi- 
nation of dissolved griseofulvin was based on the UV absorption6 data pre- 
sented in Table 1. Griseofulvin gave a high molar absorptivity which was un- 
affected by the presence of small amounts of fatty acids or isooctane. How- 
ever, to measure the very low solubility of griseofulvin in isooctane alone, 
dilution with an equal volume of chloroform was preferable to optimize sen- 
sitivity and accuracy. In each determination, the linear (Beer's law) region 
of the appropriate absorbance-concentration calibration was employed. 


Proton-donating solvents cause small but consistent red shifts to the UV 
spectrum of griseofulvin and increase the molar absorptivities about twofold, 
as  compared with the noninteractive solvent, isooctane (Table I). These 
transitions are therefore A - A* (15) and suggest that each protic solvent 
forms a hydrogen-bonded complex with the lone pair of electrons on the ether 
oxygen atom and/or the carbonyl oxygen atom, all of which are conjugated 
with the A electrons in an unsaturated or aromatic center in the griseofulvin 
molecule (I). 
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Figure 2-Plots of various functions of ({A], - /A]o) and ID],, where (/A], - /A]o) is the increase in the apparent molar solubility of griseofuhin brought 
about by the presence of butanoic acid of total molar concentration [D],, in isooctane at 25°C. These plots correspond to linear regressions assuming the 
formation of the following complexes: (a) AD6 alone; (b) A D  and ADb; (c) AD2 and AD6; (d) AD3 and AD6. 
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Table IV-Stability Constants of Each of the Two Complexes Whose 
Stoichiometries Provide the Best Fit to the Solubility Data of Criseofulvin 
(A)' 


K m  K n  
Kd, (Molarity (Molarity 


Fatty Acid M-' AD, Based) AD, Based) 


Acetic acid 3700OC AD Very smalld AD5 1.57 X 10% 
Propanoic acid I 2000b AD 0.0167 AD6 2.38 X lo8 
Butanoic acid 9000e AD 0.0106 AD6 8.49 X lo7 
Octanoic acid 58OOc AD 0.0068 AD5 3.58 X lo5 
Hexanoic acid 6OWc AD2 0.959 AD6 2.76 x lo7 


a In isooctane containing various concentrations of several fatly acids at 25'C. * Dimerization constant in cyclohexane at 25'C (from Ref. 19) is assumed to represent 
the corresponding value in isooctane at 25'C. Dimcriiation constant In heptane at 23OC 
and 30°C (from Refs. I7 and 18) are assumed to represent the corresponding values in 
i s w t a n e  at 25°C. Determined 
by interpolation of the Kd values from Refs. 17-20, 


Determination of the Stoichiometry of the Complexes-Table I 1  presents 
the solubility data. The apparent molar solubility of griseofulvin in isooctane 
( [ A ] , )  increases rapidly with increasing molar concentrations of each acidic 
donor (ID],) from the value in isooctane. [A10 = 9.358 pM. Plots of the log- 
arithm of the increase in molar solubility, log ( [ A ] ,  - [Ale), against log ID] ,  
in Fig. I show two approximately linear regions: at [DIl <-I M and at [DIt  
> -2 M. Each of these linear regions may bc attributed to a complex between 
A and D. e.g., AD, or AD,, according to Eq. 27. Regression analysis of the 
linear regions in Fig. 1 indicates high correlation coefficients ( r  2 0.99) and 
small residual standard deviations (s < I%) .  From each slope in Fig. 1, a p  
proximate values of the stoichiometric number, rn or n,  of fatty acid ( D )  
molecules in each complex were calculated. Reference to Eq. 21 suggests that 
this is possible if m and n differ sufficiently such that at  low ID],, the [DJ1"/2 
term is relatively small, whereas at high [D],,  the term is relatively 


Cannot be estimated from the negative intercept. 
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Figure 3-Influence of the chain length of various straight-chain alkanoic 
acids on the molarity-based stability constants K of their complexes with 
griseofulvin. Key: (A) K l  for A D  with AD6; ( A )  K2 for  AD2 with A&; I * )  
KJjor AD5 with AD; (0, K6 /Or AD6 with AD. 
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Figure 4-Logarithmic relationships between the molarity-based dimeri- 
zation constants K d  of various straight-chain alkanoic acids and the mo- 
larity-based stability consrants K of their complexes AD,, with griseofulvin. 
Key: (A) K I  for A D  with AD6; (A) Kz for  AD2 with AD6; (@) K5 for  AD5 
with AD; (0) & , f o r  AD6 with AD.  


insignificant. Estimated stoichiometries are m = I .7-3.3 and n N 4.5-5.9, 
depending on the fatty acid. However, the approximate nature of this treat- 
ment should be emphasized, especially with regard to the estimates of rn for 
the lower-order complexes. 
By using the approximate values of rn and n as a guide, the solubility data 


were reanalyzed in terms of two stoichiometric complexes, AD, and AD,, 
by means of linear regressions represented by Eq. 23 (Table 111). For this 
purpose, various probable and possible complexation models were assumed, 
with each corresponding to a certain pair of integral m and n values of greater 
or smaller magnitude than the approxirnatequantities, and the fatty acid di- 
mers were generally assumed to predominate over all other species. For each 
acidicdonor, the statistically most probable model (or pair of m and n values) 
corresponds to the linear regression with the highest correlation coefficient 
and the lowest residual standard deviation. Table 111 shows that these models 
are ( m .  n )  0,5 for acetic acid; 0.6 for propanoic and butanoic acids; 0,6 or 2.6 
for hexanoic acid; and l,5 for octanoic acid. When, however, the linear re- 
gressions were plotted (Fig. 2) for butanoic acid, the models for which m = 
0 gave points that were crowded together at low [ D ] ,  and widely separated 
at high [Dl l  (Fig. 2a). whereas the models for which m = I or 2 gave points 
which were better separated (Fig. 2b-d). Therefore, the statistics of linear 
regression may be misleading at low [D],.  Furthermore, the log-log plots in 
Fig. I clearly show two approximately linear regions, indicating rn > 0. If, 
however, a value of rn is selected that is too high, the correlation deteriorates 
(as shown by r and s in Table 111). and the experimental points follow a sig- 
moidal curve on either side of the regression line. This is apparent in the case 
of the 3.6 model for butanoic acid (Fig. 2d) and is beginning to show in the 
2,6 model (Fig. 2c). Bearing in mind all of these considerations, the preferred 
models (AD,. AD,) for each fatty acid donor with griseofulvin are summa- 
rized in Table IV. 


To calculate the stability constants K,,, and K,, of the complexes (Table IV) 
from the intercept (p) and slope (4) of each linear regression (Eqs. 20-22), 
the dimerization constant ( K d )  of the fatty acid donor must be known. 
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Table V-Linear Regression Analyses' 


Donor n r 1 OOsb CI C? c1-" Cd2CIZd 


Propanoic acid 


Acetic acid 4 
5 
6 
7 
8 
9 
5 
6 
7 
8 
9 


Butanoic acid 5 
6 
7 
8 
9 


Hexanoic acid 5 
6 
7 
8 
9 


Octanoic acid 4 
5 
6 
7 
8 
9 


0.9702 
0.9938 
0.9987 
0.9985 
0.9967 
0.9945 
0.9808 
0.9933 
0.9977 
0.9988 
0.9985 
0.9892 
0.9966 
0.9980 
0.9972 
0.9956 
0.990 I 
0.9973 
0.9993 
0.9993 
0.9985 
0.9840 
0.995 1 
0.9983 
0.9988 
0.9983 
0.9975 


10.08 
5.85 
3.01 
3.45 
5.37 
7.19 


11.28 
7.29 
4.54 
3.41 
3.89 
8.71 
5.32 
4.28 
5.29 
6.87 
8.8 I 
4.96 
2.63 
2.69 
4.08 


11.21 
6.72 
4.13 
3.58 
4.43 
5.58 


7.12 
0.845 


-3.06 
-6.00 
-8.46 
- 10.64 


-1.52 
-5.36 
-8.21 
- 10.59 
- 12.70 


-2.51 
-5.85 
-8.26 


-10.25 
-11.99 


-4.73 
-7.38 
-9.33 - 10.95 


-12.41 
-7.26 - 10.47 - 12.38 - 13.88 - 15.22 
- 16.48 


36.97 
37.04 
36.58 
36.46 
36.69 
37.18 
54.0 I 
49.01 
46.26 
44.8 I 
44.18 
62.3 I 
53.32 
48.33 
45.44 
43.79 
69.30 
56.49 
49.62 
45.66 
43.30 


168.08 
106.26 
80.23 
66.97 
59.42 
54.83 


3.9 x 10-4 
2.3 
1.2 x 10-1 


-3.6 X 
3.8 x 


-5.7 x 10-10 
-1.2 x 10-1 


4.2 x 10-5 
-4.0 x 10-7 


6.3 x 10-9 


2.5 x 10-5 
-3.8 x 10-7 


8.2 x 10-9 


-4.2 x 10-4 


-1.6 x 10-7 
4.8 x 10-9 


3.6 x 10-4 


2.8 x 10-7 


-1.2 x 10-10 
-1.0 x 10-2 


-1.9 X 


6.2 X 


-1.4 X 


-8.0 X 


-1.0 x 10-8 
3.5 x 10-10 


- 1 . 1  x 10-10 


6.7 
480 


36 
9.2 
4.7 
3. I 


314 
21 


8.5 
4.9 
3.3 


153 
20 


8.5 
4.9 
3.3 


54 
14 
7.1 
4.3 
3.0 


134 
26 
1 1  
5.8 
3.8 
2.8 


Linear regression analysis of { [ D ] ,  - n ( [ A ] ,  - [ A ] & [ A l l  - [ A ] o ) - ' / "  = c~ t r2( [Al1  - (A ]o ) l ln  corresponding to the single complex model allowing for all donor species, 
including the monomer, where I D ] ,  is the total molar concentration ofdonor fatty acid in isooctane. and ( A ] ,  - (A10 is the increase in the apparent molar solubility of the acceptor. 
riseofulvin. brought about by the presence of the donor in i s w t a n e  solution at 2 5 T .  The  single complex is represented by AD ,where n corresponds to the stoichiometric number. 
Residual standard deviation Der mean value of ordinate. ct-" = K.. the stabilitv constant of AD,,, i f  the model is correct. 6cz/2r12 = K d ,  the dimeri7ation constant of D. if the 


model is correct. 


Dimerization Constants of the Fatty Acid Donors-Equilibrium constants 
for hydrogen bonding, such as Kd. are usually largest in  solvents of the satu- 
rated hydrocarbon type and do not differ much from one solvent to another 
within this group (16). They are not very dependent on temperature within 
a few degrees, because the negative enthalpies of hydrogen bonding are  rel- 
atively small (<40 kJ.mo1-I. i.e., <I0 kcalmol-I). Consequently, the values 
of Kd for acetic, propanoic. and octanoic acids were taken to be the corre- 
sponding values in heptane and cyclohexane (1 7- 19). whereas those for bu- 
tanoic and hexanoic acids were obtained by interpolating the available data 
for six n-alkanoic acids (17-20) in these hydrocarbons (Table IV). 


Although these values of Kd and the stability constants K ,  and K,, (which 
are calculated from Kd and from the respective experimental quantitiesp and 
q )  are only approximate (Table IV),  the approximations will not affect the 
stoichiometry of complexation, since they are applied after the statistically 
favored complexation model has been selected from Table 111. 


Stability Constants of the Complexes-The stability constants of the various 
complexes plotted on a loglo scale against the chain length of the fatty acids 
are presented in Fig. 3. For the lower-order complexes AD and , 4 0 2 .  the sta- 
bility constants K I  and K2 are influenced by the stoichiometry of the accom- 
panying higher-order complex and, for the purposes of comparison in Fig. 3, 
were calculated for the 1.6 and 2,6 models to form a self-consistent series. The 
valuesofKI and Kzare,respectively,oftheorder 10-2-10-1 M-'and 1-10 
M-2, which are so small as to be accounted for by nonspecific, nonhydro- 
gen-bonding interactions between D and A (21.22). Values of K I  < -I M-I 
may be expected in nonbonding situations on a purely statistical analysis of 
the nearest neighbors (23,24). K I  and K 2  are preferably regarded as empirical 
quantities, reflecting an enhancement of the solubility of griseofulvin in iso- 
octane by the presence of low concentrations of fatty acids interacting non- 
specifically. 
K I  and K Z  are relatively independent of the chain length of the donor from 


propanoic to octanoic acid. The relatively high values of K I  and K2 for acetic 
acid may arise from deficiencies in the model, as  reflected by the negative 
values of p .  which have no physical meaning. The dimerization constants (Kd) 
also show relatively little dependence on the alkyl chain length (Table IV). 
Evidently, the flexible hydrocarbon chain has little effect on the stability of 
thesmaller species (D2,  AD, or ADZ) derived from the fatty acids. 


For the higher-order complexes ADS and A&, the values of the constants 
K5 and Kg are insensitive to the stoichiometry of the accompanying lower- 
order complex (ADZ, AD. or none) and are large. indicating powerful inter- 
actions between the fatty acids and griseofulvin. This reflects the strength of 
the donor and acceptor species and perhaps also the cooperative nature of 
hydrogen bonding. Griseofulvin has six obvious acceptor sites. The favored 
stoichiometries of the higher-order complexes suggest that these sites are 


saturated in AD6 and not fully saturated in A&. Saturation of acceptor sites 
is probably accompanied by steric crowding, since &decreases markedly with 
an increasing number of carbon atoms of the donor. This also reflects the in- 
creasing disruptive effect of the flexible hydrocarbon chain on the stability 
of the complex. The effect on K s  is less pronounced, probably because one 
fewer acceptor site is occupied, thereby reducing the crowding and disruptive 
influences of the longer chains of the donor. 


The concepts described above also explain why the relationships between 
loglo K ,  or loglo K,, and the number of carbon atoms are not linear, as might 
be expected if a linear free energy relationship were obeyed (25). The gradient 
of the tangent to the curves in Fig. 3 represents the mcthylene-group contri- 
bution of the donor to the standard free energy of complexation; thus: 


(Eq. 34) Acne = - R T .  In K,, 


This contribution is not constant but decreases with increasing number of 
carbon atoms, reflecting the increasing disturbance to the griseofulvin-car- 
boxyl group interactions by the longer hydrocarbon chains and perhaps the 
partial replacement of these interactions by weaker dispersion forces between 
the hydrocarbon chains and griseofulvin (5). 


The statistically favored stoichiometry of the higher-order complex (Tables 
111 and IV) for propanoic, butanoic. and hexanoic acids is A&; for octanoic 
acid it is ADS, reflecting the steric crowding resulting from the larger size of 
the donor molecule in the latter case. The favored AD5 stoichiometry for acetic 
acid is unexpected and is attributed tentatively to variations in the activity 
coefficients (y in Eqs. 6 , 8 ,  11,  and 13). which are  assumed to be constant. 


In Fig. 4 are  shown distinct linear free energy relationships between loglo 
K5 and loglo Kd and between loglo K g  and loglo Kd. The linearity of these plots 
might result from the fact that the stability constants were calculated from 
K d  by Eq. 22. However, K I  and K2 were also calculated from Kd. but nonlinear 
relationships are found between their logarithms and loglo Kd. Therefore, we 
suggest that the linear relationships between loglo Kg and loglo Kd and between 
loglo K s  and loglo K d  arise from the similarities of the intermolecular inter- 
actions, namely, hydrogen bonding, between D and A in the complexes AD5 
and AD6 and between two fatty acid molecules in the dimer D2. On the other 
hand, the nonlinearity of the relationships involving loglo KI. loglo K2, and 
loglo K d  probably reflect nonspecific interactions between A and D, in contrast 
to the specific interactions in the dimer. 


Poor correlations are, however, found between loglo K 5 ,  loglo K6, loglo Kz, 
loglo K I ,  and loglo Kd, on the one hand, and the pK, of the fatty acids (26) 
on the other hand. This is not unexpected, since ionization involves different 
intermolecular effects than interactions of the donor-acceptor type between 
D and A and two D molecules. 
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Figure 5 Plots of {[DII - nf/Alr - /A]o)~i[AII - /A/ol-‘/” against ([A], 
- //\lo)‘/”. corresponding to the single complex model allowing for all donor 
species. including the monomer. The stoichiomerric number, n. of (he single 
complex, AD,,, is as follows: (0) n = 5; (0)  n = 6: (A) n = 7; (A) n = 8. 


Critical Appraisal of the Proposed Models----The solubility behavior of 
griseofulvin in fatty acid isooctane mixtures appears to conform to simple 
donor-acceptor models involving one or two complexes, AD,,, and AD,,, which 
are summarized by Eqs. 20 27. These models arc based on the following major 
assumptions: ( a )  the activity coefficient (y) of each dissolved species (e .g . ,  
in F ~ s .  6.8, 1 I ,  and 13) is constant and independent of the concentration terms, 
particularly ID],; ( h )  the activity of thesolid which is in cquilibrium with every 
saturated solution consisting of each fatty acid and isooctane (e.g., in Eqs. 
5,6. and 8) is a constant cqual to the activity of pure griseofulvin (AI; ( c )  the 
total amount o f  fatty acid is present almost exclusively as the dimer according 
to Eq. 19. 


The assumption of constant activity coefficients becomes less reliable with 
increasing [ / I ] , ,  and the deviations become increasingly positive. I n  other 
words, with increasing concentrations of the highly polar fatty acid molecules 
i n  nonpolar isooctane solution. their activity or escaping tendency probably 
increases more rapidly than their concentration increases. Thus, although AD6 
is probably. for structural reasons, the real activity-based stoichiometry for 
the lower straight-chain alkanoic acids (Cz-cs) as donors, the concentra- 
tion-based stoichiometric number of D derived from the statistical treatment 
may be slightly lcss than the integral values of 6.  as seen in Table 111. When, 
however. acetic acid is present as the donor at volume fractions >60%, its 
molar concentration (> I0  M; Table 1 1 )  is so high that very large positive 
deviations from the ideal laws arc expected, and the concentration-based 
stoichiometry which emerges from the statistical treatment is apparently AD5 
(Table I l l ) .  The positivc deviations, corresponding to y > I ,  may simply ac- 
count for the negative values of p.  which occur most commonly with acetic 
acid (Table I l l ) .  


The activity of solid griseofulvin ( IA l )  depends on the nature of the solid 
phase which is in equilibrium with the saturated solution. When griseofulvin 
is allowed to crystallize from supersaturated solutions in each of the 
straight-chain alkanoic acids (except propanoic acid), new solid phases are 
obtained which contain both griseofulvin and the fatty acid (7, 8 ) .  Analysis 
of the cxccssof solid griscofulvin which stood in contact with each saturated 


solution in the solubility measurements, however, corresponded to that of the 
original griseofulvin crystals whose surface was moistened with liquid solution. 
The techniques used were DSC of five samples, which had previously been 
equilibrated with different mixtures of each fatty acid and isooctane, and 
differential thermal analysis and X-ray powder diffraction of one sample after 
equilibration with each neat fatty acid. This was confirmed by the inclusion 
of propanoic acid as a negative control which did not form solvates and which 
gave solubility data that were qualitatively no different from those of the other 
acids. We therefore conclude that ( A ]  was essentially constant in all the sol- 
ubility measurements in the presence of each fatty acid and that solvates or 
inclusion compounds are not formed by allowing griseofulvin merely to stand 
in contact with each fatty acid. 


The assumption that [D ] ,  = 2[D4 by Eq. 19 agrees with the experimental 
data. An alternative single-complex model in which [ D ] ,  accounts for the 
monomer, dimer, and complex leads to Eq. 32. The experimental data fit this 
equation also (Table V. Fig. 5 for butanoic acid), and it would appear that 
the statistically favored complexes correspond t o n  = 6.7 ,  or 8, depending on 
the fatty acid donor. However, except for statistically disfavored values of n 
for acetic acid, the data give negative values of CI, which correspond to un- 
acceptable negative values of the stability constant K ,  (Eq. 33, Table V).  In 
theory, this model should yield values of the dimerization constant Kd, but 
unacceptably small values are derived from the experimental data (cf Table 
IV and V). Thus, this model, which accounts for the fatty acid monomer and 
a single complex. is totally unsatisfactory. Nevertheless, fatty acid monomers 
are undoubtedly present when fatty acids arc dissolved in isooctanc, and their 
relative concentration and influence increase as [D], decreases. There is also 
evidence (27) that fatty acids in nonpolar solvents can form trimers. and 
perhaps also higher oligomers, in which the concentration is likely to increase 
with increasing [D],.  I f ,  however, all fatty acid species, with the exception of 
the dimer. are ignored, the solubility of griseofulvin in isooctane containing 
low concentrations of fatty acid can be explained by the presence of the 
lower-order complex, AD, (in which m = 1 or 2). No doubt the most com- 
prehensive model would involve a range or spectrum of AD, complexes (Eq. 
I ) together with monomers, dimers, and perhaps even higher-order-associated 
species of fatty acids. Such a model would be algebraically complicated and 
would involve so many adjustable constants that it would be capable of fitting 
virtually any experimental data. 
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Abstract 0 The pH-solubility profile of papaverine hydrochloride ( I )  was 
determined using the phase-solubility technique and equilibrium solubilities 
in  buffers. The rclease of I from sustained-release pellets consisting of a 
shellac-based matrix was determined by the USP basket technique and was 
found to exhibit zero-order kinetics. Release rates at various pH values of the 
permeating solvent were compared with the p t l  -solubility profile and were 
directly proportional to the solubility below, but not above, the apparent pH,,, 
(3.9). This lack of proportionality was also shown by the intrinsic dissolution 
rates. The effect was attributed to the self-buffering action of 1 and the me- 
tastability of the papaverine salt base system in the vicinity of pH,,,. I t  is 
postulated that the outer layer of polymer and filler on the surface of the pellets 
forms a barrier which determines the rate of rclease. The inner matrix serves 
as a drug reservoir in which the internal pH may not be the same as the bulk 


Keyphrases 0 Papaverine hydrochloride- -pH-solubility profile, supcrsatu- 
ration effect, common-ion effect, solubility-dissolution rate ratio, self-buf- 
fering effect 0 Shellac-based matrix-sustained-release dosage forms, sol- 
ubility-dissolution rate ratios, internal self-buffering effect 0 Mechanism 
of release-matrix model, effect of filler 


PH. 


The solubility of a hydrochloride salt and its base may vary 
greatly in the GI pH range, depending on the solubilities of 
ionized and un-ionized forms and the pK, of the compound ( 1  ). 
Kramer and Flynn (2)  have investigated the solubility inter- 
relationships of hydrochloride salts and their bases. They ob- 
served that instead of giving a smooth curve, the solubility 
curves of a salt and its base intersect at a sharp angle at the pH 
of maximum solubility (pHmax) of both forms. Chowhan (3) 
has also noticed a similar relationship between organic acids 
and their salts. 


The release of papaverine hydrochloride ( I )  from com- 
mercial sustained-release preparations has been reported to 
be significantly affected by pH ( 1 ) .  A partial pH-solubility 
profile showed that the drug solubility reached a maximum 
at pH -4.5, and a common-ion effect owing to the addition of 
excess chloride ion was noticed a t  low pH. 


In  the present investigation, the pH-solubility profile of I 
and the interrelationships betwcn the solubility of its salt and 


' 
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base forms were studied. Experiments were then conducted 
to study the dissolution of I from sustained-release pellets1 in 
relation to the pH-solubility profile. 


EXPERIMENTAL SECTION 


Materials-Papaverine hydrochloride* ( I )  was used as received. The 
papaverine base (11) was prepared by increasing the pH of an aqueous solution 
of I to at least 12.0. washing the resultant precipitate four to five times with 
water, and drying under reduced pressure over phosphorus pentoxide. The 
identity of I 1  was established by elemental analysis. 


Commercial sustained-release papaverinc hydrochloride capsules were used 
as the dosage forms. Each capsule containcd -500 pellets. The diameter of 
each individual pellet was 0.9 f 0.1 mm. The diameter of sugar granules 
around which I was embedded in a shellac-based matrix by a coating process 
in a conventional rotating pan (4) was -0.6 min. The outermost layers of 
pellets were formed by the addition of drug-free shellac and filler. 


Thecitric acid-phosphate buffers (pH 2.2 7.8) were prepared by mixing 
0. I M citric acid and 0.2 M disodium phosphate. All other reagents used were 
of analytical grade. 


pH-Solubility Profile-The solubility profilc of I and its basc was deter- 
mined by the phase-solubility technique of Dittert el al. (5). The pH of I i n  
saturated aqueous solution was 3.0. The solubilitics at pt l  <3.0 were detcr- 
mined by titrating dropwise with I M HCLstirring with an overhead stirrer 
for 1 h at 37'C in a water bath, recording the pH, and then collecting a suitable 
aliquot. To attain a higher pH, 1 M NaOH was similarly added. Throughout 
the titration, care was taken to maintain an excess of solid in equilibrium with 
the solution. The aliquots were filtered3 immediately, diluted with 0.1 M HCI. 
and analyzed spectroph~tometrically~ at 3 10 nm. The solubility was calculated 
in terms of the hydrochloride salt. A preliminary study showed that the sol- 
ubility did not change significantly if the equilibration of solution was con- 
tinued for more than I h after each addition of titrant. 


The solubility in a citric acid-phosphate buffer was determined by adding 
an excess of I 10-15 mL of the buffer in  a 50-mL volumetric flask, shaking 
overnight with a wrist-action shaker5 in a water bath at 37°C. and analyzing 
the aliquot as described above. The Saturation solubility in  0.01 and 0.1 M 
HCI was determined in the same manner. 


' Cerespan. (lot no. 56370;'150 mg); USV Pharmaccutical Corp.. Tuckahoe, N . Y .  * USVP no. 29745; USV Pharmaceutical Corp., Tuckahoe. N.Y. 
Millipore filter, Type HA; Millipore Corp.. Bedford. Mass 
Model 25;  Beckman Instruments. Fullerton, Calif. 
Burrell Corp., Pimburgh. Pa. 
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Abstract 0 A shower decontamination bench model has been used to assess 
quantitatively the importance of several variables (water pressure and tem- 
perature, surfactant concentration in the decontamination fluid, nozzle type, 
and shower time) on decontamination of nontoxic chemical warfare-agent 
simulants diethyl malonate and thickened diethyl malonate from pig skin in 
virro. Diethyl malonate was validated as  a simulant for 1,2,2-trimethylpropyI 
methylphosphonofluoridate (soman) by comparison of the skin penetration 
and decontamination of radiolabeled diethyl malonate to the radiolabeled 
phosphonofluoridate in shower decontamination trials of pig skin in uitro. 
Percutaneous penetration of diethyl malonate was significantly greater than 
that of the phosphonofluoridate during the 15-min period after application. 
However, both were <O. 1% of the applied dose. Showering or thickener had 
no significant effect on the percutaneous penetration of diethyl malonate or 
the phosphonofluoridate. Most of the phosphonofluoridate removed by 
showering or scrubbing the skin was inactivated. The quantity of intact 
1,2,2-trirnethylpropyI methylphosphonofluoridate that penetrated through 
the skin was below the detection limit of the enzymatic analysis. There was 
no statistically significant difference between the phosphonofluoridate and 
diethyl malonate in efficacy of shower decontamination. The presence of 
thickener did not have a significant effect on decontamination efficacy. 


KeyphrPses 0 Shower decontamination-percutaneous absorption, pig skin 
D Diethyl malonate-percutaneous absorption, pig skin 0 1,2,2-Trimeth- 
ylpropyl rnethylphosphonoIluoridate-percutaneous absorption, pig skin 


In the event of skin exposure to toxic chemicals, involved 
armed forces and civilian groups will need to decontaminate 
nonambulatory chemically contaminated casualties before 
they receive medical treatment for wounds. Besides decon- 
tamination of the patient, another purpose of decontamination 
is to protect medical personnel and prevent their exposure to 
detrimental levels of toxic chemicals. It is generally not possible 
for medical personnel in protective clothing to provide neces- 
sary medical treatment to patients. Consequently, medical 
personnel must operate in a shirt-sleeve environment. 


Equipment designers do not have sufficient information on 
nonambulatory casualty decontamination to construct a pro- 
totype device for deployment and installation in fixed facilities. 
To obtain the necessary information, a breadboard model (an 
experimental item of hardware fabricated during the con- 
ceptual phase to reduce technological uncertainty, prove fea- 
sibility, and provide realistic cost estimates) of a decontami- 
nation device has been fabricated by the US. Army Medical 
Bioengineering Research and Development Laboratory (Fig. 
1). The decontamination device is conceived to work as follows. 
The chemically contaminated patient is placed on a stretcher 
where all clothes, dressings, etc. are removed and the patient 
is rolled into the decontamination device. (During the entire 
process, the gas mask will remain on the patient.) The device 
is surrounded by a clear plastic cover which allows observation 
of the patient, permits easy access to the patient, and prevents 
escape of contaminated water. The device, activated and 
controlled by an operator, can apply soap and water (or other 
chemicals) to the entire body, except the area under the mask. 
With the patient stationary, the nozzle assembly cycles back 
and forth, applying water, soap, and rinse water for a prede- 
termined time. When decontamination is considered complete, 
the clean side of the machine is opened and the stretcher with 
patient is removed. Additional background information on the 
Litter Patient Decontamination Shower is available (1). 


In a previous study (l), an assessment was made of the effect 
of variables functioning in the breadboard device (water 
pressure, surfactant concentration, water temperature, nozzle 


Figure 1 -United States Air Force litter patient decontamination shower 
(breadboard model). dual water circuits. 


Figure 2-Litier paiient decontamination unit, bench model; top view showing 
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Figure 3-Litter patient decontamination unit. bench model; shower head 
and connectiom are shown. 


type, and shower time) on removal of nontoxic chemical 
warfare agent simulants from the surface of excised pig skin. 
Diethyl malonate was used as a simulant for the nerve agent 
1,2,2-trimethyIpropyl methylphosphonofluoridate (soman), 
and diethyl malonate thickened with acrylate polymer was 
used as a simulant for the thickened phosphonofluoridate. 
Diethyl malonate was chosen because its physical properties 
(vapor pressure, water solubility, and surface tension) are 
similar to those of the phosphonofluoridate (1). A decontam- 
ination bench model (Figs. 2 and 3) was used to simulate the 
function of the breadboard decontamination device. The bench 
model 'is a single stationary nozzle model of the breadboard 
device. In the previous report ( l ) ,  it was found that the force 
per unit area exerted by the shower water on the skin surface 
was the major variable responsible for differences in decon- 
tamination efficiency. Compared with trials where no show- 
ering was done, showering always increased the mean percu- 
taneous penetration of simulant. However, the significance of 
these results was in question since the effect was small and 
varied in magnitude and the ability of diethyl malonate to 
simulate the percutaneous penetration of the phosphonofluo- 
ridate was unknown. Therefore, the present study was con- 
ducted to compare the percutaneous penetration of radiola- 
beled diethyl malonate and radiolabeled 1,2,2-trimethylpropyl 
methylphosphonofluoridate (both unaltered and in the 
thickened state) in shower decontamination trials of pig skin 
in vitro. 


EXPERIMENTAL SECTION 


Radiolabeled and Thickened Radiolabeled Dietbyl Malonate-Diethyl 
[2-14C]malonatel had a radiochemical purity of 98%; diethyl malonate2 had 
a purity of 99%. Radiolabeled diethyl malonate was diluted with unlabeled 
diethyl malonate to give a specific activity of 5 pCi/mg. Applying 0.27 pL 
of this dilution to a skin area of 2.85 cm2 gave a chemical dose of 0.1 mg/cm2 
and a radioactive dose of 1.35 pCi. A sample of thickened radiolabeled diethyl 
malonate was prepared by adding 20 mg of radiolabeled diethyl malonate to 
100 pL of a mixture of acrylate polymer' in unlabeled diethyl malonate with 
a viscosity of lo00 centistokes at 25°C to give a final viscosityof -200 cen- 
tistoka at 25°C. Applying 0.28 pL of this mixture to a skin target area of 2.85 
cm2 gave a chemical dose of 0.1 mg/cm2 and a radioactive dose of 1.76 
pCi. 


Preparation of Radiolabeled and Thickened Radiolabeled 1,2,ZTrimetb- 
ylpropyl Metbylpbospbonofluoridrte-Into a 12-mL capped centrifuge tube 
equipped with a triangular stirring bar was placed 30 pL of triethylamine, 
1 mmol(--125 pL) of [ l-methyl-14C]3,3-dimethyl-2- butano14, and an excess 


Batch no. 53, specific activity 4.9 mCi/mmol; Amenham Radiochcmicals, Arlington 
Hei hts. 111. 


acrylate, ethyl acrylate, and butyl acrylate; Rohm and Haas Co., Philadelphia, Pa. 


!Lot no. 47C-0374; Sigma Chemical Co.. St. Louis, Mo. ' Polymer K125EA. a polymer made from the following monomers: methyl meth- 


Lor no. 710674, specific activity 5 mCi/mmol; ICN, Chemical and Radioisotope 
Division, Irvine. Calif. 


F i e  4-Apparatus for collection of diethyl malonate and phosphono- 
fluoridate evaporation. 


(-200 pL, 2 mmol) of methylphosphonic difluoride, of which 100 pL was used 
to rinse the residual pinacolyl alcohol from the vial before it was added to the 
centrifuge tube. The resultant mixture was allowed to stand at room tem- 
perature overnight. One milliliter each of distilled water and CDCI3 were 
added, the mixture was shaken vigorously, and then centrifuged in a clinical 
centrifuge5 at one-half speed for 2 min. The aqueous layer was carefully re- 
moved with a pipet, and another 1 mL of distilled water was added. The 
mixture was shaken and centrifuged as before, the top layer was again care- 
fully removed, and the organic layer was transferred to a flask with molecular 
sieves. After drying overnight the solution was transferred to an NMR tube 
for analysis. By 'H- and 31P-NMR. the sample contained 75-8296 of the 
phosphonofluoridate; the remainder was 3,3-dimethyl-2-butand. The sample 
was distilled to yield a homogeneous sample by TLC6 (5% methanol-chlo- 
dorm) with single spot at Rf 0.82; all of the radioactivity was associated with 
this single spot. 


The radiolabeled phosphonofluoridate was diluted with unlabeled cam- 
pound so that when 0.27 pL was applied to a 2.85 cm2 skin area, a chemical 
dose of 0.1 mg/cm2 and a radioactive dose of 0.9 pCi were given. A sample 
of the thickened radiolabeled phosphonofluoridate was prepared by adding 
20 mg of radiolabeled compound to 100 pL of a mixture of acrylate polymer 


International Equipment Company, Needham Heights. Mass. 
Silica gel sheet no. 6061; Eastman Organic Chemicals. Rochester. N.Y. 
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Figure 6-Shower target assembly mounted in a hood. 


Figure 5-Apparatus for collection of shower water. 


and unlabeled phosphonofluoridate (lo00 centistoke at 25OC) to give a final 
viscosity of -200 centistokes at 25OC. Applying 0.28 pL  of this mixture to 
a 2.85 cm2 skin area gave a chemical dose of 0.1 mg/cm2 and a radioactive 
dose of 1.6 pCi. 


AdykbolinesterPPe Inhibition Ass~y’--lnhibition of acetylcholinesterase 
activity served as the basis for the enzymatic assay of the IT-labeled phos- 
phonofluoridate. Enzyme activity was measured by the radiometric method 
of Siakotos et al. (2). 


Acetykbolinesterase Stock Solution For Enzymatic Assay of the Pbos- 
pbowfluoridate-Ten milligrams of eel acetylcholinesterase and 500 mg of 
bovine plasma albumin were dissolved in 500 mL of 10 mM potassium phos- 
phate buffer, pH 7.0. Aliquots were stored at -2OOC. Prior to use, an aliquot 
of enzyme solution was thawed, and MgC12 and NaCl were added to a final 
concentration of 10 mM and 100 mM, respectively. 


Prepantion of Dilutions and Determination of the Standard Curve- 
1,2,2-Trimethylpropyl methylphosphonofluoridate (20 mg) was dissolved in 
100 mL of normal saline. The initial dilution was made by adding IOOpL of 
a 1.1 mM stock solution of the phosphonofluoridate to 0.90 g of ice-cold 
glass-distilled water in -I .9-mL screw-top vials. Stock solutions (1.1 X 10-8 
and 2.2 X M) were prepared by serial dilution and kept on ice. Fresh 


’ [“C]Acet I f l  methylcholine and aqueous scintillation counting fluid (Aquasol) 
were purchasdiom New England Nuclear Cor Boston. Mass. Eel AchE. t pe VI,  
was a product of Sigma Chemical Co., St. Louis, ko. Amberlitc CG-120 resin { h u m  
form, 200-400 mesh) was obtained from Mallinckrcdt Co., St. Louis, Mo. Bovine plasma 
albumin was obtained from Armour Laboratory, Chicago, 111. 


dilutions were prepared daily, and the standard curve was determined im- 
mediately after serial dilution. Assays were performed in 12-mL graduated 
centrifuge tubes. Four replicates were prepared for each concentration of the 
phosphonofluoridate. The reaction mixture contained 20 pL  of 0.5 M potas- 
sium phosphate buffer (pH 7.4), 100 pL of eel acetylcholinesterase stock 
solution, 10 pL of 300 mM MgC12, the phosphonofluoridate solution, and 
enough glass-distilled water to make 210 pL. The mixture was incubated for 
15 min at  37OC. To this mixture was added 100 pL of 3 mM [I4C]acetyl- 
0-methylcholine (0.1 pCi/lOOpL), and the final mixture was incubated for 
3 min at 37OC. The reaction was stopped by the addition of 5 mL of 20% (w/v) 
resin suspension in dioxane. The volume of each stopped-reaction mixture was 
adjusted to 10 mL with dioxane. After centrifugation, a 5-mL aliquot of di- 
oxane supernatant (containing [I4C]acetate) was added to 10 mL of aqueous 
counting solution. Radioactivity was determined using a scintillation counters 
which corrected for quenching. Radioactivity from controls, which were in- 
cubated with 100 pL of water in place of acetylcholinesterase, was subtracted 
from all assays to correct for nonenzymatic hydrolysis of the substrate. Inhi- 
bition of enzyme activity was expressed as the percentage of control which 
was not treated with the phosphonofluoridate. 


Dilution of Radiolabeled Wospbonofluoridate Samples for Quantitative 
Enzyme Determination-Samples of solutions of the labeled phosphono- 
fluoridate were kept on ice and diluted serially when necessary with ice-cold 
glass-distilled water so that appropriate aliquots inhibited the acetyl- 
cholinesterase at levels on the linear portion of the standard curve. Assays of 
the samples were carried out immediately. The procedures described above 
for the standard curve were followed for the label phosphonofluoridate sam- 
ples. Stability of the radiolabeled compound was assessed before, during, and 
after the completion of the study by the enzymatic procedure. Initial and 
midpoint purities were essentially 100%. Purity was 70% when determined 
after the completion of the experiments. 


Skin Samples-Skin was harvested from each of three female weanling 
Yorkshire pigs (-25 kg)9. After the pigs were sacrificed, hair was clipped from 
the animals with electric clipperslO. An incision (-30 cm) was made down 
the midline of the back. At the 0-, 15-, and 30-cm points along the midline 
incision, perpendicular incisions (-1 5 cm) were made on the left side of the 
animal. A final incision was made parallel to the initial midline incision so that 
two square sections (I5 cm X 15 cm) were formed. A notch was cut in the 
anterior edge of each section to preserve orientation. Whole-skin sections were 
removed from the animal and subcutaneous fat was removed by scraping. A 
small piece of skin from each animal was submitted for histopathological 
examination, which verified that the skin was normal tissue. The skin was cut 
into 3.2-cm diameter circles by using a punch. Each skin sample was coded 
by location. Skin was stored at -6OOC for -I month prior to use. 


Apparatus-Special glassware (Figs. 4 and 5) used in the study was cus- 
tom-fabricatedll. The bench-model decontamination unit was fabricated at 
the US. Army Medical Bioengineering R & D Laboratory, Fort Detrick, 
Frederick, Md. Details of the bench pump design can be found elsewhere (1). 
An assembly was constructed inside a hood (minimum linear air velocity of 
45.8 m/min) to position the shower head of the bench model 30.5 cm above 
the skin surface when the skin was mounted on chamber A and inside chamber 


* Model 2660; Packard Instrument Co.. Dcs Plain-. 111. 


‘0 Model no. A2 smah clipper; Oster Corp., Milwaukee, Wis. 
Boswell Laborator Animals, Corcoran. Calif. 


Laboratory Glass AppLratus, Berkeley. Calif. 
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Table I-Disposition of Radioactivity Following Application of Radiolabeled Methyl Malonate and 1,2,2-Trimetbylpropyl Methylphosphonofluoridate and 
Tbickened Radiolabeled Compounds to Pig Skin 


Chemical 
Applied Radioactive Dose, %“ 


Conditionb EvaporationC Decontamination Scrube In Skinf Penetrations 


Diethyl malonate No shower 63.1 f 3.6 - 13.8 f 2.0 2.4 f 0.7 0.09 f 0.03 
5.3 f 1.1 1.1 f 0.3 0.03 f 0.02 


Diethyl malonate Shower 54.9 f 13.7 13.6 f 3.2 2.1 f 0.8 2.3 f 0.5 0.10 f 0.05 
Phosphonofluoridate Shower 58.0 f 12.8 4.6 f 2.2 1.1 f 0.5 0.6 f 0.2 0.03 f 0.02 
Thickened diethyl malonate No shower 53.9 * 7.8 - 10.3 f 1.1 2.2 f 1.4 0.08 f 0.05 


5.7 f 2.6 0.8 f 0.2 0.03 f 0.02 
Thickened diethyl malonate Shower 52.1 f 10.4 9.6 f 1.7 1.9 f 1.0 1.9 f 1 .O 0.06 f 0.04 
Thickened phosphonofluoridate Shower 60.4 f 4.9 5.0 f 2.2 1.6 f 0.5 0.9 f 0.5 0.01 f 0.01 


0 Data expressed as mean f SD for six re licate determinations. Shower conditions consist of two I-s bursts of water at a theoretical force per unit area of 0.054 kg/6.45 cm2 
on the skin surface. c Radioactivity remvcrdfrom the primary vapor trap. d Radioactivity removed from the skin by showering. Radioactivity removed from the skin by scrubbing 
and rinsing the skin surface with 1% aqueous surfactant solution. f Radioactivity recovered by oxidation of the skin sample. 8 Radioactivity recovered from chamber A. 


Phosphonofluorida te No shower 61.0 f 7.1 - 


Thickened phosphonofluoridate No shower 60.4 f 8.8 - 


B (Fig. 6). The entire shower target assembly was surrounded by a movable 
shield to control water spray. 


Shower D e c ~ n t a ~ ~ i ~ t i ~ n  Triak-The skin disposition of diethyl malonate 
was compared with that of the phosphonofluoridate, and the skin disposition 
of thickened diethyl malonate was compared with that of the thickened 
phosphonofluoridate in shower decontamination trials. These experiments 
were compared with experiments where procedures remained the same except 
that no showering was done. Eight combinations of variables, which repre- 
sented all possibilities, were compared on 6 separate days (48 total trials). The 
order in which the eight combinations were tested on a given day was ran- 
domized. Skin samples from the twosites on each of the three pigs were allo- 
cated to the experimental trials in a random fashion, with the restriction that 
an equal number of samples came from each of the three pigs. 


Skin samples were removed from the -6OOC freezer to a -8OC freezer the 
night before trials wcre made. The skin was placed in a glass vial in a 37°C 
water bath and allowed to thaw (1 5-20 min); the weight of the skin and lo- 
cation d e  were recorded. The thawed skin was attached to chamber A (Fig. 
4) with a rubber O-ring. Chamber A was filled with Ringer’s lactate, pre- 
warmed to 37OC, and stoppered. Chamber A was placed inside chamber C, 
both within a water bath at 37OC. After the skin surface temperature reached 
25-27OC, the skin surface was dosed with the appropriate chemical by 
streaking it across the skin surface (2.85 cmz) with the blunt tip of a I-FL 
syringe’z. Immediately following application, the evaporation manifold was 
clamped to chamber C with chamber C remaining in the 37OC water bath. 
A peristaltic pump’j was connected to the primary vapor trap (a tube con- 
taining 200 mg of absorbent powdert4). The pump pulled air at 60 rnL/min, 
causing air to flow into the inlet tubes of the evaporation manifold, over the 
skin surface, and into the primary vapor trap. Any radiolabeled chemical that 
evaporated from the skin surface was absorbed by the primary trap. A sec- 
ondary safety bubbler trap was connected between the pump and the primary 
vapor trap. 


After 14 min, chamber A was removed and mounted into chamber B (Fig. 
5). Fifteen minutes after application of chemical, the skin was showered. The 
bench model was designed to shower the skin with a decontamination fluid 
followed by a water rinse. However, in a previous comparison ( I )  involving 
removal of thickened and unthickened diethyl malonate from skin, no dif- 
ference was found between cycles with a 1% aqueous surfactant solution and 
with plain water. Therefore, distilled water was used in both shower cycles 
of this study. A total shower time of 2 s was used, 1 s/cycle. The water tem- 
perature was 2OoC, and the pH was 6.8. After showering, chamber A was 
removed from chamber B. The sides of chamber A were rinsed into a tared 
beaker along with the contents and several rinses of chamber B. While tilting 
chamber A downward, the skin surface was scrubbed with a cotton ball con- 
taining I %  aqueous surfactant15 and rinsed with 1 mL of the I %  aqueous 
surfactant (pH 6.7). The skin rinse and cotton ball were collected in a counting 
rial and assayed for radioactivity. The contents and rinses of the interior of 
chamber A were collected in a tared beaker and assayed for radioactivity 
(percutaneous penetration). The skin was removed from chamber A and cut 
into seven approximately equal portions. These wcre later assayed for radio- 
activity by combusting the samplest6, trapping the liberated 14C02i7, and 
counting the radioactivity on a scintillation counter. The primary vapor trap 
was removed from the evaporation mainfold and the contents (chemical 
trapped on absorbant powder) were flushed with aqueous (scintillation) 


I *  No. 7101; Hamilton Co.. Reno, Nev. 
13 Masterflex. with Model 7014 head; Cole Parmer Instrument Co., Chicago, 111. 
I‘ Tenax GC; Alltcch Associates, Arlington Heights, 111. 
I s  Triton X-100; Rohm and Haas Co. 
16 Model 306 Sam Ie oxidizer: Packard Instruments. 
1’ Carbosorb; Pacf$rd Instruments. 


counting fluid rinses (-I 5 mL each) into a counting vial. The content of this 
counting vial was then divided into six additional counting vials for more ac- 
curate counting. For each day, the volume of substance applied to the skin was 
placed in each of three volumetric flasks to serve as  a control; an aliquot was 
taken from each for radioactivity assay. 


When samples of the radiolabeled and thickened radiolabeled phospho- 
nofluoridate were used, aliquots of residues recovered by scrubbing the skin 
surface, and from chamber A and chamber B, were subjected to the enzymatic 
assay. 


RESULTS AND DISCUSSION 


The disposition of radioactivity applied to the skin under the various con- 
ditions of the study is given in Table 1. Overall recovery of the radioactive dose 
in these trials was -70%. with the major portion recovered after evaporation 
from skin. The balance of the radioactive dose was probably lost by evaporation 
during the skin application process, before the evaporation manifold was in 
place. The amounts of evaporated diethyl malonate and 1,2,2-trimethylpropyI 
methylphosphonofluoridate, as  measured by the amount of radioactivity re- 
covered from the primary vapor trap, were very similar. This result was not 
changed by the presence of thickener. 


A higher percentage of the radioactive dose of diethyl malonate than the 
phosphonofluoridate was recovered from the skin surface (by scrubbing) and 
from residues in the skin (by oxidation) at the end of I5 min following appli- 
cation without showering. However, showering removed a correspondingly 
larger percent of the applied radioactivedose of diethyl malonate than phos- 
phonofluoridate so that residues left on the skin surface. were similar (1 -2%). 
Again, the presence of thickener did not change this outcome. 


The efficiency of shower decontamination (calculated by dividing the 
percentage in the “Decontamination” column in Table I by the sum of per- 
centages in the last four columns and multiplying by 100) showed little dif- 
ference between the four test substances as  evidenced by the following values 
(mean f SD): diethyl malonate. 75 f 7; phosphonofluoridate, 69 f 14; 
thickened diethyl malonate, 72 f 21; thickened phosphonofluoridate, 65 f 
13. 


In a previous study ( I ) ,  it was found that the force per unit area exerted by 
the shower on the surface of pig skin was the major variable responsible for 
differences in dkontamination efficiency of diethyl rnalonate and thickened 
diethyl malonate. Varying the temperature of water from 23OC to 37OC cu 
adding surfactant to the water had little effect on the decontamination effi- 
ciency (I) .  These results, together with the findings that all four test substances 
were decontaminated equally by the shower, suggest that the mechanism of 
shower cleaning is mechanical rather than chemical. Apparently, the shower 
cleans the skin by removing the upper layers of the stratum corneum so that 
contaminants residing in these upper layers are removed. The velocity of the 
water droplets in the shower could also contribute to mechanical removal of 
contaminants not in direct contact with the skin. 


During the 15-min period immediately following application the percuta- 
nwus penetration of diethyl malonate, as measured by radioactivity appearing 
in chamber A, was significantly greater than the percutaneous penetration 
of the phosphonofluoridate (Table I). However, both were <O.l%of the a p  
plied dose. An analysis of variance revealed that showering or thickener had 
no significant influence on the percutaneous penetration of diethyl malonate 
or the phosphonofluoridate. 


Enzymatic analysis showed inactivation of most of the phosphonofluorjdate 
represented by carbon-14 removed from skin by showering or scrubbing (Table 
11). Any phosphonofluoridate that had penetrated through the skin was below 
the detection limit of the enzymatic analysis. The purity of the stock samples 
of the radiolabeled phosphonofluoridate was checked initially, during the 
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Table 11-Enzymatic Analysis of Skin Deeontaminntion Water and Skin 
%rub Solution 


Active Agent, %@ 
Decontamination Scrub 


Chemical Condition Water* Solution 
~ 


Phosphonofluoridate No - 1 3 %  I2 
shower 


Shower 1 5 f 6  1 7 f 6  
Thickened No - 8 f 7  


phosphonofluoridate shower 
Shower 16f 13 I S *  15  


Percent of recovered radioactivity associated with active agent as determined by 
enzymatic assays. Numbersare mean f SD. * Water collected in chamber B after shower 
decontamination of the skin. One percent aqueous surfactant solution used to scrub 
and rinse the skin. 


course of the study, and after the completion of the experiments. Purity was 
essentially 100% at  the initial and midpoint, but fell to 70% after the com- 
pletion of the experiments. However, no significant differences were found 
between results from initial and final samples. 


The inactivation of 1,2,2-trimethylpropyI methylphosphonofluoridate in 
contact with skin is consistent with the observations of Fredricksson (3) who 
demonstrated the presence of organophosphate ester hydrolases in the skin 
of rats. Other investigators (4) who compared skin penetration of the phos- 
phonofluoridate activity with radiolabel penetration reported that human skin 
decomposed at  least 80% of the applied phosphonofluoridate as contrasted 
with 30% inactivation of its penetration of guinea pig skin.. 


Diethyl malonate was selected as a simulant for the phosphonofluoridate 
in skin-surface removal studies on the basis of similar physical properties. For 
both compounds, the majority of the applied dose evaporated. After 15 min, 
most of the radiolabel that remained (Table I) was recovered from the skin 
surface (by showering or scrubbing). The lack of agreement between radio- 
activity and enzyme inhibition assays of the shower and scrub water would 
suggest that some of the phosphonofluoridate hydrolyzed after it contacted 
the skin. In the case of diethyl malonate, hydrolysis on the skin is certainly 
possible. It is, therefore, possible that the shower removed a mixture of the 
original compounds as well as hydrolysis products, and it is no longer clear 
what is being compared. Presumably, the intact compound would have a 
different affinity for the skin than its hydrolysis products. The fact that similar 
skin decontamination efficiencies (as judged by the percent removal of ra- 
dioactivity still on the skin after evaporation) were obtained by showering after 


application of the radiolabeled diethyl malonate and phosphonofluoridate may 
be fortuitous. However, if the shower removed the upper layers of skin, and 
thus removed contaminants in these layers indirectly, decontamination of 
surface residues would be independent of chemical structure, and similar 
decontamination efficiencies would be obtained as  in this study. 


Under the conditions of this study, skin penetration of 1.2,2-trimethylpropyI 
methylphosphonofluoridate and diethyl malonate was limited by the dose, 
short interval between application and decontamination, and the free evapo- 
ration of the chemicals during this interval. The skin penetration of the 
phosphonofluoridate is complicated by the possibilities of chemical degra- 
dation during its passage through the skin. Attempts to compare the percu- 
taneous penetration of this phosphonofluoridate (and other highly toxic or- 
ganophosphorous compounds) to analogues or simulants must await knowl- 
edge of the fate and distribution of these compounds in skin. 
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Abstract A stereospecific assay for the simultaneous determination of the obtained by an MS method, involving administration of a synthetic pseude 
enantiomers of warfarin and its major metabolites, 6- and 7-hydroxywarfarin racemate [‘*C(R),’T(S)]warfarin. In addition to all known metabolites, 
and warfarin alcohols, in plasma and urine was developed. Involved in this the detection of 7-R-hydroxywarfarin indicates that 7-hydroxylation is ste- 
determination was the formation of diastereoisomeric esters with carboben- reoselective rather than stereospecific. 
zyloxy-L-proline. separation by normal-phase high-performance liquid 
chromatography, and detection by fluorescence after postcolumn aminolysis KeypbrPses F1uorescencel HPLC-stereospecific Of warfarin and 
with n-butylamine. The determination limit for any enantiomer is in the order its 
of 50-100 ng. The method was applied to the analysis of the enantiomers of 0 Isomers-stereospecific fluorescence HPLC. warfarin and its metabolites 
warfarin and metabolites in plasma and urine of human subjects receiving 
racemic drug. The results for warfarin enantiomers are comparable with those 


Warfarin-stereospecific fluorescence HPLC* 


Warfarin [3-(a-acetonylbenzyl)-4-hydroxycoumarin] 
contains an asymmetric center. In humans, the R- and S-iso- 
mers show differences in pharmacological activity (I) ,  hepatic 


clearance, and metabolism (2-4). Drugs have been shown to 
interact differently with the isomers; for example, when 
coadministered with phenylbutazone, the hepatic clearance 


1392 I Jownel of phsrmaceutical Sciences 
Voi. 73, No. 10, October 1984 


0022-3549/84/ 1000- 1392$0 1.00/0 
@ 1984. American phsrmaceutical Association 












RESULTS AND DISCUSSION 


The data in Table I show that each of the series I l l  compounds behaved 
cwiitially idcntically toward each of the 10 test fungi. All of the series I l l  
compounds wcre inactive towards Hhiioprr.r siolonijrr and Trichodermu ciride 
;it i i l l  concentrations. In this regard they were inferior to the prcviously tested 
\cries IV  compounds. which partially inhibited R. stolonifir at IOpg/niL and 
7'.rmrideat 100pg/mL (15).  With thecxccptionof IIlc, theserics I l l  com- 
pounds partially inhibited the growth of the other eight test fungi at a con- 
ccntration of I pg/mL. Employment of higher concentrations did not improve 
the antifungal activity. Compound Ille differed from the other serics I l l  
compounds only in that i t  was inactive towards C'hurromium globosum and 
('/ac/osporiicm i'arpr~phi/um at I pg/mL. In  comparison wi th  the series 111 
compounds, IVa was inactive towards Aspergillus niKer. 01. glohosum. CI. 
cwpophillrnr. fusariunt monolifomte. Prnicillium notalum. and Succha- 
roni~'cr.s crrrrisiue at I pg/mL. Compound IVb was also inferior to the series 
Ill compounds i n  that i t  was inactive towards A. nigrr, Ch. glohosum. f .  
t)ronoli$mw, Myrorhecium rerrucuria, P. tioiuium, and S. cererisiue at I 
pp/mL. Furthermore, the series IV  compounds were inactive towards S. 
cmv.i.riue even at  10 pg/ml.. Thus, the seriez I l l  compounds generally ex- 
hibited higher antifungal activity than thc series IV compounds. 


The data in Table I I show that all of the series I l l  compounds were inactive 
towards the Gram-negntice bacterium Escherichiu coli at all concentrations. 
I n  this regird they resembled the previously tested IVa (15). All of the series 
I II compounds behaved identically towards the two Gram-positivc bacteria 
Mic~rocr~cc~rrs ugi1i.s and Hncillus sirhiiliv. totally inhibiting the growth of these 
biictcria :it a concentration of I pg/mL. In this regard they were somewhat 
bottcr than IVa, which only partially inhibited E.  suhiilis at I pg/mL. The 
iiiosl cffcclivc series I I I compound against Sruph)Iocwcus uureus was I Ile, 


which totally inhibited the growth of this bacterium at 1 pg/mL. In contrast, 
IVa was inactive towards SI. aureus at  I pg/mL. Thus, the series I l l  com- 
pounds generally exhibited higher antibacterial activity than IVa. 
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Abstract 0 Aspirin-like diacyl esters of different steric disposition have been 
prepared and compared wi th  acetylsalicylate in their abilities to modify he- 
moglobi n. 


Keyphrases 0 Diacyl csters--aspirin derivatives, acylation of hemoglobin 
0 I Icmoglobin-acylation by aspirin-like diacyl esters, sickle cell anemia 


I n  a previous paper ( l ) ,  it has been shown that aspirin can 
acylatc hemoglobin and thereby provide a novel approach to 
the alteration of sickle hemoglobin. Acctylsalicylate is the 
prototype of a general class of monoacyl esters of salicylic acid. 
Consequently, a variety of such esters have been synthesized 
( 2 )  and cxamined for their effectiveness in modifying hemo- 
globin S and in inhibiting the aggregation process leading to 
sickting. 


Among variants in  aspirin-like derivatives are the diacyl 
esters of dihydroxybenzoic acids. These seem attractive be- 
cause they would present two active acyl groups to the protein 
when it forms a reaction complex with a reagent molecule. We 
have prepared, therefore, a series of such diacyl ester com- 
pounds of different steric structure and cornpared their abilities 
to modify hemoglobin. 


EXPERIMENTAL SECTION 


A variety of hydroxybenzoic acids were purchased from commcrcial 
sourcesi. Their mono- and diacyl esters were synthesized by methods described 
in  the literature (3-7). The derivatives prepared are listed in Table I .  


Of the compounds obtained, only 3,5diaeetoxybenzoic acetic anhydride 
( X I )  has not been reported in the literature. It appeared as a by-product in 
the mother liquor (chloroform-petroleum ether) from the preparation of the 
diacetoxybenzoie anhydride (X). The fine white precipitate which appeared 
in  the mother liquor after standing for several hours was removed by filtration, 
washcd with petroleum ether, and dried without heat. mp 71-72OC. This 
product, insoluble in  aqueous NaHCO3 at room temperature, bubbled on 
heating. I t  did not give a positive FeCI, test for free phenol. 'H-NMR and 


Table I-Modification of Hemoglobin by Aspirin-like Mono- and Diacyl 
Esters 


Concentration, Modification 
Compound m M  of Oxyhemoglobin Aa, % 


I 
I I  


I l l  


IV 


V 


VI  


V I I  
V l l l  


IX 


X 
XI 


10 
10 
20 
10 
20 
10 
20 


5 
10 


5 
10 
10 
5 


10 
5 


10 
5 
5 


10 


22.5 
23.1 
34.2 
26.3 
36.8 
27.7 
37.3 
32.3 
49.3 
19.1 
37.4 
78.7 
36.3 
53.0 
23.8 
46.7 
26.3 
45.0 
79.2 


I Aldrich Chemical Co., for examplc 0 llcmoglobin concentration = 1 mM. 
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RESULTS AND DISCUSSION 
I n  Table I ,  the efficacies of the diacyl esters in modifying hemoglobin are 


compared with those of corresponding monoacyl compounds. The following 
features are worthy of note. 


Compound I I ,  the para analogue of aspirin, is about as  effective as  I in 
acylating hemoglobin. Likewise the two positional monoacyl isomers of hy- 
droxysalicylic acid, I I I  and IV. are comparable in activity to each other and 
to aspirin ( I ) .  In contrast. the diacetoxy salicylic acid, V, is significantly more 
reactive, but the isomer VI is less so. By far the most effective of the diacyl 
hydroxysalicylic esters is VII, i n  which both acetyl groups are close to the 
anionic -COO- moiety. Alternative isomers of dihydroxybenzoic acids gave 
diacyl esters V l l l  and IX that did not compare in efficacy with VII, although 
VI I I was significantly better than aspirin itself. Compound X. the anhydride 
of IX, was not better than aspirin, but tht: mixed anhydride X I  was signifi- 
cantly better. In this series, therefore, the double ortho derivative VII is the 
most interesting compound and merits further investigation. 


Previous studies ( I ,  8) have shown that aspirin-like reagents acylate sickle 
hemoglobin S just as  extensively a s  they do hemoglobin A. Consequently ef- 
fective compounds, such as 6-acetoxyacctylsalicylic acid (VII )  of the present 
series, have potential as antisickling agents. 
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X 


0 0  
It II 
C--OCCH3 
I 


\ 
OCOCHS 


XI 


microanalysis corresponded to expectations for XI .  IH-NMR (CDCI3- 
Me.@): d 2.33 [d, 6, (-O-COCH3)2], 2.38 (s. 3, -0--COCH3), and 
7.2-7.75 ppm (m, 3, ArH). 


Anal.-Calc. for C I ~ H I Z O ~  (280.24): C, 55.72; H, 4.32. Found: C. 55.62; 
H, 4.17. 


The preparation of hemoglobin and procedures for following its chemical 
modification by aspirin-like reagents have been described previously (2). 
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Abstract 0 3-(3,4-Dihydroxyphenyl)-l -n-propylpyrrolidine hydrobromide 
was synthesized by a six-step reaction sequence and was evaluated. and 
compared with apomorphine, for central dopaminergic agonist activity. The 
compound produced behavioral and biochemical changes characteristic of 
central dopaminergic stimulation. Administration of 3-(3,4-dihydroxy 
pheny1)- 1 -n-propylpyrrolidine hydrobromide to rats resulted in the reversal 
of the reserpine syndrome, stereotypic behavior, contralateral turning following 
6-hydroxydopamine lesion of the substantia nigra, a decrease in dopamine 
turnover, and inhibition of prolactin release. These results indicate that 3- 
(3,4-dihydroxpphenyl)- I -n-propylpyrrolidinc hydrobromide is a dopaminergic 
agonist. However, the compound exhibited a lower potency but a slightly 
longer duration of action than apomorphinc. 


Keyphrases 0 3-( 3.4-Dihydroxypheny1)- 1 -n-propylpyrrolidine hydrobro- 
mide-synthesis, central dopaminergic activity. compared with apomorphine 
0 Dopamincrgic activity-central, apomorphine, 3-(3,4-dihydroxy- 
phcny 1)- 1 -n-propy lpyrrolidine hydrobromide 


~~ 


In an attempt (1) to prepare compounds with dopaminergic 
activity, our efforts were directed toward the synthesis of a 
compound in which the ethylamine chain of dopamine ( I )  is 
embodied in a pyrrolidine ring. Specifically, the purpose of this 
investigation was to synthesize and evaluate the dopaminergic 
activity of 3-( 3,4-dihydroxyphenyl)- 1 -n-propylpyrrolidine 
(XI). The substitution of an n-propyl group on nitrogen has 
been shown to optimize activity in a variety of dopamine 
agonists (2, 3). Thus, the n-propyl substitution on the pyrro- 
lidine ring nitrogen should maximize dopaminergic activity. 


HO q---"" 
OH 


V 
X 


I 1  X : O H . V : H  
Ill X : O H . V : O H  


I V  


During the course of this investigation, a preliminary report 
indicated that I 1  was a selectively acting dopamine autore- 
ceptor agonist (4). Further testing of I 1  has shown that this 
compound is a centrally acting dopamine autoreceptor agonist 
( 5 , 6 ) .  Structure-activity studies revealed that the pyrrolidine 
analogue IV of 3-( 3-hydroxypheny1)- 1 -n-propylpiperidine (11) 
was very weak as a dopamine autoreceptor agonist (7). These 
workers did not report the synthesis and biological activity of 
the target compound of their investigation. However, the 
(3,4-dihydroxyphenyl)piperidine I11 was prepared and phar- 
macologically evaluated. Compound 111, unlike 11, exhibited 
potent postsynaptic dopaminergic agonism. 


. bcn, 
I X  


Scheme I 


EXPERIMENTAL SECTION' 


Ethyl a-Cyano-~-(3,4-dimethoxyphenyl)acrylate (V1)-A mixture of 
3,4dimethoxybenzaldehyde (V) (20.0 g, 0.120 mol). ethyl cyanoacetate (12.8 
g, 0. I20 mol), and piperidine ( I  .5 mL) in toluene (200 mL) was heated to I 10 
OC. Water was removed during heatingoia a Dean-Stark trap. The mixture 
was cooled, and the solvent was removed under reduced pressure to yield 28.4 
g (90%) of a light-yellow solid. An analytical sample was prepared by re- 
crystalliiation from ethanol-chloroform to give VI ,  mp 156- I58 OC [lit. (8) 
mp 155 "C]; IR (KBr): 2275 (C=N), 1740 (C=O, ester), and 1610 cm-l 


4.33 (9. 2, J = 8 Hz, CHz), 6.83-7.80 (m, 3, ArH). and 8.17 ppm (s. I ,  
CH=C). 


Anal.-Calc. for CI4Hl5N04: C, 64.35; H, 5.80; N, 5.36. Found: C, 64.16; 
H, 5.95; N, 5.24. 
(3,4-Dimetboxypbenyl)succinonitrile (VI1)-Ethyl a-cyano-&(3,4-di- 


methoxypheny1)acrylate (35.0 g, 0.134 mol) was dissolved in  a mixture of 
chloroform (400 mL) and ethanol (300 mL) and treated dropwise with a so- 
lution of sodium cyanide (6.90 g, 0. I41 mol) in water ( I  00 mL). The mixture 
was refluxed for 15 h, cooled, and acidified with concentrated hydrochloric 
acid. Evaporation of the solvents under reduced pressure gave a light-pink solid 
that was partitioned between water (300 mL) and chloroform (200 mL). The 
aqueous phase wasextracted with chloroform (2 X 200 mL). and thecombined 
chloroform extracts were dried (sodium sulfate), filtered, and evaporated to 
afford a light-pink solid. Recrystallization from ethanol afforded 24.4 g (84%) 
of VII, mp 108-1 10°C IR (KBr): 2300 (C=N), 1620 (ArH), and 1280 cm-' 
(C-0, ether); 'H-NMR (Me2SO-db): 6 3.33 (d, 2, J = 7 Hz. CH2CN). 3.80 
(s, 6. OCH3). 4.67 (t. I .  J = 6 Hz, CHCN),  and 7.03 ppm (m. 3, ArH). 


Anal.-Calc. for C12H12N202: C, 66.64; H,  5.60; N. 12.96. Found: C,  
66.24; H,  5.67; N,  12.78. 


2-(3,4-Dimethoxyphenyl~cinimide (Wit Compound VI I I was prepared 
according to the procedure of Crooks (9) for the preparation of spirosuccini- 


(C=C); 'H-NMR (CDCI,): b 1.40 (1.3, J = 8 Hz, CHl), 3.97 (s, 6,OCH3), 


I Melting points were determined on a Fisher-Johns melting point apparatus and are 
uncorrected. IR spectra were rccorded as potassium bromide pellets with a Perkin-Elmer 
137 Spectrophotometer. NMR spectra were recorded on a Varian EM360A spectrometer. 
Chemical shifts arc reported in parts per million (6) relative to tetramcthylsilane ( I % )  
or, in the case of D20 (1%). sodium 2.2-dimethyl-2-silapentane-5-sulfonare Analytical 
data were obtained from Micrc-Analysis Inc.. Wilmington. DE. Male Sprague-Dawley 
rats weighing 175-225 g were given free access to food and water and exposed to a 1410 
h light-dark cycle. Drugs were administered by intraperitoneal injections. Drugs and 
analytical-grade chemicals were purchased from commercial sources. Spi rone was 
a gift from Janssen Pharmaceutical Company. Inc. (New Brunswick. NJ) fehe vehicle 
for XI  and apomorphinc was 0.01 M sodium bisulfite solution. 
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Table I-Behavioral Changes Effected bv Ammorphine and XI Table 11-Biochemical Effects of Apomorphine and XI 


Dihydroxy- Homova- 
Treatment Dopamine phenylacetic Acid nillic Acid Prolactin 


Locomotor Number of 
Treatment Catalepsy Stereotypy Activity Rotations 


Control 3 
Apomorphine 0 
XI  0 


0 250 f 35 0 
3 I825 f 225 6 5 0 f  125 
3 1798 f 206 635 f 140 


' Catalepsy, stereotypy. and locomotor activlty were a& in rats (n  = 6) pretreated 
with reserpine ( 5  mg/kg). Catalepsy and stereotypy were scored (see text) before the 
administration, and at the time of peak effect. of the dopamine agonists. Rotating rats 
(n = 9) were treated with dopamine agonists or vehicle. Results are expressed as mean 
f SEM. All changes were statisticall) significant (p < 0.05). * Apomorphine and 
compound X I  were administered at dosages of 2 and I00 mg/kg ip, respectively. 


mides. A mixture of (3,4-dimethoxyphenyl)succinonitrile (25.6 g, 0.1 18 mol), 
glacial acetic acid (150 mL), and 78% sulfuric acid (25 mL) was refluxed for 
1 h, cooled, and evaporated under reduced pressure. The resulting mass was 
triturated with water (300 mL), and the solid material was removed by f i l -  
tration. Recrystallization from ethanol gave 12.9 g (46%) of white crystals, 
mp 181-183°C; IR (KBr): 1785 (C=O. imide), 1725 (C=O, imide), and 
1280cm-' (C-0, ether); 'H-NMR (MezSO-ds): 6 2.90 (m, 2, ring CHI), 
3.70 (s. 6, OCH3), 4.03 (m. I ,  ring CH), and 6.87 ppm (m? 3. ArH). 
Anul.-Calc.forC1~H~~NO~:C,61.26;H, 5.58;N,5.96. Found:C,61.15; 


H, 5.60; N. 5.97. 
2-(3,4-Dimethoxyphenyl)-N-(n-propyl)succinimide (1X)- A 50% mineral 


oil dispersion of sodium hydride (5.28 g, 0.1 1 mol) was washed with hexane 
(3 X 30 mL) and suspended in dimethylformamide (100 mL). A solution of 
2-(3,4-dimethoxyphenyl)succinimide (25.8 g. 0.1 1 mol) in dimethylformamide 
(100 mL) was added to the sodium hydride suspension in a dropwise manner 
while maintaining a nitrogen atmosphere. After the addition had been com- 
pleted, the mixture was heated at  8OoC for 2 h and cooled to room tempera- 
ture. A solution of n-propyl iodide ( 1  8.7 g, 0. I 1 mol) in dimethylformamide 
(30 mL) was added dropwise and the mixture was heated at  8OoC for 15 h. 
The mixture was cooled, treated with a few drops of absolute ethanol, filtered, 
and the solvent was evaporated to give a light-tan solid. Recrystallization from 
isopropyl alcohol yielded 18.7 g (61%) of a white solid, mp 76-77OC; IR 
(KBr): 1785 (C=O, imide) and 1725 cm-' (C=O, imide); 'H-NMR 
(CDCI,): 6 0.90 (t. 3, J = 6 Hz, CHI). 1.33-4.07 (m, 13, including singlet 
3.90, OCH,), and 6.80 ppm (m. 3. ArH). 


Anal.-Calc. for C15H19NO4: C,  64.95; H. 6.92; N, 5.05. Found: C, 64.79; 
H, 7.01; N. 4.93. 


~3,4Dimethoxyphenyl~l -n-~~ylpyrrol idiw @)-A solution of IX (1 8.0 
g. 0.065 mol) in anhydrous tctrahydrofuran (100 mL) was added to a sus- 
pension of lithium aluminum hydride (14.8 g, 0.389 mol) in tetrahydrofuran 
(100 mL). The mixture was refluxed for 19 h, cooled, and the excess lithium 
aluminum hydride was decomposed by the dropwise addition of water. The 
resulting sludge was filtered and the inorganic residue was washed with tet- 
rahydrofuran (2 X 50 mL). The cornbincd solvents were evaporated, and the 
residue was partitioned between chloroform (300 mL) and water (100 mL). 
The chloroform phase was dried (sodium sulfate), filtered, and the solvent 
was evaporated to afford a dark-brown oil. Vacuum distillation gave 12.0 g 
(74%) of a colorless oil, bp 136- 138OC (0.7 mm). The hydrochloride of X was 
prepared and recrystallized from ethanol-ether to yield a white solid, mp 
131-133°C; IH-NMR (D2O): 6 1.13 (t, 3 , J  = 6 Hz, CHI), 1.57-3.97 (m. 
17, including singlets at 3.93 and 3.97, OCH3). and 7.03 ppm (m. 3, ArH). 


Anal.-Calc. for C15H&IN02: C. 63.02; H, 8.48; N. 4.90. Found: C, 
63.34; H. 8.35; N, 4.82. 


3-(3,4-Dihydroxyphenyl~l-n-propylpyrrolidine Hydrobromide (XI)-A 
solution of X (3.0 g, 0.01 2 mol) in 48% aqueous hydrobromic acid (30 mL) 
was refluxed for 3 h under a nitrogen atmosphere. The solvent was evaporated 
under reduced pressure, and water was removed from the resulting oil by 
azeotropic distillation with absolute ethanol several times. Trituration of the 
oil with ether gave a light-yellow solid. Recrystallization from absolute ethanol 
ether afforded 2.2 g (60%) of a tan solid, mp 152- I54OC; IR (KBr): 3450 
cm-' (OH, phenol); 'H-NMR (DzO): 6 1.03 (1, 3. J = 6 Hz, CHI), 1.30-4.47 
(m. I I ,  aliphatic CH2, ring CH2. and ring CH), and 6.90 ppm (m, 3, 
ArH). 


Anal.-Calc. for C13H20BrN02: C. 51.66; H, 6.68; Br, 26.44; N, 4.46. 
Found: C, 51.53; H, 6.55; Br. 26.34; N, 4.60. 


Locomotor Activity-Rats treated 12-18 h previously with reserpine ( 5  
mg/kg) were given vehicle, apomorphine (0.12-2.0 mg/kg). or X I  (10-100 
mg/kg) and tested for increases in locomotor activity. Locomotor activity2 
was monitored by the minute in single rats by electronic activity meters' with 


* All behavioral observations were made belween 08:OO and 14:OO hr. 
Columbus Instruments, Columbus, Ohio. 


Control 7.2 f 0.4 0.75 f 0.3 0.44 f 0.4 20.0 f 4.0 
Apomor- 9.0 f 0.5 0.50 f 0.3 0.28 f 0.4 2.0 f 1.0 


X I  10.1 f 0.4 0.46 f 0.5 0.24 f 0.3 4.5 f 2.5 
phine 


Dopamine, dihydroxyphenylacctic acid. and homovanillic acid are expressed as 
nanogram per milligram of striatal !issue. and prolactin as nanogram per milliliter of 
serum. The results represent the mean f SEM of n = 5 .  All changes were statistically 
significant 0, < 0.05). Apomorphine and X I  were administered at dosesof 2 and 100 
mg/kg ip, respectively. 


an input to a multichannel recorder. Testing was done every 5-7 d to allow 
recovery from the drugs. 


Catalepy-This was assessed, using the method of Kolbe er al. (10). by 
the length of time a reserpinized rat maintained an abnormal posture with 
its front paws over a bar (2 cm diameter) 7 cm from bench level. Catalepsy 
was scored in control reserpinized rats, and in experimental animals, just prior 
to drug administration and at  the peak of effect of apomorphine or XI as 
follows:0-9~=0; 10s-2.5min= 1;2.6-5.0min = 2;5.1-10min = 3; 10.1-20 
min = 4; >20 min = 5. 


Stereotypy-This was scored by thc method of Kolbe et a/. (10) at the peak 
effect of apomorphine or XI as follows: animals indistinguishable from ve- 
hicle-treated controls = 0; discontinuous sniffing and continuous locomotor 
activity = I ;  continuous sniffing and discontinuous locomotor activity = 2; 
continuous sniffing and discontinuous biting, licking, or gnawing = 3; con- 
tinuous compulsive biting. licking, or gnawing with no locomotor activity = 
4. 


Rotational Behavior-The left substantia nigra was lesioned according to 
the method of Reches ef a/. ( 1  I ) .  Coordinates were AP -3.7 mm, L +1.9 mm, 
and DV -7.3 mm. Two weeks after lesioning. apomorphine (0.12-2.0 mg/kg) 
or XI (10-100 mg/kg) was administered and the resulting total number of 
rotations recorded. Rats were allowed 4-5 d between test doses. There was 
no rotation either spontaneously or in  response to vehicle administration. 


Effects of Apomorphine and XI on Dopamine Turnover-Rats were treated 
with vehicle, a single maximal dose of apomorphine (2 mg/kg), or XI (I00 
mg/kg), and the time courses of changes in striatal dopamine were determined. 
Dose-dependent changes in striatal dopamine were also obtained with apo- 
morphine (0.12-2.0mg/kg) and XI (10-100mg/kg). In thisstudy,ratswere 
sacrificed at  the times of peak effect of the dopamine agonists as determined 
from the timc-response studies. 


In the above studies, the animals were sacrificed by decapitation and the 
brains rapidly removed. The corpora striata were dissected on an ice-cold glass 
plate and immediately frozen on dry ice. Dopamine, dihydroxyphenylacetic 
acid, and homovanillic acid were measured by HPLC with electrochemical 
detection as previously described ( 1  2). 


Effects of Apomorphine and XI on Serum Prolactin-Time and dose-de- 
pendent changes in serum prolactin induced by the dopamine agonists were 
investigated simultaneously with dopamine turnover. Following decapitation, 
trunk blood was collected and allowed to clot, samples were centrifuged at 
5000Xg for 5 min, and serum was stored at -7OOC until assayed. Serum 
prolactin levels were determined by the double-antibody radioimmunoassay 
method using the reagents supplied by the NIAMDD rat pituitary hormones 
program. Results are expressed as nanograms per milliliter. 


[3Hppiperone Binding-Competitive inhibition of ['Hlspiperone binding 
by the dopamine agonists was performed by the method of Seeman ef al. (1 3) 
using fresh striatal membrane preparations. Protein concentrations. as mea- 
sured by Lowry assay ( l4) ,  were 250-400 ng/mL. Binding assays were per- 
formed in triplicate twice. 


RESULTS AND DISCUSSION 


Neuroleptic-induced hypomotility and catalepsy in rodents are dependent 
on the inhibition of dopaminergic function ( I  5). The neuroleptic-induced state 
is antagonized by levodopa (16). apomorphine, or bromocriptine (17). Re- 
serpine induces experimental parkinsonism because it depletes presynaptic 
dopamine by inhibiting the ATP-Mg2+ facilitated transport mechanism at 
the membrane of the intracellular storage granules (18). Apomorphine or XI 
reverses the reserpine syndrome and produces stereotypic behavior in a manner 
similar to other known dopamine agonists. The behavioral effects of XI and 
apomorphine in rats are  summarized in Table I. 


Reserpine-induced catalepsy (mean score = 3) was antagonized by both 
apomorphine and XI in  a dose-related manner. The minimum doses of apo- 
morphine and XI  which produccd a score of zero were I .O and 25 mg/kg, re- 
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spectively. Apomorphine and XI also produced complete clearing of the re- 
serpine-induced ptosis and hunched posture. 


Both apomorphine and XI induced dose-dependent stereotyped behavior. 
A peak score of three (continuous sniffing with discontinuous licking or 
gnawing) was seen with apomorphine and XI at doses of 2.0 and 100 mg/kg, 
respectively. Maximal stereotypy was seen at 15 min following the adminis- 
tration of apomorphine and at 30 min after XI  had been administered. 


6-Hydroxydopamine destroys the presynaptic nerve terminals of the 
nigro-striatal pathway, causing postsqnaptic denervation supersensitivity on 
the side of the lesion. Contralateral rotation in this model is indicative of direct 
stimulation of dopaminergic receptors in the denervated caudate nucleus (19). 
Apomorphine and XI (Table I )  were both effective in producing this typeof 
turning behavior. The minimal effective dose with XI  was 10 mg/kg while 
a dose of 40-50 mg/kg produced 50% of maximal rotation. The time of peak 
effect was 20 min with a duration of 75-90 min. With apomorphine, the 
minimal effective dose was 0.25 mg/kg and the dose that produced 50% of 
maximal rotation was 1 .O mg/kg. Apomorphine exhibited its peak effect a t  
20 min and caused rotation for a period of 50-60 min. Rotation was apparent 
by 2-3 min for both X I  and apomorphine. 


The results of the biochemical studies on 3-(3,4-dihydroxy- 
pheny1)- I -n-propylpyrrolidine hydrobromide (XI) and apomorphine are 
summarized in Table 11. Apomorphine (2.0 mg/kg) and XI (100 mg/kg) 
induced rapid increases in  dopamine accumulation. Maximal effect of 
-30-35% increases was obtained with both compounds at  15-20 min with 
a return to the control value at -90 min. Both apomorphine and XI produced 
striatal dopamine accumulation in a dose-dependent manner with ECso values 
of 4 . 7 5  and 40 mg/kg, respectively. Apomorphine and XI also induced 
dose-related decreases in  dihydroxfphenylacetic acid and homovanillic 
acid. 


The administration of XI  (100 mg/kg) or apomorphine (2 mg/kg) resulted 
in rapid decreases in serum prolactin levels. Maximal decreases were obtained 
20-45 min after administration of the test compound. In the dose-response 
study, apomorphine and XI produced dose-dependent decreases in serum 
prolactin levels with lCs0 values of 0.5 and 15 mg/kg, respectively. 


Cornpound XI inhibited [3H]spiperone binding to striatal membrane 
preparations with an lCs0 of -I0 WM. The lCs0 value for apomorphine was 
200 nM. The time courses’of the behavioral and biochemical effects of both 
apomorphine and XI  are generally in  close agreement. Compound XI  ex- 
hibited a much lower affinity for the butyrophenone binding site in the com- 
petition binding studies with [3H]spiperone than apomorphine or other known 
dopamine agonists. Hodever, this low affinity corielates with the potency 
observed in behavioral and biochemical studies, as apomorphine and XI  have 
similar molecular weights. 


3-Phenylpiperidines may exist in  a stable conformation in which the 
8-phenethylamine system assumes a rrans (antiperiplanar) conformation (20). 
This conformation is preferred by most dopamine agonists (7). The lack of 
dopamine autoreceptor activity by the pyrrolidine analogue I V  has been at- 
tributed to an inability to attain this conformation (7,20). Thus, XI may not 
be optimally binding at its receptor sites. 


I n  oiuo, apomorphine or bromocriptine produce behavioral and biochemical 
changes characteristic of central dopamhergic stimulation; these include 
reversal of the reserpine syndrome. stereotypic behavior, contralateral rotation 
following unilateral 6-hydroxydopamine lesion of the substantia nigra, re- 
duction in the rate of dopamine turnover, and inhibition of prolactin re- 


< 


lease. We have compared 3-(3,4-dihydroxyphenyl)-l -n-propylpyrrolidine 
hydrobromide (XI)  with apomorphine for these behavioral and biochemical 
actions. The results reported here show that XI  induced typical changes, and 
it may, therefore, be tentatively concludcd that it acts as an effective 
dopaminergic agonist, with a much lower potency but a slightly longerduration 
of action, than apomorphine. 


Further work is in progress to compare the dopaminergic activity of XI with 
other known dopamine agonists. Additionally, structure-activity studies are 
currently being performed with the 3-phenylpyrrolidine series. 
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Abstract 0 The pH-solubility profile of papaverine hydrochloride ( I )  was 
determined using the phase-solubility technique and equilibrium solubilities 
in  buffers. The rclease of I from sustained-release pellets consisting of a 
shellac-based matrix was determined by the USP basket technique and was 
found to exhibit zero-order kinetics. Release rates at various pH values of the 
permeating solvent were compared with the p t l  -solubility profile and were 
directly proportional to the solubility below, but not above, the apparent pH,,, 
(3.9). This lack of proportionality was also shown by the intrinsic dissolution 
rates. The effect was attributed to the self-buffering action of 1 and the me- 
tastability of the papaverine salt base system in the vicinity of pH,,,. I t  is 
postulated that the outer layer of polymer and filler on the surface of the pellets 
forms a barrier which determines the rate of rclease. The inner matrix serves 
as a drug reservoir in which the internal pH may not be the same as the bulk 


Keyphrases 0 Papaverine hydrochloride- -pH-solubility profile, supcrsatu- 
ration effect, common-ion effect, solubility-dissolution rate ratio, self-buf- 
fering effect 0 Shellac-based matrix-sustained-release dosage forms, sol- 
ubility-dissolution rate ratios, internal self-buffering effect 0 Mechanism 
of release-matrix model, effect of filler 


PH. 


The solubility of a hydrochloride salt and its base may vary 
greatly in the GI pH range, depending on the solubilities of 
ionized and un-ionized forms and the pK, of the compound ( 1  ). 
Kramer and Flynn (2)  have investigated the solubility inter- 
relationships of hydrochloride salts and their bases. They ob- 
served that instead of giving a smooth curve, the solubility 
curves of a salt and its base intersect at a sharp angle at the pH 
of maximum solubility (pHmax) of both forms. Chowhan (3) 
has also noticed a similar relationship between organic acids 
and their salts. 


The release of papaverine hydrochloride ( I )  from com- 
mercial sustained-release preparations has been reported to 
be significantly affected by pH ( 1 ) .  A partial pH-solubility 
profile showed that the drug solubility reached a maximum 
at pH -4.5, and a common-ion effect owing to the addition of 
excess chloride ion was noticed a t  low pH. 


In  the present investigation, the pH-solubility profile of I 
and the interrelationships betwcn the solubility of its salt and 


' 
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base forms were studied. Experiments were then conducted 
to study the dissolution of I from sustained-release pellets1 in 
relation to the pH-solubility profile. 


EXPERIMENTAL SECTION 


Materials-Papaverine hydrochloride* ( I )  was used as received. The 
papaverine base (11) was prepared by increasing the pH of an aqueous solution 
of I to at least 12.0. washing the resultant precipitate four to five times with 
water, and drying under reduced pressure over phosphorus pentoxide. The 
identity of I 1  was established by elemental analysis. 


Commercial sustained-release papaverinc hydrochloride capsules were used 
as the dosage forms. Each capsule containcd -500 pellets. The diameter of 
each individual pellet was 0.9 f 0.1 mm. The diameter of sugar granules 
around which I was embedded in a shellac-based matrix by a coating process 
in a conventional rotating pan (4) was -0.6 min. The outermost layers of 
pellets were formed by the addition of drug-free shellac and filler. 


Thecitric acid-phosphate buffers (pH 2.2 7.8) were prepared by mixing 
0. I M citric acid and 0.2 M disodium phosphate. All other reagents used were 
of analytical grade. 


pH-Solubility Profile-The solubility profilc of I and its basc was deter- 
mined by the phase-solubility technique of Dittert el al. (5). The pH of I i n  
saturated aqueous solution was 3.0. The solubilitics at pt l  <3.0 were detcr- 
mined by titrating dropwise with I M HCLstirring with an overhead stirrer 
for 1 h at 37'C in a water bath, recording the pH, and then collecting a suitable 
aliquot. To attain a higher pH, 1 M NaOH was similarly added. Throughout 
the titration, care was taken to maintain an excess of solid in equilibrium with 
the solution. The aliquots were filtered3 immediately, diluted with 0.1 M HCI. 
and analyzed spectroph~tometrically~ at 3 10 nm. The solubility was calculated 
in terms of the hydrochloride salt. A preliminary study showed that the sol- 
ubility did not change significantly if the equilibration of solution was con- 
tinued for more than I h after each addition of titrant. 


The solubility in a citric acid-phosphate buffer was determined by adding 
an excess of I 10-15 mL of the buffer in  a 50-mL volumetric flask, shaking 
overnight with a wrist-action shaker5 in a water bath at 37°C. and analyzing 
the aliquot as described above. The Saturation solubility in  0.01 and 0.1 M 
HCI was determined in the same manner. 


' Cerespan. (lot no. 56370;'150 mg); USV Pharmaccutical Corp.. Tuckahoe, N . Y .  * USVP no. 29745; USV Pharmaceutical Corp., Tuckahoe. N.Y. 
Millipore filter, Type HA; Millipore Corp.. Bedford. Mass 
Model 25;  Beckman Instruments. Fullerton, Calif. 
Burrell Corp., Pimburgh. Pa. 
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Figure I-Solubility of1  in water at 37°C as a function of pH determined 
by adjusting the p H  with I M HCI at pH <3.0 or with I M NaOH at pH >3.0. 
Each poinr represents one experimental value. All data were calculated in 
terms of hydrochloride salt equivalent. The broken line shows the theoretical 
solubility profile according to Eq. 3. 


The pH of the buffers with initial values >4 shifted to lower values on ad- 
dition of 1; consequently, the solubilities at these pH values were determined 
by using 11, which gave no significant change in  pH. The pH values of 0.01 
and 0.1 M HCI media remained practically unchanged in the presence of 
1. 


Analysis of Chloride Ion-During the determination of the solubility of I 
by the addition of I M HCI or I M NaOH, the analysis of chloride ion was 
made with selected aliquots. For the determination of chloride concentration, 
the aliquots were diluted 50 or 100 times with water, and 2 mL of 5 M NaNO, 
for each 100 mL of the diluted solution was added. The electrode potential 
in  millivolts was measured with a pH meter6 fitted with a chloride-sensitive 
electrode'. The standard calibration curve of log [CI-] versus millivolts was 
obtained with sodium chloride solutions containing 2 mL of 5 M NaN03/100 
mL. 


Determination of pK,-The apparent pK, values of papaverine reported 
in the literature are 5.95 (6). 6.95 (7). and 6.40 (8). Since variations were 
noticed, the pK, was determined in this study by recording the U V  spectra 
of 0.01 S-mg/mL solutions of I in citric acid-phosphate buffer under various 
pH conditions. The average pKa value obtained from the absorbances at 310 
nm, using the following equation, was 6.5: 


(Eq. 1) 


where ABH+ and A B  are the absorbances of the ionized and un-ionized species, 
respectively. and Aobs is the observed absorbance at the particular pH. 


Dissolution from Paprverine Sustained-Release Pellets-A method using 
the USP dissolution apparatusE was developed for measuring the dissolution 
rates of papaverine hydrochloride-containing pellets. The contents of one 
capsule were placed in a dissolution basket, and the basket was immersed in 
900 mL of dissolution medium previously warmed to 37OC. The basket was 
rotated at 100 rpm. and aliquots were taken from a point near the upper end 
of the basket and midway between the cylindrical edge of the basket and the 
wall of the vessel. The aliquots were analyzed spectrophotometrically at 3 10 
nm, and the concentrations of the drug were determined from the extinction 
coefficients at the particular pH. 


Intrinsic Dissolution of ]--The intrinsic dissolution rates of I were deter- 
mined using the dissolution apparatus described by Wood el al. (9). About 
700 mg of the sample was compressed in a die with a hydraulic press9 at a 
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Figure 2-The concentrations of chloride ion in the saturated solutions of 
I plorred as a function of pH (pH < apparent pHmax). 


pressure of 4540 kg. The assembly was immersed in  300 mL of the medium 
at 37OC and stirred at 220 rpm. The surface of the pellet exposed to buffer 
had an area of 0.95 cm2. The drug was assayed by removing suitable aliquots, 
diluting with 0.1 M HCI, and reading the absorbance spectrophotometrically 
a t  310 nm. 


Determination of the Effect of I on the pH of Buffen-The change in buffer 
pH in contact with I was determined in two ways. First, the citric acid- 
phosphate buffer, with pH 5.6, or 7, was added to I g of I and stirred with a 
magnetic stirrer. The pH was recorded when stabilized, after the addition of 
4 mL of the buffer and after 2-mL additions. Alternatively, the solid form of 
I was added in 0. I-g aliquots to 50 mL of a pH 6 buffer. The stabilized pH was 
recorded after each addition of solid. 


Photomicroscopy of the Cross Sections of Pellets-The pellets were em- 
bedded in paraffin, and sections at a thickness of 10 pm were cut with a rotary 
microtomelo using a diamond knife. The midsections of pellets were affixed 
to glass slides with egg albumin, and photomicrographs" were taken under 
UV light. 


Determination of Density and Porosity-The densities of I and the sus- 
tained-release pellets were measured with a null pycnometer'* using helium 
gas. Helium was purged through the samples for 12-1 5 min at the rate of 2-3 
bubbles/s prior to the density measurement. The porosity of the pellets was 
determined by a mercury intrusion poro~imeter '~ .  


RESULTS AND DISCUSSION 


Solubility of I-The solubility of I a t  37OC as a function of pH determined 
with the salt is shown in Fig. I .  It is observed from this figure that super- 
saturated solutions with a pH between 3.9 and 4.5 were formed; the pH of the 
supersaturated solution rose to 4.5 with the addition of I M NaOH before the 
precipitation of papaverine base (11) ensued; the pH finally stabilized at 3.9 
(apparent pHmax). Elemental analysis of the solid phase precipitating at  pH 


Digital 110; Corning Instruments. Medfield, Mass. ' Model 96-17; Orion Research. Cambridge, Mass. * Model 72-RL; Hanson Research, Northridge, Calif. 
Fred S. Carver; Inc., Monomonee Falls, Wis. 


lo  Model 820; American Optical Corp.. Buffalo, N . Y .  
I: Series 10 microscope; American Optical Corp. 
l 2  Model PY-5; Quantachrome Corp., Syossel. N . Y .  
I '  Model J5-7125D; American Instrument Co.. Silver Spring. Md 
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Table I-Dissolution Rates from Sustained-Release Pellets, Intrinsic Dissolution Rates, and Ratios of Rates to Solubilities of Papaverine Hydrochloride at 
Various pH Values 


Ratio of 
Ratio of Intrinsic Intrinsic 


Solubility Dissolution Rate Dissolution Rate Dissolution Dissolution 
of I a t  from Pcllets, from Pellets Rate of I,  Rate to 


Mcdium PHbulk PHbull; at 37'c mg/min to Solubility mg . cm-2 + min-' Solubility 


0.1 M HCI 1.1 19.9 0.6 0.030 2.6 


0.01 M HCI 2.0 42.1 I .6 0.038 6.3 


Citric Acid- 2.2 62.0 2.3 0.037 10.2 


3.0 60.5 2.5 0.04 1 - 
4.0 62.5 2.5 0.040 9.8 
5.0 0.4 I 2.2 5.4 9 .O 
5.4 0.16 1 .1  6.9 - 
6.0 0.047 0.24 5 .  I 4.1, 
7 .O 0.016 0.1 1 6.9 


Phosphate Buffer 


- 


Rate may have been affected by the deposition of a porous film on the dissolving surface. 


3.9 revealed that the solid consisted of 11 only. Thc applicable equations (2) 
to express the total solubility (ST) of salt and base at any pH are: 


where [BH'] and [B] are the concentrations of the ionized and un-ionized 
species, respectively. The subscripts pH < pH,,, and pH > pH,,, indicate 
that the equations are applicable for pH values less than and greater than 
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Figure 3- The solubility of I in citric acid-phosphate buffers. A, B. and C 
were obtained when an excess of I was added to buffers ofpH 4.0, 5.0, and 
5.4. respectively. The solubility at pH 25 was determined with I I .  Each point 
represents one experimental calue. AN data were calculated in terms of hy- 
drochloride solt equivalent. 
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pH,,,. respectively. The subscripts indicates a saturatcd species, and K, is 
the apparent dissociation constant. Each of these equations describes an in-  
dependent curve limited by the solubility of one of the two species, and pH,,, 
is the juncture of the twocurves. Thesolid phases inequilibrium with theso- 
lutions at a pH lower or higher than the pH,,, are salt and base, respectively. 
By using the apparent pK, of 6.5 and a solubility of 0.01 5 mg/mL for the base, 
the theoretical curve corresponding to Eq. 3 is also drawn in Fig. I .  The ex- 
perimental values agree with Eq. 3 only at  a pH >4.6. Below this pH, the 
experimcntal points are higher than the theoretical line, and the calculated 
pH,,, (3.0) is lower than the apparent value (3.9). 


The supersaturation at  pH values of 3.9-4.5 in Fig. 1 is released by nucle- 
ation when the pH shifts to either side of the apparent pH,,,. This was proven 
by the rapid precipitation observed when a supersaturated solution ofsalt was 
nucleated with solid base or vice versa. 


According to Q. 2, the total solubility below pH,,,should remain constant, 
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Figure 4-The solubility of I and 11 at p H  higher than pH,,, shown with an 
expanded scale. The solubility was determined by increasing the pH of a 
solution of I with I M NaOH (a), by decreasing the pH of a solution of I I  
with 1 M HCI (A), and by adding I I  to citric acid-phosphate buffer (0). The 
solid line was generated theoretically according to Eq. 3. 
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Figure 5 -Dissolution of 1 from papacerine sustained-release pellets in citric 
acid-phosphate huljrrs. Key: ( O J p H  ? . 2 ; ( a / p H  ~ ; ( O ) p I ~ 4 ; ( O J p I l 5 ; ( O J  
pH 5.4; (A) p H  6; ( W J  pH 7. Each point represents mean f SD ofrhree ex- 
perimental calues. except j b r  pH 6. for  which the mean of  duplicate deter- 
minarions was plorred. 


i.e., equal to the solubility of the salt. The solubility of I ,  however. dropped 
gradually on lowering the pH below 2 with the addition of I M HCI. The 
chloride concentrations of solutions with p H  values lower than pH,,, are 
plotted in Fig. 2. Between pH 2 and 4, the chloride concentration remained 
constant, along with the constant solubility exhibited over this range (Fig. I ) .  
A sharp increase in chloride ion concentration below pl l  2 showed that the 
decline in  solubility in Fig. 1 was due to a common-ion effect. 


Solubility in Buffen-- The pH-solubility of profile I in citric acid- phosphate 
buffers is presented in Fig. 3. As in Fig. I .  the apparent plimax was 3.9 (higher 
than the theoretical pH,,,), but the solubility of the salt at pH values between 
2.2 and 3.9 was higher than that in the unbuffered solutions. Equilibrium 
solubility determinations in  buffer showed no supersaturation effect around 
the apparent pH,,,. The increase in solubility, however. over that obtained 
by the addition of acid or base bctween pH 3.3  and 3.9  may be due to salt 
formation with the buffer components. When an excess of I was added to the 
buffers with an initial pH higher than the apparent pH,,,, the pH droppcd 
to the latter value. The data points A, B, and C (Fig. 3) were obtained by 
adding an excess of I to buffers of  p l l  4, 5.  and 5.4. respectively. Since the 
profile could not be extended below pH 2.2 in the citric acid- phosphate buffer 
system. no common-ion effect was noticed. 


The solubilities above the apparent pllmax determined by ( a )  increasing 
the pH of a solution of I ,  ( h )  decreasing the pll  of a solution of I I .  and (c) 
adding I I  to citric acid phosphate buffer are shown with an expanded scale 
in Fig. 4. The line drawn is a theoretical value based on Eq. 3. As noted earlier, 
the solubility below pH 4.6 lies higher than the theoretical line. 


Equilibrium solubility values determined by overnight shaking were plotted 
in Fig. 3, whereas Fig. I was generated by titration. An apparent plimax of 
3.9 in bo th  cases. which is higher than the value of 3.0 derived theoretically. 
suggests that the positive deviation in solubility profile observed in Fig. I was 
nof due to nonequilibrium conditions. Bogardus and Blackwood (10) have 
also observed similar nonideal behavior in the pH-solubility profile of doxy- 
cycline hydrochloride and have suggested that this might be due to self-as- 
sociation of the solute. 
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Figure 6-Dissolurion of ljroni papacerine sustained-releose pellers in 0.01 
M HC'IfOJandO.1 M I lCl(AJ. Eachpointrepresentstrrean f SDofrhethree 
experimental values. 


Dissolution from Papaverine Sustained-Release Pellets -The dissolution 
of I from sustained-release pellets of I in citric acid-phosphate buffers a t  pH 
values of 2.2. 3.0,4.0, 5.0, 5.1,6.0, and 7.0 is shown in Fig. 5. The graphs in 
the pH region between 2.2 and 5.0 showed linearity after certain initial lag 
periods. This implies that the release rites were 7ero order for the periods 
corresponding tothc linearity. At pt i  2.2,3.0, and 4.0. lOO%of the drug was 
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Figure I- C'hanges of p l l  of citric acid-phosphate buffers added to I g of 
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Figure 8---Dissolution pro/les of Ifrom a constant surface area of0.95 cm’ 
at 37^C in carious buffers. Each poini represents mean f SD of ihree ex- 
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pH 5.0; (A) pH 6.0. Deposition of a porous f i lm of papaoerine base was ob- 
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released from the pellets. whereas at pH 15.0,  the dissolution profiles leveled 
off before complete release. 


The zero-order rates in the pH range between 2.2 and 5.0 were calculated 
from the straight-line portions of the graphs. The release rates at pH 5.4.6.0, 
and 7.0 werecalculated from the initial portions of the graphs (<60 min) since 
sink conditions were not fulfilled. The rate constants, the solubilities, and their 
ratios at various pH are shown in Table 1. According to Fig. 3. the saturation 
solubility between pH 2.2 and 3.9 was almost constant. This agrees with a 
similar constancy in dissolution rates at pH 2.2, 3.0, and 4.0. The dissolution 
of the pellets was also measured in  0.01 and 0.1 M HCI to study the effect of 
solubility on release rates (Fig. 6, Table I). In these two media, the saturation 
solubilities were 42 and 20 mg/ml., and the zero-order dissolution rates were 
I .6 and 0.6 mg/min, respectively. Thus, a t  the apparent pH,,, and lower, the 
dissolution rates were approximately proportional to the solubilities. 


Similar proportional relationships between the solubility and the dissolution 
rate did not exist at higher pH. For example. although the solubilities a t  pH 
5.0 and 5.4 were 152 and 390 times lower, respectively, than the solubility in  
the pH range of 2.2-3.9, the dissolution rates decreased only by factors of I .  I 


and 2.3. This effect is further illustrated in Table I by the ratios of dissolution 
rate from pellets to solubility. At pH 1 4 ,  the ratios were very small and almost 


t higher pll .  the ratios were much larger. Thediscontinuity 
between the two sets of ratios occurred at  the apparent pH,,,. 


Self-Buffering Action of I-The larger dissolution rate to solubility ratio 
at pH values higher than the apparent pH,,, may be related to the effect of 
an excess of I on the pH of the buffer solutions. When buffers of pH 5.0,6.0, 
and 7.0 were added to solid drug, the pH always dropped to a level between 
4.0 and 4.5 and remained at this level until  a considerable excess of buffer was 
added to raise the pH (Fig. 7). The same effect was also observed when an 
excess of 1 in solid form was added to pH 6 buffer, causing the pH to drop to 
3.9. As long as an excess of 1 i n  solid form was present. the pH of the solution 
remained between 3.9 and 4.5. although the initial pH values of the buffers 
were higher. This pH range corresponds to the apparent pH,,, and the su- 
persaturation range of I (Fig. I ) .  The self-buffering action of I inside the pellets 
may increase the effective drug solubility, thus giving higher release rates at 
external pH values greater than the apparent pHmx. The increase in solubility 
due to the self-buffering action of I may not be identical when buffers of dif- 
ferent pH values are used as the dissolution media. This is apparent from Fig. 
3, in which points R and C represent the saturation solubilities of I in citric 
acid-phosphate buffers of pH 5.0 and 5.4. respectively. 


The dissolution profilcs of 1 from constant surfaces in  selected media are 
shown in Fig. 8 ,  and the results are tabulated in Table I along with those from 
sustained-relcase pellets. The profiles showed apparent linearity, although 
sink conditions should not exist at pH 5.0 and 6.0. According to the Noyes- 
Whitney equation ( I  I ) ,  thedissolution rate (.I) o f a  compound is proportional 
to the saturation solubility (S&, and J /S ,  is constant if the surface area, 
diffusion layer thickness, and diffusion coefficient are assumed to be constant. 
However, due to the self-buffering action in  the diffusion layer ( 1  2,13) ,  the 
intrinsic dissolution rates of 1 at pH > pH,,, were not proportional to the 
solubilities. This similarity with the dissolution from pellets confirms that the 
self-buffering action of I was involved in the dissolution from sustained-release 
pellets. 


Mechanism of Release from Sustained-Release Pellets-The linearity of 
the drug release with time and the extended duration indicate zero-order ki- 
netics for the dissolution rate. The structure of the pellets, consisting of I 
dispersed in a matrix of shellac with added filler, suggests a mechanism in- 
volving the leaching of the drug from the matrix (14). The equation describing 
the heterogeneous diffusion-controlled matrix model is: 


(Eq. 4) 


where Q is the amount of drug released per unit area from a matrix of porosity 
c, tortuosity 7, and initial drug concentration A at the time I .  D and C, are 
the diffusion coefficient and solubility of the drug i n  the permeating solvent, 
respectively. Figure 9a and b show photomicrographs of the cross sections of 
pellets. The diameter of the core is 4 . 6  mm, as compared with the diameter 
of 0.9 mm for the pellet. The outermost layer produced by the addition of 
shellac and filler cannot be clearly identified in Fig. 9a, because slight mi- 
gration of 1 to this layer during spraying of the shellac solution obscures the 
distinction under UV light. However. the outermost barrier layer is distin- 
guishable and remains intact after total leaching of I (Fig. 9b); the thickness 
of this layer is estimated to be 20-30 pm. From the core volume and papav- 
erine hydrochloride charge, A was estimated at  700 mg/mt., and the condition 
A >> C, was satisfied. Porosimetry measurements of pellets allowed compu- 
tation of the average porosity of the penetrated portion of the matrix, which 


Figure 9-Phoiomicrographs of (a) cross- 
seclions of gross pellets (magnification. 
JOX) showing internal sugar heads and 
fluorescence of the papaoerine hydrochlo- 
ride annulus and (b) microtomed cross sec- 
lions of leached-out pellets (magnification. 
I O O X i .  Key: (A) sugar core: (B) leached-our 
annulus filled bith paraffin; (S) outer 
shellac-filled layer. 


Journal of Pharmaceutical Sciences I 1207 
Vol. 73, No. 9, September 1984 







was -0.614. The tortuosity term must be high, particularly since additional 
shellac and filler were added in the final stages of pellet preparation. From 
the dissolution rate of pellets without added fillcr, a value of 30 was estimated 
for 7 by Eq. 4. By assuming from the pellet core dimensions a matrix thickness 
of I50 p n  and a boundary layer thickness of 100fim. the ratio of resistances 
of matrix to unstirred layer is of the order of -75, so matrix-controlled release 
proportional to t112 would be predicted. The zero-order release rates that were 
observed, however, imply a constant activity of drug in a reservoir, due possibly 
to a barrier layer on the surface of the pellet where a constant concentration 
is maintained. Diffusion at  constant concentrations through such a barrier 
layer may be the rate-determining step which results in release being linear 
with time. This mechanism was confirmed by dissolution from thick films of 
I dispersed in a shellac-based matrix in the same proportion as in the pellets 
but without the final drugfree layer. The release was found to be linear with 
t I /*  and agreed with the heterogeneous matrix model. Moreover, the release 
from pellets made without the outer layer of shellac and filler also adhered 
to the relationship. 


The sensitivity of the release rates to pH of the external solvent at pH < 
pH,,, confirms that the leaching process takes place within a granular matrix. 
However, the expected decrease of release rate based on the decreased soh-  
bility at higher pH was not observed. These results were explained by the 
self-buffering action of the drug and the tendency to revert toward the ap- 
parent pH,., in the media of low buffer capacity. 


The results of the present investigation indicate that the variability in the 
dissolution rate of a drug within the GI pH range due to differences in solu- 
bility may be reduced by designing controlled-release dosage forms. The 
importance of internal pH within the polymer matrices in controlling the 
solubility of drug and hence the dissolution rate has also been noted by Jam- 
bhekar and Cobby (15) .  


~~ ~ 


I‘ The maximum porosity when all of the active drug is dissolved is given by f + A ( I 
- c), where 6 is the porosity of the pellet equal to 0.07, and A is the concentration of drug 
in the matrix. 
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Serum and Myocardial Kinetics of Amiodarone and 
Its Deethyl Metabolite After Intravenous 
Administration in Rabbits 
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Abstract 0 The serum kinetics of amiodarone and its major metabolite the 
deethyl analogue were studied in rabbits after intravenous administration. 
The elimination of the drug and the metabolite from serum occurred as a 
biexponential function. Both compounds exhibited a rapid distribution phase 
(6.5 and 4.4 min, respectively) and had elimination half-lives of 136 and 235 
min, respectively. Thcre was a rapid uptake of both drugs by the myocardium, 
with maximal concentrations at 5 and 1 5  min. The myocardial concentrations 
were higher than the respective serum concentrations and declined with time. 
There was a wide scatter in myocardium-serum ratios, which ranged from 
I to 11 for amiodarone and I2 to 29 for the metabolite. Neither thedrug nor 
the metabolite produced significant changes in the surface electrocardiogram 
after intravenous administration. These data suggest that accumulation of 
the metabolite does not account for the slow onset of action of amiodarone. 


Keyphrases Kinetics-serum and myocardial, amiodarone and its me- 
tabolite, rabbits 0 Amiodarone-serum and myocardial kinetics, rabbits 0 
Deethyl metabolite--amiodarone, serum and myocardial kinetics, rabbits 


Plasma drug levels are commonly used to monitor the effi- 
cacy and toxicity of antiarrhythmic compounds. Such an ap- 


proach is based on the assumption that the drug level in the 
myocardium, the presumed site of action of cardioactive 
agents, is in equilibrium with that in plasma. However, this 
assumption may not necessarily be valid under conditions of 
rapidly changing plasma levels of drugs ( I ) .  The significance 
of the myocardium-plasma drug ratios in the interpretation 
of the pharmacological responses of antidysrhythmic agents 
such as lidocaine (2), quinidine (3), verapamil (4), disopy- 
ramide ( 5 ) ,  and n-acetylprocainamide ( 6 )  has been empha- 
sized. Such studies are particularly relevant in the case of 
amiodarone, a potent class I11 antiarrhythmic drug (7), in light 
of our recent finding which demonstrates a lack of correlation 
between serum drug concentrations and suppression of pre- 
mature ventricular contractions in patients with cardiac ar- 
rhythmias (8).  Chronic amiodarone therapy results in the 
accumulation of a metabolite, the deethyl analogue, in serum 
(9). However, neither the pharmacokinetics nor the pharma- 
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COMMUNICA TIONS 


Liquid Chromatographic Analysis of 
Cimetidine with Procainamide as  Internal 
Standard 


Keyphrases 0 Cimetidine-HPLC analysis in plasma and urine 0 Liquid 
chromatography-analysis of cimetidine in plasma and urine 


To the Editor: 


We recently reported in this journal a simple and sensitive 
liquid chromatographic assay for cimetidine in plasma and 
urine (I) .  Chromatographic separation was performed on a 
radially compressed column', which allowed much faster and 
more efficient chromatography than previously described 
assays (1). However, since burimamide (the internal standard) 
is no longer manufactured, this has rendered our assay inap- 
plicable by other investigators. We have therefore examined 
the chromatography of a wide variety of other compounds, 
including many other Hz-antagonist analogues, and found 
procainamide to be the most suitable alternative internal 
standard to burimamide. This results in minimal modification 
of our originally published assay. 


In the analysis of plasma, procainamide hydrochloride2 (20 
pg/mL, 100 pL, in a 0.09% sodium metabisulfite solution), 
sodium hydroxide ( 2  M, 0.5 mL), and dichloromethane (20 
mL) were added to 1 .O mL of plasma in a 30-mL glass tube. 
In the analysis of urine, procainamide hydrochloride* (1 
mg/mL, 25 p L ,  in a 0.09% sodium metabisulfite solution), 
sodium hydroxide (2 M, 100 pL), and dichloromethane (5 
mL) were added to 250 pL of urine in a 30-mL glass tube. 
Thereafter, the method of extraction and reconstitution of both 
plasma and urine samples was identical to that previously re- 
ported (1). The mobile phase, radial compression column', 
chromatographic conditions, and instrumentation were as 
reported previously ( 1). Procainamide (2.6-min retention) and 
cimetidine (3.8-min retention) were completely resolved. Ci- 


-~ ~~~~ ~ ~ ~ 


' Rad Pak A and RCM-100. Waters Associates. Milford. Mass. 
Sigma Chemical Company. St. Louis. Mo. 


BOOKS 


metidine sulfoxide (1.5-min retention), the major metabolite 
of cimetidine (2), did not interfere with the assay. The ana- 
lytical recoveries of cimetidine and procainamide were 60 and 
5970, respectively. The coefficient of variation for within-day 
assays of plasma cimetidine levels was 1.8% at 1000 ng/rnL 
( n  = 6); for urine it was 0.53% at 50 pg/mL ( n  = 6). The 
coefficient of variation of between-day assays of plasma ci- 
metidine levels over 4 weeks was 5.2% at 901 ng/mL (n = 7); 
for urine over 4 weeks the value was 5.4% at 51 .O pg/mL (n 
= 5) .  


The assay was applied to the measurement of plasma and 
urine samples obtained from a patient who underwent intra- 
venous and oral cimetidine therapy in pharmacokinetic studies 
according to the protocol reported previously (1). The same 
samples were also analyzed for cimetidine by our original 
liquid chromatographic method (1) with burimamide as in- 
ternal standard. There was good correlation between the two 
methods ( r  = 0.991). and the cimetidine levels did not signif- 
icantly differ (paired t test, p >, 0.20, df = 20) between the 
assays. 


Thus, with a change in internal standard from burimamide 
to procainamide, this method can still be applied to the assay 
of cimetidine in biological fluids, without a major change in 
methodology. 


(1) G. W. Mihaly. S. Cockbain, D. B. Jones, R. G.  Hanson, and R. A. 
Smallwood, J .  Pharm. Sci., 71,590 (1982). 


(2) D. C. Taylor, P. R. Creswell, and D. C. Bartlett, Drug Metab. Dispos., 
6.21 (1978). 
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A Textbook of Pharmaceutical Analysis. 3rd Ed. By KENNETH A. CON- 
NORS. Wiley-lnterscience, 605 Third Avenue, New York, N Y  10016. 
1982.664 pp. 15 X 23 cm. Price $55.00. 
This book is the latest revision in what is by now a classic text in pharma- 


ceutical analysis for the undergraduate pharmacy curriculum. The first and 
second editions were issued in 1967 and 1975. The field of "pharmaceutical 
analysis" has undergone enormous changes over the 15 years this text has been 
used. Whether the sample be raw materials, dosagc forms, or biological fluids, 
the methodology is more selective, more precise, and more accurate. As a 
reflection of modern developments, the latest edition includes a chapter on 
immunoassay and a substantially expanded chapter on liquid chromatography. 
Both of these subjects scarcely existed in 1967 (especially with respect to 
determination of pharmaceuticals), and now they are prominent in virtually 
every issue of this journal. 


As was the case with previous editions. this book meets its objectives very 
well. I especially like Connor's focus on chemical reactions and his liberal use 


of examples, practice problems, and laboratory experiments. He is at his best 
when describing the interface between fundamental chemistry and instru- 
mentation. It is delightful to see organic reaction mechanisms and stereo- 
chemistry taken into consideration. So many analytical chemistry texts are 
stuck on inorganic things and gadgets and thus miss the needs of many stu- 
dents. 


The only fault I find with this book is that it is too much material for the 
undergraduate level and not quite enough to be useful as a graduate text for 
junior researchers. It just misses these audiences by dropping in between, a 
problem that can be solved by selective assignments and supplementary ma- 
terial. Overall, a job well done! 


Reviewed by Peter T. Kissinger 
Depariment of Chemistry 
Purdue Universiiy 
West Lafayetie, I N  47907 
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Table 11-Enzymatic Analysis of Skin Deeontaminntion Water and Skin 
%rub Solution 


Active Agent, %@ 
Decontamination Scrub 


Chemical Condition Water* Solution 
~ 


Phosphonofluoridate No - 1 3 %  I2 
shower 


Shower 1 5 f 6  1 7 f 6  
Thickened No - 8 f 7  


phosphonofluoridate shower 
Shower 16f 13 I S *  15  


Percent of recovered radioactivity associated with active agent as determined by 
enzymatic assays. Numbersare mean f SD. * Water collected in chamber B after shower 
decontamination of the skin. One percent aqueous surfactant solution used to scrub 
and rinse the skin. 


course of the study, and after the completion of the experiments. Purity was 
essentially 100% at  the initial and midpoint, but fell to 70% after the com- 
pletion of the experiments. However, no significant differences were found 
between results from initial and final samples. 


The inactivation of 1,2,2-trimethylpropyI methylphosphonofluoridate in 
contact with skin is consistent with the observations of Fredricksson (3) who 
demonstrated the presence of organophosphate ester hydrolases in the skin 
of rats. Other investigators (4) who compared skin penetration of the phos- 
phonofluoridate activity with radiolabel penetration reported that human skin 
decomposed at  least 80% of the applied phosphonofluoridate as contrasted 
with 30% inactivation of its penetration of guinea pig skin.. 


Diethyl malonate was selected as a simulant for the phosphonofluoridate 
in skin-surface removal studies on the basis of similar physical properties. For 
both compounds, the majority of the applied dose evaporated. After 15 min, 
most of the radiolabel that remained (Table I) was recovered from the skin 
surface (by showering or scrubbing). The lack of agreement between radio- 
activity and enzyme inhibition assays of the shower and scrub water would 
suggest that some of the phosphonofluoridate hydrolyzed after it contacted 
the skin. In the case of diethyl malonate, hydrolysis on the skin is certainly 
possible. It is, therefore, possible that the shower removed a mixture of the 
original compounds as well as hydrolysis products, and it is no longer clear 
what is being compared. Presumably, the intact compound would have a 
different affinity for the skin than its hydrolysis products. The fact that similar 
skin decontamination efficiencies (as judged by the percent removal of ra- 
dioactivity still on the skin after evaporation) were obtained by showering after 


application of the radiolabeled diethyl malonate and phosphonofluoridate may 
be fortuitous. However, if the shower removed the upper layers of skin, and 
thus removed contaminants in these layers indirectly, decontamination of 
surface residues would be independent of chemical structure, and similar 
decontamination efficiencies would be obtained as  in this study. 


Under the conditions of this study, skin penetration of 1.2,2-trimethylpropyI 
methylphosphonofluoridate and diethyl malonate was limited by the dose, 
short interval between application and decontamination, and the free evapo- 
ration of the chemicals during this interval. The skin penetration of the 
phosphonofluoridate is complicated by the possibilities of chemical degra- 
dation during its passage through the skin. Attempts to compare the percu- 
taneous penetration of this phosphonofluoridate (and other highly toxic or- 
ganophosphorous compounds) to analogues or simulants must await knowl- 
edge of the fate and distribution of these compounds in skin. 
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Abstract A stereospecific assay for the simultaneous determination of the obtained by an MS method, involving administration of a synthetic pseude 
enantiomers of warfarin and its major metabolites, 6- and 7-hydroxywarfarin racemate [‘*C(R),’T(S)]warfarin. In addition to all known metabolites, 
and warfarin alcohols, in plasma and urine was developed. Involved in this the detection of 7-R-hydroxywarfarin indicates that 7-hydroxylation is ste- 
determination was the formation of diastereoisomeric esters with carboben- reoselective rather than stereospecific. 
zyloxy-L-proline. separation by normal-phase high-performance liquid 
chromatography, and detection by fluorescence after postcolumn aminolysis KeypbrPses F1uorescencel HPLC-stereospecific Of warfarin and 
with n-butylamine. The determination limit for any enantiomer is in the order its 
of 50-100 ng. The method was applied to the analysis of the enantiomers of 0 Isomers-stereospecific fluorescence HPLC. warfarin and its metabolites 
warfarin and metabolites in plasma and urine of human subjects receiving 
racemic drug. The results for warfarin enantiomers are comparable with those 


Warfarin-stereospecific fluorescence HPLC* 


Warfarin [3-(a-acetonylbenzyl)-4-hydroxycoumarin] 
contains an asymmetric center. In humans, the R- and S-iso- 
mers show differences in pharmacological activity (I) ,  hepatic 


clearance, and metabolism (2-4). Drugs have been shown to 
interact differently with the isomers; for example, when 
coadministered with phenylbutazone, the hepatic clearance 
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Figure I-Flow diagram of HPLCsystem used for separation andfluores- 
cence detection of warfarin isomers and metabolites. 


of the S-isomer is decreased, whereas that of the R-isomer is, 
if anything, hastened (3, 5 ) .  


To explore the pharmacokinetics of the individual isomers 
and drug interactions with warfarin, several stercospecific 
assays were developed for the determination of warfarin en- 
antiomers in plasma. One assay involved the synthesis of a 
stable isotope of one of the enantiomers, administration of a 
pseudoracemate, [‘zC(R),13C(S)] warfarin, and determination 
of the isomers in plasma by MS (6,7).  Another assay used was 
a stereospecific radioimmunoassay (8). Recently, we reported 
a high-performance liquid chromatographic (HPLC) tech- 
nique involving UV detection (9). We now report an extension 
of the HPLC technique for determination of not only the en- 
antiomers of warfarin, but also its enantiomeric metabolites 
in plasma and urine after administration of RS-warfarin to 
humans. The method is more sensitive and specific than the 
UV method. 


EXPERIMENTAL SECTION 


Retgents and Materials-Racemic warfarin was obtained from its sodium 
salt’ by precipitation with 0.1 M HCI. The dried material was recrystallized 
from absolute ethanol. R ( + ) -  and S(-)-warfarin2; warfarin metabolites’ 
[6-hydroxywarfarin, 7-hydroxywarfarin, alcohol 1 (RS and SR alcohols)]; 
the selected internal standard4, 3-~~-[(4’-fluorophenyI)-j3-acetyleth- 
yl]-4-hydroxycoumarin and 4’-fluorowarfarin; imidazole5; dicyclohexylcar- 
bodiimide6; carbobenzyloxy-L-proline6; n-butylamine6; hcxane (HPLC 
grade)’; methanols; and ethyl acetate (HPLC grade)’ were used as supplied. 
Peroxide-free ether9 was prepared by passage through a column of activated 
aluminaIO (45 g). 


Extraction from Plasma-To culture tubes” containing citrated plasma 
were added the internal standard (4’-fluorowarfarin), ranging from 0.85 to 
6.8 pg/lDO pL of water, sodium hydroxide (0.2 mL), and peroxide-free ether 
(4 mL). The mixture was shaken mechanically for 5 min and centrifuged’* 
at 3000 rpm for 5 min; the organic phase was removed by aspiration. The 
aqueous phase was then acidified with 3 M HCI (0.5 mL), shaken with per- 
oxide-free ether (8 mL) for 2 min, and centrifuged at  3000 rpni for I0 rnin; 
the ethereal layer was transferred to a clean culture tube. The ether was 
washed free of any citrate by shaking with pH 4 phosphate buffer (5  mL) for 
5 min. (If the anticoagulant used is heparin, the pH 4 phosphate buffer 


I Sorex. U.K. 
2 Gifts from Endo Laboratories. Inc. ’ Gifts from Dr. William Trager, School of Pharmacy, University of Washington. 


‘Gifts from Ciba Geigy Ltd., Switzerland. 
J Sigma Chemical Co. 


’ Rathburn. Scotland. 
8 Analar grade; Fisons, U.K. 


l o  Alkaline. Brokman type I :  B.D.H.. U.K. 


‘ 2  Super Minor Centrifuge. no. 533A; MSE. U.K. 


Seattle. Wash. 


Aldrich Chemical Co. 


May and Baker, Dagenham, U.K. 


Corning Glass Works. 
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Figure 2-Fluorescence intensity on incubation of the carbobenzyloxy-L- 
prolyldiastereoisomeric esters of RS-warfarin with n-butylamine (a) and 
1.3-diaminopropane (v). 


washing step can be omitted from the procedure.) After allowing the phases 
to separate, the ethereal laqer was dried over calcium chloride (-1 8). cen- 
trifuged (3000 rpm for 3 rnin), and transrerred to a culture tube, the tip of 
which was drawn out to a capacity of 0.2 mL. An antibumping granule was 
added to each tube, and the ether was evaporated on a heating block at  45OC 
under a stream of nitrogen. The tubes were washed three times with small 
volumes of ether, with evaporation of the ether carried out between each ad- 
dition. Finally, a small volume of ether (100 pL)  was added, vortexed, and 
evaporated to dryness. 


Extraction from Urine-To silanized culture tubes containing internal 
standard (0.8-7 pg of 4’-fluorowarfarin in 100 pL of water) were added a 
urine sample (0.5 mL), 3 M HCI (0.5 mL). and chloroform (8 mL). The tubes 
were capped with screw-caps with polytef liners; the mixture was shaken for 
-45 min by rotating gently and centrifuged at 3000 rpm for 10 min. The 
aqueous layer was removed by aspiration, and to the organic phase was added 
0. I M NaOH ( I  .7 mL). The process of extraction and phase separation was 
then repeated. The sodium hydroxide layer was transferred to a clean culture 
tube, acidified with 3 M HCI (0.5 mL). and shaken with chloroform (8 mL) 
for -45 min. After centrifugation (10 rnin), the aqueous layer was removed 
by aspiration, and the chloroform layer was dried by vortexing for -I0 s over 
calcium chloride (-I g/tube), followed by centrifugation at  3000 rpm for 5 
min. As much as possible of the chloroform layer was then transferred to a 
culture tube, the tip of which was drawn out to a capacity of 0.2 mL and 
evaporated to dryness with a heating block at 65’C under a stream of ni- 
trogen. 


Derivatization--To the extracts in the tapered culture tubes were added 
carbobcnzyloxq-~-proIine (200 mg/mL of acetonitrile; 10 pL), imidazole ( 1  
mg/ml of acetonitrile; 10 pL), and dicyclohexylcarbodiimine (200 mg/mL 
of acetonitrile; 10 pL). and the mixture was vortexed for -I0 s. After 2 h at 
ambient temperature a small volume of ethyl acetate (10 pL) was added to 
the mixture, and aliquots were analyzed by HPLC. 


Higb-Perfomnuwe Liquid Cbroontograpby-A flow diagram of the HPLC 
system used for separation and fluorescence detection of the diastereoisorneric 
esters after aminolysis is shown in Fig. 1. The mobile phase [ethyl acetate- 
hexane-methanol-acetic acid (25:74.75:0.25:0.3)] was pumped13 at  a flow 


l 3  Model IOOA; Altex, Anachem Ltd.. U.K. 
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Figure 3-Comparison between the HPLC assay carried out in this study 
and an MS assay (16) for the determination of warfarin enantiomers in 
plasma in subjects receiving racemic warfarin either alone (a) or during 
phenylbutazone administration I * ) .  


MS A S S A Y ,  pg/mi.  


rate of 0.8 mL/min through a stainless steel column (250 m m  X 5 mm i.d.) 
packed with silicaI4. The analytical column outlet was fitted through the 
shortest possible length of polytef tubing (0.030 m m  i.d.) to a stainless steel 
tee15 ( 4 . 1 6  cm i.d.), through which the postcolumn reagent [n-butyl- 
amine-methanol ( I : ] ) ,  pumpedI6 at a flow rate 0.4 mL/min] was mixed with 
the mobile phase. The outlet of the tee was connected to a bed reactor (stainless 
steel column 3.0 mm i.d. X 25 cm) packed with glass beads’’ (40 pm). The 
entire system was at ambient temperature. The effluent from the bed reactor 
was analyzed fluorometrically with excitation at 313 nm, and the emission 
was measured in the presence of a filter1* with a sensitivity setting of 6.16and 
a time constant of 6 s. For the simultaneous determination of warfarin and 
metabolites, a range setting of I pA was used for between 5 and I .O pg per 
isomer of warfarin. When either the last internal standard ester or SR-alcohol 
had eluted, the range was switched to 0.2 pA toquantitate the other metab- 
olites. At 0.2 pg per isomer of warfarin, thc range setting was constant at 0.2 
p A  throughout the analysis. 


The concentrations of enantiomers of warfarin and its oxidation products 
(6-hydroxywarfarin, 7-hydroxywarfarin) and reduction products (warfarin 
alcohols) in  the unknown samples of plasma and urine were calculated by 
reference to appropriate calibration curves. These curves were constructed 
by taking known quantities of the reference materials in warfarin-free plasma 


Si 5-pm; Spherisorb. Phase Separation, U.K. 
I 5  HETP, U.K. 
l6 Model 600DA; Waters Associates. 
I’ Whatman 4338-01 5 ;  Whatman, Inc. 


No. 370. 
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Fiiure 4-Chromatogram resulting from extraction and derioatization with 
carbobenzyloxy-L-proline with subsequent postcolumn aminolysis of plasma 
( I  mL) obtained from a subject 24 h afrer oral administration of RS-warfarin 
(1.5 mg/kg). Key: ( I )  S-warfarin (3.2 pg/mL); (2)Jht eluting peak of internal 
standard (0.42 pg): (3)  R-warfarin (4.0 pg/mL); (4) second elutingpeak of 
internal standard (0.42 pg): (5) SS-alcohol (not quantitated); (6) RS-alcohol 
(0.53 pglmL): (7)  6-S-hydroxywarfarin (0.1 I pgfmL); (8) 7-S-hydroxy- 
warfarin (0.77 pglmL): (9) 6-R-hydroxywarfarin (0.18 pglmL); (10) 7-R-  
hydroxywarfarin (not quantitated). Arrow indicates a change of sensitivity 
setting from I to 0.2 p A .  


and urine through the assay procedure and plotting the peak height ratios 
obtained, using either isomer of the internal standard, versus the known 
amount of isomeric material per sample. 


Elution Order of Warfarin and Metabolites-The individual isomer elution 
order was established from the administration of either the R- or the S-war- 
farin in an isolated perfused rat liver system in a manner similar to that de- 
scribed by Pang and Rowland (10). R ( + ) -  or S(-)-warfarin (20pglmL in 
Kreb’s bicarbonate buffer) was added to the perfusate in a recirculating ex- 
periment. After 90 min. the experiment was stopped, and a sample of the 
reservoir was subjected to analysis for warfarin and metabolites as described 
above. 


RESULTS AND DISCUSSION 


Previously, we successfully developed a stereuspecific HPLC method for the 
determination of R ( + ) -  and S(-)-warfarin in plasma (9). The method in- 
volves the reaction of the 4-hydroxy group with carbobcnzyloxy-L-proline with 
formation of diastereoisomeric esters, separation of the esters on silica as the 
stationary phase, and UV detection at 3 13 nm. The method has sufficient 
sensitivity ( 4 . 1  pg per isomer) to measure the plasma concentrations of 
warfarin enantiomers after chronic maintenance therapy with racemic war- 
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farin and for up to 5 d after a large single oral dose (1.5 mg/kg) of the racemic 
drug. However, the method is insufficiently sensitive to measure in detail the 
pharmacokinetics after lower single doses and to measure the concentration 
of the warfarin metabolites (&hydroxywarfarin, 7-hydroxywarfarin, warfarin 
alcohols), which are generally much lower than that of the parent drug (3). 
These limitations prompted us to develop a more sensitive stereospecific an- 
alytical procedure which was still based on the formation of diastereoisomeric 
esters with carbobenzyloxy-L-proline. Preliminary work showed that this 
reaction can readily be extended to warfarin metabolites. Use was made of 
the native fluorescence of warfarin and its metabolites (3). 


Postcolumn Aminolysis-Fluorescence techniques often offer greater 
specificity, as well as enhanced sensitivity, over UV methods. However, by 
forming a n  ester a t  the Chydroxyl function, the fluorescent property of war- 
farin and its metabolites is lost, since only the ionized form of these species 
fluoresces (3). Therefore, to produce a fluorescent species, the chromato- 
graphed esters must be cleaved post column. 


The optimal HPLC conditions for separation of the diastereoisomeric esters 
is the normal-phase mode, with silica used as the stationary phase. The mobile 
phase [ethylacetate-hexane-methanol-acetic acid (25:74.75:0.25:0.3)] is 
immiscible with water, so the frequently employed aqueous alkaline hydrolysis 
of esters could not be. employed. The possibility of nonaqueous aminolysis of 
the carbobenzyloxy-L-proline esters of warfarin enantiomers with organic 
amines was explored by monitoring the liberated warfarin fluorometric- 
ally. 


Successful nonaqueous aminolysis and development of a fluorescent species 
was achieved with n-butylamine and 1,3-diaminopropane in methanol. Tri- 
ethylamine, N,N-dimethylaniline, and N,N,N',N'-tetramethylethylen- 
ediamine were also investigated. However, not only did the warfarin carbo- 
benzyloxy-L-prolyl esters aminolyze more slowly with these organic bases, 
but fluorescence of the liberated warfarin was also markedly reduced in the 
presence of these amines, as  compared with that achieved in the presenceof 
either n-butylamine or 1.3-diaminopropane. TLC analysis [ethyl acetate- 
hexane-acetic acid (3070:0.2), silica gel] of the butylamine reaction mixture 
at the end of the reaction, as  judged by the maximum fluorescence reading, 
confirmed that aminolysis was complete. In place of the two diastereoisomeric 
esters (R10.27 and 0.32) there was now only one spot corresponding to war- 
farin (R, 0.35). Phenyl acetate undergoes aminolysis by n-butylamine to form 
n-butylacetamide (1 1) and, probably, the warfarin esters react similarly. A 
factor favoring butylamine and 1,3-diaminopropane is that alone, neither 
reagent produces significant fluorescence. 


The fluorescent intensity of a methanolic solution containing the warfarin 
esters, in the presence of 16.7% base, reached an asymptote within -4 min 
(Fig. 2). The data could be described by the first-order expression: 


In (F,,, - F f )  = In F,,, - kt 


where F,,, is the asymptotic value of the fluorescent intensity, Ff is the flu- 
orescent intensity at time t ,  and k is the first-order rate constant. From such 
a plot of the data, rate constants of 1.0 ( r2  > 0.99) and 1.3 min-' (r2 > 0.99), 
corresponding to half-lives of 42 and 32 s were obtained for the n-butylamine- 
and 1,3-diaminopropane-catalyzed reactions, respectively. These very short 
half-lives indicate that the kinetics of aminolysis and production of a fluo- 
rescent species is sufficiently rapid for use in an analytical procedure involving 
a postcolumn reaction step. 


Careful selection of the design of the postcolumn reactor is required if 
chromatographic resolution is to be maintained. Open tubes do not allow ef- 
fective mixing of the mobile phase and reagent (1 2). For reaction times greater 
than 1 min, the long tube required to create sufficient residence time leads 
to considerable dispersion of sample (1 3) with resultant loss of resolution and 
sensitivity. In addition, open-tube reactors are sensitive to changes in flow 
rate [decreasing flow rate leads to increased residence time resulting in de- 
creased peak height (12)]. In contrast, bed reactors (tubes packed with 
large-diameter glass beads) provide micromixing of sample and reagents by 
increasing radial dispersion (14); they are suitable for reactions of up to -5 
min and are less sensitive than open-tube reactors to changes in the flow rate 
( 1  3). Therefore, based on the reported better performance of bed reactors over 
tube reactors and the relatively rapid kinetics of aminolysis and development 
of a fluorescent species, this system was employed in the fluorometric assay 
(Fig. I ) .  The residence time in the bed reactor was -I .5 min (given by the 
difference in retention of the unretained solute in the presence and absence 
of the bed reactor). Although it is not critical that the reaction goes to com- 
pletion, as  long as  it is reproducible, the less complete the reaction the lower 
is the overall sensitivity of the assay. Therefore, with the postcolumn reagent 
(n-butylamine-methanol ( I : ] ) ]  in the HPLC system, which was used at an 
identical dilution to that in the kinetic study ( 1  6.7%). the estimate of half-life 
computed from the kinetic study was used in conjunction with the residence 
time in the bed reactor to estimate the percentage of maximum aminolysis 
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Figure 5-Chromatogram resulting from extraction and derivatization with 
carbobenzyloxy-L-proline of a control urine sample (A) and a urine sample 
(0.5 mL) obtained from a subject between 4 and 5 d ajier oral administration 
of RS-warfarin (1.5 mglkg) (B). Key: ( I )  first elutingpeak of inlernal stan- 
dard (0.42 pg); (2) second eluting peak of internal standard (0.42 pg); (3) 
SR-alcohol?; (4) SS-alcohol (not quantitated); (5) RS-alcohol(O.8 pglmL); 
(6) 6-S-hydroxywarfarin (0.28 pglmL); (7) 7-S-hydroxywarfarin ( 1 . 1  
pglmL); (8) 6-R-hydroxywarjarin (0.92 pg/mL); (9) 7 -  R-hydroxywarfarin 
(0.15 pglmL). For (A), a sensitivity setting of 0.2 pA was used throughout; 
for (B). the arrow indicates a change of sensitivity setting from I to 0.2 
DA. 


and fluorescence developed. Under these conditions, a t  least 78% of the 
maximum value is obtained. Although 1,3-diaminopropane gives superior 
results to those of n-butylamine, its choice for further investigation was re- 
jected because of the greater toxicity of diamines. 


The use of a racemic internal standard which forms diastercoisomeric esters 
requires a chromatographic system with high resolution to separate the in- 
ternal standard esters from those of warfarin. Our situation was acute since 
under optimal chromatographic conditions, the ester of S(-)-warfarin elution 
was followed by the first eluting ester of the racemic internal standard, which 
preceded the ester of R(+)-warfarin. The lack of significant band broadening 
of the peaks when the postcolumn reactor was used (Fig. 1) is an important 
feature of the assay technique. 


EMion Order of Warfarin pnd Metabolites-By using the isolated perfused 
rat liver preparation as  a metabolite generator, in all cases, the metabolite 
derived from the parent molecule with the S(-)-configuration eluted first. 
Thus, 7-S-hydroxywarfarin eluted before 7-R-hydroxywarfarin, and 6-S- 
hydroxywarfarin eluted before the corresponding R-isomer. With the alcohols, 
the availability of (R and S)-alcohols (a mixture of all four alcohols), alcohol 
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1 (SR and RS), and pure RS-alcohol, permitted assignment of the order of 
elution as SR-, SS-, RR-, and RS-alcohol. 


Analysis of Plasma-By varying both the concentration of the internal 
standard (0.85-6.8 pg) and the sensitivity setting on the fluorescence detector, 
warfarin and its major metabolites can be simultaneously quantitated from 
plasma (1 mL). The complete analysis time for warfarin and metabolites is 
1 h. No major peaks occurred in the chromatogram of control citrated plasma 
obtained from a healthy volunteer. Similar results were observed for plasma 
obtained from other subjects. Warfarin and its metabolites had to be separated 
from citric acid with pH 4 phosphate buffer. In high concentration in citrated 
plasma, this acid consumes the activating reagent (N,N-dicyclohexylcarbo- 
diimide) and also forms esters in place of carbobenzyloxy-L-proline with 
warfarin and metabolites, leading to nonreproducible results. There were no 
such problems with heparin, so the pH 4 phosphate buffer wash is not needed 
when this anticoagulant is used. 


Calibration plots for racemic warfarin and the separate metabolites 
(RS-alcohol, 7 4 -  and 7-R-hydroxywarfarin. and 6-S- and 6-R-hydroxy- 
warfarin) in plasma are linear ( r2  > 0.99), as are the corresponding plots when 
these species are analyzed as a multicomponent mixture. Once formed, the 
respectivecarbobenzyloxy-L-propyl esters are stable for at least 24 h. The RSD 
over the range 0.1 to 1.0 pg per isomer for the S- and R-warfarin isomers 
varied between 8.7 and 1.7% (first eluting esters of the internal standard). By 
using the second eluting peak of the internal standard, the CYranged between 
8.7 and 2.6%. By varying both the concentration of the internal standard 
(0.85-6.8 pg) and the sensitivity setting on the fluorescence detector, warfarin 
and its major metabolites could be simultaneously quantitated from plasma 
(1 mL). The determination limit (with a 10% CV) of the metabolites in plasma 
varied from 0.045 pg for 7-R-hydroxywarfarin to 0.15 pg for 6-R-hydroxy- 
warfarin, when the first eluting ester of the internal standard was used to 
compute the peak height ratios. Similar results were obtained when the more 
slowly eluting ester of the internal standard was used. The noise level of the 
fluorescence detector was one of the major factors limiting sensitivity. 


A ~ l p i s  from Urine-Preliminary investigations of metabolite extraction 
from urine by the assay procedure for plasma and detection by the UV (31 3 
nm) procedure were discouraging, because compounds present in metabo- 
lite-free urine were UV absorbent and chromatographed with retention times 
similar to those for the internal standard and the warfarin alcohols. 


In  contrast, fewer interferences were seen in chromatograms when the 
extraction procedure described above was used and when fluorescence was 
the mode of detection. Linear calibration-plots were obtained for all the me- 
tabolites over their respective ranges (RS-alcohol, 0.106-0.85 pg; 7-R- and 
7-S-hydroxywarfarin, 0.1 -1 .O pg; 6-R- and 6-S-hydroxywarfarin,O.14-1 . I  
pg). Owing to the lack of a good analytical standard for SS-alcohol (alcohol 
2). no calibration plots were obtained. The determination limit (with a 10% 
CV) of the metabolites in urine were similar to those in plasma, ranging from 
0.042 pg for the 7-R-hydroxywarfarin to 0.17 wg for CS-hydroxywar- 
farin. 


Comparison with a Mass Spectroscopic Assay-As part of a collaborative 
program, plasma samplesI9 from subjects who had participated in a phenyl- 
butazone-warfarin study 2 years previously were received for analysis of 
R(+)-  and S(-)-warfarin. In the study, subjects received a pseudoraccmate 
of warfarin [ ’*C(R),I3C(S)]warfarin before and during administration of 
phenylbutazone. and the concentration of the individual enantiomers was 
determined by an MS method (1 5) .  The samples were stored frozen until they 
were analyzed by us, and the results of the previous analysis were not made 
available to the analyst until after the results by the present fluorescence 
method were obtained. 


Rigorous statistical evaluation of the performance of the HPLC and the 
MS methods cannot be shown since both assays were not performed by the 
same laboratory. The concentrations of the isomers when RS-warfarin was 
administered alone or with phenylbutazone are presented in Fig. 3. The slopes 
of the warfarin concentrations in the absence or during phenylbutazone 
treatment are close to I ,  suggesting that the two methods give comparable 
results. These graphs also illustrate both the good stability of warfarin in 
plasma, since these analyses were performed -2 years apart, and the lack of 


l9 Kindly supplied by Dr. R .  OReilly. Santa Clara Valley Medical Center. San Jose. 
Calif. 


interference of phenylbutazone and its metabolites in the analysis of warfarin. 
This lack of interference in the fluorescence assay was further demonstrated 
by the absence of interfering peaks and identity of the slopes of the calibration 
curves for the enantiomers of warfarin when assayed from plasma that was 
spiked with therapeutic concentrations of phenylbutazone and its major oxi- 
dation metabolites, oxyphenbutazone and y-hydroxyphenylbutazone (16). 


Preseoce of Other Lhugs-Interference in the plasma or urine assay by other 
drug substances such as cimetidine and salicylate drugs that may be admin- 
istered concomitantly with warfarin was also studied. Cimetidine produced 
no spurious peaks in the chromatograms in the presence or absence of RS- 
warfarin. As an imidazole, it is a base and presumably was extracted by the 
acid-base extraction step. 


A large peak in the chromatogram, which interferes with the analysis of 
warfarin metabolites, was observed when urine spiked with salicylate was 
taken through the assay procedure. Salicylate fluoresces at  the maximum 
wavelength of excitation of warfarin, is activated by dicyclohexylcarbodiimide, 
and forms an ester with warfarin or consumes the chiral reagent by formation 
of an ester at the phenolic group. Hence, the quantitation of the metabolites 
of warfarin in urine in the presence of salicylate is likely to be severely limited 
by some or all of the factors described above. 


la Vivo Study-Figure 4 shows a chromatogram of a plasma sample o b  
tained 24 h after the administration of RS-warfarin (1.5 mg/kg) to a healthy 
volunteer. The metabolic pattern observed is consistent with the stereoselec- 
tivity of metabolism shown by other workers after the administration of the 
individual isomers (3.4). In addition, a small quantity of 7-R-hydroxywarfarin 
was seen. A similar metabolic pattern can be seen in urine 123 h after ingestion 
of RS-warfarin (1.5 mg/kg) (Fig. 5). I n  addition, there is a peak which 
chromatographs with a retention time similar to that of the SR-alcohol. This 
peak is absent in a metabolite-free urine sample taken from the same subject. 
The presence of this peak suggests that the reduction of the S-isomer may not 
be stereospecific for the S-configuration. 
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Absmct 0 In  siru absorption studies with dinoprost in the rat jejunum were 
carried out using a modified Doluisio technique. The absorption rate was first 
order. There was a sigmoidal decrease in  the rate with increasing buffer pH 
(from 3.5 to 9.5). which strongly indicated the partitioning of weak acid species 
into the lipidal membrane. An asymptotic minimum rate was attained from 
buffer pH 7.5 to 9.5, operationally indicative of transport of anions across 
aqueous pores. The importance of the aqueousdiffusion layer on the mucosal 
side of the membrane was evident; rates at pH 3.5 and 4.5 were faster at high 
agitation hydrodynamics in the lumen solution. Preliminary studies showed 
that there was no metabolism in the lumenal solution and that metabolism 
occurred within the membrane. The transport mechanism involved simulta- 
neous passive diffusion and bioconversion in  the membrane because ( a )  a 1.5 
X 104-fold range in dinoprost concentration (0.014-210 pM) showed no 
saturable carrier-mediated tendency on the rate. (b) iodoacetic acid and in- 
domethacin did not inhibit the absorption rate, and ( c )  the shape of the ab- 
sorption-pH profiles was suggestive of passive diffusion. The prostaglandin 
did not have apparent adverse membrane and vascular effects under the 
conditions employed. The quantification and factorization of the physically 
meaningful transport parameters were accomplished using the physical model 
previously described. The permeability coefficients of the aqueous diffusion 
layer for the oscillation and static hydrodynamic situations were 0.8 X 
and 1.7 X cm/s. respectively. The effective transport-bioconversion 
permeability coefficients of the membranc were 2.57 X cm/s at buffer 
pH 3.5 and 1.46 X cm/s at pH 4.5; the effective permeability ccefftcient 
of the aqueous pores was 1.5 X cm/s. Depending upon the buffer pH, 
3.5 or 4.5, and the two hydrodynamic situations, the total transport rate was 
45-76% aqueous diffusion controlled. 


Keyphrases 0 Dinoprost-GI absorption, effcct of concentration, pH, buffer 
capacity, and hydrodynamics, rats 0 Absorption, GI-dinoprost. effect on 
concentration, pH, buffer capacity, and hydrodynamics, rats 0 Prostaglan- 
dins-dinoprost. G1 absorption. effect of concentration. pH. buffer capacity, 
and hydrodynamics, rats 
~~ ~ 


The purpose of this paper is to provide a quantitative insight 
into some aspects of the absorption process of dinoprost' in  rat 
intestines and to identify and assess potential physiological 
reactions of the membrane and mesenteric circulatory system 
that may compromise the attainment of an unambiguous 
physicochernical interpretation of the absorption mechanism. 
This goal is only part of the largfjr objectives of a rational 
biopharmaceutical development of oral delivery systems of the 
prostaglandins and the molecular design of prostaglandin 
derivatives and analogues. 


To provide the conceptual basis for the biopharmaceutical 
design, special emphasis is placed on the in situ experiments 
with dinoprost, on the transport processes, and on quantifi- 
cation of the transport and enzymatic kinetic parameters. 


Absorption of dinoprost (1 I), dinoprostone (I) ,  and the 
methyl ester of the 15-methyl derivative of dinoprost is ac- 
companied by extensive metabolism in the small intestines of 
the rat ( I ) .  Similar results were found in absorption experi- 
ments using intact intestinal loops of dogs (2). Using 1- 
[ 14C]prostaglandin El, Parkinson and Schneider (3) found 
that only minute amounts of the intact weak acid survived the 
transport from the mucosal to the serosal fluid of rat jejunum 


Dinoprost is prostaglandin Fzo: dinoprostone is prostaglandin El. 


segments in vitro. They attributed the loss of the I4C-label to 
an oxidative process leading to the formation of carbon dioxide. 
Prostaglandin El is metabolized by homogenates of both rat 
and dog stomach and jejunum (4). Intestinal absorption of 
prostaglandin El and dinoprost via the lymphatic system ap- 
pear to be insignificant (2, 5). 


The absorption, distribution, excretion, and metabolism of 
dinoprostone were studied in female rats following oral ad- 
ministration (6). Recently, Bit0 (7) reviewed the literature and 
made postulations on the membrane carrier-mediated trans- 
port mechanism of the prostaglandins with respect to specific 
tissues and tissue functionality. Although the transport of di- 
noprost across the rabbit vagina appears to be a saturable 
carrier-mediated process, definitive mechanistic studies on 
intestinal transport in animals are lacking. "krn" 


I I 


~ i )  nb \i! Hb 
I I1 


The literature on the chemistry, metabolism, and biology 
of prostaglandins is extensive and was reviewed previously (8). 
Prostaglandins are substrates to NAD+-dependent 1 S h y -  
droxyprostaglandin dehydrogenase, A13-reductase, 0-oxidase, 
and w-oxidase (9- 1 1). The bioconversion to the 15-0x0 and 
then the 13,14-dihydro-l~-oxo forms is sequential. The pK, 
of dinoprost is 4.9, and the solubility of the free acid in water 
is I .5 mg/mL. The critical micelle concentration (CMC) in- 
creases with pH and is-4 X M at pH 3 and -2 X lod2 
M at pH 6.0 ( 1  2). 


Aqueous solutions of a 5-mg/mL dinoprost equivalent as 
the tromethamine salt are stable for at least 3 months at room 
temperature and pH 7-9. N o  decomposition of 15-mg/mL 
aqueous solutions at  about pH 6.7 was found over 7 d and a 
4-47OC temperature range ( 1  3). Epimerization to the 15-epi 
derivative of dinoprost occurs at very low pH, but there are no 
kinetic data. However, studies in the epimerization kinetics 
of 15(R)- and 15(S)-I 5-methyl derivatives of dinoprost methyl 
ester serve as a useful guideline ( 1  4). When each analogue was 
incubated in  an acidic medium, each epimerized at C-15 to 
give approximately a 1:1 mixture of the 15(R)- and 15(S)- 
forms. About 50% epimerized in 1 h at pH 1.36, and 5% ep- 
imerized in 3 h at pH 3.12. 


EXPERIMENTAL SECTION 
Materials and Apparatus-Dinoprost tromcthamine and the 15-0x0 and 


13,14-dihydro-l~-Oxo derivatives werc used without further purification'. 
[9-3H]Dinoprost(prostaglandin F2,)(9.2 Ci/mmol) was obtained from two 


Other radiolabeled chemicals3 included I4C-labeled I-butanol (10 
mCi/mmol), I-octahol (10 mCi/mmol), and ben7oic acid ( 5  mCi/mmol). 
lndomethacin and iodoaceric acid also were used. The isotonic buffers are 


* Supplied by The U john Co , Kalarnaioo. Mich ' Aquasol. New Engknd Nuclear. Boston. Mas\ 
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Table I-Standard Isotonic Buffer Solutions 


Componenta $7 E :!$ S 7 b  gPf;lh 


Citric acid monohydrate, g 14.75 11.03 - - - 
Dibasic potassium phosphate, 10.38 16.53 - - - 


anhydrous, g 


anhydrous. g 


Potassium sulfate, g 7.0 2.63 11.93 11.93 9.13 


- 10.33 


Monobasic potassium phosphate, -. _- 9.07 9.07 -- 


Boric acid. g - _- _- 
Distilled waterC q.s. 4,s. 4,s. q.s. 4.s. 


a Reagent-grade chemicals were used without further purification. All solutions were 
adjusted to 300-310 mOsm/kg with potassium sulfate. For buffer solutions less than 
the buffer capacities of the standard preparations, the concentrations of buffer reagents 
were reduced proportionally and adjusted to ismmotic conditions with potasium sulfate. 
*The pH was adjusted with I M NaOH. The final volume war; I L. 


listed in Table I. A commercial scintillation cocktail3 was used. A liquid 
scintillation counter4. research pH meter“‘. osmometer5, two-directional flow 
pump6, and a centrifugc’were used. 


In Situ Absorption Procedures-Male Sprague-Dawley rats, 220-275 g9 
fasted for 12- 16 h. were anesthetized with 20% urethane solution, 1-2 mg/g 
ip. An appropriate 22-cm section of the jejunum was selected, washed pro- 
fusely with normal saline, cannulated, connected to two 5.0-mL syringe barrels 
and the two-directional pump. The last wash consisted of the buffer intended 
for the ensuing experiment. 


Exactly 2 mL of the radiolabeled solute in isotonic buffer was introduced 
into the lumen of the jejunum. With the aid of the flow pump, 0.5 mL of so- 
lution was pushed up the barrel of one syringe at  the rate of 0.075 mL/s, up 
the other syringe, and finally up the first syringe, whereupon a 20-pL sample 
was withdrawn with an automatic pipet for assay. This first sample was re- 
garded as the time zero sample, which was 30-35 s after the initial introduction 
of the 2-mL drug solution into the intestinal lumen. 


The initial oscillation of the lumenal solution was done to obtain a uniform 
mixing of the 2-mL drug solution with the residual solution in the gut lumen 
from the final wash. The apparent surface area to volume ratio was I I .2*. All 
absorption experiments were carried out at 37OC. 


In experiments involving static hydrodynamic conditions, the drug remained 
in the lumen until, at regular 1 50-s sampling intervals, 0.5 mL of the lumenal 
solution was pushed up into the barrel of the syringe with the pump at  0.075 
mL/s. and a 20-pL.sample was withdrawn. Then the solution was pumped 
back into the lumed and remained there until the next regular sampling in- 
terval. This sampling procedure took no more than 10 s, and at  least 75% of 
the solution volume always remained in the lumen. The regularity of the 
sampling time interval under these “static” experimental conditions was 
necessary physicochemically to maintain some constancy in the hydrody- 
namics of the solution in  the gut lumen. This constancy is important when the 
transport rate is influenced significantly by the permeability of the unstirred 
aqueous layer. 


Chromatography -For TLC, precoated silica gel F-250 plates9 were de- 
veloped in  ethyl acetate-acetic acid-iswtane-water (90:20:50:100, by vol- 
ume) (1 5). Dinoprost and its metabolites were readily observed by spraying 
with 15% ammonium sulfate. Zones of radioactivity were quantified in the 
scintillation cocktail with 0.5-cm scrapings. With this TLC system, no im- 
purities in the original (3H]dinoprost solutions were detected. 


During the in situ intestinal absorption studies, samples from the lumenal 
solution, blood, and small intestine were taken. Lumenal solution or blood, 
0.1 mL. was extracted two to three times with 2 mL of ethyl acetate, con- 
centrated b) evaporation with a nitrogen stream, and then spotted. A I-cm 
intestinal segment, previously washed with normal saline, was excised. ho- 
mogenized in the cold, extracted three times with 2 mL of ethyl acetate, 
concentrated with a nitrogen stream, and spotted. 


Qualitative and quantitative analyses of samples from the lumenal solution 
and the blood (after extraction with ethyl acetate) were performed by HPLC’O 


LS-200 spectrometer: Beckman. 
Advanced Instruments. Newton Highlands, Mass. 
Model RRP-G-150. Fluid Metering. Oystcr Bay, N.Y. ’ Model SS-3 automatic. Ivan Sorvall. Norwalk. Conn. * The apparent surface area 10 volume ratio for a 22-cm intestinal segment and 2.2 


mL of solution (2.0 mL of isotonic buffer solution of radiolabeled solute and 0.2 mL of 
residual wash solution in the lumen) is I I .2 This value is calculaied by considering the 
intestinal lumen as a right cylinder: 


7 


V 
where A/V is the apparent surface area to volume ratio and h is the length of the intestinal 
segment. 


Analtech, Newark. Del. 
lo Du Pont model A-20 liquid chromatograph. 


BLOOD + LUMEN -6 MEMBRANE S,NK 


r I I I 


AQUEOUS 
I 
I 
I 
I 


LA, 0 -I 
Figure I -Physical model for the simultaneous intestinal membrane 
tronsport of dinoprost. An aqueous diffusion layer is in series with the 
membrane consisting of two parallel pathways: the diffusional transport- 
bioconversion pathway and the aqueous pore pathway. The model depicts 
the boundary concentrations and distances. 


after conversion of the prostaglandins 10 the p-nitrophenacyl esters as de- 
scribed previously (16). 


THEORETICAL SECTION 
As will be seen, the following physical model (17) is consistent with the 


dinoprost absorption in the rat jejunum (Fig. I ) .  I t  consists of an aqueous 
diffusion layer (often referred to as  the unstirred aqueous layer) in the lumen 
in series with the intestinal membrane followed by the blood sink. Opera- 
tionally, the membrane is comprised of two parallel pathways: the simulta- 
neous diffusional transport-bioconversion pathway in the lipoidal fraction 
of the membrane and the aqueous pore pathway. I t  is assumed that the non- 
dissociated and anionic species have equal facility across the aqueous pores. 
This approach leads to the semilogarithmic expression: 


In Cb = In C‘b(0) - k,t  (Eq. I) 
where cb are the total drug concentration remaining in the lumenal solution 
at time 1,  and Cb(0) is the initial concentration. The apparent first-order ab- 
sorption rate constant, k , .  is given by: 


A 1  
k,=-. (Eq. 2) 


v 1  I -+- 
Pa, Pem 


where A/V is the apparent surface area to solution volume ratio, and Pa and 
P,, are the effective permeability coefficients of the aqueous diffusionqayer 
and the membrane, respectively. Furthermore: 


where K is the membrane lipoidal biophaseTaqueous partition coefficient, 
X, is the fraction of nondissociated species at the membrane surface, L is the 
thickness of the membrane, D is the diffusion coefficient in the membrane, 
k is the apparent first-order bioconversion rate constant, P ,  is the permeability 
coefficient of the aqueous pores, and a is the volume fraction of the diffusional 
transport-bioconversion pathway of the lipoidal membrane. 


The concentration profile in the diffusional transport-bioconversion 
pathway is described by: 


where C,,s is the concentration of the drug at  the surface on the membrane 
side. Thus, this model assumes that only intracellular metabolism is significant 
and that cavital and membrane digestion is insignificant (17, 18). 


RFSULTS AND DISCUSSlON 
General Absorption Studies-The absorption of [3H]dinoprost at various 


isotonic buffer values pH and high buffer capacity under the continuous 0s- 
cillation procedure is shown in Fig. 2. There was a logarithmic change in 
the concentration remaining in the lumen of the jejunum with time. The slopes 
decreased with increasing pH. At pH 7.5 and 9.5, the finiterateconstantsof 
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Figure 2-Semilogarithmic change in the fraction of ('Hjdinoprost re- 
maining in the lumen with time. 


the anionic species were about the same. The absorption a t  pH 3.5 and 4.5 
tended to depart from linearity at later times, most likely due to the flow of 
intestinal secretions changing the surface and bulk pH with time. 


The marked influence of the aqueous diffusion layer on the transport ki- 
netics is observed in  the first-order plots in Fig. 3. All other factors being 
constant, the hydrodynamics produced by the oscillation of the lumenal so- 
lution had a larger effect on the slope than the hydrodynamics produced by 
the static method with 150-s sampling intervals. The higher the degree of 
agitation, the thinner the aqueous diffusion layer on the mucosal side of the 
intestinal membrane (19). 


Table 11 is a summary of the absorption experiments at tracer concentra- 
tions in the jejunum; the results are also illustrated in Fig. 4. The k,-pH 
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Figure 3---Comparison ofthe i n  situ absorption of dinoprost ar buffer p H  
3.5 and 4.5 under two hydrodynamic conditions. 


Table 11--bSitu Absorption of Dinoprost (5 X lO-'pg/mL) in Rat 
Jeiunum at 30°C. ADoarent Rate Constants * 


Hydrodynamic Buffer 
Condition PH 
Oscillation 3.5 
0.075 mL/s 


4.5 
6.0 
7.5 


8.5 
9.5 


Static, 1 SO-s 3.5 


4.5 
6.0 
7.5 


intervals 


Buffer 
Capacity 


Standard 
I .5 Standard 


Standard 
Standard 
Standard 


1.5 Standard 
I .5 Standard 


Standard 
1.5 Standard 


Standard 
Standard 


I .5 Standard 


Number of 
Experi- k, X lo4 s-I 
ments (h SD) 


3 1 I .49 (0.05) 
1 1 1 . 1  
4 9.24 (b.70) 
5 4.64 (0.14) 
3 3.86 10.18) 
3 1.56 (o.isj 


1.51 (0.08) 


2 5.50 (0.22) 
I 3.46 
2 1.48 (0.4) 


I I .8 
2 
2 6.37 (0.35) 


This table is a summary of all experiments with tracer concentrations of 
[ 3H]dinoprost. 


profiles were similar to those expected for weak acids such as the I-alkanoic 
acids (20). At low pH, the absorption under the higher degree of agitation of 
the solution was greater and less aqueous diffusion controlled than the ab- 
sorption under less agitation. The differences in  the absorption rate constants 
between the two hydrodynamic conditions became smaller with increasing 
pH. This result is attributed to the increasing importance of the membrane 
as the rate-controlling transport barrier. From about pH 7.5 and higher, the 
ku-pH profiles for the two hydrodynamic situations converged to an asymp- 
totic minimum. In an operational way, this result is indicative of the rate- 
limiting transport of the anions across the aqueous pores of the jejunal 
mem brane. 


Physiological Effects of Dinoprost on Membranesystem-The objectives 
of the following studies were to identify and to assess potential physiological 
membrane reactions to dinoprost that may compromise an unambiguous 
biophysical interpretation and quantification of the absorption mechanism. 
These objectives were accomplished by following dinoprost absorption at 
varying concentrations repeatedly within the same intestinal segment of a rat 
and also between rats and by absorption experiments with selective permeating 
species in the absence and presence of dinoprost. 


Tables 111 and I V  show the results of successive absorption experiments 
in the same jejunal segment of a rat with various buffer pH combinations and 
with prostaglandin concentration combinations (up to 10 pg/rnL) at pH 6. 
Taken together, the results indicated that pH and dinoprost did not have ad- 
verse effects an the membrane under the experimental conditions. The 
within-rat kariation was small. A 1.5 X 104-fold increase in the concentration, 
corresponding 10 0.014 and 210 mM, respectvely, did not influence the ab- 
sorption rate constant. 


The absorption rates of I-[14Cjbutanol in the jejunum in the absence and 


1 I I I L I 
3 4 5 6 7 8 9 


INITIAL LUMEN pH 


Figure 4-Apparent first-order rate constanis versus high buffer capacity 
p H  under two hydrodynamic conditions in the rat jejunum. 
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Table Ill-Successive Absorotion Exwriments of 13HIDinoDrost in Same Jeiunum Seement at Various Buffer-DH Combinations * 
Rat A Rat B Rat C 


Order of Experiment Buffer pH k ,  X lo4 s-1 Buffer pH k ,  X lo4 s-1 Buffer pH k ,  X 104s-' 


I 
2 
3 


3.5 
9.5 
3.5 


11.51 
1.43 


11.43 


4.5 
7 .5  
4.5 


10.42 
3.65 
8.8 


7.5 
4.5 
7.5 


4.08 
9.1 
3.86 


All buffers were of standard buffer capacities. Thc concentration of ['Hjdinoprost was 5 X IO--'gg/mL. 


Table IV-Successive Absorption Experiments at pH 6.0 in Same Jejunum Segment at Various Dinoprost Concentration Combinations' 


Rat A Rat B Rat C Rat D 
Order of Concentration, k , X  lo4 Conc., k , X  lo4 Conc., k ,  X lo4 Conc., k , X  lo4 


1 
2 
3 


5 x 10-3 4.28 1 4.79 10 5. I I00 4.37 
4.57 5 x 10-3 4.64 10 5.0 I00 4.41 


5 x 10-3 4.44 1 5.96 - 100 4.86 
1 


- 


0 Concentration of I .  10, and 100 pg/rnL rcfcrs to dinoprost tromcthamine salt. Tracer ['H]dinoprost concentrations of 5 X lo-' fig/rnL were added 


Table V-Absorption of 1~'4C]Butanol in the Jejunum at pH 6.0 in the 
Absence and Presence of Dinoprost' 


Concentration 
of Nonlabeled 


Dinoprost 
Tromethamine k ,  X 103s-I 
Saltb, pg/mL N for 1 -Butanol 


0 
10 


100 


4 
2 
3 


1.59 (0.16) 
1.51 (0.2) 
1.61 (0.13) 


0 Oscillator (0.075 mL/s) hydrodynamics wcrc used. Thc 10 and 100 pg/mL are 
equivalent to 21 and 210 pM. respectively. 


presence of dinoprost were not statistically different (Table V), providing 
further support that there were no significant adverse membrane and vascular 
effects to transport. There was also noeffect on the transport of I-[14C]octanol 
at pH 4.5 (Fig. 5). The fact that theabsorption of [14C]benzoate anions at 
pH 8.5 was not influenced by the presencc of dinoprost indicated that the 
prostaglandin did not significantly affect the aqueous pore pathway of the 
jejunal membrane (Table VI) .  It is concluded that dinoprost does not have 
apparent adverse membrane and vascular effects under the experimental 
conditions employed. 


Mechanism of Membrane Transport-It was postulated that the transport 
of dinoprost in the rat occurs by passive transport across the aqueous diffusion 
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Figure 5-Semilogarithmic plots of rhe concentration of I - [~4C]ocranol  
remaining in the lumen of rhe jejunum with rime in the presence and absence 
of dinoprost under static ( 150-sec sampling intercal) hydrodynamics. 


layer and then by the simultaneous passive membrane transport and biocon- 
version mechanism. The k,-pH plots in Fig. 4, which are of the kind predicted 
by the pH-partition-aqueous diffusion layer hypothesis for the passive ab- 
sorption of weak acids, serve as  part of the basis for the postulation of the 
passive mechanism of the total transport process across the jejunal membrane 
per se. Comparison of the absorption-pH profiles of dinoprost and n-butyric 
acid (Fig. 6) illustrates this point. 


The following results provide additional evidence that the absorption does 
not involve a membrane-saturable process. The rate constant of dinoprost at 
pH 6 and 7.5 was not concentration dependent with concentrations from 1.4 
X lo-* to 200 pM (a 1.5 X 104-fold range) (Table VII and Fig. 7). Further- 
more, the absorption was not affected by iodoacetic acid and indomethacin, 
substances that inhibit the carrier-mediated transport of natural prosta- 


3 5 7 9 


Figure 6-Comparison of the absorption--pH profiles of dinoprost and n- 
butyric acid under oscillation (0.075 mL/s) hydrodynamics in rhe rat je ju-  
num. Dinoprosl undergoes simultaneous dij/usional rransport - bioconversion 
kinetics in the membrane while n-buryric acid is passioely absorbed. 


INITIAL LUMEN pH 


Table VI-In Situ Absorption of ['T]Benzoate at pH 8.5 in the Absence and Presence of Dinoprost in the Jejunum ' 
Rat A Rat B Rat C 


Dinoprost , k ,  X lo4 Dinoprost, k, X I04 Dinoprost, k ,  X lo4 
Order of Experimentb PB/mL s- I Ccg/mL S-I Ccg/mL S-I 


1 0 6.36 0 5.32 1 5.85 
2 1 6.80 1 4.74 0 4.22 
3 0 6.45 0 5.29 I 5.22 


a Oscillation (0 075 mL/\)  hydrodynamic\ were crnployed. The pH 8 5, I 5 standard buffer capacity, was used. Dinoprost was used as the tromthamine salt In  the same 22-cm 
jejunal segment 
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Table VII--lnSitu Absorption of [3H]Dinoprost a t  Various Concentrations 
and Buffer pH 


Number 
of Dinoprost k ,  X lo4 


Buffer Buffer Experi- Concentration. S-I 
PH Capacity ments PgImL ( f S D )  


6.0 Standard 3 s x I 0-3 4.45 (0.1 8 )  
2 I 5.1 I (0.75) 
2 10 5.05 (0.07) 
3 I00 4.61 (0.x.j 


7.5 1.5 Standard 3 L x 10-3 I .56 (0.1 5 )  
3 I 1.81 (0.17) 


O Oscillation (0.075 mL/s-') hydrodynamics were employed. The dinoprost con- 
centrations were 1-100 pg/mL of dinoprost tromethamine with 5 X lo-' pg/ml. of 
['H]dinoprost added. 


Table VIII-Absorption of [3HjDinoprost in the Absence and Presence of 
Indomethacin at  Buffer pH 7.5' 


Rat A Rat B 
Indometh- Indometh- 


Order of acin, k ,  X lo4 acin, k,  X lo4 
Experiment M S - I  M s- I 


1 0 1.99 I 0-5 1.71 
2 10-5 I .83 0 I .74 
3 0 1.71 I 0-5 1.61 


Oscillation (0.075 mL/s) hydrodynamics were employed. The buffer capacity was 
I .5 standard. The dinoprost concentration was 1 pg/mL of dinoprost trornethaminc with 
5 X lo-' pg/mL of [3H]dinoprost added. The experiments were performed in the same 
22-cm jejunal segment. 


Table IX-In Situ Absorption of (3H]Dinoprost in the Absence and 
Presence of lodoacetic Acid at  Buffer pH 6.0 ' 


Rat A Rat B Rat C 
lodo- lodo- lodo- 
acetic acetic acetic 


Order of Acid, k ,  X lo4 Acid, k ,  X lo4 Acid, k ,  X lo4 
Experiment mM s-' mM s-I mM s-I 


~ ~~ 


1 0 4.50 2 4.83 10 4.64 
2 2 4.77 0 4.8 1 
3 0 4.80 2 


.. - 
4.73 - - 


Oscillation (0.075 mL s I )  hydrodynamics were employed. The buffer capacity 
was 1.5 standard. The ['H{d~oprost concentrations were 5 X 10-l pg/mL for rats A 
and Band  0.1 pg/mL for rat C. 


glandins (21) (Tables V l l l  and IX).  lndomethacin also is a prostaglandin 
synthetase inhibitor. 


Preliminary Metabolism Studies-These studies were carried out to char- 
acterize generally dinoprost metabolism in the first 20 min of in situ rat in- 
testinal absorption experiments with pH 6.0 buffer. In the first 5 min, <1.0% 
of the 15-0x0 and 13,14-dihydro-15-oxo forms appeared i n  the lumenal so- 
lution (Fig. 8); in 20 min, -IO%of these major metabolites was present. No 
metabolism occurred in aitro in rat blood and the lumenal secretion solution 
(Fig. 9). However, dinoprost and its two major metabolites were found in the 
intestinal segments and the blood in the in situ absorption studies. If /%ox- 
idation products were present, they could not be detected by the chromato- 
graphic techniques employed. 


The results of the preliminary in uitro and in situ studies together indicate 


T 


lo-' 5 x 10-6 1.0 10 1V 


Figure 7-Effect of dinoprost conceniraiion on ihe intestinal absorption rate 
consianr at pH 6.0 and oscillation hydrodynamics. The bars represent ihe 
standard deaiations; the dash line is the mean rate constant for all concen- 
trations, which is equal to 4.8 X 


DINOPROST. mM 


2L,, 


s. 


L, 20 6.0 4.6 


MINUTES 
Figure 8-Percent of radiolabeled dinoprost and metabolites found in the 
lumen of the rat jejunum in situ with time. Key: 0, dinoprost: I, 15-0x0 
metabolite: and m, 13,14-dihydro-15-oxo metabolite. 


that there is no dinoprost metabolism in the lumen; metabolism by 15-hy- 
droxyprostaglandin dehydrogcnase and AI3-reductase w u r s  in the membrane 
and there is a back-diffusion of metabolites into the lumen. The possibility 
of membrane contact metabolism seems unlikely, since the enzyme systems 
usually associated with the membrane surface include the carbohydrases, 
peptidases, lipases, hydrolases, and isoenzymcs of alkalinc phosphatasc ( I  8). 
Studies are currently directed toward determining, through the use of inhib- 
itors, whether enzymes relevant to prostaglandin metabolism arc prcscnt at 
the membrane surface. 


Permeability Coefficients-The theoretical physical model described is 
operationally consistent with the experimental evidence. Consequently, the 
permeability coefficients of the aqueous diffusion layer, the diffusional 
transport-bioconversion. and aqueous pore pathways of the jejunal membrane 
are readily found. 


Between two absorption rate constants obtained at the same buffer pH but 
under different hydrodynamics in the lumen, the following relationships 
hold: 


The rate constant, k,, and the permeability coefficient of the aqueous diffusion 
layer, Pa,, are different from ku' and Pa,' because of the differences in the 
hydrodynamic conditions. In contrast, the effective permeability coefficient, 
P,,,, is independent of the hydrodynamics. The ratio r* already was deter- 
mined for a number of hydrodynamic situations in the rat intestinal tract using 
the 1-alkanol series (19). Between the continuous oscillation (0.075-mL/s) 
and the static ( I  50-s) sampling interval cases, r* is 2.1 2. 


As shown in Table X, the permeability coefficients of Pa, for the static and 
oscillation hydrodynamic situations are 0.8 X low4 and I .7 X cm/s, 


In Vbo 


2.7 - T 


OR 0L( 


Figure 9-Percent of radiolabeled dinoprost and metabolites found in the 
lumenal sohion,  jejunal gut segmenr, and blood after 20 min from in situ 
absorption experiments and in the lumenal solution and blood after 20 min 
exposure from in vitro experiments. 
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Table X-Permeability Coefficients of the Aqueous Diffusion Layer a 


k u  X lo4 s-I Permeability 
Buffer Static, Oscillation, Cocfficient X I O4 cm/s 


PH 150 s 0.075 mL/s Paq(rtatic) Paq(oaci1lation) 


3.5 6.6 1 11.09 0.8 I .64 
4.5 5.66 8.65 0.8 1.64 


The PW for the static and oscillation situations and Pe., were calculated from the 
experimental rate constants with Eqs. 5 and 6. The r+  is 2.12, and A/V is I I .2. 


Table XI-Factorization of the Effective Permeability Coefficients of the 
Jejunum Membrane at Various Buffer pH Values into the Permeability 
Coefficients of the Aqueous Pores and Principal Membrane P a t h a y  


Permeability Coefficienf X lo4 cm/s 
Buffer Buffer K X d k D  


DH Capacity Perno  t a n h ( L m  


3.5 I .5 Standard 2.59 0.15 2.44 
4.5 Standard 1.44 0.15 I .29 
6.0 Standard 0.53 0.15 0.38 
7.5 1.5 Standard 0.15 0.15 0 
9.5 Standard 0.15 0.15 0 


Defined by Eq. 3. 


respectively. The PGm values are 2.57 X 
X 
is equal to 5.1 X 
for the oscillation hydrodynamics and 662 pm for the static situation. 


the experimental data in the limit of the buffer pH >> pK,; thus: 


cm/s at buffer pH 3.5 and 1.46 
cm/s at pH 4.5. Since the aqueous diffusion coefficient of dinoprost 


cm*/s, the effective diffusion layer thickness is 3 I0 pm 


The permeability coefficient of the aqueous pores, P,, is determined from 


(Eq. 8) 
-+- 
pa, p ,  


Using Tables 11 and X where the average ku,,,,in is 1.51 X s-I  and Pa, 
(oscillation) is 1.7 X cm/s, one finds that P, is 1.5 X 10-5 cm/s. In 
perspective (6). the P, of the salicylate and p-aminobenzoate ions in the je- 
junum is 2.8 X cm/s, and that of taurocholate anions is negligible. It is 
reasonable to assume that the P, of the nondissociated dinoprost species is 
at leas! equal to, if not slightly larger than, the P p  of the anion. Consequently, 
the effective permeability coefficient of the principal transport-bioconversion 
pathway of the membrane. which is pH dependent, can be found to complete 
the factorization of the effective permeability coefficient of the membrane 
(Table XI). 


The extent to which the transport rate is influenced by the aqueous diffusion 
layer barrier in front of the mucosal membrane is presented in Table XII. As 
one would expect, the rate constant was more aqueous diffusion controlled 
at pH 3.5 than at pH 4.5, and the oscillation situation was less aqueous dif- 
fusion controlled as compared with the static situation. Although the degree 
of agitation of the lumenal solution at pH 3.5 produced by rapidly oscillating 
the solution was high, the rate was 6Wo diffusion controlled. At higher pH 
values, the rate was less aqueous diffusion controlled. 


General Observatiom of Buffer Capacity on Absorption-The first-order 
absorption-time profiles at pH 3.5 and 4.5 tended to depart from linearity 
with time (Fig. 2). For cases where different buffer capacities a t  initial pH 
3.5 and 7.5 were used, the rate constants varied with buffer capacity (Table 
11). Because of these observations and other intestinal absorption studies (22), 
all absorption studies were carried out a t  sufficiently high buffer capacities 
such that the initial rate constants at all buffer pH were independent of buffer 
strength. 


To complete the baseline studies, additional experiments were carried out 


1.5 SM pH 


1 SM 7.5 


lSMpH 


1.5 SM 3.5 


2 . 0 2  JeJunw 
Oscillatlon 0.075 mLls 
[%]Dlnoprost 5 X 10-3 pglmL 


3' 
0 5 10 15 20 25 30 


MINUTES 


Figure 10 -Semilogarithmic change in the lumenal concentration ojdino-  
prost and bulk pH change with time for pH 3.5 and 7.5 under oscillation 
hydrodynamics and two bufler srrengths. 


wherein both the intestinal absorption and bulk lumenal pH changes with time 
were simultaneously followed at initial pH 3.5 and 7.5 and two buffer 
strengths. The first-order absorption curves at pH 3.5 were linear for a short 
time and then gradually decreased with time, while the bulk lumenal pH in- 
creased with time toward pH 6.0 (Fig. 10). These changes occurred more 
rapidly with the lower of the two buffer strengths. In both cases. the initial 
slopes in the absorption curves were about the same. In  contrast, the increase 
in the absorption with timeat pH 7.5 was accompanied wih a slow decrease 
in the bulk pH with time. These changes occurred faster a t  lower buffer ca- 
pacities. 


All of these observations are consistent with the mechanistic studies on the 
rat intestinal absorption of n-butyric acid (19) in which the factors influencing 
the dynamics of the surface pH, i .e.,  the pH at  the aqueous-membrane in- 
terface, were quantitatively assessed. Because the surface pH depends on the 
net effect of the fluxes of the intestinal buffer secretions and buffer species 
from the bulk solution, sufficiently high buffer capacity solutions in the lumen 
must be used to have a baseline control of the surface pH relative to the initial 
bulk pH. 


CONCLUSIONS 


The objectives of providing a broad insight into the absorption process and 
of identifying and assessing potential physiological reactions of the membrane 
to the prostaglandins that can compromise an unambiguous biophysical in- 
terpretation of the absorption mechanism aia the physical mode approach have 
been met. I n  situ baseline absorption studies with ['Hldinoprost in the rat 
jejunum were carried out using a modified Doluisio technique for better control 
of the hydrodynamics. The experimental variables included a wide range of 
buffer pH (3.5-9.5). buffer capacity, hydrodynamics, and prostaglandin 
concentrations. The physical model was applied to the results to obtain 
quantitative estimates of the permeability coefficients of the aqueous diffusion 
layer, the aqueous pore pathway, and the effective diffusional transport-bio- 
conversion pathway of the membrane. Studies are in progress 10 distinguish 
further the occurrence of metabolism within the membrane from membrane 
contact metabolism and to obtain the factorization of the apparent in siru 


Table XU-Influence of the Aqueous Diffusion Layer on the Transport Rate of Dinoprost in the Jejunum 
Percent of Rate 


Buffer Hydrodynamic kU.CXP k,.m,x Constant Aqueous 
PH Condition" x 104 S-I x 104 s-I Diffusion Controlled 


3.5 Static, I50 s 6.6 1 8.96 74 
Oscillation 11.09 19.0 58 


4.5 Static. 150 s 5.66 8.96 63 
Oscillation 8.65 19.0 46 


6.0 Static 150 s 3.56 8.96 40 
Oscillation 4.67 19.0 25 


7.5 and Y.5 Oscillation 1.51 19.0 8 


0 Static case: ku,max = AP,,/V = 11.2 X 0.X X = 8.96 X Oscillation: k,,,,, = 11.2 X 1.7 X lo-' = 19.0 X w4. 
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enzyme rate constant from the coupled diffusional transport-bioconversion 
kinetic constant. 
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Abstract 0 In si fu absorption studies with dinoprostone in the rat jejunum 
were carried out to provide a quantitative mechanistic insight of the absorption 
process. The variables included buffer pH (3 .5 -93 ,  buffer capacity, hydro- 
dynamics in the lumen, and concentration. The disappearance kinetics from 
the lumen was first order. The rate decreased with increasing pH in a sigmoidal 
manner and reached a minimum at  about pH 9. These results indicate the 
effects of the partitioning of nondissociated species in the lipoidal membrane 
and transport across aqueous pores. The rate was higher with the higher degree 
of agitation of the lumenal solution. Between two hydrodynamic situations, 
the differences in the rates were large at pH 4.5 where the transport was largely 
aqueous diffusion controlled and then tended 10 become smaller with in- 
creasing pH where the transport became effectively membrane controlled. 
The 15-0x0- and !3.14-dihydro-l5-0~0 metabolites of dinoprostone were 
found. The physical model was applied to quantify the permeability coeffi- 
cients of  the aqueous diffusion layer and the aqueous pores of the membrane 
and the effective membrane transport-bioconversion permeability coefficient 
at various pH values. The overall absorption process of dinoprostone was 
similar to that of the less lipophilic dinoprost reported earlier and also more 
rapid. Hence, baseline absorption studies were completed with two major 
reference prostaglandins from which estimations of intestinal absorption can 
be made for their analogues and derivatives. 


Keyphrases 0 Absorption, GI--dinoprostone, rat jejunum, effect of buffer 
pH, buffer capacity, lumenal hydrodynamics, and concentration 0 Dino- 
prostone-GI absorption, effect of buffer pH, buffer capacity, lumenal hy- 
drodynamics, and concentration 0 Prostaglandins-dinoprostone, GI ab- 
sorption, effect of buffer pH, buffer capacity, lumenal hydrodynamics, and 
concentration, rat jejunum 0 Oxytocic agents-dinoprostone. GI absorption, 
effect of buffer pH, buffer capacity, lumenal hydrodynamics, and concen- 
tration. rat jejunum 


In situ absorption studies in the rat jejunum have been 
carried out to provide a quantitative mechanistic insight into 


*= H9 


I I I 


110 n6 Hb Hh 
I 11 


the intestinal absorption of dinoprostone ( I )  I .  These studies 
were intended to serve as baselines for comparisons between 
dinoprostone and its analogues and derivatives and other 
natural prostaglandins such as dinoprost ( I  I ) .  


Magee et al. ( I )  were the first to study the in situ rat in- 
testinal absorption of dinoprostone by the Doluisio et al. (2) 
technique. With the entire small intestines and 0.01 M phos- 
phate buffer (pH 6.4), the disappearance half-life from the 
intestinal solution was 40 min. The 15-0x0 metabolite was 
found in the lumen. No mechanistic interpretation on the ab- 
sorption process was made. 


Recently, in situ absorption studies with dinoprost in the 
rat jejunum, using a modified Doluisio technique, showed that 
the absorption rate was first order and was dependent on the 
pH and hydrodynamics in the intestinal lumen (3).  N o  me- 
tab.olism involving 1 5-hydroxyprostaglandin dehydrogenase 
occurred in the intestinal lumen and at the membrane surface; 
however, metabolism occurred within the biomcmbrane. The 
transport mechanism involved simultaneous passive diffusion 
and enzymatic bioconversion in the membrane. The quanti- 


Dinoprostone IS prostaglandin E2; dinoprobt is probtaglandin FA,. 
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was -0.614. The tortuosity term must be high, particularly since additional 
shellac and filler were added in the final stages of pellet preparation. From 
the dissolution rate of pellets without added fillcr, a value of 30 was estimated 
for 7 by Eq. 4. By assuming from the pellet core dimensions a matrix thickness 
of I50 p n  and a boundary layer thickness of 100fim. the ratio of resistances 
of matrix to unstirred layer is of the order of -75, so matrix-controlled release 
proportional to t112 would be predicted. The zero-order release rates that were 
observed, however, imply a constant activity of drug in a reservoir, due possibly 
to a barrier layer on the surface of the pellet where a constant concentration 
is maintained. Diffusion at  constant concentrations through such a barrier 
layer may be the rate-determining step which results in release being linear 
with time. This mechanism was confirmed by dissolution from thick films of 
I dispersed in a shellac-based matrix in the same proportion as in the pellets 
but without the final drugfree layer. The release was found to be linear with 
t I /*  and agreed with the heterogeneous matrix model. Moreover, the release 
from pellets made without the outer layer of shellac and filler also adhered 
to the relationship. 


The sensitivity of the release rates to pH of the external solvent at pH < 
pH,,, confirms that the leaching process takes place within a granular matrix. 
However, the expected decrease of release rate based on the decreased soh-  
bility at higher pH was not observed. These results were explained by the 
self-buffering action of the drug and the tendency to revert toward the ap- 
parent pH,., in the media of low buffer capacity. 


The results of the present investigation indicate that the variability in the 
dissolution rate of a drug within the GI pH range due to differences in solu- 
bility may be reduced by designing controlled-release dosage forms. The 
importance of internal pH within the polymer matrices in controlling the 
solubility of drug and hence the dissolution rate has also been noted by Jam- 
bhekar and Cobby (15) .  


~~ ~ 


I‘ The maximum porosity when all of the active drug is dissolved is given by f + A ( I 
- c), where 6 is the porosity of the pellet equal to 0.07, and A is the concentration of drug 
in the matrix. 
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Abstract 0 The serum kinetics of amiodarone and its major metabolite the 
deethyl analogue were studied in rabbits after intravenous administration. 
The elimination of the drug and the metabolite from serum occurred as a 
biexponential function. Both compounds exhibited a rapid distribution phase 
(6.5 and 4.4 min, respectively) and had elimination half-lives of 136 and 235 
min, respectively. Thcre was a rapid uptake of both drugs by the myocardium, 
with maximal concentrations at 5 and 1 5  min. The myocardial concentrations 
were higher than the respective serum concentrations and declined with time. 
There was a wide scatter in myocardium-serum ratios, which ranged from 
I to 11 for amiodarone and I2 to 29 for the metabolite. Neither thedrug nor 
the metabolite produced significant changes in the surface electrocardiogram 
after intravenous administration. These data suggest that accumulation of 
the metabolite does not account for the slow onset of action of amiodarone. 


Keyphrases Kinetics-serum and myocardial, amiodarone and its me- 
tabolite, rabbits 0 Amiodarone-serum and myocardial kinetics, rabbits 0 
Deethyl metabolite--amiodarone, serum and myocardial kinetics, rabbits 


Plasma drug levels are commonly used to monitor the effi- 
cacy and toxicity of antiarrhythmic compounds. Such an ap- 


proach is based on the assumption that the drug level in the 
myocardium, the presumed site of action of cardioactive 
agents, is in equilibrium with that in plasma. However, this 
assumption may not necessarily be valid under conditions of 
rapidly changing plasma levels of drugs ( I ) .  The significance 
of the myocardium-plasma drug ratios in the interpretation 
of the pharmacological responses of antidysrhythmic agents 
such as lidocaine (2), quinidine (3), verapamil (4), disopy- 
ramide ( 5 ) ,  and n-acetylprocainamide ( 6 )  has been empha- 
sized. Such studies are particularly relevant in the case of 
amiodarone, a potent class I11 antiarrhythmic drug (7), in light 
of our recent finding which demonstrates a lack of correlation 
between serum drug concentrations and suppression of pre- 
mature ventricular contractions in patients with cardiac ar- 
rhythmias (8).  Chronic amiodarone therapy results in the 
accumulation of a metabolite, the deethyl analogue, in serum 
(9). However, neither the pharmacokinetics nor the pharma- 
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Figure 1 -Semilogarithmic plot of the elimination kinetics of amiodarone 
afler intravenous administration to rabbits. The data represent mean values 
(=k95% conJdence limits) from 6 to 14 determinations per time point. The 
curve drawn is a two-exponenrialfit to the data. 


cological properties of the metabolite are known. The purpose 
of the present study was twofold: first, to make a comparative 
evaluation of the serum elimination kinetics of amiodarone and 
its major metabolite after intravenous administration in rabbits 
and, second, to determine the myocardial concentrations of 
amiodarone and its deethyl metabolite as a function of time 
after an intravenous dose and to correlate the tissue levels with 
the electrocardiographic changes. 


EXPERIMENTAL SECTION 


Experimental Design-The kinetic and electrophysiological studies were 
conducted using female New Zealand White rabbits. For the study of ami- 
odarone kinetics, I5 rabbits [body weight, 1.9 f 0.2 kg (mean f SO)] were 
used. One rabbit died after the administration of amiodarone, and data from 
that rabbit were not included in the final analysis. The kinetics of the deethyl 
analogue wereevaluated in 15 rabbits (2.42 f 0.33 kg). However, three rabbits 
were excluded since they died from either anesthesia ( n  = I )  or drug (n = 2). 
All animals were anesthetized with pentobarbital’ (20 mg/kg). Either 5% 
aqueous amiodarone hydrochloride2 at a dose of 10 mg/kg or the deethyl 
analogue as  the hydrochloride2 in 50% ethanol ( I  .5% solution) at a dose of 
10 mg/kg was injected as a single intravenous bolus dose in the marginal vein 
of the left ear. The total volume of injectant did not exceed 0.30-0.52 mL for 
amiodarone and 0.7- I .3 mL for the metabolite. Serial blood samples ( I  - I .7 
mL) were drawn from the right ear vein. Up to eight serial blood samples were 
obtained at the following sampling times: 5, 10, 15, 30.45, and 60 min and 
1.5 h, 2,4,6,8.  and 10 h. Blood collected before the drug was injected served 
as the blank in drug assays. In some rabbits, blood samples were also taken 
at  2.5,7.5, and 12.5 min. To obtain myocardial tissue samples, all 15 rabbits 
used in the amiodarone serum kinetics studies were sacrificed as  groups of 
two to three rabbits each at 5 and I5 min and 1 I 2, and 6 h. Similarly, groups 
of three to four rabbits were sacrificed at  15 min and 2.4.6,  and 10 h in the 
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Figure 2-Semilogarithmic plot o j the  elimination kinetics of the deethyl 
analogue after intravenous administration to rabbits. The data represent 
mean values (f95% confidence limits) from 3 to 9 values per time point. The 
curve drawn is a two-exponential fit to the data. 


Table I-Kinetie Parameters of Amiodarone and its Metabolite, the 
Deethyl Analogue, After Intravenous Administration in Rabbits * 


~ 


t 1 1 2 . ~  min 1112.8 min Vd,,. L/kg CL, L/min/kg 


Amiodarone 6.5 f 1.2 136 f 20 6.7 0.055 
Deethyl analogue 4.4 f 0.6 235 f 7 34.4 0.116 


metabolite shown in  Figs. I and 2. 


metabolite studies. After dissection, the heart tissue was blotted dry, weighed, 
and kept frozen. Blood samples were spun at  10,000 rpm, after which the 
serum was separated and stored frozen until analysis. Electrocardiograms 
(ECGs) were recorded3 with standard limb leads immediately before injection 
of the drug and at 15 and 30 min and I ,  3,4, and 6 h pastdose. ECGs of control 
rabbits that were injected with either equivalent volumes of sterile distilled 
water or 50% ethanol were recorded for up to 6 h. 


Drug Analysis-Analyses were carried out in a liquid chromatograph4 
equipped with a solvent delivery system5, a valve-type injecto6, a normal-phase 
silica column’, and a variable-wavelength UV detectors set a 240 nm. Serum 
concentrations of amiodarone and its metabolite were determined by using 
a recent modification (10) of thc procedure described by Flanagan et al. ( 1  I ) .  
The serum volumes for analysis varied from 0.25 to 0.75 mL, depending on 
the expected drug concentrations, with corresponding increase in the volume 
of the extracting solvent, methyl tert-butyl ether. The combined ether extract 
from two extractions was dried under a stream of nitrogen and reconstituted 
in 25 pL of methanol, of which 20 p L  was injected into the liquid chromato- 
graph. 


For the measurement of myocardial concentrations of amiodarone and its 
metabolite, 100-250 mg of ventricular muscle was homogenized with 5 mL 
of deionized distilled water by sonication, and the homogenate was centrifuged 


“These data are derived from the serum elimination curves for amiodarone and the 
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Table 11-Mean Concentrations of Amiodarone and Its Deethyl Analogue in Serum and Myocardium after Intravenous Administration in Rabbits a 


Time after Concentration 
Injection Serum, ng/ml. Myocardium. ng/g Myocardium-Serum Ratio (range)* 


Amiodarone 
5 min 6050 f 2200 ( 14) 8100 f 4000 ( 3 )  1.2 (0.3-1.7) 


1 9 9 0 f 6 8 0 ( 1 1 )  14.400 f 2800 (3) 5.8 (4.9-7.6) 
I h  4 9 0 f  170(11) 7000 f 1900 (3) 1 1 . 1  (9.6-12.0) 


320 f 120 (10) 530 f 430 (2) 1.3 (0.5-2.1) 
6 h  90 f 30 (6) 362 f 431 (3) 2.3 (0.7-5.5) 


15 min 


2 h  


Deethyl Analogue 
15 min 389 f 64 (9) 10.800 f 7850 (3) 28.8 (24.0-33.6) 


136 f 21 (8) 3444 f 2910 (3) 26.9 (3.7-47.1) 
25.9 (18.7-33.0) 


58 f 1 1  (6)  1006 f 620 (3) 17.0 (8.6-28.7) 
1 1.7 (1.8-24.4) 


2 h  
4 h  95 f 21 (6) 2590 f 1 I50 (2) 
6 h  
IOh 37 f 1 (3) 445 f 358 (4) 


"Data are mcan f SD: number of rabbits is given in parentheses. "Ratios are presented only for those rabbits for which both serum and myocardial concentrations were avail- 
able. 


at 10,000 rpm for 10 min. Aliquots ( 2  mL) of thesupernatant were extracted 
twicc with I mL of methyl trrt-butyl ether. Further processing of the sample 
was the same as described above for serum. The extraction efficiency of am- 
iodarone and the metabolite from ventricular muscle of control rabbits was 
71.2 f 2.7% (n = 6). which did not differ from that found in serum (74.0 f 
9.8%; n = 8) .  


Data Analysis-Mean serum concentrations of amiodarone and the deethyl 
metabolite were fitted by nonlinear least-squares regression analysis (12). 
Clearance (C'L) and volume of distribution at steady state (Vd, , )  were de- 
termined by using model-independent calculations ( I  3) .  The ECG parameters 
were derived manually from records at 125-mm/s paper speed, and the re- 
sulting data were compared at each time point with an ANOVA program. 


RESULTS 


Serum Kinetics of Amiodarone and the Deethyl Analogue in Rabbits--In 
Figs. 1 and 2 are shown the serum elimination kinetics of amiodarone and the 
metabolite, respectively, in rabbits after intravenous administration. The data 
shown are from 14 rabbits administered amiodarone and I5 rabbits admin- 
istered the metabolite; in  both series of experiments, both serum and myo- 
cardial kinetics were studied. A biexponential fall in serum concentrations 
was observed for the parent drug and the metabolite. The serum concentrations 
5 min after administration of the intravenous dose were 6050 and 2660 ng/mL 
for amiodarone and the metabolite, respectively, and fell to 30 and 38 ng/mL, 
respectively, in 10 h .  The kinetic parameters of serum kinetics of amiodarone 
and the deethyl analogue are listed in Table 1. Both drugs had a rapid distri- 
bution phase ( t ~ p . ~  6.5 and 4.4 min for amiodarone and the metabolite, re- 
spectively). The elimination half-lives (f,p~o) were 136 min for amiodarone 
and 235 min for the metabolite. The mean volumes of distribution and 
clearance for amiodarone were 6.7 l./kg and 0.055 L/min/kg, respectively. 
The corresponding values for the metabolite were 34.4 L/kg and 0.1 16 L/ 
min/kg, respectively (Table I). 


In Table I I ,  the myocardial concentrations of amiodarone and the metab- 
olite in rabbits as a function of time after intravenous administration are 
summarized. We used ventricular muscle as  a representative tissue sample 
for the determination of the myocardial Concentrations. The myocardial 
concentrations of the parent drug and the metabolite expressed as nanograms 
per gram of wet tissue were higher than the respective serum concentrations 
that were obtained throughout the time course of the study. In the postdis- 
tributive phase. myocardial concentrations of the metabolite declined a p  
proximately parallel to those of serum. Such a similarity was not apparent 
for amiodarone, partly due to thc limited number of data points (2 and 6 h) 
for myocardial levels of amiodarone in the postdistributive phase. The my* 
cardium- serum ratios (Table 11) are derived from only those rabbits for which 
bo th  serum and myocardial concentrations were available. Although the 
myocardium-serum ratios of amiodarone and the metabolite overlapped, the 
ratios for the metabolite (range, I I .7 -28.8) were higher than for amiodarone 
(range 1.3-1 1.3). The large scatter in the ratios was a result of wide variations 
in myocardial concentrations. 


Electrocardiographic Changes-- Electrocardiographic changes accompa- 
nying intravenous administration of amiodarone and the metabolite were 
compared between rabbits injected with drug and a control group ( n  = 5) 
injected with the vehicle alone. All rabbits were mildly anesthetized with 
pentobarbital before administration of the appropriate drug or the vehicle and 
a1 other times during the study to obtain ECG recordings that were free of 
technical artifacts. An analysis of variance among the three groups showed 


that intravenous administration of either amiodarone or the metabolite did 
not cause any significant changes in RR, PQ, QRS, and QT, intervals9 as 
compared with the control group, except for an increase in the QRS intervals 
of the animals treated with the metabolite 15 min after administration of the 
drug (37.2 f 4.0 L;ersus 29.6 f 2.8 ms in thecontrols). However, this increase 
is only of borderline significance. There were fluctuations in the values of the 
QRS intervals both in the control and drug-treated groups, although the values 
of the Q R S  intervals did not differ significantly from those of the controls at 
other time points studied. 


DISCUSSION 


We have determined the serum elimination kinetics and myocardial dis- 
tribution of amiodarone in rabbits after intravenous administration. The 
pharmacokinetics of the major metabolite of amiodarone, the deethyl ana- 
logue, was compared with those of the parent drug for the first time. The short 
and long elimination half-lives of amiodarone in patients after acute and 
chronic oral administrations have been determined by us and others (9, 14, 
15). It has been suggested that amicdarone equilibrates rapidly with tissues, 
such as  the myocardium, after acute administration, and the rapid reparti- 
tioning between tissue and Serum results in a short half-life. On the other hand, 
the long elimination half-life after chronic administration is attributed to the 
slowly equilibrating tissues, mainly adipose tissue and muscle. We found that 
amiodarone was rapidly eliminated from the serum of rabbits after intravenous 
administration, with an elimination half-life of 136 min, which is similar to 
that found in dogs (16, 17) but different from that found in rats (18). The 
disappearance of thc intravenously administered metabolite from the serum 
of rabbits is also rapid ( t , p , e l  235 min). There is a rapid uptake of both the 
drug and its metabolite by the myocardium. Although our limited data did 
not allow us to determine the precise time of maximal uptake of amiodarone 
and the metabolite by the myocardium, it can be estimated to be between 5 
and I5  min. The myocardial concentrations of amiodarone and the metabolite 
decreased with time. This decline in myocardial concentrations was a p  
proximately parallel to that detected for the metabolite in serum but not for 
amiodarone. For both the drug and the metabolite, the myocardial eoncen- 
trations were higher than the respective serum concentrations used throughout 
the study. 


Latini er al. (16,17) have recently reported a detailed investigation on serum 
kinetics and myocardial disposition of amiodarone i n  dogs. The mean serum 
elimination half-life of amiodarone after intravenous administration in dogs 
(3.01 h) was similar to that in rabbits, as determined in the present study. They 
observed a large interanimal variability in myocardium-serum ratios in dogs. 
The average ratio of myocardium-plasma amiodarone concentration was 
much higher in dogs (range, 34-1 34) than that in rabbits (range, 1.2-1 1.3). 
Whether this represents a species difference or differential binding charac- 
teristics of amiodarone is not certain a t  present. Interestingly, Latini er al. 
( I  7) have shown by computer simulation, that peak myocardial concentrations 
were achieved between I5  and 20 min after intravenous administration of 
amiodarone to dogs. Our limited data on rabbit myocardial levels appear to 
be in accord with their findings. In spite of high concentrations of amiodarone 
and the metabolite in  the myocardium, no appreciable ECG changes were 
observed for up to 6 h after intravenous administration, suggesting a complex 


9 Definitions: ( R R )  duratlon between two successive heart beats; (PQ) time from the 
bcginning of atrial dcpolariration to the beginning of ventricular depolari7ation; (QRS) 
duration of ventricular depolarization; (QT,) duration of ventricular repolari7ation 
normalized or corrected for heart ratc. 
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pharmacological action of the parent drug and possibly the metabolite. This 
finding is consistent with our previous observation of no significant alterations 
in the action potentials of rabbit sinoatrial node, atrioventricular node, and 
atrial fibers after a I -h  superfusion with therapeutically meaningful con- 
centrations of amiodarone suspended in homologous plasma (19). Although 
similar studies with microelectrodcs will be needed to establish thc electro- 
physiological properties of the metabolite, our preliminary data on ECG 
changes suggest that the behavior of the metabolite is similar to that of the 
parent drug under acute conditions. However, this lack of the acute effect does 
not exclude the possibility that the accumulation of metabolite during chronic 
therapy may contribute significantly to the pharmacological and electro- 
physiological action of amiodaronc. Thus, more definitive eleetrophysiological 
studies in rabbits treated chronically with amiodarone and its metabolite will 
be required to estimate the contribution of the metabolite to the observed 
pharmacological action of amiodarone during chronic administration. 


In summary, both amiodarone and its major metabolite, the deethyl ana- 
logue, have similar serum kinetics after intravenous administration in rabbits 
and are rapidly taken up by the myocardium. Neither the parent drug nor its 
metabolite produces significant electrophysiological changes under acute 
conditions in concentrations that are therapeutically relevant. The data do 
not exclude the possibility that the metabolite exerts pharmacological effects 
that are similar to those of the parent compound during chronic dosing. 
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Abstract 0 A high-performance liquid chromatographic method for the 
analysis of carprofen in solid dosage forms and as the bulk drug substance was 
developed. The simple, accurate, reproducible, and stability-indicating method 
was'shown to be applicable to drug substance and dosage form stability studies, 
as well as the quality control of carprofen dosage forms. 


Keypbrases Carprofen-analysis of dosage forms and drug substances, 
HPLC HPLC-analysis of carprofen dosage forms and drug substance 


Carprofen [(f)-6-chloro-cu-mcthylcarbazole-2-acetic acid 
( I ) ] ,  under development as a nonsteroidal anti-inflammatory 
agent (1-9), has been formulated as a solid oral dosage form. 
Analytical procedures for the analysis of carprofen in biolog- 
ical fluids have appeared in the literature (10-16). However, 


since carprofen is a relatively ncw drug entity, analytical 
procedures suitable for the analysis and control of carprofen 
drug substance and dosage forms have not appeared in the 
literature or the USP. 


The purpose of this work was to provide specific, accurate, 
and reproducible liquid chromatographic (HPLC) methods 
which would be applicable to various quality control functions, 
i.e., drug substance stability studies, potency and content 
uniformity assays of dosagc forms, and dosage form stability 
studies. To satisfy these criteria, it was necessary to develop 
a method which would separate I from all known impurities 
and potential degradation products and separate the impurities 
and potential degradation products from each other. 
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COMMUNICA TIONS 


Liquid Chromatographic Analysis of 
Cimetidine with Procainamide as  Internal 
Standard 


Keyphrases 0 Cimetidine-HPLC analysis in plasma and urine 0 Liquid 
chromatography-analysis of cimetidine in plasma and urine 


To the Editor: 


We recently reported in this journal a simple and sensitive 
liquid chromatographic assay for cimetidine in plasma and 
urine (I) .  Chromatographic separation was performed on a 
radially compressed column', which allowed much faster and 
more efficient chromatography than previously described 
assays (1). However, since burimamide (the internal standard) 
is no longer manufactured, this has rendered our assay inap- 
plicable by other investigators. We have therefore examined 
the chromatography of a wide variety of other compounds, 
including many other Hz-antagonist analogues, and found 
procainamide to be the most suitable alternative internal 
standard to burimamide. This results in minimal modification 
of our originally published assay. 


In the analysis of plasma, procainamide hydrochloride2 (20 
pg/mL, 100 pL, in a 0.09% sodium metabisulfite solution), 
sodium hydroxide ( 2  M, 0.5 mL), and dichloromethane (20 
mL) were added to 1 .O mL of plasma in a 30-mL glass tube. 
In the analysis of urine, procainamide hydrochloride* (1 
mg/mL, 25 p L ,  in a 0.09% sodium metabisulfite solution), 
sodium hydroxide (2 M, 100 pL), and dichloromethane (5 
mL) were added to 250 pL of urine in a 30-mL glass tube. 
Thereafter, the method of extraction and reconstitution of both 
plasma and urine samples was identical to that previously re- 
ported (1). The mobile phase, radial compression column', 
chromatographic conditions, and instrumentation were as 
reported previously ( 1). Procainamide (2.6-min retention) and 
cimetidine (3.8-min retention) were completely resolved. Ci- 


-~ ~~~~ ~ ~ ~ 


' Rad Pak A and RCM-100. Waters Associates. Milford. Mass. 
Sigma Chemical Company. St. Louis. Mo. 
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metidine sulfoxide (1.5-min retention), the major metabolite 
of cimetidine (2), did not interfere with the assay. The ana- 
lytical recoveries of cimetidine and procainamide were 60 and 
5970, respectively. The coefficient of variation for within-day 
assays of plasma cimetidine levels was 1.8% at 1000 ng/rnL 
( n  = 6); for urine it was 0.53% at 50 pg/mL ( n  = 6). The 
coefficient of variation of between-day assays of plasma ci- 
metidine levels over 4 weeks was 5.2% at 901 ng/mL (n = 7); 
for urine over 4 weeks the value was 5.4% at 51 .O pg/mL (n 
= 5) .  


The assay was applied to the measurement of plasma and 
urine samples obtained from a patient who underwent intra- 
venous and oral cimetidine therapy in pharmacokinetic studies 
according to the protocol reported previously (1). The same 
samples were also analyzed for cimetidine by our original 
liquid chromatographic method (1) with burimamide as in- 
ternal standard. There was good correlation between the two 
methods ( r  = 0.991). and the cimetidine levels did not signif- 
icantly differ (paired t test, p >, 0.20, df = 20) between the 
assays. 


Thus, with a change in internal standard from burimamide 
to procainamide, this method can still be applied to the assay 
of cimetidine in biological fluids, without a major change in 
methodology. 


(1) G. W. Mihaly. S. Cockbain, D. B. Jones, R. G.  Hanson, and R. A. 
Smallwood, J .  Pharm. Sci., 71,590 (1982). 


(2) D. C. Taylor, P. R. Creswell, and D. C. Bartlett, Drug Metab. Dispos., 
6.21 (1978). 


Michael S. Chingt 
George W. Mihaly*x 
D. Brian Jones* 
Richard A .  Smallwood* 


*Gastroenterology Unit, Department of Medicine, 


University of Melbourne 
Austin Hospital 
Heidelberg 3084 Victoria, Australia 


and rDcpartment of Surgery 


Received August 3, 1983. 
Accepted for publication April 24, 1984. 
This work was supported by the National Health and Medical Research 


Council of Australia. We thank Jane Bell for typing the manuscript. 


A Textbook of Pharmaceutical Analysis. 3rd Ed. By KENNETH A. CON- 
NORS. Wiley-lnterscience, 605 Third Avenue, New York, N Y  10016. 
1982.664 pp. 15 X 23 cm. Price $55.00. 
This book is the latest revision in what is by now a classic text in pharma- 


ceutical analysis for the undergraduate pharmacy curriculum. The first and 
second editions were issued in 1967 and 1975. The field of "pharmaceutical 
analysis" has undergone enormous changes over the 15 years this text has been 
used. Whether the sample be raw materials, dosagc forms, or biological fluids, 
the methodology is more selective, more precise, and more accurate. As a 
reflection of modern developments, the latest edition includes a chapter on 
immunoassay and a substantially expanded chapter on liquid chromatography. 
Both of these subjects scarcely existed in 1967 (especially with respect to 
determination of pharmaceuticals), and now they are prominent in virtually 
every issue of this journal. 


As was the case with previous editions. this book meets its objectives very 
well. I especially like Connor's focus on chemical reactions and his liberal use 


of examples, practice problems, and laboratory experiments. He is at his best 
when describing the interface between fundamental chemistry and instru- 
mentation. It is delightful to see organic reaction mechanisms and stereo- 
chemistry taken into consideration. So many analytical chemistry texts are 
stuck on inorganic things and gadgets and thus miss the needs of many stu- 
dents. 


The only fault I find with this book is that it is too much material for the 
undergraduate level and not quite enough to be useful as a graduate text for 
junior researchers. It just misses these audiences by dropping in between, a 
problem that can be solved by selective assignments and supplementary ma- 
terial. Overall, a job well done! 


Reviewed by Peter T. Kissinger 
Depariment of Chemistry 
Purdue Universiiy 
West Lafayetie, I N  47907 
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Effect of Coadministered Fluid Volume 
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Abstract 0 The effect of different coadministered fluid (water) volumes on 
the consistency of digoxin absorption was studied in I 6  male volunteers. Each 
volunteer received four single-dose treatments (two 0.25-mg digoxin tablets 
with 30- and 240-mL of water and two0.2-mg digoxin capsules with 30- and 
240-mL of water). Digoxin present in serum and urine samples collected for 
48 h after dosing was quantified by RIA. Treatments were compared by 
evaluating the following model-independent pharmacokinetic parameters: 
maximum serum concentration (Cmax);  time of maximum serum concentra- 
tion (tmX); area under the serum concentration-time curve for 0-12 h 
(AUCo-12); cumulative urinary excretion for 0-48 h (CUE48). No significant 
differences were found between dosage form (tablets versus capsules) and 
coadministeied water volume (30 mL versus 240 mL) for any of the param- 
eters. For both fluid volumes the AUCo-12 and C ,  were significantly larger 
(p < 0.01) and the tmax significantly shorter (p < 0.01) for the capsules than 
for the tablets. The volume of coadministered water had no effect on the 
amount of digoxin absorbed from either dosage form. 


Keyphrases 0 Digoxin-bioavailability, coadministered fluid volume 0 Fluid 
volume-bioavailability of digoxin 


The bioavailability of orally administered drugs may be 
affected by a number of factors, including dosage form, 
physicochemical properties of the drug, first-pass extraction 
by the liver, interactions prior to absorption between the drug 
and substances in the GI tract, and certain diseases involving 
the GI tract. One factor which may affect oral bioavailability, 
that has received little attention, is the potential influence of 
coadministered fluid volume on drug absorption. In fact, a 
commonly accepted notion is that drugs are absorbed more 
rapidly from concentrated than from dilute solutions (1). 
However, some studies in experimental animals and humans 
dispute this point. Ferguson (2) studied the toxicity of a variety 
of organic and inorganic compounds following oral doses to 
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Figure I-Mean serum digoxin concentration-time curves during thefirst 
12 h following oral administration. Key: (0) tablets + 30 mL; (0) tablets + 240 mL; (A) capsules + 30 mL; (A) capsules + 240 mL. 


fasted rats. Equal doses of dissolved compounds were given in 
increasing water volumes equivalent to 1.25,2.5, and 5.0% of 
body weight. The toxicity of all compounds, expressed in terms 
of median lethal dose (LDso), increased with increasing dilu- 
tion, indicating that absorption was more rapid and/or more 
complete from dilute solutions. General mechanisms that have 
been suggested for increased drug absorption from dilute oral 
solutions are ( a )  more rapid stomach emptying due to the 
greater volume and ( b )  relative hypotonicity of the solutions, 
with consequent exposure of the solute to a greater intestinal 
surface area (3). 


The influence of fluid volume on bioavailability of drugs in 
humans has been studied with erythromycin stearate (4), 
ampicillin trihydrate (3, amoxicillin trihydrate (9, theo- 
phylline ( 6 ) ,  doxycycline hyclate (7), tetracycline hydro- 
chloride (7), and propoxyphene hydrochloride (8). In general, 
these studies of passively absorbed drugs indicate that the 
volume of fluid coadministered with a drug of poor water 
solubility may significantly affect the rate and/or extent of its 
absorption. The bioavailability of drugs with good water sol- 
ubility, on the other hand, is relatively unaffected by a change 
in fluid volume. 


Digoxin is a compound that is poorly soluble in water [0.095 
mg/mL (9)]. Because of this, concern has been expressed that 
absorption from a tablet may be affected by administration 
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Figure 2-Cumulative urinary excretion of digoxin during the first 48 h 
following digoxin administration. Key: (-) mean; (- - -) f SE. 
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Table I-Area Under the Serum Concentration-Time Curves 0-12 h 
(ng.h/mL) 


Table 11-Cumulative Urinary Digoxin Excretion (lrg/48 h) 


Tablets t Tablets t Capsules t Capsules t 
Volunteer 30 mL 240 mL 30 mL 240 mL 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
1 1  
12 
13 
14 
I5 
16 
Mean 
SD‘ 


3.34 
2.86 
5.61 


10.96 
6.02 
7.25 
5.97 
3.83 
5.73 
8.75 
4.76 
5.75 
6.39 
7.71 


10.31 
5.60 
6.30 
2.27 


6.29 
4.7 3 
6.45 
6.9 I 
7.43 
6.85 
5.67 
5.53 


10.98 
6.06 
4.34 
7.93 
6.86 
6.49 
9.79 
5.45 
6.74 
1.71 


5.92 
6.93 
8.05 


10.58 
7.82 
8.25 


10.14 
5.74 
9.25 
9.94 
8.77 
5.69 
5.86 
8.61 
8.00 
7.37 
7.93 
1.60 


5.12 
8.02 
6.25 


10.35 
8.26 
8.27 
5.02 
7.48 


11.51 
10.58 
8.21 
6.07 
4.64 


10.14 
9.07 
6.54 
7.88 
2.08 


with different fluid (water) volumes. If this concern was jus- 
tified, differences in fluid volumes may have had a significant 
influence on the results of previously published bioavailability 
studies. Also, many patients take their medications with 
varying amounts of fluid, ranging from a small (“gulp”) to a 
glassful of water. The difference in patterns of administration 
could be associated with inconsistency in the amount of digoxin 
absorbed from tablets during clinical use. 


A solid dosage form (capsule) in which the digoxin is already 
in solution is now available. Theoretically, absorption from this 
capsule should not be affected by different water volumes and 
may be more consistent than tablet doses. Thus, a study was 
conducted to compare the influence of fluid volume on the 
consistency of digoxin absorption from these two dosage forms 
when given in bioequivalent doses’. This was accomplished by 
administering digoxin tablets and a digoxin formulation as a 
solution in soft gelatin capsules [90-100% absorbed (10-12)] 
with 30 mL and 240 mL of water to healthy volunteers in a 
crossover study. 


EXPERIMENTAL SECTION 


Clinical Study-Sixteen healthy male volunteers 123-33 years old (mean 
25.1) and 61.2-83.0 kg (mean 72.2)] entered and completed the study. All 
volunteers were in good health (physical examination, clinical laboratory 
studies, and an electrocardiogram). Information about the purpose of the study 
and the procedures to be performed was provided to each volunteer. Each 
signed an informed consent form (approved by the Institutional Review Board) 
and participated in the study for approximately 8 weeks. 


The volunteers fasted from midnight prior to dosing until 4 h following 
treatment administration. Volunteers were given 120 mL of water a t  least 1 
h before dosing on the morning of each test day to provide adequate hydration 
after overnight fluid restriction. 


Dosing for each treatment occurred at  8 am. ,  and blood and urine collec- 
tions were made over the next 48 h. Blood samples (5 mL) were obtained by 
standard venipuncture techniques in vacuum tubes without additives at the 
following times: just prior todosing (0 h),0.25,0.5,0.75, 1 ,  1 . 5 , 2 , 3 , 4 , 6 , 8 ,  
I2,24, and 48 h after dose administration. These samples were allowed to clot 
and immediately centrifuged; the serum was separated and stored at -2OOC 
until the time of analysis. 


Urine was collected prior to drug administration (blank specimen), 0-24 
h, and 24-48 h after drug administration. At the end of each interval the 
samples were thoroughly mixed, the volumes measured and recorded, and 
aliquots were removed and frozen until analysis. 


Following dose administration the volunteers were ambulatory; however, 
no strenuous or abnormal physical activity was permitted. A standardized 
light lunch was served 4 h after dosing. 


I Lanoxicaps package inscrt; 
June 1982. 


Burroughs Wellcome Co., Rcscarch Triangle Park, N.C., 


Tablets t Tablets + Capsules t Capsules t 
Volunteer 30 mL 240 mL 30 mL 240 mL 


1 143.0 __a 167.0 159.0 
2 148.5 200.0 199.5 163.0 
3 207.5 160.0 167.5 154.5 
4 
5 
6 
7 
8 
9 


10 
I 1  
12 
13 
14 
I5 
16 
Mean 
SD 


173.5 
151.5 
172.5 
177.5 
168.0 
120.5 
149.0 
112.5 
136.5 
165.5 
185.0 
157.5 
113.0 
155.1 
26.4 


178.0 
199.0 
127.5 
160.0 
167.0 
160.5 
163.5 
137.5 
133.0 
185.5 
180.0 
155.5 
142.5 
163.3 
22.4 


54.5 146.0 
57.5 196.5 
45.0 155.0 
94.0 195.5 
88.5 184.5 
17.5 173.5 
58.0 170.0 
31.0 160.5 
56.5 147.0 
76.0 170.0 
72.0 174.5 
69.0 154.5 
35.0 -_a 


61.8 166.9 
22.5 15.9 


~ ~~~~ 


Incomplete urine collection. 


Study Design-The treatments listed below uere administered using an 
open, single-dose, four-way complete crossover (Latin square) design: 


I .  Two 0.25-mg digoxin tablets2 with 30 mL of water (tablets + 30 
mL). 


2. Two 0.25-mg digoxin tablets2 with 240 mL of water (tablets + 240 
mL). 


3. Two0.2-mg capsules3 of digoxin solution with 30 mL of water (capsules 
t 30 mL). 


4. Two 0.2-mg capsules3 of digoxin solution with 240 rnL of water (capsules 
t 240 mL). 


The sixteen volunteers were randomly assigned to four groups for treatment 
administration. A 2-week washout period followed each treatment. 


Sample Analysis-Digoxin concentration in each serum sample was 
quantified in duplicate by RIA using a double-antibody slurry and 1251digoxin 
(available in kit form)4. The procedure was identical to that outlined4 except 
that the order of double antibody and 12SI-digoxin was reversed. Urine samples 
were also determined in duplicate by RIA ( 1  3). The sensitivities of the serum 
and urine assays were both 0.1 ng/mL. 


Phannacokinetic and Statistical Analyses-The following parameters were 
determined from the serum conrentration-time curves for each volunteer for 
each treatment: observed maximum serum concentration (C,,,), time of 
observed maximum serum concentration (I,,& and the area under the serum 
concentration-time curve (AUC). Additionally, the cumulative urinary ex- 
cretions of digoxin during the first 48 h after dose were determined (CUEa).  
These parameters were analyzed using an ANOVA for a crossover design’. 
Individual contrasts were made using the least significant difference. 


RESULTS 


The doses of digoxin tablets and capsules used i n  this study are recognized 
as bioequivalent in both the official product labeling’ and elsewhere (14, 1 5 ) .  
Thus, all comparisons were made without adjusting for the actual differences 
in the doses administered (0.5 mg for tablets versus 0.4 mg for capsules). 


Figure I graphically presents the serum digoxin concentration-time profiles 
(0-12 h) for the four treatments, and Fig. 2 presents the cumulative urinary 
excretions for the first 48 h after dose administration. For purposes of com- 
paring relative bioavailability, the CUE48 was used. The AUCo. 12, C,,,, and 
tma, were used for additional descriptive and clinical comparisons. AUCo-12 
was used instead of AUCO.48 because the majority of the serum concentrations 
after 12 h following single-dose administration were below the level of assay 
sensitivity. 


Tables 1 and I1 list the individual values for area under the serum concen- 
tration-time curves (ng h/mL) and cumulative urinary digoxin excretions 
@g/48 h). During the study, two urine collections were reported as incomplete 
by the respective volunteers. Table 111 gives the summary statistics for the 
pharmacokinetic parameters (i.e.,  ALCO-12. C,,,, imar, and CUE48) deter- 
mined in this study. Table IV summarizes the statistical analyses (ANOVA) 
of pharmacokinetic parameters based on the means of serum digoxin con- 
centration and cumulative urinary excretion data. 


Lanoxin tablets 0.25 mg. Lot 062780 (dissolution rate of 80.9% in 60 min); Bur- 
roughs Wellcome Co. ’ LanoxicaE D . 2 , m g . , ~ t  OG2778, Burroughs Wellcome Co. ‘ Dac-Cel lgoxln Klt ,  Wellcome Diagnostics Division, Burroughs Wellcome Co. 


User’s Guide Statistical Analysis System. 1979; SAS Institute, Cary, N.C. 
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Table Ill-Pharmacokinetic Summary Statistics' for the Four Treatments 


Capsules + 240 mL Parameter Tablets + 30 mL Tablets + 240 mL Capsules + 30 mL 


6.14 f 1.71 7.93 f 1.60 7.88 2.08 AUCo. 1 2 ,  ng.h/mL 6.30 f 2.21 
1.71 f 0.37 3.87 f 1.04 3.61 i 0.72 C m a .  ng/mL 1.84 f 0.56 


0.95 f 0.45 0.69 f 0.17 fmax, h 1.22 f 0.40 1.00 f 0.34 
CUE48, pgC 155.1 f 26.4 163.3 f 22.4b 161.8 f 22.5 166.9 i 15.9b 


~~~~ 


Mean of 16 values f SD b Mean of I5 values f SD C Cumulative urinary cxcretion. 


Table IV-Pbarmacokinetic Parameters and Urinary Excretion Data ANOVA 
~~~ ~ 


A u c o -  I? .  CIllEXV lmax. CUE4s, 


N . S d  N.S. 0.03 N.S. 
0.84 0.78 0.36 I .oo PowerC 


30 mL versus 240 mL with Tablets P N.S. N.S. 0.07 N.S. 
Power 0.84 0.78 0.36 I .oo 


Capsules versus Tablets P <0.01 <0.01 <0.01 N.S. 
Power 0.99 0.97 0.61 I .oo 


Dosage Form X Volume Interaction P N.S. N.S. N.S. N.S. 
Power 0.55 0.49 0.20 0.95 


Com par ison Statistic ngh/mL ng/mL h Pg 


30 mL versus 240 mL with Capsules Pb 


Cumulative urinary excretion. Two-sided test. Power to detect a difference equal to 20% of the overall mean with a = 0.05. Not significant. 


Table V-Comparison of Drug Solubilities' 


Drug 


Ampicillin trih drate 
Amoxicillin trilydrate 
Doxycycline h yclate 
Erythromycin stearate 
Propoxyphene hydrochloride 
Tetracycline hydrochloride 
Theophylline 
Digoxin 


Solubilityb Dose Administered 


6.7 mg/mL (21) 
2.5 mg/mL (21) 


333.3 mg/mL (21) 
50.1 mg/mL (21) 


3333.3 mg/mL (21) 
100 mg/mL (21) 
8.3 mg/mL (21) 


0.095 mg/mL (9) 


500 mg ( 5 )  
500 mg (5) 
200 mg (7) 
500 mg (4) 
130 mg (8) 
500 mg (7) 
260 mg (6) 
0.5 mg TabletC 
0.4 mp. CaDsuleC 


Theoretical Volume 
of Water Required 
to Solubilize Dose 


74.6 mL 
200.0 mL 


0.6 mL 
25000 mL 


0.4 mL 
5.0 mL 


31.3 mL 
5.3 mL 
4.2 mL 


~~ ~~ 


a For drugs administered in previous studies thaf evaluated cffect of madministered fluid volume. In wafer af  rmm temperature. Doses used in present study 


Based on CUE4a, there were no significant differences found between 
dosage form (tablets versus capsules) and coadministered water volume (30 
mL versus 240 mL). Mean CUE48 values were 155.1 and 163.3 pg for the 
tablets with 30 mL and 240 mL of water, respectively. Mean C u b 8  values 
for capsules with 30 mL and 240 mL of water were 161.8 and 166.9 pg, re- 
spectively. Both fluid volumes showed significantly larger (p < 0.01) AUCslz,  
and C,,, values for capsules than tablets. The tma, was significantly shorter 
(I, < 0.01) for the capsules than for the tablets. Also, capsules administered 
with 240 mL of water had a significantly shorter t,, (p < 0.05) than capsules 
administered with 30 mL of water (0.69 versus 0.95 h, respectively). There 
were no significant interactions between dosage form (tablets versus capsules) 
and coadministered water volume (30 mL versus 240 mL) for AUCo-12, CmX, 
f m x ,  and CUE48. 


Figure 3 illustrates the between-subject variability in cumulative urinary 
excretion for the treatments. The CVvalues ranged from 9.5% for capsules 
administered with 240 mL of water to 17.0% for the tablets administered with 
30 mL of water. The two other treatments (capsules + 30 mL and tablets t 
240 mL) showed similar CV values of 13.9 and 13.7%. respectively. 


D I S C U S  I 0  N 
Results of previous studies that evaluated the effect of coadministered fluid 


volume on bioavailability vary and depend largely on the compound tested. 
Erythromycin stearate was administered to fasting normal volunteers in single 
500-mg doses with 20 mL or 250 mL of water. The results showed that re- 
duction in fluid volume significantly decreased erythromycin serum levels, 
probably due to the low aqueous solubility of erythromycin stearate (4). 
Amoxicillin trihydrate (5) and theophylline (6) also show decreased serum 
levels when administered with smaller fluid volumes. 


In some instances, the coadministered fluid volume has minimal or no effect 
on the bioavailability of the drug tested. Such was the case with doxycycline 
and tetracycline (water-soluble salts); little effect on the overall serum 
level-time profiles was seen when each preparation was administered with 
25 mL or 250 mL of water (7). Ampicillin trihydrate bioavailability was 
slightly affected by changes in coadministered fluid volume ( 5 ) .  Although 
plasma propxyphene levels have been shown to be lower with a 500 ml volume 


of water versus 250 ml when the drug is given as a capsule, the difference was 
significant only at the 6-h sampling time (8). 


In this study, a comparison of mean CUE48 values across both coadmin- 
istered fluid volume and dosage forms revealed no statistically significant 
differences. The power to detect a difference of 20% in means for these com- 
parisons with a = 0.05 was between 0.95 and 1 .OO. A comparison of the other 
pharmacokinetic parameters revealed no significant interactions between 
dosage form (tablets versus capsules) and volume (30 uerms 240 mL of 
water). Capsules had significantly larger AUC,.,2 and CmaX values and a 
significantly shorter (earlier) tmaX than tablets (p < 0.01). Interestingly, a 
significantly shorter rmaX was observed when the capsules were administered 
with 240 mL of water than when they were taken with 30 mL of water (p = 


2ol 
15 


s 
> 
0 10 


5 


0 
CAPSULE TABLET ; CAPSULE TABLET 


240 ml 30 ml 
1 I l l  I 


Figure 3-Between-subject variability in cumulative urinary excretion of 
digoxin for capsules and rableis (expressed as CV). 
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0.03). The larger C,,, and shorter tma, with the capsules uersus tablets in- 
dicate a more rapid absorption rate of the capsule dosage form. Our findings 
also confirm the results of previous comparative studies, which demonstrate 
the equivalence of bioavailability of the 0.2-mg capsule and 0.25-mg tablet 
doses(14. 15). 


While no significant differences in the amount of digoxin absorbed were 
noted based on CUEda. it is interesting to note from Fig. 3 that a smaller CV 
is seen with the capsule than the tablet for both the 240 mL (9.5 uersus 13.7%) 
and the 30 mL (13.7 versus 17.0%) volumes of water. 


Digoxin bioavailability studies (1 5-20) have used different coadministered 
volumes of water (100-240 mL). I f  the results of our study had indicated a 
difference in bioavailability with different volumes of water, some of  the 
findings of these studies could be questioned. However, since we found no 
difference in bioavailability with a small uersus a large amount of fluid, this 
variable does not have an important influence on digoxin absorption in normal 
individuals. 


A review of drug solubility and volume-related variability in drug absorption 
is interesting. Table V presents a comparison of the solubilities and doses of 
drugs that have been administered in previous studies with designs similar 
to the present study. These data show that concerns over alterations in bio- 
availability of a drug due to coadministered fluids should not only take into 
account the solubility of the drug, but also the dose of the respective drug 
administered. A case in  point is digoxin with a solubility of 0.095 mg/mL, one 
of the lowest values listed. However, because the therapeutic dose is small, 
only a small volume of water is theoretically required to solubilize the dose 
in the GI tract. 


The results of this study indicate that, in normal volunteers, there are no 
differences in total digoxin absorption (for either the tablet or capsule forms), 
when digoxin is administered with relatively small or large volumes of fluid. 
Such pharmaceutical information is useful in identifying drugs or drug 
preparations which may or may not be influenced by differences in coad- 
ministered fluid volume. 
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Abstract 0 Twelve adult beagle dogs received both an oral and intravenous 
dose ( 1  2 mg/kg) of fostedil in a cross-over design. The plasma levels and 
urinary excretion of intact fostedil were measured. and the pharmacokinetic 


concentration dependent, and saturation of the binding sites was not apparent 
at concentrations up to 100 pg/mL. Excretion of unchanged drug from the 
kidneys accounted for onlv a small Dercentaee of drug clearance. 


-. 
centrations of 0.1-100 pg/mL. ranged from 95 to 97%. The binding was not dogs 


Fostedil (I) (diethyl{[4-(2-benzothiazolyl)phenyl]methyl)- kinetics of fostedil in  beagle dogs after intravenous and oral 
phosphonate) is a new calcium entry blocking compound' 
( 1  -4). This study was designed to determine the pharmaco- 


administration. 


EXPERIMENTAL SECTION 


I This compound is being studied under a joint license agreement between Abbot1 
Laboratories. North Chicago. 111.. and Kanebo, Ltd., Japan, and has k e n  reported in 


Animak-Five male and seven female adult beagle dogs (8.5-13.0 kg) were 
randomly divided into three groups offour dogs pcr group. The groups were 


the literature as  KB-944. dosed at  I2 mg/kg, once with an oral solution, an oral suspension, an oral 
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enzyme rate constant from the coupled diffusional transport-bioconversion 
kinetic constant. 
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Abstract 0 In si fu absorption studies with dinoprostone in the rat jejunum 
were carried out to provide a quantitative mechanistic insight of the absorption 
process. The variables included buffer pH (3 .5 -93 ,  buffer capacity, hydro- 
dynamics in the lumen, and concentration. The disappearance kinetics from 
the lumen was first order. The rate decreased with increasing pH in a sigmoidal 
manner and reached a minimum at  about pH 9. These results indicate the 
effects of the partitioning of nondissociated species in the lipoidal membrane 
and transport across aqueous pores. The rate was higher with the higher degree 
of agitation of the lumenal solution. Between two hydrodynamic situations, 
the differences in the rates were large at pH 4.5 where the transport was largely 
aqueous diffusion controlled and then tended 10 become smaller with in- 
creasing pH where the transport became effectively membrane controlled. 
The 15-0x0- and !3.14-dihydro-l5-0~0 metabolites of dinoprostone were 
found. The physical model was applied to quantify the permeability coeffi- 
cients of  the aqueous diffusion layer and the aqueous pores of the membrane 
and the effective membrane transport-bioconversion permeability coefficient 
at various pH values. The overall absorption process of dinoprostone was 
similar to that of the less lipophilic dinoprost reported earlier and also more 
rapid. Hence, baseline absorption studies were completed with two major 
reference prostaglandins from which estimations of intestinal absorption can 
be made for their analogues and derivatives. 


Keyphrases 0 Absorption, GI--dinoprostone, rat jejunum, effect of buffer 
pH, buffer capacity, lumenal hydrodynamics, and concentration 0 Dino- 
prostone-GI absorption, effect of buffer pH, buffer capacity, lumenal hy- 
drodynamics, and concentration 0 Prostaglandins-dinoprostone, GI ab- 
sorption, effect of buffer pH, buffer capacity, lumenal hydrodynamics, and 
concentration, rat jejunum 0 Oxytocic agents-dinoprostone. GI absorption, 
effect of buffer pH, buffer capacity, lumenal hydrodynamics, and concen- 
tration. rat jejunum 


In situ absorption studies in the rat jejunum have been 
carried out to provide a quantitative mechanistic insight into 


*= H9 


I I I 


110 n6 Hb Hh 
I 11 


the intestinal absorption of dinoprostone ( I )  I .  These studies 
were intended to serve as baselines for comparisons between 
dinoprostone and its analogues and derivatives and other 
natural prostaglandins such as dinoprost ( I  I ) .  


Magee et al. ( I )  were the first to study the in situ rat in- 
testinal absorption of dinoprostone by the Doluisio et al. (2) 
technique. With the entire small intestines and 0.01 M phos- 
phate buffer (pH 6.4), the disappearance half-life from the 
intestinal solution was 40 min. The 15-0x0 metabolite was 
found in the lumen. No mechanistic interpretation on the ab- 
sorption process was made. 


Recently, in situ absorption studies with dinoprost in the 
rat jejunum, using a modified Doluisio technique, showed that 
the absorption rate was first order and was dependent on the 
pH and hydrodynamics in the intestinal lumen (3).  N o  me- 
tab.olism involving 1 5-hydroxyprostaglandin dehydrogenase 
occurred in the intestinal lumen and at the membrane surface; 
however, metabolism occurred within the biomcmbrane. The 
transport mechanism involved simultaneous passive diffusion 
and enzymatic bioconversion in the membrane. The quanti- 


Dinoprostone IS prostaglandin E2; dinoprobt is probtaglandin FA,. 


1594 I Journal of Pharmaceutical Sciences 
Vol. 73, No. 11, November 1984 


0022-3549/84/1100- 1594$0 1.001 0 
@ 1984, American Pharmaceutical Association 







Table I-InSitu Absorption of ['HJDinoprostone in !he Rat Jejunum * 


Hydrodynamic Buffer Buffer Number of k, X lO4s-I 
Condition PH Capacity Experiments fSD 


Oscillation, 0.075 mL/s 3.5 Std 5 14.59 (1.50) 
1.5 Std 3 16.60 (0.40) 


4.5 Std 2 9.81 (0.29) 
1.5 Std 9 11.94 (0.58) 


Static, 150-s intervals 


6.0 Std 


9.5 Std 
3.5 


4.5 


Std 
I .5 Std 
Std 
1.5 Std 


13 
4 
2 
4 
2 
4 
3 
3 
2 
6 
6 
2 
2 
2 


7.63 (0.45j 
6.22 (0.68) 
4.60 (0.21) 
2.98 (0.35) 
2.06 (0.64) 
2.00 (0.77j 
8.60 (0.77) 
8.78 (0.38) 
6.67 (0.51) 
7.81 i0.72; 
5.44 (0.38j 
4.59 (0.30) 
3.47 (0.06) 
2.70 (0.28) 


8.5 Std 2 2.2 (0.25j 
9.5 Std 2 1.93 (0.25) 


.a Initial concentration of ['H]dinoprostone was 5 X mg/mL or I .7 X mg/mL. The k. is the apparent first-order transport rate constant. Std means standard buffer 
capacity (see Ref. 3 for buffer formula). 


fication and factorization of the permeability coefficients of 
the aqueous boundary layer in front of the membrane and the 
passive diffusional-bioconversion and aqueous pore pathways 
of the membrane were accomplished using the physikal model 
derived previously (4). 


EXPERIMENTAL SECTION 


In situ absorption studies with dinoprostone in the rat je-ianum were carried 
out by a modified doluisio technique (4). The experimental variables included 
a wide range of buffer pH ( 3 5 9 . 5 ) .  buffer capacity, dinoprostone concen- 
tration, and hydrodynamic situations. Dinoprostone2, [3H]dinoprostone3, 
I-[ L4C]butano13, and n-[I4C)butyric acid3 were used without further purifi- 
cation. All buffer and rinsing solutions were isoosmotic. 


Male Sprague-Dawley rats, 220-275 g, were used. A 22-cm segment of 
jejunum was exposed and cannulated. All experiments were conducted at  
37OC. 


To assess membrane damage, villous immobility, or vasoconstriction caused 
by concentrations of prostaglandins that might be used in subsequent exper- 
iments, the jejunal absorption of I-[L4C]butanol, I-['4C]octanol, and p -  
["C]aminobenzoic acid was followed in the presence and absence of experi- 
mental concentrations of dinoprostone at constant hydrodynamic conditions. 
The effect on intestinal secretions was observed by following the absorption 
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Figure 1-In situ absorption of dinoprostone at oarious buffer pH values 
and high buffer capacity under oscillating (0.075 mL/s.ls) hydrodynamics in 
the rat jejunum. 


The Upjohn Co. ' New England Nuclear Co. 


of n-[ ''C]butyric acid in  the absence and presence of dinoprostonc at a con- 
stant hydrodynamic condition. 


In the in situ absorption studies, exactly 2 mL of radiolabeled solute in 
isotonic buffer was introduced into the lumen of the jejunum by means of the 
pump. To control the hydrodynamics, the experiments were conducted by the 
so-called static and ascillation methods. In the oscillation method. the lumenal 
solution was continuously pumped back and forth at 0.075 mL/s. All sampling 
points were at  I SO-s intervals. 


At all times, at least 80% of the drug solution remained in the lumenal 
segment. The initial tracer concentration of [3H]dinoprostone was 0. I pCi/mL 
ofdrug-buffer solution, equivalent to 5 X mg/mL. Twenty microliters 
of lumenal solution was taken at intervals with the aid of an automatic pipet 
and transferred into 10 ml, of a liquid scintillation4 cocktails. 


TLC was performed on silica gel plates and developed with the A-IX system 
(5 ) .  Quantitative determinations of radioactivity on the silica gel plates were 
done from 0.5-cm section scrapings in the scintillation cocktail5. 


THEORETICAL SECTION 
Recently, a physical model was derivcd for the stimultaneous passive 


transport and bioconversion of dinoprost across the intestinal membrane. It 
was consistent with the insitu absorption studies in the rat jejunum. Because 
of the similarities of the intestinal absorption of dinoprostone to dinoprost. 
the identical model is applied here (3.4). 


The disappearance rate in the intestinal lumen follows an apparent first- 
order transport process: 


a 


PH 
0.5 


9.5 


g 0.5 


d 
Y O t  


0 300 800 900 
0.4 1 


SECONDS 
Figure 2-In situ absorption of dinoprostone at various buffer pH calues and 
high buffer capacity under static conditions (150-s intercals) in the rat je-  
junum. 


Beckman model LS 200 spectrometer. 
Aquasol. 


Journal df Pharmaceutical Sciences I 1595 
Vol. 73. No. 1 1 ,  November 1984 







Table II-Assessment of the Presence of Metabolism and Impurity 
Compounds on the Determination of the Absorption Rate Constant of 
Dinoprostone in the Rat Jejunum 


17 


13 


- 
I 


9 -  
z 
X 
2 -  


5 -  


Buffer Hydiodynamic k, X lo4 s-I 
Condition Uncorrected Corrected PH 


3.5 Static 9. I 8.4 
Oscillation 17.0 16.9 


4.5 Static 8.9 8.5 
Oscillation 12.0 11.7 


6.0 Static 6.2 5.9 
Oscillation 7.4 7.3 


and: 


- 


- 


1 -  


where c'b is the total dinoprostone concentration in the bulk lumenal solution; 
t is the time ins; k, is the apparent first-order absorption rate constant in s-l; 
Pa, is the permeability coefficient of aqueous diffusion layer; P ,  is the per- 
meability coefficient of the aqueous pores of the membrane; L is the membrane 
thickness; k is the apparent first-order enzyme rate constant in s-l; D is the 
diffusion coefficient of dinoprostone in the membrance (cm2/s); A is the ap- 
parent lumenal surface area; X, is the fraction of nondissociated dinoprostone 
species at the membrane surface; K is the lipoidal membrane-aqueous partition 
coefficient of the nondissociated prostaglandin acid; V is the volume of lumenal 
solution. The integration of Eq. 1 between the limits of the initial total con- 
centration Cb(0) and c b ( t )  leads to the semilogarithmic expression: 


In c b  = In Cb(0) - kut (Eq. 3)  


By using Eq. 2, one can readily determine the apparent absorption rate con- 
stants under varying pH and hydrodynamic conditions in the lumen. In turn, 
the permeability coefficients of the aqueous diffusion layer and the membrane 
itself can be factored out. 


The permeability coefficients of the aqueous diffusion layer are found as 
follows. Under two hydrodynamic conditions at  constant buffer pH, two rates 
of absorption are expected. Accordingly, this situation is described by the 
following set of linear algebraic equations: 


I I AIV -+-=- 
Pa, Pe.m ku 


3 5 7 9 
INITIAL LUMENAL pH 


Figure 3 --Apparent ahsorpiion rate constants versus high buffer capaciiy 
pH under iwo hydrodynamic conditions for dinoprosione in ihe rai je -  
junum. 
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Table III-hSitu Absorption of l-('JC]Butanol and l-(l%JOctanol in the. 
Presence and Absence of Dinoprostone at pH 4.5 and 6.0 under Oscillation 
(0.075 mL f s) .Hydrodynamics; Assessment of Effects on the Aqueous 
Diffusion Laver. Membrane. and Vascular Svstem 


Buffer Order of Dinoprostone, k u  X lo3 
pH Rat Experimento m l m L  s- I 


4.5 A 
1 -[ 14C] Butanol. 
1 0 1.9 
2 


B 1 
2 


6.0 C I 
2 


I .76 1.4 
I .76 I .8 
0 1.6 
0 1.4 
1.76 I .4 


D 1 1.76 1.2 
2 0 1.2 
I-['4C]Octanol 


4.5 A I 0 2.6 
2 1.76 2.5 


B I I .76 2.5 
2 0 2.7 


6.0 C 1 0 2.8 
2 1.76 2.7 


D 1 
2 


I .76 
0 


3.0 
2.7 


' In the same jejunal segment. 


(Eq. 5 )  


where the effective permeability coefficient of the membrane, Pe,,,,, is: 
KX, 


pe*m = tdnh ( L  + '' (Eq. 6) 


Here it is noted that the first-order rate constant, k,, and the permeability 
coefficient of the aqueous diffusion layer, Pay are different from k,'and Pa( 
due to the difference in hydrodynamic conditions but that the effective per- 
meability coefficient of the membrane is not affected by the hydrodynamics 
in the lumenal solution. Subsequently, if one knows the value of the ratio be- 
tween Pa, and Pa(,  i.e.: 


!& = r* (Pa( > Pa,; k,' > k,) 
Pa, 


where r* 2 1 .O, it follows that: 
-+-=- I 1 AfV 
Pa, Pe.m k u  


01 I 
3 4 5 6 7 8 9 


Figure 4-Comparison of ihe absorption rate constant-buffer pH profiles 
of dinoprostone (@), dinoprost (0). and n-buiyric acid (0) in the rat jejunum. 
The p K a  of these acids is 4.9. 


BUFFER pli 







Table IV-In Situ Absorption of n-114C)Butyric Acid in the Rat Jejunum in 
tbe Presence and Absence of Dinoprostone at Buffer p H  4.5 and 9.5 under 
Oscillation (0.075 mL/s) Hydrodynamics' 


Dinoprostone, 
PH P d m L  


k .  X lo3 
s- I 


4.5 


9.5 


0 


0.5 


0 


0.5 


3.13 
2.89 
2.96 
2.63 
0.52 
0.52 
0.5 
0.51 


O n = 2  


Hence, one has a system of two equations in  two unknowns, which can be 
solved in the usual manner. The r* was determined previously for a number 
of hydrodynamic situations in the rat intestinal tract using the I-alkanol series 
(6). 


The permeability coefficient of the aqueous pores of the membrane is de- 
termined at buffer pH >> pK". I n  this situation. X, approaches zero, causing 
Eq. 2 to become: 


-+- 
pa, PP 


RESULTS A N D  DISCUSSION 


General Absorption Experiments-Dinoprostone absorption at various pH 
values at high buffer capacity and at two hydrodynamic condiiions is shown 
in Figs. I and 2. These plots reflect the change in the total radioactivity in the 
lumenal solution with time. The decrease in rate concomitant with the increase 
in pH strongly indicates the importance of the partitioning of nondissociated 
species of dinoprostone (pK, -4.9) into the lipoidal diffusion-bioconversion 
pathway of the membrane as part of the total transport process. 


By comparing Figs. 1 and 2, one notices the marked influence of the aqueous 
diffusion layer on transport kinetics. The hydrodynamics of the oscillation 
procedure produced a largcr effect on the slope than did the hydrodynamics 
of the static procedure with 150-s sampling intervals; the higher degree of 
agitation produced a thinner aqueous diffusion layer on the mucosal side of 
the membrane. 


Table 1 summarizes the absorption experiments using tracer dinoprostone 
concentrations at various hydrodynamic conditions, buffer pH. and buffer 
capacities. The buffer capacity effect on thc absorption rate constant is evident. 
For example, at the nominal buffer pH of 4.5. the rate constant was higher 
at a high buffer capacity than at a lower capacity. This result is attributed to 
the relative differences in the surface pH and bulk lumenal pH, which depends 
on the net fluxes of intestinal zecretions and bulk buffer species across the 
aqueous diffusion layer (6). The bulk pH initially at pH 4.5 increased slower 
with time the higher buffer capacity than with the lower capacity solution. 
In contrast. in the pH region beyond 6.0-6.5, the bulk pH (e .g . ,  7 . 5 )  tended 
to decrease slower with time with the high buffer capacity than the lower 
buffer capacity solution and converged to approximately pH 6.3. These results 
emphasize the need to have sufficiently high buffer capacity solutions for 
baseline control of the surface pH relative to the initial bulk pH. 


Figure 3 isa plot of k,versus buffer pH at high buffer capacities taken from 
the results in Table 1. The relative differences in the k ,  values for the oscillation 
and static hydrodynamic cases become smaller as the buffer pH increased. 
At pH 9.5, the rate constants were a h u t  the same. These results were expected 


Table V-In Situ Absorption of p-[lC]Aminobenzoic Acid in the Presence 
and Absence of Dinoprostone at p H  8.5 under Oscillation (0.075 mL/s) 
Hydrodynamics: Assessment of Effects on the Aqueous Pore Pathway of 
the Membrane 


Rat A Rat B 
Dinopro- Dinopro- 


Order of stone. k ,  X lo4 stone, k, X lo4 
Experiment " ue /m L s- ' unlml-  S- I  


I 0 3.5 I .76 4.2 
2 I .76 3.6 0 3.8 


In the same jejunal segment. 


Table VI-Effect of Dinoprostone Concentration on the Absorption at p H  
6.0 and Oscillation Hydrodynamics 


Order of Dinoprostone. k ,  X 104 
Rat Experiment" mg/mL s- ' 
A I 8.0 x 10-7 7.3 


2 8.0 x 10-7 7.9 
B I 1.6 x 10-5 8.0 


C 
2 
I 
2 


1.6 x 10-5 
5.0 x 10-4 
5.0 x 10-4 


6.8 
7.2 
7.9 


D I 1.0 x 10-3 7.1 
2 1.0 x 10-3 5 .  I 


In the same jejunal segment 
Table VII-Estimation of the Permeability Coefficient of the Aqueous 
Diffusion Layer ( P,p) * 


Average Paq X lo4 cm/s 
Buffer Hydrodynamic k ,  X I O4 Oscilla- 


Condi tion s- I Static tion Rat pH 


A 6.0 Static 5.44 0.89 1.88 


B 6.5 Static 4.59 0.83 1.74 
Oscillation 7.63 


Oscillation 6.22 


Average P.p(,m,K) = 0.86 X cm/s. Averagc Pa (osc,llat,on) = I .82 X cm/s. 
The P., value was calculated with the aid of Eqs 8 an% 9 with A/V = I I .2 and r* = 
2.12. 
since the total transport rate is more aqueous diffusion controlled at  low pH 
and more effectively membrane controlled with increasing pH. The shapes 
of the profiles are similar in character to those reported earlier for dinoprost 
(4). These prostaglandins are known to undergo metabolism in the jcjunal 
membrane to, at least. the 15-0x0 and 13,14-dihydro-l5-0~0 metabolites. 


In following dinoprostone absorption, there was always some concentration 
of extraneous tritium-labeled compounds in the intestinal lumen as well as 
in the original stock solution6 as  determined by quantitative TLC. These 
concentrations were always about 10% of the total activity a t  all sampling 
intervals during the absorption experiments. Furthermore, the back-diffusion 
of the 15-0x0 derivative of dinoprostone from the membrane into the lumen 
was detected with time. In vitro studies in rat intestinal secretions at  pH 6.0 
indicated that no metabolism was occurring. The rate constants taken from 
first-order absorption-time plots corrected for nondinoprostone substances 
were no different from constants from uncorrected plots (Table 11). 


Assessment of Aqueous Diffusion Layer, Membrane, and Vascular Effects 
of Dinoprostone on Absorption-The absorption of various selected radiola- 
beled solutes ( I  -butanol, I -octanol, n-butyric acid, and p-aminobenzoic acid) 
was carried out under various pH conditions in  the presence and absence of 
dinoprostone to evaluate possible effects of the postaglandin on the aqueous 
diffusion layer, membrane permeability, and vascularity of the intestines 
affecting the blood sink. I-Butanol and n-butyric acid were chosen because 
their absorption rates are known to be membrane controlled; the absorption 
rate of I -octanol is controlled by diffusion across the aqueous boundary layer 
(6). Successive experiments were often performed in the same jejunal segment 
of each rat since within-rat variations are usually smaller than between-rat 
variations. 


When using I-['4C]butanol to focus principally on the membrane effects 
and l-[14C]octanol to focus on the aqueous diffusion layer and vascular effects. 


a a 


0 .  


X I  


g 4  t 
a 


21 * 
0.0023 0.045 1.42 2.83 


DINOPROSTONE, pM 


Figure 5-In situ absorprion rate comtants of I3Hldinoprostone as a function 
of concentration. Oscillation hydrodynamics were employed. Solid line is 
the average rate constant. 


b One impurity in the original stock solution had thc same R, as PGA 
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Table VIII-Cornoarison of Diffusional Rates across the Aqueous Laver Barrier in Front of the Mucosal Membrane to the Total Absorotion Rates 


Hydrodynamic 
k ,  X 104s-' 


Pa, X lo4 Buffer Maxi- Fraction of Absorption Rate 
Condition cm/s PH Experimental mum" Controlled by Aqueous Diffusion Layer 


Oscillation, 0.075 mL/s 1.82 3.5 16.6 20.38 
4.5 11.94 20.38 
6.0 7.63 20.38 
7.5 
8.5 
9.5 


2.98 20.38 
2.05 20.38 
2.0 20.38 


Static. 150-s intcrval 0.86 3.5 8.78 9.63 
4.5 7.8 I 9.63 
6.0 5.44 9.63 
7.5 2.70 9.63 


0.8 1 
0.59 
0.37 
0.15 
0.10 
0.10 
0.9 1 
0.8 I 
0.56 
0.28 


8.5 2.2 9.63 0.23 
9.5 1.93 9.63 0.20 


Table IX-Factorization of Effective Permeability Coefficients of the Jejunal Membrane at  Various Buffer pH Values into the Permeability Coefficients 
of the Aqueous Pores and Principal Membrane Pathway 


Hydrodynamic Buffer Average k ,  Permeability Coefficients X lo4 cm/s 


Oscillation 3.5 16.6 1.82 7.98 0.2 7.78 
0.075 mL/s 4.5 I I .94 I .82 2.57 0.2 2.37 


6.0 7.63 1.82 1.09 0.2 0.89 
7.5 2.98 I .82 0.3 I 0.2 0.1 I 
8.5 2.05 1.82 0.2 0.2 0 
9.5 2.0 1.82 0.2 0.2 0 
3.5 8.78 0.86 - 0.2 - 
4.5 7.81 0.86 - 0.2 - 
6.0 5.44 0.86 1.12 0.2 0.92 
7.5 2.70 0.86 0.33 0.2 0.13 
8.5 2.2 0.86 0.2 0.2 0 
9.5 I .93 0.86 0.2 0.2 0 


Condition PH x 1 0 4 ~ - 1  Pa, P m "  PP P m  a 


Static 
1 50-s interval 


KX,  P,, i s  defined by Eq. 6, and P, = 
tanh (1. dk /D) .  


the absorption of these solutes was not affected by 1.76 pg/mL of dinoprostone 
at pH 4.5 and 6.0 (Table 111). These pH conditions were chosen since the 
absorption is pH dependent (Table I )  while the alkanol absorption is pH in-  
dependent. Furthermore. when using n-butyric acid at  pH 4.5 to assess the 
lipoidal and aqueous pore pathways of thc membrane and n-butyric acid and 
the larger molecular size p-aminobenzoic acid at high pH to assess possible 
changes in the aqueous pores, a 1.76-pg/mL concentration did not have any 
apparent effect (Tables IV and V) .  As will be seen later, absorption was not 
influenced by concentrations up to 1 X mg/mL (equivalent to 2.83 pM). 
From all of these results together, it is concluded that dinoprostone does not 
have significant adverse effects on the membrane system so that an unam- 
biguous quantification and interpretation of the membrane permeability 
coefficients can be made. 


Mechanism of Dinoprostone Absorption in Intestines-Since dinoprost is 
transported across the lipoidal membrane by a simultaneous passive diffu- 
sion-bioconversion kinetic process (3,4), this is good reason to expect that 
dinoprostone follows the identical mechanism. For comparison, the absorption 
rate constant ljersus buffer pH plots are shown in Fig. 4 for both prostaglan- 
dins. Although n-butyrie is only passively absorbed (6), it is included here to 
point out the similarities of the general pH-partition phenomena with n- 
butyric acid to the prostaglandins. 


As shown in Fig. 4, the absorption rate constants of dinoprost from pH 3.5 
to 7.5 were comparatively less than those of the more lipophilic dinoprostonc 
at comparable pH. They tended to converge at about pH 8.5, as might be 
expected for the transport of the anions across the aqueous pore pathway. In 
contrast, the absorption-pH profile of n-butyric acid was higher than that 
for the prostaglandins and was also shifted more to the right. The asymptotic 
minimum absorption rate of n-butyric acid across the aqueous pore at pH 8.5 
and higher was faster than the prostaglandins by a factor oftwo. In summary, 
the comparative profiles of these three weak acids represent the net interplay 
of the pH and permeabilities of the aqueous diffusion layer barrier in front 
of the membrane and the membrane itself. 


The possibility of a facilitated transport process is virtually eliminated by 
the absorption data found in Table VJ and Fig. 5. Contrary to the theory of 
the facilitated mechanism, a relatively constant absorption rate at pH 6.0 was 


found over a 1.25 X IO'-fold range of dinoprostone concentrations (from 8 
x 10-4 to 1.0 wg/mL). 


Permeability Coefficients-The permeability coefficients of the aqueous 
diffusion layer, estimated from the pH 6.0 and 6.5 absorption data, were0.86 
X cm/s for the os- 
cillation case (Table VII). The data at pH 3.5 and 4.5 were not employed, since 
the absorption rates are highly aqueous diffusion controlled where Eqs. 8 and 
9 become insensitive. The coefficients compare well with the 0.8 X and 
I .7 X cm/s found in the dinoprost studies (3). Using the Pap values, one 
gets estimates on how much the total absorption rate is aqueous diffusion 
controlled or membrane controlled (Table VIII). At low pH. the absorption 
is governed by diffusion in front of the membrane. while at higher pH it is 
controlled more by the membrane. 


With the average k ,  = 2.0 X 10-4s-' at high pH and Eq. 10, the perme- 
ability coefficient of the aqueous pores for the dinoprostone anions is 2.0 X 


cm/s for dinoprost. Since the 
permeability coefficients of the aqueous diffusion layer and the aqueous pores 
of the membrane are known. the factorization of the effective permeability 
coefficient for the simultaneous membrane transport and bioeonversion of 
dinoprostone. i .e.,  KX, d m / t a n h  ( L  m), is readily attained. Table IX 
summarizes the quantitative estimates of all of the permeability coeffi- 
cients. 


cm/s for the static hydrodynamics and 1.82 X 


cm/s. In perspective. P, is 1.5 X 


CONCLUSIONS 


Baseline intestinal absorption studies of dinoprostone in the rat were es- 
tablished, and the results werc mechanistically consistent with dinoprost. These 
two important prostaglandins provide thc reference compounds from which 
the in siru absorption and metabolism in the intestinal membrane of their 
respective derivatives and analogues can be studied on a predictive level oia 
the physical model approach. Such studies are in progress. 
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Abstract 0 The influence of the mode of intravenous dosing and blood sample 
collection on the pharmacokinetics of 4-[(3-methoxyphenyl)-mcthyl]- 
2,2.6,6-tetramethyl- I -oxa-4-aza-2,6-disilacyclohexane hydrochloride ( I )  was 
studied in the rat. Blood samples obkdincd from the tail and by exsanguination 
following injection of the 14C-labeled drug into the caudal vein. the jugular 
vein, and the heart  were analyzed for total radioactivity, and the concentration 
profiles from the different treatments were compared. Dosing and sampling 
from the tail vein resulted in significantly different blood levels (and related 
pharmacokinetic parameters) when compared to other methods, probably 
attributable to a local depot effect. lntracardiac administration tended to cause 
higher drug levels in  the heart than intravenous doses, although no significant 
differences were found between the respective blood concentrations. The re- 
sults showed that caudal vein injection is a simple and adequate method of 
intravenous administration in rats designated for exsanguinated blood and 
tissue collection. For serial blood sampling in individual animals, the dose may 
be given uia the jugular vein and the blood collected from the cut tail. These 
methods require little or no surgical preparations and are particularly suitable 
for prolonged sampling in studies where a relatively large number of animals 
are involvcd. 


Keyphrases 0 Pharmacokinetics-influence of mode of intravenous admin- 
istration and blood sample collection. rat D Dosing-pharmacokinetics. mode 
of intravenous administration, blood sample collection 


During the developmental process of a potential therapeutic 
agent, pharmacokinetic studies are often conducted at the 
same time as toxicity trials. While the oral route of adminis- 
tration is invariably used in these studies in order to be con- 
sistent with the toxicity tests, additional experiments 
employing intravenous doses are usually performed so that 
important pharmacokinetic parameters such as the volume of 
distribution and absolute oral bioavailability or absorption can 
be determined. In  the rat, the caudal vein is often used as the 
site of injection. In contrast, injection uiu the jugular or femoral 
vein requires surgical exposure of the vein ( I )  and can be 
cumbersome in studies involving a large number of animals. 
Drugs are also administered by simple cardiac puncture, but 
the results may not be truly representative of an intravenous 
dose. Potential complications such as cmbolization and ex- 
ccssive local drug toxicity are further limitations of the in- 
tracardiac route. Intraperitoneal injcction, commonly used for 
the administration of compounds to small animals, is different 
from intravenous dosing in that drug absorption from the 
pcritoneal cavity is slower ( 2 )  and entails passage into the 
portal circulation, resulting in incomplete systemic bioavail- 
ability (3) .  


In  recent years, numerous sensitive analytical methods that 
require only microsamples of blood have been developed, and 
pharmacokinetic data from individual rats or similar small 
animals can be obtained by serial sample collection. Several 
methods using a chronic indwelling catheter to facilitate re- 
peated blood collection have been described (4-6), but the 
animal preparation procedures are elaborate and tedious and 
are incompatible with prolonged sampling periods in studies 
involving a large number of animals. Other methods of vas- 
cular access and their potential complications have been de- 
scribed in a recent review (7). A simple alternative to cannu- 
lation is the nonsurgical method of bleeding the rat from the 
cut end of its tail. However, due to the relatively low regional 
blood flow (8,9),  which could result in delayed mixing of the 
administered drug, the validity of tail concentration data re- 
mains unclear. 


Using a new skeletal muscle relaxant, 4-[(3-methoxy- 
phenyl)-methyl]-2,2,6,6-tetramethyl- 1 -oxa-4-aza-2,6-disilacy- 
clohexane hydrochloride' ( I ) ,  as a test compound, the present 
study was undertaken to examine the effect of the mode of 
intravenous dosing and blood sample collection on phar- 
macokinetic data in the rat. Blood was obtained from the tail 
and by exsanguination following injection of the I4C-labeled 
drug into the caudal vein, the jugular vein, and the heart. 
Radioactivity concentration in the heart tissue after intra- 
cardiac administration was also measured for comparison with 
existing intravenous data. 


HCl 


I 


EXPERIMENIAI. S E f l I O N  


Dose Administration and Sample Collection---Male Sprague-Dawley rats, 
average weight 250 g, were used. They were housed individually in standard 
cages and had free access to food and water at all times. The rats were divided 
randomly into three groups of 24 each for drug administration cia the caudal 
vein, the jugular w i n ,  and the heart. 


Radioactive I was labeled with carbon-14 at  the rnethylene group of the 


' Compound 58-1 I2 hydrochloride; Sandoi. Inc.. East Hanover. N J. 
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pharmacological action of the parent drug and possibly the metabolite. This 
finding is consistent with our previous observation of no significant alterations 
in the action potentials of rabbit sinoatrial node, atrioventricular node, and 
atrial fibers after a I -h  superfusion with therapeutically meaningful con- 
centrations of amiodarone suspended in homologous plasma (19). Although 
similar studies with microelectrodcs will be needed to establish thc electro- 
physiological properties of the metabolite, our preliminary data on ECG 
changes suggest that the behavior of the metabolite is similar to that of the 
parent drug under acute conditions. However, this lack of the acute effect does 
not exclude the possibility that the accumulation of metabolite during chronic 
therapy may contribute significantly to the pharmacological and electro- 
physiological action of amiodaronc. Thus, more definitive eleetrophysiological 
studies in rabbits treated chronically with amiodarone and its metabolite will 
be required to estimate the contribution of the metabolite to the observed 
pharmacological action of amiodarone during chronic administration. 


In summary, both amiodarone and its major metabolite, the deethyl ana- 
logue, have similar serum kinetics after intravenous administration in rabbits 
and are rapidly taken up by the myocardium. Neither the parent drug nor its 
metabolite produces significant electrophysiological changes under acute 
conditions in concentrations that are therapeutically relevant. The data do 
not exclude the possibility that the metabolite exerts pharmacological effects 
that are similar to those of the parent compound during chronic dosing. 
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Abstract 0 A high-performance liquid chromatographic method for the 
analysis of carprofen in solid dosage forms and as the bulk drug substance was 
developed. The simple, accurate, reproducible, and stability-indicating method 
was'shown to be applicable to drug substance and dosage form stability studies, 
as well as the quality control of carprofen dosage forms. 


Keypbrases Carprofen-analysis of dosage forms and drug substances, 
HPLC HPLC-analysis of carprofen dosage forms and drug substance 


Carprofen [(f)-6-chloro-cu-mcthylcarbazole-2-acetic acid 
( I ) ] ,  under development as a nonsteroidal anti-inflammatory 
agent (1-9), has been formulated as a solid oral dosage form. 
Analytical procedures for the analysis of carprofen in biolog- 
ical fluids have appeared in the literature (10-16). However, 


since carprofen is a relatively ncw drug entity, analytical 
procedures suitable for the analysis and control of carprofen 
drug substance and dosage forms have not appeared in the 
literature or the USP. 


The purpose of this work was to provide specific, accurate, 
and reproducible liquid chromatographic (HPLC) methods 
which would be applicable to various quality control functions, 
i.e., drug substance stability studies, potency and content 
uniformity assays of dosagc forms, and dosage form stability 
studies. To satisfy these criteria, it was necessary to develop 
a method which would separate I from all known impurities 
and potential degradation products and separate the impurities 
and potential degradation products from each other. 
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3 149.5 
4 150.7 


- 


I: 
11: 


111: 
IV: 
V: 


VI: 


R1= CH3, R2 = COOH, R3 = H 
R t =  CHs, R2 = RB = COzC2Hs 
HI = CHs, R2 = C02CzH5, R3 = H 
R l =  CHs, RP = OH, Ra = H 
R1= CHs, R2 = 0 
RI = CH3, R2 = Rs = H 


The dosage form assay procedure was designed to be ame- 
nable to either manual or automated injection. I t  was also 
designed so that quantification could be done either by a 
computer data acquisition system or by manual calculation 
of peak response. 


EXPERIMENTAL SECTION 


Materials-Benzophenone', anthraquinone*, and glacial acetic acid3 were 
all analytical reagent grade and were used as  received. The methanol4 and 
acetonitrile4 used wcrc distilled in glass. Water used in  the preparation of 
mobile phases was doubly distilled. 


Mobile Phase--The mobile phases used were prepared by mixing appro- 
priately measured volumcs of methanol and 1% acetic acid. The mobile phase 
selected for the assay was methanol-water (1% acetic acid) (6935). All mobile 
phases were filtered before use. 


Irstrumentation-Portions of the present study were conducted with several 
different HPLC systems. The early developmental work on the dosage form 
assay was done with a constant-pressure single-piston pump5, a fixed-loop 
injector6, and a UV detector7 set at 254 nm. The early developmental work 
on the drug substance stability assay was done with an HPLC system con- 
sisting of two constant-flow solvent-metering pump#, a solvent programmerg, 
an injectorlo, and an UV detector". The major portion of the work was done 
with a 10-pm particle size octadecylsilane column'*. Quantifications asso- 
ciated with developmental work on the dosage form assay were done with 
manual peak height measurements. Those associated with the drug substance 
stability study were done using peak area measurements obtained with an 
electronic integrator'). Subsequent to the earlier work, both dosage form and 
drug substance analyses were automated with an a ~ t o s a m p l e r ' ~  and a more 
sophisticated computer data acquisition systemIs. 


Methods Development-Carprofen ( I )  and its known impurities (11 and 
111) were chromatographed under various conditions until a suitable col- 
umn-mobile phase combination was obtained that was capable of separating 
all compounds of interest. Samples from accelerated degradation studies were 
also chromatographed in this initial system to make certain that the system 
was also capable of separating potential degradation products. Compounds 
IV, V, and VI were isolated and identified as the major potential decomposition 
products16. These compounds were formed only under accelerated storage 
conditions. A study was also conducted in which the mobile phase composition 
was varied to determine the sensitivity of the separation to changes in mobile 
phase composition. 


Dosage Form Assay Procedures-All solutions containing 1 were prepared 


I Fluka A .  C.. Buchs S. G., Switzerland. 
Pfaltz and Baucr Inc., Stamford. Conn. 
J .  T .  Baker Chemical Co. ,  Phillipsburg. N .J .  
Burdick and Jackson, Muskegon. Mich 
LDC mini- ump; Laboratory Data Control, Riviera Beach, Fla. 


6 Model 7018; Rheodyne. Inc. 
Model 1285; Laboratory Data Control. * Model 6000A; Waters Associates, Milford. Mass. 
Model 660; Waters Associates 


lo Model U6K; Waters Asociatcs .  
Model 440 set at 254 nm; Waters Associates. 


l2 Chromegabond C-18; E. S. Industries, Marlton, N.J. 
I 3  Model 3385A; Hewlett-Packard. Avondale, Pa. 
I 4  WISP Model 710B. Waters Associates. 


Computer Inquiry Systems, Waldwick, N.J. 
Ib The full details o f  thc isolation and identification of these compounds and studies 


on the degradation pathway of carprofen are the subject of a separate report. 


9 
10 
1 1  


149.7 
149.3 
i w  9 


Mean, 150.2 mg,per tablet; 101% of claim; RSD, 0.45%. Determined by internal 
standard quantification techniques; manual (loop) injection and manually measured 
peak heights. 


by using low-actinic glassware and acetonitrile-water (5050)  as the dil- 
uent. 


Internal Standard Solution-Benzophenone (380 mg) was accurately 
weighed into a 2-L volumetric flask and dissolved in 1 L of acetonitrile. Once 
dissolved, the resulting solution was diluted to volume with distilled water. 


Standard Solution-Approximately 40 mg of carprofen reference standard 
was accurately weighed into a 100-mL volumetric flask. The standard was 
then dissolved and diluted to volume with the internal standard solution. 


Sample Preparation for Potency Assay-Twcnty tablets were combined 
and finely powdered with a mortar and pestle. From the composite, a tablet 
mass equivalent to 40 mg of I was accurately weighed into a 100-mL volu- 
metric flask. The sample was dissolved in the internal standard solution by 
shaking for 15 min. After shaking, the sample was diluted to volume with the 
internal standard solution and filtered through a 5-prn filterI7. 


System Suitability Test-Six injections of the standard solution were 
chromatographed, and the carprofen-internal standard response ratio was 
calculated for each injection. The system precision was considered to be ad- 
equate if the RSD for the six response ratio values did not exceed 1.5%. 


The resolution factor ( R 1 )  was calculated for the separation between the 
benzophenone and carprofen peaks according to the USP. The resolution was 
acceptable if  R' was >3.5. 


Potency Assay Procedure-The sample solutions were injected into the 
chromatograph using 20-pL injections. The carprofen content per tablet was 
then calculated by using the standard response ratio from the system suitability 
test, the respective peak heights in the sample chromatogram, the sample 
weight, and the appropriate dilution factor. Alternatively, peak areas ob- 
tained from a suitable computer system can be substituted for peak heights 
throughout the calculations. 


Contenr Uniformity Sample Preparations-The same assay procedure as 
described above was applied to conduct content uniformity tests. For content 
uniformity measurements, the following sample preparation was substituted. 
One tablet was placed in each of ten 100-mL volumetric flasks. To each flask, 
50 mL of the internal standard solution was added, and the flasks were shaken 
on a mechanical shaker for 1 h. Samples were then diluted to volume with 
internal standard solution and filtered as described above. Depending on the 
dosage strength, the samples were then appropriately diluted to obtain a final 
carprofen concentration of 4 . 4  mg/mL. The final sample solutions were then 
chromatographed as described above, and the carprofen content per tablet 
was calculated. 


Lhwg Substance Stability Assay Procedure-The same HPLC system was 
applied to drug substance stability testing. Several modifications in  terms of 
sample preparation, amount of carprofen injected, and quantification tech- 
niques were necessary when the assay was to be used in bulk substance stability 
studies. For these assays, -I0 mg of carprofen was accurately weighed into 
a 10-mL volumetric flask, dissolved, and diluted to volume with the internal 
standard solution. Anthraquinone was used as  an internal standard in some 
studies. During subsequent studies, it was discovered that use of benzophcnone 
as an internal standard would shorten the analysis time. Either internal 
standard gave acceptable results. The carprofen concentration was determined 
by using an internal standard quantification technique, and the impurity and 
degradation product levels were estimated by using an area percent technique 
corrected for the presence of the internal standard in the chromatogram. 


Validation-Both the dosage form assay and the drug substance stability 
assay were validated with respect to specificity, linearity, precision, and ac- 
curacy. The methods were also validated with both manual and automated 


I' Type LSS; Millipore Corp.. Bedford, Mass. 
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, Figure I-Chromatograms of carprofen and relared compounds versus the following percent methanol-water (1% acetic ocid) in the mobile phase: (a) 6535; 
(b) 60:40; (c) 70:30; (d) 7S:2S. Key: ( I )  benzophenone; (2) IV; (3) carprofen; (4 )  V; (5)  111; (6) 11; (7) VI .  


injection devices and by using both internal and external standard tech- 
niques. 


RESULTS AND DISCUSSION 


During preliminary methods development experiments, the carprofen peak 
exhibited marked tailing when chromatographed on a number of reverse-phase 
columns. This was believed to be due to partial ionization of the carboxylic 
acid function of the molccule in the mobile phase. Consequently, acetic acid 
was added to the mobile phase to suppress ionization and improve peak 
shape. 


Since the intended purpose of the method was to supply a reliable and re- 
producible procedure suitable for assay, content uniformity, and stability 
studies, various columns and mobile phase compositions were carefully studied 
to achieve baseline resolution between carprofen, the internal standard, known 
impurities, and potential degradation products. The column12 originally se- 
lected for the dosage form assay and used in the validation of the method was 
one that provided the desired separation within a reasonable analysis time and 
was commercially available at the time the method was developed. A chro- 
matogram showing the separation between all possible components obtained 
with this column and thc specified mobile phase composition is given in  Fig. 


l a .  The sensitivity of that separation tovariations in the mobile phase com- 
position was studied with the same column (Fig. Ib-d). The data obtained 
were used to design an appropriate system suitability test for the dosage form 
assay. The separation most adversely affected by variations in mobile phase 
composition and most critical to the specificity of thedosage form assay is the 
separation between IV and carprofen (Fig. 1). Direct assuranceof adequate 
separation between these two components could be obtained by specifying 
a minimum resolution factor between these two compounds in a system suit- 
ability test. However, this would require that all laboratories have access to 
a reference standard of IV. To make the method generally applicable for any 
laboratory and to eliminate the need for a reference standard of IV, an al- 
ternative approach was taken. The resolution factors R' (carprofen-internal 
standard) and R2 (IV-carprofen) were obtained and plotted as a function of 
mobile phase composition (Fig. 2). For symmetrical peaks, minimum baseline 
resolution between two peaks should yield a resolution factor > 1.0. By using 
the plot in Fig. 2, the appropriate resolution factor ( R ' )  which would simul- 
taneously yield an R2 value 2 1 .O was determined. The value for R' selected 
and included in the system suitability test was R' 2 3.5. With the column 
specified, all mobile phasecompositions which resulted in an R' value 2 3.5 
also produced an R2 value 7 1 .O (Fig. 2) Therefore, by performing the system 
suitability test with the specified column and adjusting the mobile phase 
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Table 11-System Precision of the Carprofen Dosage Form Assay 


External 
Injection Standard Standard * RR/Internal StandardC Standardd StandardC 


1 0.4478 0.9 I77 I .683 429.3 23664 
2 0.4445 0.9239 1.683 434.6 23744 
3 0.4468 0.9220 1.683 436.2 23793 
4 0.4449 0.9241 I .68 1 438.3 23816 
5 0.4474 0.9237 I .682 437.3 23838 
6 0.4470 0.9259 1.682 438.9 23737 
Mean 0.4464 0.9234 1.682 435.8 23765 
RSD 0.31% 0.39% 0.05% 0.81% 0.27% 


By internal standard technique; automatic injection 
and computcr-generatcd peak heights. By internal standard techniquc; automatic injection and computer-genera13 peak areas. B) external standard technique; automatic 
injection and computer-generated peak heights. 


RR/lnternal R R/lnternal External 


Response ratio (RR)  by internal standard technique; manual (loop) injections and manually determined peak hei his. 


By external standard technique; automatic injection and computer-generated peak areas. 


composition to achieve a resolution factor R' 2 3.5 between internal standard 
(commercially available) and carprofen, any laboratory can perform the assay 
and be assured of adequate resolution between all possible components. 


The specificity of the method was examined in several ways. The method 
was shown to separate all known synthetic impurities. Solutions of carprofen 
subjected to accelerated degradation studies were chromatographed, and the 
mcthod was shown to bc capable of separating several potential degradation 
products. To establish the carprofen peak integrity in these accelerated deg- 
radation study chromatograms, several injections were made, and the car- 
profen peak was collected as it eluted from the column. After removal of the 
mobile phase under a stream of nitrogen followed by lyophilization, NMR 
analysis demonstrated that the pcak assigned to carprofen appeared to be only 
one substance. The collected carprofen fractions also showed one spot on 
T1.C. 


The precision of the method was examined by repeating the entire assay 
procedure with several neighings of the same composite sample (Table 1). 
The method was shown to be rcproducible. with an RSD of 0.45%, by manual 
injection, manual peak height measurements, and the internal standard 
quantification technique. The system precision was evaluated by making 
scveral injections of the same standard solution. The RSD of the response 
ratios obtained was 0.31% (Table 11). Subsequent to the initial validation, the 


'1 


method was automated. The system precision was examined using automated 
injection by both peak areasand peak height measurements and both internal 
standard and external standard quantification techniques (Table 11). The 
system precision was acceptable by any of the quantification methods de- 
scribed above. 


The linearity of the method was also studied. For the dosage form assay, 
samples containing carprofen concentrations spanning 50-1 50% of the ex- 
pected working range were analyzed by the method. Plots of peak response 
ratios (carprofen-internal standard) uersus carprofen concentration were 
generated. Similar plots were generated by using both peak heights (measured 
manually) and computer-calculated peak areas. The linearity of each plot was 
determined by using a computer program, LIN, to fit the observed data to a 
curve of the form y = mx" t b. For perfect linearity, n = 1 .O. The program 
also calculated the maximum error to be expected by the deviations from 
perfect linearity (17). When the observed data from the linearity plots was 
subjected to the LIN program, the value of n was between 0.95 and 1.0 in all 
cases. The maximum relative percent error due to nonlinearity over the assay 
range was also calculated by use of the LIN program and was found to be 
<0.370 in all cases. 


The accuracy of the dosage form assay was also examined. Synthetic 
samples of carprofen tablets were prepared, covering 50- 133% of the theo- 
retical dosage range. The samples were prepared in such a way as to approach 
the average tablet weight of 365 mg. Appropriate aeights of placebo tablet 
mass were mixed with known weights of carprofen spanning the range given 
above. These samples were analyzed by the described method. The recovery 
of carprofen from the tablet matrix is presented in Table I l l ;  the data show 
that excellent recoveries were obtained at all levels. 


This HPLC system was also applied todrug substance stability testing, with 
several aforementioned modifications. For this application, emphasis was 
placed on the estimation of degradation products with reasonable accuracy, 
as well as quantification of intact carprofen in the stability study samples. 
Because of these joint objectives, the sample preparation was adjusted so that 
the concentration of carprofen in the sample injected was as high as possible 
without excecding the linear range of the detector. This allowed accurate 
determination of the carprofen content and, at the same time, maximized the 
detector response for any impurities or degradation products present. For this 
purpose, a separate linearity study was conducted. The results show that 
carprofen concentrations as high as  2.0 mg/mL (20-pL injections) could be 
used while remaining within the linear range of the detector. 


As mentioned above. various quantification techniques were studied for 
use with this method. The appropriate quantification technique depends both 
on the intended use of the method and on the instrumental and data acquisition 
systems available to the analytical laboratory. 


Since the original developmental work on the dosage form assay was carried 
out by using manual injection and manual peak height measurements, it was 
believed that an internal standard quantification technique was appropriate. 
Since that time, state-of-the-art autosamplers and computer data acqu 
systems have continually become more readily available. Because of this, the 
system precision of the dosage form assay was revalidated by other quantifi- 
cation techniques so that the assay procedure could be performed by any 
laboratory, regardless of the degree of sophistication of its automation and 


Table 111-Percent Recovery and Dosage Form Assay for Synthetic Tablet 


0 Placebo. mg Carprofen, mg Carprofen Found, mg Recovery, % 


1 , , , Mix 


103.6 340.35 
3 14.90 49.80 50.26 100.9 
264.45 101.45 101.88 100.4 
214.70 150.36 145.92 97.0 
165.42 203.25 203.93 100.3 


75 
27.02 


65 70 
26.08 


60 
% METHANOL IN THE MOBILE PHASE 


Figure 2-Plot of resolution faclors versus percent methanol in the mobile 
phase. Key: re) resolution factor (R I )  between carprofen and internal 
standard; (8)  resolution factor (R 2, between capprofen and IV.  
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data acquisition. The data with which the system precision of thedosage form 
analysis was compared by various quantification techniques is presented in 
Table II. The precision obtained by any of the quantification techniques was 
quite acceptable. Since external standard techniques requirc fewer calculations 
and are more convenient in terms of sample preparation, those laboratories 
in which automated equipment is used may select this as the preferred 
quantification technique. 


Two different quantification techniques were used when the method was 
applied to drug substance stability studies. In such studies, the amount of 
carprofen in each sample was determined by using internal standard calcu- 
lations similar to those used in the dosage form assay. However, the quanti- 
fications performed to estimate the impurity and degradation product levels 
were carried out by using an area percent calculation method corrected for 
the presence of the internal standard in the chromatogram. This technique 
has been found to be particularly useful when conducting drug substance 
stability studies on compounds in early phases of development. An underlying 
assumption with such a quantification technique is that potential degradation 
products and impurities have the same absorptivity as the parent compound 
at the chosen detector wavelength. Although this assumption may not always 
be valid, in many cases it is reasonable. It eliminates the need for reference 
standards of all impurities and degradation products, which are usually not 
available during the early stages of development. Considering this restriction, 
the technique described above is certainly acceptable for demonstrating sta- 
bility trends. When reference materials become available, the data generated 
by using the area percent method can be refined or recalculated to take into 
account any differences in  absorptivity. The area percent technique is also 
useful if an outside laboratory (without access to reference standards of po- 
tential impurities and degradation products) is conducting the assay. 


The method described has been shown to be accurate, precise, and broadly 
applicable to all control and analysis laboratories and functions. The sample 
preparations are simple, and the method can easily be automated. 
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Abstract 0 Commercially available 250-mg penicillamine tablets we:e con- 
verted into enteric-coated tablets. Based on in uifro dissolution and disinte- 
gration tests, tablets coated with five layers of a cellulose acetate phthalate 
formulation by a modified pan coating technique Mere judged to be superior 
to other coated tablets. These tablets resisted disintegration in simulated 
gastric fluid over a 4-h period and disintegrated in an average of 21 min in 
simulated intestinal fluid. Enteric-coated penicillamine tablets were tested 
in uiuo in nine weanling pigs divided into three groups: a negative control 
group, a test group dosed with enteric-coated penicillamine tablets, and a 
positive control group dosed with uncoated tablets. The incidence of GI tract 
bleeding, as  determined by daily occult blood tests of the stools, was signifi- 
cantly less in the animals receiving the enterie-coated tablets when compared 


with the positive control group. The enteric-coated dosage form appeared to 
decrease GI tract irritation caused by penicillamine. Plasma concentration-- 
time curves for penicillamine in the pigs were similar in shape to those reported 
in  humans. Atypical double peaks occur in both species. Relative bioavail- 
ability of the enteric-coated tablet was found to be 67% when compared with 
the uncoated tablet. This apparent reduction is probably due to a large in- 
trasubject variation in areas under the plasma concentration-time curves and 
not to a dosage form effect. 


Keyphrases 0 Penicillamine-development and evaluation of enteric-coated 
tablets 0 Formulations-penicillamine, development and evaluation of en- 
teric-coated tablets 


Penicillamine has been used for many years in the treatment 
of Wilson's disease and cystinuria. More recently, the drug has 
been approved for the treatment of rheumatoid arthritis. Due 
to severe adverse reactions, penicillamine therapy in the ar- 


thritic patient is normally limited to those who have been 
previously treated unsuccessfully by conventional therapy 
(1). 


It has been cstimated that up to one-third of the patients 
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Drugs and Therapy: A Handbook of Psychotropic Drugs, 2nd Ed. By ALVIN 
SWONGER and LARRY CONSTANTINE. Little, Brown and Com- 
pany, 34 Beacon Street, Boston, MA 02106 1983.431 pp. 15.5 X 23.5 cm. 
Price $18.95 (paperback). 
This book is unusual in that it is directed to nonmedical personnel. The 


“therapy”of the title refers not to those modalities that medical peoplegen- 
erally consider therapy, but more specifically to psychosocial approaches to 
treatment. The authors are a faculty member of a school of pharmacy and a 
family therapist. The intended audience might be nurses, social workers, 
psychologists, or others not primarily concerned with the use of drugs in 
treatment, but who may need to know what types of drugs their clients are 
taking and what effects these drugs may have on them. 


This second edition has been expanded to include new sections not in the 
first. It is organized around eight general topics, each of which is covered in 
a few short chapters: drugs in therapeutic perspective (again, meaning from 
the perspective of the psychotherapist); foundations of drug action (a review 
of basic neuropharmacology); drug use and abuse; drugs and the arousal state 
(referring to sedative-hypnotics, alcohol, stimulants. and psychedelics); 
psychiatric disorders and drugs (psychosis, anxiety, depression, and mania); 
motor functions and drugs; pain and its drug management; and drugs and 
consciousness (which includes anticonvulsants). Each section is headed by 
a short introduction indicating the aims of the several chapters that follow. 


The book is well illustrated with figures and tables. Most of these have 
appeared in either the same or slightly different form in other books. Virtually 
all the references are also to books or book chapters. Thus, i t  appears that the 
authors have attempted a synthesis of much that has already been published, 
tailoring it to the needs of the prospective audience. Relatively little emphasis 
has b x n  placed on how specific drugs are used, but each chapter that discusses 
a class of drugs finishes with a brief synopsis providing the generic and trade 
names of the drug, the class to which they belong, their usual indications, and 
the usual range of daily doses. The major emphases are on how the drugs work 
in the nervous system and how they may affect the behavior of interest to the 
psychotherapist. 


The book is well written and generally free of errors. It should certainly meet 
the needs of its intended audience. but would probably be inadequate for 
pharmacists or physicians. The only other book that I can remember that 
addressed a similar audience was one that Honigfeld wrotc many years ago. 
Thus. the present volume services a useful need. It would be well worth having 
as a reference handbook for those who need to know how drugs affect their 
clients. 


ReGiewed by Leo E. Hollister 
Senior Medical Investigator 
Veterans Administration Medical Center 
Palo Alto. CA 


Calcium Antagonism in Heart and Smooth Muscle: Experimental 
Facts and Therapeutic Perspectives. By ALBRECHT FLECKENSTEIN. 
John Wiley and Sons, Inc., One Wiley Drive, Somerset, NJ  08873. 1983. 
399 pp. I7 X 24 cm. Price $60.00. 
Calcium antagonists have generated considerable interest in the pharma- 


ceutical sciences since nifedipine was reported to be effective in  the treatment 
of Printzmetal angina. This book constitutes a major tool for understanding 
the role of calcium and calcium antagonism in the heart and smooth muscle. 
The reader will find important information about the pharmacological 
properties of verapamil and its derivative. nifedipine and its derivatives, and 
diltiazem. I t  is not the first book published on this subject; however, the author 
makes this one very original. 


Dr. Albrecht Fleckenstein investigated this field for more than 20 years. 
He is recognized as oneof the most important contributors to the advancement 
accomplished in this field. This book provides indispensable knowledge rebated 
to the role of calcium in myocardial and vascular smooth muscle contractions, 
the pacemaker activity in physiological and pathological conditions, allowing 
a much better understanding of the cardiovascular indications of this very 
attractive group of drugs. Finally, it is of special interest to find a classification 
of these drugs in relation to their specificity in affecting the calcium channel. 
Dr. Fleckenstein proposed classifying the calcium antagonists in three groups: 
Group A, specific calcium antagonists including verapamil. nifedipine, their 
derivatives, and diltiazem; Group B. calcium antagonists also affecting the 
movement of sodium including prenylamine, terodiline, fendiline, perhexiline, 
and caroverine; Group C, substances with calcium antagonistic side effects, 
including nitroglycerin, barbituric acid, etc. Such classification is based on 


a numbcr of pharmacological criteria. There are so many drugs claimed to 
be specific calcium antagonists, but also interfere with movements of other 
ions. 


This book is recommended as a major source of information concerning 
the pharmacological properties of calcium antagonists. 


Reciewed by Jacques Chelly 
Department of Pharmacology 
Unioersity of Houston 
Department of Anesthesiology 
Baylor College of Medicine 
Houston. TX 77030 


Nicotinic Acid: NutrientCofactor-Drug. (Clinical Pharmacology Series, Vol. 
I ) .  By MURRAY WEINER and JAN VAN EYS. Marcel Dekker. 270 
Madison Avenue, New York, NY 10016. 1983.308 pp. 16 X 24cm. Price 
$55.00 (2070 higher outside the US. and Canada). 
This monograph provides a synthesis of existing knowlcdgc from a wide 


variety of sources into a single, concise volume. Topics are not examined in 
excessive detail, but that was not a purpose of the book. Rather, it emcrges 
as a strength in that it permits the diverse audience addressed to be informed 
readily in areas beyond particular disciplinary constraints. An index and ex- 
tensive references facilitate acquisition of detailed information on the topics 
covered for interested readers. The book succeeds well in crossing disciplinary 
boundaries. and it frequently reveals provocative possibilities for future re- 
search. Exposition, organized by sections according to the title, is acceptably 
comprehensive and includes such newer developments as  the nicotinamide 
cocnzymcs as donors in transribosylation reactions and in regulation of DNA 
repair and synthesis, use of nicotinic acid in cardiovascular and hyperlipidemic 
diseases (including pharmacokinetics and pharmacodynamics), and reex- 
amination of the tryptophan-nicotinic acid relationship in  a world in which 
protein hunger is a global problem of growing concern. For example, non- 
specialists who identify pellagra with a simple niacin-tryptophan deficiency 
will be enlightened by the very first chapter. 


The roles of nicotinic acid at the metabolic level are manifold. The most 
vital function of living material-the capacity to abstract and utilize energy 
from complex molecules- requires controlled oxidations linked to the nicotinic 
acid-derived coenzymes. Moreover, NAD participates in the generation of 
adenosine diphosphate robose polymers, which have a role in DNA metabolism 
and function. Indeed. in its coenzyme forms the physiological roles of nicotinic 
acid are pervasive and pivotal in the subcellular compartments of cytoplasm, 
nucleus, mitochondrion, and endoplasmic reticulum. The authors aver that 
“there are few areas of biochemistry in which pharmacology, nutritional 
biochemistry, and molecular biology arc interwoven in such a coherent whole.” 
Their monograph amply illuminates that statement. This overview of nicotinic 
acid and its variety of chemical and metabolic derivativcs includes important 
biochemical, nutritional, pharmacological, and clinical aspects. In addition 
to life scientists and practitioners in those fields, the book should appeal to 
dieticians, pharmacists. and othcrs interested in a concise and authoritative 
exposition of the functions and relationships of this critical cog in  the metabolic 
machinery. It is an excellent contemporary reference for courses in all these 
disciplines, and it will be at home on laboratory benches due to its durable, 
stain-resistant binding. 


There are relatively few printing errors and oversights for a first printing. 
Minor misspellings and errors in figures, such as  the entry of the symbol for 
oxygen for that of coenzyme Q and a misplaced arrow (p. 219) and an exoti- 
cally appended CO2 on the NAM molecule (p. 19). arc neither overly dis- 
tracting nor misleading. Of somewhat more concern are the use of “niacin” 
in the second paragraph ofp. 9 when “niacytin” is intended and strange dis- 
placements such as  “substitutes” for “substrates” (p. 217). 


This monograph is the first volume in a projcctcd scries in clinical phar- 
macology undcr the general editorial dircction of Dr. Weiner. Three decades 
of distinguished research in many of thc aspects of thc metabolic roles of these 
compounds by Professor van Eys are evident in the clarity and insightful 
coverage which characterize this volume. If succeeding volumes maintain those 
qualities we will have much to look forward to and a wide audience stands 
much to gain. 


Keciewed by Edwin S .  lliggins 
Department of Biochemistry 
Medical College of Virginia 
Virginia Commonwealth Unicemity 
Hichmond. VA 23298 
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0.03). The larger C,,, and shorter tma, with the capsules uersus tablets in- 
dicate a more rapid absorption rate of the capsule dosage form. Our findings 
also confirm the results of previous comparative studies, which demonstrate 
the equivalence of bioavailability of the 0.2-mg capsule and 0.25-mg tablet 
doses(14. 15). 


While no significant differences in the amount of digoxin absorbed were 
noted based on CUEda. it is interesting to note from Fig. 3 that a smaller CV 
is seen with the capsule than the tablet for both the 240 mL (9.5 uersus 13.7%) 
and the 30 mL (13.7 versus 17.0%) volumes of water. 


Digoxin bioavailability studies (1 5-20) have used different coadministered 
volumes of water (100-240 mL). I f  the results of our study had indicated a 
difference in bioavailability with different volumes of water, some of  the 
findings of these studies could be questioned. However, since we found no 
difference in bioavailability with a small uersus a large amount of fluid, this 
variable does not have an important influence on digoxin absorption in normal 
individuals. 


A review of drug solubility and volume-related variability in drug absorption 
is interesting. Table V presents a comparison of the solubilities and doses of 
drugs that have been administered in previous studies with designs similar 
to the present study. These data show that concerns over alterations in bio- 
availability of a drug due to coadministered fluids should not only take into 
account the solubility of the drug, but also the dose of the respective drug 
administered. A case in  point is digoxin with a solubility of 0.095 mg/mL, one 
of the lowest values listed. However, because the therapeutic dose is small, 
only a small volume of water is theoretically required to solubilize the dose 
in the GI tract. 


The results of this study indicate that, in normal volunteers, there are no 
differences in total digoxin absorption (for either the tablet or capsule forms), 
when digoxin is administered with relatively small or large volumes of fluid. 
Such pharmaceutical information is useful in identifying drugs or drug 
preparations which may or may not be influenced by differences in coad- 
ministered fluid volume. 
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Abstract 0 Twelve adult beagle dogs received both an oral and intravenous 
dose ( 1  2 mg/kg) of fostedil in a cross-over design. The plasma levels and 
urinary excretion of intact fostedil were measured. and the pharmacokinetic 


concentration dependent, and saturation of the binding sites was not apparent 
at concentrations up to 100 pg/mL. Excretion of unchanged drug from the 
kidneys accounted for onlv a small Dercentaee of drug clearance. 


-. 
centrations of 0.1-100 pg/mL. ranged from 95 to 97%. The binding was not dogs 


Fostedil (I) (diethyl{[4-(2-benzothiazolyl)phenyl]methyl)- kinetics of fostedil in  beagle dogs after intravenous and oral 
phosphonate) is a new calcium entry blocking compound' 
( 1  -4). This study was designed to determine the pharmaco- 


administration. 


EXPERIMENTAL SECTION 


I This compound is being studied under a joint license agreement between Abbot1 
Laboratories. North Chicago. 111.. and Kanebo, Ltd., Japan, and has k e n  reported in 


Animak-Five male and seven female adult beagle dogs (8.5-13.0 kg) were 
randomly divided into three groups offour dogs pcr group. The groups were 


the literature as  KB-944. dosed at  I2 mg/kg, once with an oral solution, an oral suspension, an oral 
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Table I-Pharmacokinetics of Fostedil in Beagle Dogs Following Intravenous Administration (12 mg/kg) 


81 121 0.291 0.267 
81122 0.455 0.597 


81 I47 0.454 1.139 
81167 0.252 0.519 
81170 0.224 0.296 
81174 0.302 0.697 
81176 0.281 2.332 
81179 0.306 0.454 
81184 0.214 0.339 
82505 0.174 0.213 
82506 0.125 0.1 10 
Mean 0.273 0.6 12 
SD 0.101 0.606 


81128 0.193 0.381 


0.4 I2 0.145 4.78 


0.386 0.085 8.15 
0.617 0. I35 5.13 
0.308 0.078 8.88 
0.430 0.115 6.03 
0.420 0.096 7.22 
I .978 0. I25 5.54 
0.501 0.136 5.10 


0.224 0.086 8.06 


0.539 0.118 5.87 
0.307 0.088 7.88 
0.370 0.090 7.70 


I .28 
3.47 
0.76 
0.62 
1.04 
1.17 
1.57 
0.18 
1.13 
0.99 
1.82 
I .56 


0.541 0. I08 6.42’ 1.30 
0.456 0.024 0.82 


22.80 0.53 
15.44 0.78 
40.92 0.29 
3 1.26 0.38 
37.42 0.32 
23.82 0.82 
18.24 0.66 
34.53 0.36 
21.31 0.57 
22.54 0.53 
21.52 0.56 
20.79 0.58 
25.88 0.53 


8.10 0.17 


Calculated from the mean beta rate constant. 


Table 11-Pharmacokinetics of Fostedil in Beagle Dogs Following Oral Solution Administration (12 mg/kg) 


AUC, 
K., Beta, Half-life, Pcg.h/ Tmam Cmam 


Dog No. h-l h-l h mL F, % h pg/mL 
81 121 
81 122 
81 I28 
81 I47 
81167 
81 I70 
81 I74 
81176 
81179 
81184 
82505 


Mean 
SD 


82506 


4.22 
2.83 
2.22 
I .58 
0.9 1 


18.12 
1.27 
0.68 
1.85 


17.68 
2.12 
0.36 
4.49 
6.35 


0.033 
0.097 
0.054 
0.155 
0.061 
0.067 
0.075 
0.065 
0.092 
0.073 
0.113 
0.104 
0.082 
0.032 


21.00 
7.14 


12.83 
4.47 


11.36 
10.34 
9.24 


10.66 
7.53 
9.49 
6.13 
6.66 
8.45a 


21.42 
15.16 
21.20 
13.05 
22.50 
18.35 
15.03 
15.43 
20.92 
13.36 
14.20 
17.40 
17.33 
3.44 


94.0 
98.2 


41.8 
60.1 
71.0 
82.4 
44.7 
98.2 
59.3 
66.0 


71.4 
20.3 


51.8 


83.7 


0.99 1.81 
0.95 2.21 
1.10 2.41 
1.10 2.45 
1.67 2.13 
0.25 3.20 


3.05 I .74 
1.14 2.33 
0.76 0.5 I 


(I Calculated from the mean beta rate constant 


capsule, and an intravenous formulation. At -2-week intervals, the three 
groups were crossed-over until each group had received each treatment once. 
The dogs were fasted for at least 12 h prior to dosing and for at least 5 h fol- 
lowing dosing. They were housed individually in stainless steel metabolism 
cages and given water ad libitum. 


Treatment-The oral and intravenous solution formulations were prepared 
as 24 mg of fostedil per mL in ethanol-propylene glycol-water (10:60:30, 
v/v/v). The suspension formulation was prepared as 24 mg/mL in  0.2% hy- 
droxypropyl methylcellulose-water. The oral solution and suspension were 
administered by gavage, 0.5 mL/kg to each animal. The intravenous solution 
was administered intravenously as a bolus (0.5 mL/kg) into the right cephalic 
vein to provide a dose of 12 mg/kg. For the capsule dosing, the drug was 
weighed into clear gelatin capsules2 and administered orally with 10 mL of 
water. 


Heparinizcd blood samples (2-5 mL) were collected from the jugular vein 
at 0,O.l (intravenous routeonly),0.25,0.5, 1,2,3,4,6,8,  10, I2,24,26,28, 
and 32 h postdose. The plasma was harvested and stored frozen. I f  possible, 
urine was collccted over the following intervals: 0-4,4-8.8- 12, 12-24, 24-28, 
and 28-32 h postdose. The volumes were measured and recorded, and a 5-mL 
aliquot was stored frozen. 


A m y  of Fostedil in Plasma and Uriw-Measurement of plasma and urine 
concentrations of fostedil was performed by using an HPLC fluorescence assay 
(5). The procedure was shown to be sensitive (5 ng/mL) and specific for the 
intact drug. 


OC2”5 
I 
P=O 
I 


0C2H5 
I 


No. 0. 


Pharmacokinetic Analysis--The individual and mean plasma concentra- 
tions oersus time data were subjected to sequential polyexponential regression 
analyses using STRIP, a slightly modified version of the computer program 
C J T R I P  (6). Based on the criteria outlined by Sedman and Wagner (7), a 
triexponential model (e.g., a twocompartment open modcl) was deemed more 
appropriate for the intravenous, suspension, and oral solution data. A biex- 
ponential model (e.g., a one-compartment open model) was chosen for the 
capsule dosing data. 


The data were fitted with NONLIN (8). using appropriate DFUNC sub- 
routines. For the one-compartment model, the parameters on which iterations 
were performed included: K ,  (apparent input rate constant), K,,, (apparent 
net elimination rate constant), Vd (volume of distribution), and the absorption 
lag time. For the two-compartment model, the estimated preexponential and 
exponential terms were used to calculate the initial estimates of the micro- 
scopic rate constants by using the assumptions and equation described by 
Gibaldi and Perrier (9). Iterations by NONLIN were then performed on the 
following parameters: K., K,,,. K12, K21. and Vdl.  During the fitting process, 
the data were weighted by reciprocal squared concentrations (I /C2) (10). 


Protein Binding-Fostedil, labeled with carbon-I4 in the 2-position of the 
benzothiazolyl ring, was used in the in oifro protein binding studies. The 
binding of fostedil (concentrations, 0.1-100 pg/mL) was determined in the 
plasma of male and female beagle dogs by the ultrafiltration technique de- 
scribed by Rolinson and Sutherland ( 1  I ) .  The ultrafiltrates and plasma were 
oxidized, assayed to determine levels of radioactivity, and corrected for 
quenching by automatic external standardization. 


RESULTS AND DISCUSSION 


Single-Dose Intravenous Study-A summary of the pharmacokinetic pa- 
rameters as  derived by NOKLIN from the intravenous data is presented in 
Table I .  The total body clearance ranged from 0.5 to 0.8 L/h/kg, with a mean 
value of 0.53 L/h/kg. The beta half-life ranged from 4.8 to 8.9 h, with a mean 
value of 6.4 h. 


Single-Dose Oral Studies-The calculated pharmacokinetic paramcters 
derived by NONLIN for the oral solution, suspension, and capsule dosing data 
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Table Ill-Pharmcokinetics of Fostedil in Beagle Dogs Following Suspension Administration (12 mg/kg) 


AUC, 
K , .  Beta, Half-life, P@h/ T m a a .  Crnaa, 


Dog No. h-' h-I h mL F, % h r g / m L  


81 I 2 1  2.79 0. I37 5.06 13.41 58.8 1.15 I .57 
81122 1.45 0.08 1 8.56 13.45 87. I 1.82 1.58 
81 I28 1.16 
81147 I .57 
81 I67 0.54 
81 I70 1.65 
81174 3.24 
81 176 2.93 
81 I79 2.12 
81 I84 1.29 
82605 0.54 
82506 2.79 


0.03 I 
0.088 
0.059 
0.024 
0.095 
0.020 
0.120 
0.085 
0.104 
0.1 10 


22.35 
7.88 


11.75 


7.29 
34.65 


5.78 
8.35 
6.66 
6.30 


28.88 


27.00 
17.50 
25.58 
19.95 
12.03 
22.06 
12.95 
13.84 
10.10 
9.27 


66.0 
56.0 
68.4 
83.8 
66.0 
63.9 
60.8 
61.4 
46.9 
44.6 


1.18 
1.43 
2.25 


I .42 
2.16 
2.24 


I .60 2.18 
1.05 1.25 
1.07 1.98 
I .47 
1.42 
2.68 


1.31 
I .77 
1.1 I 


I .30 1.10 
Mean 1.84 0.079 8.77O 16.43 63.6 I .53 1.64 
S D  0.93 0.038 5.94 12.5 0.50 0.42 


Calculated from the mean beta rate constant. 


Table IV-Pharmacokinetics of Fostedil in Beagle Dogs Following Capsule Administration (12 mg/kg) 


81121 
81 122 
81128 
81 I47 
81 I67 
81 I70 
81174 
81 I76 
81 179 
81 I84 
82505 
82506 
Mean 
SD 


0.70 
I .46 
0.13 
1.10 


10.59 
0.60 
I .76 
I .36 
0.16 
0.79 
0.72 
3.08 
1.87 
2.86 


0.088 
0. I36 
0.138 
0.095 
0.099 
0.121 
0.091 
0.076 
0.161 
0.076 
0.122 
0.138 
0.112 
0.028 


7.88 
5.10 
5.02 
7.29 
7.00 
5.73 
7.62 
9.12 
4.30 
9.12 
5.68 
5.02 
6.19O 


14.08 
6.14 


9.56 
11.48 
9.86 


14.16 
10.76 
.8.10 
8.46 


15.15 
6.98 


10.05 
3.17 


5.89 


61.8 
39.8 
14.4 
30.6 
30.7 
41.4 
77.6 
31.2 
38.0 
37.5 
70.4 
33.6 
42.24 
18.4 


3.62 
2.03 
7.70 
2.68 
0.9 I 
3.77 
1.78 
2.48 
6.42 
3.49 
3.17 
I .29 
3.28 
2.00 


0.92 
0.66 
0.29 
0.72 
1.09 
0.80 
1.09 
0.69 
0.48 
0.50 
I .29 
0.84 
0.78 
0.29 


a Calculated from the mean K,., rate constant. 


are listed Tables 11-IV, respectively. Figure I is a semilogarithmic concen- 
tration-time plot of the mean data for each oral and intravenous formulation 
with the NONLIN generated best-fit curve. As expected for a compound with 
limited water solubility like fostedil. the absorption kinetics became more 
complex in  progressing from an oral solution to a capsule formulation. Figure 
I illustrates this change, as the two-compartment model disposition kinetics, 
so distinct after intravenous administration, became less pronounced after 
oral administration. Indeed, following capsule dosing the data were best de- 
scribed by a one-compartment model, since thc distribution phase was com- 
pletely masked by the complex absorption phase. In the fits for some of the 
animals, the calculated apparent K, value approached that of alpha as de- 


0.01 
0 5 10 15 20 25 30 35 


HOURS POSTDOSE 


Figure 1 -Mean postdose fostedil concentration versus time. Key: (a)  oral 
solu lion; (b) suspension; (c) intravenous administration; ( d )  capsule admin- 
istrarion of fostedil ( I  2 rng/kg) with NONLIN-generated best-fit curoes. 


termined after intravenous administration. Thus, it was impossible to accu- 
rately determine the true absorption rate constant. Only an estimated apparent 
absorption half-life of -15 min is reported. 


Studies with radiolabeled drug in rats and dogs have demonstrated the 
presence of extensive biliary secretion of fostedil and/or its metabolites, 
suggesting possible enterohepatic circulation3. Meal-related secondary peaks 
in the plasma profiles were observed for many animals in this study. This, in 
some cases. adversely affected the kinetic analyses. For two of the oral for- 
mulations, the mean elimination rate constants were found to be statistically 
significantly different (I, = 0.01 5). However. these differences were considered 
to be of minor practical importance since the differences could be traced to 
data from animals displaying unusual plasma drug level profiles. In these cases, 
the model was inadequate to describe the possible enterohepatic circulation 
and the complex absorption phenomenon. Thus, the average beta half-life 
following oral dosing was 7.6 h. 


The mean calculated C,,, values for the oral formulations were: capsule, 
0.78 pg/mL; suspension, 1.64 pg/mL, and oral solution, 2.33 pg/mL. An 
analysis of variance and the Duncan Multiple Range test showed all values 
to be significantly different from one another. 


Since the same dose (12 mg/kg) was administered both orally and intra- 
venously, the systemic availability (F) was calculated as the percent ratio of 
(AUCo ...) oral/(AUC&,) intravenous ( I  2). The individual F values for these 
animals following oral dosing are given in Tables 11-IV. The mean F values 
were: oral solution, 7 1.4%; suspension, 63.6%; capsule, 42.2%. The AUCo., 
values for the oral solution and suspension formulations were not statistically 
different 0, = 0.23) but were greater than those for the capsule dosing. 
However, the results of another study in this laboratory have suggested that 
the low bioavailability might have been due to the type of capsule used4. 


Urinary excretion of unchanged drug for both the oral and intravenous 
dosings was less than I %  of the administered dose over the 32-h collection 
period. 


Protein Binding Studies-The in oitro protein binding of [i4C]fostedil at 
~~~~~~ ~ ~ ~~~ 


B A Bopp, unpublished results 
E W Thomas, unpublished results 
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concentrations of 0.1-100 pg/mL ranged from 95-97% in dog plasma, and 
the binding appcared to be similar in the plasma from the male and the female 
dogs. The binding was not concentration dependent, and saturation of the 
binding sites was not apparent at concentrations up to 100 pg/mL. 
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Abstract The stimulation of cell swelling, cell aggregation, polymorpho- 
nuclear leukocyte locomotion, and lysosomal enzyme release i n  response to 
chemoattractant were all inhibited by ibuprofen, a nonsteroidal anti-in- 
flammatory agent. The dosages needed to induce 50% inhibition (IDSO) were 
5.9,7.6,60, and 95 pg/mL, respectively. Aside from the differences in IDso, 
there was also a difference in the degree of maximum inhibition ( I m a x )  of the 
complement C5a-stimulated responses observed, so that at achievable serum 
drug concentrations of 20-50 pg/mL, inhibition of 67-78% for cell swelling, 
69-8270 for cell aggregation, 20-35% for migration response, and 17-389 
for lysosomal enzyme release were demonstrated. Also observed were a minor 
stimulatory effect on nitroblue tetrazolium reduction and an inhibitory effect 
on the ability to kill Staphylococcus aureus, but only at  very high concen- 
trations (-2 mg/mL). 


Keyphrases 0 Ibuprofen-inhibition of polymorphonuclear leukocyte cell 
responses 0 Polymorphonuclear leukocytcs-inhibition of response, ibuprofen 
0 Anti-inflammatory agents-ibuprofen, inhibition of polymorphonuclear 
leukocytes 


Although the acute inflammatory reaction is usually the 
combined result of vascular, humoral, and cellular responses, 
there is considerable evidence that the contribution of the 
polymorphonuclear leukocyte’ is indispensable ( I ) .  This is 
derived from studies showing inhibition of experimental in- 
flammatory response in PMN-depleted animals, the presence 
of lysosomal enzymes in inflammatory exudates in humans, 
and the production of tissue damage in experimental animals 
by PMN lysosomal lysates. Moreover, one mechanism of ac- 
tion of the effects of a variety of anti-inflammatory drugs, 
which includes corticosteroids and colchicine, is their ability 
to inhibit the release of lysosomal enzymes from PMN. Con- 
sequently, i t  is important to determine whether nonsteroidal 
anti-inflammatory agents, in addition to their inhibitory ac- 


~~~ ~~~ 


i Polymorphonuclcar lcukocytc will be abbreviated throughout the text as PMN. 
Hank’r balanced \ah solution will be abbreviated as HBSS 


tivity on prostaglandin synthesis (2), also have direct inhibitory 
effects on PMN function. Although the inhibitory effect of 
these drugs on PMN migration has been shown previously 
(3-5), a systematic study to quantitate the effects on this and 
other PMN responses is lacking. Therefore, we studied and 
quantitated the effects of the anti-inflammatory drug ibu- 
profen on PMN responses. 


EXPERIMENTAL SECTION 


Preparation of Leukocytes and Serum-Blood for these studies was obtained 
from healthy male and female laboratory and hospital personnel. Polymor- 
phonuclear cells were prepared from heparinized (50 U of preservative-free 
sodium heparin per mL of blood) whole blood by sedimenting erythrocytes 
with 6% hetastarch-whole blood at a ratio of 1 5 .  The leukocyte-rich plasma 
was washed once with a commercially obtained medium2 at pH 7.4 and cen- 
trifuged at  500Xg. Thecell pellet was resuspended in the same medium, and 
the PMN concentration was adjusted to 5 X 106 PMNs/mL. This preparation 
was used for PMN locomotion and bactericidal assays. For leukocyte aggre- 
gation, swelling, and lysosomal enzyme release assays, the leukocyte pellet 
was prepared with Hank’s balanced salt solution’. To lyse contaminating 
erythrocytes, the cells were resuspended in ice-cold 0.1 5 M NH&I (pH 7.5) 
for 10 min, with five 2-min interval inversions, followed by another wash with 
HBSS. The final cell pellet was resuspended in HBSS to a cell Concentration 
of lo7 PMNs/mL. Serum was prepared from clotted whole blood. 


Chemotactic Factor-The chemotactic factor used in PMN locomotion 
studies was derived from zymosan-activated serum prepared by incubation 
of 5 mg of zymosan with 1 mL of serum at 37’C for 30 min. A 3% solution 
of this material in the medium2 was used in the lower compartment. 


Partially purified complement C5a fragments were used as the chemotactic 
factor in leukocyte aggregation, swelling, and lysosomal enzyme release 
studies. C5a was derived by the activation of normal serum with zymosan in 
the presence of 1 M c-aminocaproic acid3 and purified by gel filtration4 (6). 
Active fractions were identified by the lysosomal enzyme release assay, ly- 
ophilized, and then dialyzed against 0.1 M phosphate buffer (pH 7.4). and 


Medium 199; Difco Laboratories, Detroit, Mich. 
Sigma Chemical Co.. St. Louis, Mo. 
Scphadex G-l 00. Pharmacia Fine Chemicals, Piscataway. N.J. 
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Abstract 0 The influence of the mode of intravenous dosing and blood sample 
collection on the pharmacokinetics of 4-[(3-methoxyphenyl)-mcthyl]- 
2,2.6,6-tetramethyl- I -oxa-4-aza-2,6-disilacyclohexane hydrochloride ( I )  was 
studied in the rat. Blood samples obkdincd from the tail and by exsanguination 
following injection of the 14C-labeled drug into the caudal vein. the jugular 
vein, and the heart  were analyzed for total radioactivity, and the concentration 
profiles from the different treatments were compared. Dosing and sampling 
from the tail vein resulted in significantly different blood levels (and related 
pharmacokinetic parameters) when compared to other methods, probably 
attributable to a local depot effect. lntracardiac administration tended to cause 
higher drug levels in  the heart than intravenous doses, although no significant 
differences were found between the respective blood concentrations. The re- 
sults showed that caudal vein injection is a simple and adequate method of 
intravenous administration in rats designated for exsanguinated blood and 
tissue collection. For serial blood sampling in individual animals, the dose may 
be given uia the jugular vein and the blood collected from the cut tail. These 
methods require little or no surgical preparations and are particularly suitable 
for prolonged sampling in studies where a relatively large number of animals 
are involvcd. 


Keyphrases 0 Pharmacokinetics-influence of mode of intravenous admin- 
istration and blood sample collection. rat D Dosing-pharmacokinetics. mode 
of intravenous administration, blood sample collection 


During the developmental process of a potential therapeutic 
agent, pharmacokinetic studies are often conducted at the 
same time as toxicity trials. While the oral route of adminis- 
tration is invariably used in these studies in order to be con- 
sistent with the toxicity tests, additional experiments 
employing intravenous doses are usually performed so that 
important pharmacokinetic parameters such as the volume of 
distribution and absolute oral bioavailability or absorption can 
be determined. In  the rat, the caudal vein is often used as the 
site of injection. In contrast, injection uiu the jugular or femoral 
vein requires surgical exposure of the vein ( I )  and can be 
cumbersome in studies involving a large number of animals. 
Drugs are also administered by simple cardiac puncture, but 
the results may not be truly representative of an intravenous 
dose. Potential complications such as cmbolization and ex- 
ccssive local drug toxicity are further limitations of the in- 
tracardiac route. Intraperitoneal injcction, commonly used for 
the administration of compounds to small animals, is different 
from intravenous dosing in that drug absorption from the 
pcritoneal cavity is slower ( 2 )  and entails passage into the 
portal circulation, resulting in incomplete systemic bioavail- 
ability (3) .  


In  recent years, numerous sensitive analytical methods that 
require only microsamples of blood have been developed, and 
pharmacokinetic data from individual rats or similar small 
animals can be obtained by serial sample collection. Several 
methods using a chronic indwelling catheter to facilitate re- 
peated blood collection have been described (4-6), but the 
animal preparation procedures are elaborate and tedious and 
are incompatible with prolonged sampling periods in studies 
involving a large number of animals. Other methods of vas- 
cular access and their potential complications have been de- 
scribed in a recent review (7). A simple alternative to cannu- 
lation is the nonsurgical method of bleeding the rat from the 
cut end of its tail. However, due to the relatively low regional 
blood flow (8,9),  which could result in delayed mixing of the 
administered drug, the validity of tail concentration data re- 
mains unclear. 


Using a new skeletal muscle relaxant, 4-[(3-methoxy- 
phenyl)-methyl]-2,2,6,6-tetramethyl- 1 -oxa-4-aza-2,6-disilacy- 
clohexane hydrochloride' ( I ) ,  as a test compound, the present 
study was undertaken to examine the effect of the mode of 
intravenous dosing and blood sample collection on phar- 
macokinetic data in the rat. Blood was obtained from the tail 
and by exsanguination following injection of the I4C-labeled 
drug into the caudal vein, the jugular vein, and the heart. 
Radioactivity concentration in the heart tissue after intra- 
cardiac administration was also measured for comparison with 
existing intravenous data. 


HCl 


I 


EXPERIMENIAI. S E f l I O N  


Dose Administration and Sample Collection---Male Sprague-Dawley rats, 
average weight 250 g, were used. They were housed individually in standard 
cages and had free access to food and water at all times. The rats were divided 
randomly into three groups of 24 each for drug administration cia the caudal 
vein, the jugular w i n ,  and the heart. 


Radioactive I was labeled with carbon-14 at  the rnethylene group of the 


' Compound 58-1 I2 hydrochloride; Sandoi. Inc.. East Hanover. N J. 
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Table I-Summary of Treatments 


Route of Dose, 
Treatmcnt Dosing/Sampling mg/kg No. of Rats 


I Caudal VeiniTail 10 3 


3 Jugular Vein/Tail 10 3 


5 Intracardiac/Tail 5 3 


2 Caudal VeiniVena Cava 10 3/timc point 


4 Jugular Vein/Vcna Cava 10 3/time point 


6 Intracardiac/Vena Cava 5 3/time point 


bcnzyl moiety. The radiochemical purity of the product was established by 
the inverse isotope dilution method to be >95%. and the specific activity was 
3.25 pCi/mg. The dose was prepared as a 10 mg/mL solution in  water. For 
the intravenous doses (10 mg/kg), each rat received 1 mL of the solution/kg 
body weight. For injection into the caudal vein, the tail was first immersed 
for 1 --2 min in warm water; for jugular vein dosing. the rats were maintained 
under light ether anesthesia and the vein was exposed by a small skin incision 
made in the neck to one side of midline. For intracardiac administration, the 
dose was reduced from 10 to 5 mg/kg due to frequent deaths at the high dose 
level. Thus, each rat received I mL/kg of the solution (5 mg/mL in normal 
saline) uia a single cardiac puncture. 


Serial blood samples (250 pL) werc collected in heparinized micropipettar 
from three rats in each dose group ilia the cut tail immediately before and at 
5, 15, and 30 min and I ,  3.5, and 8 h postdose. Of the remaining 21 rats three 
each were sacrificed at 5, 15. and 30 min and I ,  3,5, and 8 h postdose. Blood 
(-5 mL) was collected uia the vena cava. The heart of each sacrificcd rat 
receiving the intracardiac dose was collected (Table I). 


Analysis of Radioactivity-Aliquots of dose preparations, blood, and heart 
tissue homogenates were air dried and combusted in a sample oxidizerJ using 
9 mL of absorption medium4 and 12 mL of scintillation cocktails. Radioac- 
tivity was measured in a liquid scintillation counter6. The quench correction 
and efficiency of the counter were determined from a standard curve con- 
structed using 14C-labeled hexadecane’ of known specific activity. The limit 
of sensitivity of the assay was defined as twice the mean background count. 
Gross sample counts below this level were considered to be not significantly 
different from zero. Blood and tissue concentrations of radioactivity were 
calculatcd as  nanogram equivalents of I per milliliter or gram. 


Treatment of Data-The dose-normalized blood levels of radioactivity at 
each sampling time were examined by analysis of variance. Because of the 
observed differences in data variance between groups. the statistical tests were 
performed on log-transformed data (10). I f  differences 0, < 0.05) due to 
treatments were observed, results from individual treatments were compared 
by the Student’s I test. 


Since, in  half of the experiments. blood at each sampling time was collected 
from different (sacrificed) rats, only mean concentration data were available 
for pharmacokinetic analysis. For consistency, only mean blood levels from 
the serially bled animals were used for this purpose. The blood concentration 
data were fitted to a bicxponential function of the form: 


(Eq. 1 )  c‘ = Ae-a‘+ Be-8’ ( a  > g) 


r 
T 


TREATMEN1 


Figure I - RSD in blood radioacticity lecelsfollowing u11 treatments. Each 
bur represents the median and runge of seoen rime point ohseruations. 


Microcaps: Drummond Scientific Co.. Broomall. Pa. 
Model 306: Packard lnstrumcnt Co., Downers Grove, 111 
Carbosorb I I ;  Packard Instrument Co., 


5 Permafluor V; Packard Instrument Co. 
Packard Tri-Carb 460; Packard Instrument Co. ’ Packard Instrument Co. 


10 z 10’ 


[ I  


figure 2--Mean concentrations of radioacticity in the heart following caudal 
irein (0) 10 mglkg. and intracardiac I @ ) .  5 mK/kg injections. Each bar rep- 
resents one SD. The data f o r  caudal cein injection are adapted f rom 
l)huta9. 


where C is the blood concentration of radioactivity at time, I ,  A and B are 
constants, and a and p a r e  composite first-order rate constants. Attempts to 
fit the data toa triexponential function resulted in greater errors in parameter 
values with no increase in coefficients of determination. Initial estimates of 
pharmacokinetic parameters were obtained by standard graphic methods ( I  I ) 
while improved parameter estimates together wi th  statistical analysis were 
obtained using the iterative nonlinear regression program NONLIN (12) on 
a computer*. The blood level data wcre weighted by their reciprocals in  the 
regression analysis. 


RESULTS 


Mean blood levels of radioactivity. together with statistical analyses. are 
given i n  Tablc I I .  Results of pharmacokinetic analyses are given in Table 111. 
The goodness of f i t  of the data to Eq. I was demonstrated by correlation 
coefficients of 0.97- 1 .OO. 


Comparison of the blood radioactivity levels showed that dosing and sam- 
pling, both from the tail vein (treatment I ) .  resulted in  elevated blood level 
measurements throughout the 8 h sampling period, although the differences 
were statistically significant only at  0.083, 0.25, and 8 h. Treatment I also 
had a greater interanimal variability in blood levels, as indicated by the large 
RSD values (coefficients of variation) illustrated in Fig. I .  Comparison of 
the results from treatments 3 uersus 4 and treatments 5 cersus 6alsosuggested 
that blood sampling near the site of drug administration yielded higher initial 
concentrations than at a more distal sampling site, although the differences 
were not statistically significant. 


From Table 111, analysis of blood level data obtained from all six treatments 
yielded similar distribution half-lives of 15-30 min. The elimination half-lives 
for treatments 2-5 wcre -5 h. identical with those observed in  previous ex- 
periments in which the drug was administered cia the tail vein and blood was 
collected from the vena cava for 24 h (-5 half-live~)~. Thus, the 8-h sampling 
period employed in the present study was sufficient to describe the terminal 
linear phase. For treatments I and 6, the half-lives appeared longer. Because 
of the higher tail blood concentrations obtained following the caudal vein dosc 
(treatment I ) ,  the area under the curve value was almost 10 times greater than 
those observed for the other treatments. Accordingly, treatment 1 also resulted 
in markedly reduced plasma clearance and volumes of distribution. 


During the intracardiac dosing experiments. it was necessary to reduce the 
dose from 10 to 5 mg/kg because of frequent deaths occurring at the high dose 
level, apparently due to elevated initial drug concentrations in the heart. This 
was confirmed by comparing the heart radioactivity concentration obtained 
following the intracardiac injection to existing data9 measured after dosing 
cia the caudal vein (Fig. 2). Despite a twofold difference in dosc level, the 10- 
mg/kg caudal vein dose and the 5-mg/kg intracardiac dose gave similar ra- 
dioactivity concentration in the heart at all times. 


DISCUSSION 


Assuming equal metabolic fate for the drug administered cia the caudal 
vein. the jugular vein, and the heart, the blood concentration data of total 
radioactivity alone would generate sufficient information to answer the 


* 4341; I R M .  
S .  1. Bhuta. unpublishcd results 
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Table Il-Blood lxvels of Radioactitity Obtained from All Treatments, Mean f SII 


Dose. 
Trcatmcnt mglkg" 


1 10 
2 10 
3 10 
4 10 
5 5 
6 5 


t test among treatmentsb 


Blood Concentration of I Equivalents, ng Eq/mL 
0.083 h 0.25 h 0.5 h I h  3 h  j h  8 h  


23370 f 21 590 23 I40 f 29250 I27 I0 f I6850 5020 f 5380 4460 f 5550 3060 f 3490 2010 f 2 I00 
2310 f 430 1860 f 380 1 I60 f 380 990 f 210 540 f 30 440 f 100 310 f 90 
1780 f 340 I420 f 90 1150 f 20 980 f 50 510 f 70 420 f 50 280 f 30 
2260 f 170 I940 f 190 I420 f 140 890 f I10 500 f 100 340 f 80 200 f 40 
970 f 160 880 f 130 665 f 125 570 f 65 360 f 25 2 8 5 f 4 5  2 0 5 f  5 


1590 f 95 1 7 8 5 f 6 1 0  1 2 3 5 f  170 6 2 5 f 6 0  3 2 0 f 8 5  2 9 0 f 6 0  1 7 5 f  15 
I > 2 - 6  I > 2-5 NSDC NSDC NSDC NSDL 1 > 2-6 


a Ior statistical comparisons only. the raw data were dobe-normalized and log-transformed. b Significant a tp  < 0.05. C No significant differences b) analysis of variance. 


Table Ill-Pharmacokinetic Parameters Obtained from All lreatments 


Trea tment 
Para meter I 2 3 4 5 6  6 b  


10 10 10 10 5 5 
1.5 (r, h- 2.4 2.8 1.6 2.0 I .8 


(-0.81 - 5.6)' (0.1 I - 5.5)  (0.012 - 3.2) ( I  .2 - 2.8) (0.29 - 3.3) (-0.61 - 3.5) 
A h-I 0.086 0.14 0.13 0.17 0.12 0.09 1 


(-0.32 - 0.50) (0.22 - 0.27) (0.01 I - 0.25) (0.093 - 0.25) (0.042 - 0.19) (-0.31 - 0.49) 
t112.m h 0.29 0.25 0.43 0.35 0.38 0.48 


Abd, ng Eq.h/mL 628 I2 6925 6658 5622 4577 5416 
CLp,L/h/kg 0.16 I .4  I .5 1.8 1.1 0.92 
Vdi. L/kg 0.33 3.7 5.4 3.9 4.7 2.5 


D. mq/kg 


11 2 8  h 8. I 5.0 5.3 4. I 5.8 7.6 


Vd,, L/kg 1.9 10 12 I I  9.1 10 


* D .  dose of I; a and 8. composite first-order rate constants; !lpo, half-life of distribution = 0.693/a: 1 1  2 half-life of elimination = 0.693/8; AUC. area under concentration 
L'ersus time curve = A/: t B / p :  CL,. plasma cleafance = D / A l k ;  Vdl, apparent distribution volume ,cite central compartment in a two-compartment model = D / ( A  + B):  
Vds. apparent overall istribution volume - CL,/P For comparison between treatments, the data must be dose-normalized by doubling the values of D and AUC for treatments 
5 and 6. 95% Confidence interval. 


questions outlined in the present study. By comparing treatment 1 uersus 2, 
treatment 3 cersus 4, and treatment 5 ljcrsus 6, the data seem to indicate that 
blood sampling near the site of drug administration yielded higher initial 
concentrations than at a more distal sampling site. Nonetheless, tail blood 
sampling after caudal vein administration (treatment I )  is the only treatment 
in this study that gave significantly different blood radioactivity levels and 
related pharmacokinetic parameters. Evidently, dosing cia the caudal vein 
results in some residual drug at and/or near the injection site. so that sampling 
from the same location leads to elevated drug concentrations which are arti- 
facts and which probably do not represent the circulating concentrations in 
blood. This phenomenon occurred despite the choice of a compound for this 
study with relatively high aqueous solubility. Furthermore, because it is 
technically difficult to uniformly dose uiu the tail vein ( I ) ,  the magnitude of 
this depot effect can be quite variable, as demonstrated by the large interan- 
imal differences in the blood levels measured for this group (Fig. I ) .  


However, the artifact which results from high concentrations after caudal 
vein dosing can be avoided if blood samples are obtained from an appropriate 
vein such as the vena cava, since the residual drug at the injection site probably 
represents a minute portion of the dose. Conversely, if the dose is administered 
uiu a different (e.g.. jugular) vein, the tail blooddata seem to reflect true ki- 
netics in the rat. These deductions are based on the close similarities in blood 
levels as well as pharmacokinetic parameters between treatments 2 and 3 and 
treatment 4. Treatment 4 concerns blood collected from the vena cava fol- 
lowing drug administration cia a major (jugular) vein and, therefore, is be- 
lieved to provide data which most accurately describe the pharmacokinetics 
of the drug. From the results of treatments 2 and 4, it can also be deduced that 
the application of brief ether anesthesia in the jugular vein dosing procedure 
has no effect on the blood levels and pharmacokinetic parameters of the drug. 
Previous investigators (13) have reported that ether may interfere with hepatic 
drug metabolism and should not be used as an anesthetic in kinetic studies 
of drugs with short elimination half-lives (-I 5 min), but may be used for drugs 
with longer half-lives ( > I  .2 h). 


The results of this study alsodemonstrate the potential differences between 
intravenous.and intracardiac drug administration. After intracardiac dosing, 
substantial tissue uptakeofdrug occurrcd in the heart, resulting i n  excessive 
local drug toxicity at the 10-mg/kgdose level. However, the overall amount 
of drug reaching the systemic circulation appears comparable to that after 
the intravenous doses, as indicated by the similar blood radioactivity profiles 
obtained from treatments 2-4, and treatments 5 and 6, after normalizing by 
the doses. 


In summary, dosing and subsequcnt sampling from the tail vein results in  
artifactual and variable blood concentration data due probably t o a  local depot 
effect. Although intracardiac injection appears to give blood levels similar 
to those obtained from true intravenous doses, the former tends to cause 


substantial tissue uptake ofdrug in the heart and should not be used in tissue 
distribution studies. For experiments employing a relatively large number of 
rats designated for exsanguinated blood and tissue collection, caudal vein 
injection is a convenient and appropriate method of intravenous dosing. On 
the other hand. if serial blood samples are needed to establish pharmacokinetic 
profiles in  individual animals, they can be obtained simply from thc cut tail 
after administering the dose cia the jugular vein. Although injection c;iu the 
jugular vein requires surgical preparation of the rat, it appears to be one of 
the more reliable methods for intravenous drug administration and, unlike 
most cannulation techiques, imposes no stress which may affect at least some 
aspects of normal physiology resulting in altered drug kinetics (7, 9. 14. 
15). 


Although these findings arc  probably applicable to a varietyof drugs, the 
magnitude of the observed differences could be dependent upon the physico- 
chemical properties of the individual compounds. Thus, further studies using 
additional compounds with significantly different chemical properties arc 
warranted in order to evaluate the general applicability of these results. 
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Abstract 0 The flocculation-deflocculation behavior of cefazolin sodium (I) 
in nonaqueous media and the effect of surfactants as measured by zeta po- 
tential, sedimentation, and porosity were studied. A significant difference in 
zeta potential was observed when the particles were suspended in different 
nonaqueous media. The addition of surfactant produced a deflocculated state. 
The surfactant deflocculated the particles by a process of supersaturation and 
crystallization involving a surfactant-cefazolin complex. The shielding effect 
of the surfactant on the surface of the particles also apparently affected their 
electrophoretic properties. Kinetic studies on the stability of the drug as a 
function of temperature were conducted; it appears that the chemical stability 
in ethyl oleate at room temperature is adequate for a reasonable shelf life. The 
efficiency of absorption of the drug from the ethyl oleate suspension was 
evaluated after intramuscular administration in dogs. The area under the 
plasma concentration uersus time curve and urinary recovery indicated that 
cefazolin was 100% bioavailable from this nonaqueous preparation. 


Keyphrases 0 Cefazolin sodium-surfactants, stability, bioavaila bility 0 
Cephalosporin-nonaqueous suspension, stability, bioavailability 


Parenteral pharmaceutical suspensions have been used for 
a long time ( 1  -4). In general, this dosage form is comprised 
of a physiologically active agent and a vehicle. The vehicle is 
typically comprised of a suspending liquid, an emulsifying 
agent, a surfactant, density- and viscosity-adjusting substances, 
and preservatives. While water is generally the preferred 
suspending liquid, some physiologically active agents such as 
the cephalosporin antibiotics are not chemically stable in 
water-based parenteral pharmaceutical suspensions. There- 
fore, to achieve a ready-to-use ccphalosporin preparation which 
can be stored at room temperature, it is desirable to develop 
a satisfactory suspension utilizing a nonaqueous liquid as the 
suspending medium. This paper describes the preparation of 
a unique, simple flocculated ready-to-use cefazolin sodium 
suspension which is dispersed in a nonaqueous medium. The 
efficiency of absorption of cefazolin from the nonaqueous 
system administered intramuscularly in dogs is also re- 
ported. 


Table I-Flocculation-Deflocculation Behavior of Cefazolin Sodium in 
Peanut Oil 


Conc. of Sedimentation Numbcr of 


?6 H,/H,%” Redisperse 
Polysorbate 80, Volume. Turns to 


0 
0.17 
0.50 
3.30 


48 
87 
82 
63 


268 
>3500 


03 


m 


In the presence of plysorbate 80. Ultimate settled height (H,) is based on the 
sedimentation height on day 33. 


EXPERIMENTAL SECTION 


The following chemicals were used: sterile micronized cefazolin sodium1 ; 
polysorbate 80. commercial grade2; lecithin); ethyl oleate4; peanut oil5; 
cefazolin sodiumh. For in uiuo studies, sterile micronized cefazolin sodium 
and ethyl oleate were prepared under sterile conditions. The sterile cefazolin 
sodium was aseptically micronized’ and ethyl oleate was sterilized in  a pre- 
heated oven at 155OC for 5 h. For in uifro studies, the materials werc used 
without further sterilization. 


Particle Size Distribution-The determination of particle size distribution 
was conducted by the sedimentation method using a micromerograph8. The 
mean particle size diameter of the micronized material was 7 pm. 


Preparation of Suspension-For in uitro studies, suspensions were prepared 
using an electric mixer9 to disperse 12.5 g of micronized cefazolin sodium in 
50 mL of peanut oil in the presence of various amounts of polysorbate 80 [i .e. .  
0.0.17.0.50, and 3.3% (w/v), respectively]. Suspensions containing lecithin 
in ethyl oleate were preparcd in the same manner. However, the concentration 
of lecithin added was 0,0.2,0.4,0.6.0.8, and 1.0% (w/v). For in uiuo studies, 
the suspension was aseptically prepared by dispersing I g-equivalent activity 
of sterile micronized cefazolin sodium in 3.0 mL of sterile ethyl oleate with 
an electric mixer. The suspension was then passed through a I50-1nesh sterile 
stainless steel screen and mixed until uniform. For in uiuo control studies. 
aqueous solutions of cefazolin sodium were prepared for intravenous and in- 
tramuscular administration by dissolving the sodium salth in  isotonic saline 
to a final concentration of 100 mg/mL as cefazolin. 


Sedimentorion Volume-The sedimentation volumes were recorded in 
terms of the ultimate settled height, H,, to the original height, H, as described 
in the literature (5.6): 


Sedimentation Volume = H,/H, (Eq. 1 )  
Redispersibilify-The number of revolutions necessary to restore the 


suspension to homogeneity was recorded by means of a multi-purpose rotatorfo 
with the modification described by Matthews and Rhodes (7). 


Turbidity-The turbidity of the supernatant of thesuspensions was mea- 
sured by an analytical nephelometer” after cefazolin sodium suspensions had 
been kept at 25OC for I month. The procedure was carried out as described 
by the manufacturer (8). 


Crysral Growrh-Crystal size changes with time were microscopically 
examined. Cefazolin sodium (I )  in the dry state was compared with I in a 
suspension at initial time, and in a suspension stored for 3 months at  25OC. 


Viscosiry-The viscosities of ethyl oleate and peanut oil were measured 
with a viscomcterf2. 


Porosity-The porosity of a sedimentation bcd was determined by the 
method of Kaneniwa and Takamura (9). 


I Lilly Research Laboratories. Indianapolis. Ind. 
Tween 8 0  ICI America Inc., Wilmington. Del. 
American Lecithin Company. Atlanta, Ga. ‘ Pfaltz and Bauer. Inc., Stamford. Conn. 
Sessions Oil Mills, Interprise. h la .  
KEFZOL; Eli Lilly and Company, Indianapolis. Ind. ’ Sturtvant Mill; Sturtvant Mill Company, Boston. Mass. 
Sharplcs, Pennwalt Corp.. Warminster. Pa. 
Lightnin’ Mixing Equipment Co.. Inc., Rochester. N.Y. 


lo Scientific Industries, Inc.. Bohemia. N.Y. 
‘ I  Hach Chemical Company, Ames. Iowa. 
l 2  Brookfield Enginccring Laboratories. Inc.. Stoughton. Mass. 
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data acquisition. The data with which the system precision of thedosage form 
analysis was compared by various quantification techniques is presented in 
Table II. The precision obtained by any of the quantification techniques was 
quite acceptable. Since external standard techniques requirc fewer calculations 
and are more convenient in terms of sample preparation, those laboratories 
in which automated equipment is used may select this as the preferred 
quantification technique. 


Two different quantification techniques were used when the method was 
applied to drug substance stability studies. In such studies, the amount of 
carprofen in each sample was determined by using internal standard calcu- 
lations similar to those used in the dosage form assay. However, the quanti- 
fications performed to estimate the impurity and degradation product levels 
were carried out by using an area percent calculation method corrected for 
the presence of the internal standard in the chromatogram. This technique 
has been found to be particularly useful when conducting drug substance 
stability studies on compounds in early phases of development. An underlying 
assumption with such a quantification technique is that potential degradation 
products and impurities have the same absorptivity as the parent compound 
at the chosen detector wavelength. Although this assumption may not always 
be valid, in many cases it is reasonable. It eliminates the need for reference 
standards of all impurities and degradation products, which are usually not 
available during the early stages of development. Considering this restriction, 
the technique described above is certainly acceptable for demonstrating sta- 
bility trends. When reference materials become available, the data generated 
by using the area percent method can be refined or recalculated to take into 
account any differences in  absorptivity. The area percent technique is also 
useful if an outside laboratory (without access to reference standards of po- 
tential impurities and degradation products) is conducting the assay. 


The method described has been shown to be accurate, precise, and broadly 
applicable to all control and analysis laboratories and functions. The sample 
preparations are simple, and the method can easily be automated. 
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Abstract 0 Commercially available 250-mg penicillamine tablets we:e con- 
verted into enteric-coated tablets. Based on in uifro dissolution and disinte- 
gration tests, tablets coated with five layers of a cellulose acetate phthalate 
formulation by a modified pan coating technique Mere judged to be superior 
to other coated tablets. These tablets resisted disintegration in simulated 
gastric fluid over a 4-h period and disintegrated in an average of 21 min in 
simulated intestinal fluid. Enteric-coated penicillamine tablets were tested 
in uiuo in nine weanling pigs divided into three groups: a negative control 
group, a test group dosed with enteric-coated penicillamine tablets, and a 
positive control group dosed with uncoated tablets. The incidence of GI tract 
bleeding, as  determined by daily occult blood tests of the stools, was signifi- 
cantly less in the animals receiving the enterie-coated tablets when compared 


with the positive control group. The enteric-coated dosage form appeared to 
decrease GI tract irritation caused by penicillamine. Plasma concentration-- 
time curves for penicillamine in the pigs were similar in shape to those reported 
in  humans. Atypical double peaks occur in both species. Relative bioavail- 
ability of the enteric-coated tablet was found to be 67% when compared with 
the uncoated tablet. This apparent reduction is probably due to a large in- 
trasubject variation in areas under the plasma concentration-time curves and 
not to a dosage form effect. 


Keyphrases 0 Penicillamine-development and evaluation of enteric-coated 
tablets 0 Formulations-penicillamine, development and evaluation of en- 
teric-coated tablets 


Penicillamine has been used for many years in the treatment 
of Wilson's disease and cystinuria. More recently, the drug has 
been approved for the treatment of rheumatoid arthritis. Due 
to severe adverse reactions, penicillamine therapy in the ar- 


thritic patient is normally limited to those who have been 
previously treated unsuccessfully by conventional therapy 
(1). 


It has been cstimated that up to one-third of the patients 
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Table I-Enteric Coating Formulations Table Il-Mean Disintegration Time for Enterie-Coated and Uncoated 
Tablets as  Compared with Coat Thickness * 


Formulation Ingredients 
~ ~~ 


Cellulose acetate phthalate coating 
Cellulose acetate phthalate 12.0 
Diethyl phthalate 3.0 
Ethyl acetate 42.5 
Isopropyl alcohol 42.5 


Polyvinyl acetate phthalate coating 
Polyvinyl acetate phthalate 
Polyethylene glycol 400 
Methanol 


10.0 
1 .o 


89.0 


treated orally with penicillamine must discontinue use because 
of adverse reactions such as gastric distress (2). Gastric upset, 
which is normally decreased by coadministering food or ant- 
acids with the drug, is not possible in this case because the drug 
chelates magnesium, calcium, and iron ( I ) .  In previous work, 
it has been shown that plasma levels of the unchanged drug are 
reduced in humans when penicillaminc is given with a meal 
(3) .  


Enteric-coated dosage forms release drugs in the intestine 
and have been shown to decrease gastric irritation (4). In this 
study, an entcric-coated penicillamine tablet is described, and 
this dosage form is evaluated in uitro and in uiuo in weanling 
pigs. 


EXPERIMEhTAL SECTION 


Materials- Penicillamine tablets’, cellulose acetate phthalate2, and 
polyvinyl acetate phthalate3 were obtained commercially. Simulated gastric 
and intestinal fluids were made as directed in USP X X  ( 5 ) .  


Coating Methods- Dip Coating--~The capsule-shaped tablet was held at 
one end with tweezers and dipped a little over one-half way into 50 m L  of 10% 
w / w  cellulose acetate phthalate in acetone. The tablet was withdrawn after 
10 s, and its free end was touched to the lip of the beaker to remove excess 
solution. The tablet was held in  the air for 2 min to dry. The procedure was 
repeated until both halvesof the tablet were coated three timcs.Twenty tablets 
were coated by this procedure. The tablets were placed in an evaporating dish 
and dried at SOOC for 16 h. 


Pan Coating- A 15-cm diameter stainless steel coating pan was used. Two 
aluminum baffles were mounted in the pan to promote a smooth tumbling 
action of the tablets. The 1 1.4 X 0.64-cm baffles extended from the inside of 
the pan rim to 3.8 cm from the bottom center. They were equally spaced, 180’ 
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< 80’ 
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Figure l--Eflecr of srorage at 50°C on the dissolution of enreric-coated 
penicillamine tablets at p H  6.0. Key to srorage times: / A )  0 d; (B/ I5 d; /c )  30 
d;  (D)  45 d;  (El 60 d;  (Fj 75 d. 


~~ 


1 Depen (250 mg); Wallace Laboratories 


3 Colorcon, Inc. 
Eastman Kodak. 


Coat 


Uncoated 0.000 
Cellulose acetate phthalate 


5 coats 0.010 
7 coats 0.01 2 


10 coats 0.013 
Polyvinyl acetate phthalate 


5 coats 0.007 
10 coats 0.01 0 


0.013 I5 coats 


25 coats 0.023 
30 coats 0.030 


Tablet Group Thickness, em 


20 coats 0.018 


~ 


Disintegration Time, rnin 
Gastric Fluidb Intestinal Fluid 


28 21 


>60 ( h )  
>60 ( a )  
>60 ( a )  


20 
20 
22 


>60 ( d )  13 
>60 (c) 16 
>60 (c) 17 


>60 ( 6 )  14 
>60 ( a )  18 


>60 ( h )  21 


n = 6. Key. (a). no damage to coal; ( b ) .  some soffening ofcoat and slight pitting; 
(e). obvious coat damage, deep pits; ( d ) .  partial tablet core disintegration. 


apart. The baffles were bent to fit the curvature of the pan and sloped in  the 
direction of the pan rotation. The pan was rotated at 32 rpm. 


Table I contains the two formulations that were applied to the tablets by 
the pan coating procedure. The cellulose acetate phthalate formulations (200 
g) were prepared by mixing 95.0 mL of ethyl acetate and 180.6 mL of iso- 
propyl alcohol in a 600-mL beaker. The solution was vigorously stirred with 
a magnetic stirrer, and 24.0 g of cellulose acetate phthalate was dissolved in 
the solution followed by the addition of 2.7 mL of diethyl phthalate; the so- 
lution was continuously stirred for 20 min. 


The polyvinyl acetate phthalate formulation was prepared by slowly adding 
10.0 g of polyvinyl acetate phthalate to 75.0 mL of methanol over a 15-min 
period. The solution was vigorously stirred with a magnetic stirrer. After the 
polyvinyl acetate phthalate was added, 0.9 mL of polyethylene glycol 400 was 
added, and the solution was stirred for 10 min. The weight of the solution was 
adjusted to 100.0 g by the addition of methanol. The solution was stirred for 
an additional 10 min. 


A typical batch of 90 tablets was placed in a 1000-mL beaker. and 3 mL 
of the formulation was added. The tablets were stirred by hand for 1 min and 
then transferred to the pan. The pan was rotated for 10 min at  32 rpm. The 
tablets were stirred by hand during the first 2 min of rotation to prevent 
clumping. When the coat wasdry, the tablets were returned to the 1000-mL 
beaker. The procedure was repeated until the required number of coats were 
applied. After receiving the final coating, the tablets were placed on a drying 
tray in a SOOC oven for 16 h. The number of coats used were 5 . 7 ,  and 10 for 
the cellulose acetate phthalate formulation and 5, 10. 15, 20, 25, and 30 for 
the polyvinyl acetate phthalate formulation. 


In Vitro Tests of EntericCoated Tablets --Uniformity Test---Tablets from 
each batch were visually inspectcd for uniformity in appearance, smoothness 
of coat, and absence of cracks. Twenty tablets in each batch were individually 
weighed, and the mean weight and SD were determined. 


A micrometer was used to determine the average length, width, and 
thickness of the 20 tablets from each batch. The mean thickness of the enteric 
ccat was calculated by: 


where Lc is the length of coated tablet, W, is the width of coated tablet, Tc 
is the thickness of coated tablet, L, is the length of uncoated tablet, W, is the 
width of uncoated tablet, and, T ,  is the thickness of uncoated tablet. The 
numerator of the equation sums the differences between the coated and un- 
coated tablets in three dimensions (length, width, and thickness). The de- 
nominator contains two correction factors: the three dimensions and the two 
sides of the tablet contained in  each measurement. 


Dishregration Test- -The USP X X  ( 6 )  disintegration test for enteric- 
coated tablets was used to evaluate the penicillamine tablets coated by either 
the dip coating or pan coating procedure. A standard six-tube basket-rack 
assembly4 was used for all the determinations. After 1 h of operation using 
simulated gastric fluid as the disintegration fluid, the basket was lifted from 
the fluid, and the tablets were inspected for signs of disintegration, cracking, 
or softening. The condition of the coated tablets was rated by the following 
scale: (a) no obvious damage, (6) some softening of the coat and slight pitting, 
(c) obvious coat damage, deep pits, ( d )  partial tablet core disintegration, and 
( e )  total tablet disintegration. The medium was then changed to simulated 


USP disintegration apparatus; Fisher Scientific Co. 
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Table Ill-Dissolution of Eateric-Coated and Uncoated Tablets a t  pH 1.2. 


Dissolution, ?h Remaining f S D  
Cellulose Acetate Phthalate Polyvinyl Acetate Phthalate 


Sampling Time, min Uncoated 5 Coats 7 Coats 10 Coats 25 Coats 30 Coats 


5 
10 
15 
20 
30 
60 


120 
180 
240 


76.4 f 6.9 - b - 
65.0 f 5.2 - - 
55.5 f 7.5 - - 
46.3 f 4.8 __ - 
38.5 f 2.9 99.7 f 0.6 100f0 
- 96.8 f 3.0 100f0 
- 94.9 f 2.6 100 f 0 
_- 92.7 f 1.3 100f0 
- 90.0 f 3.4 98.6 f 0.6 


- 
- 
- 
- 


100 f 0 
100 f 0 


97.8 f 3.8 
97.8 f 3.2 
93.4 f 5.8 


- 
- 
- 
- 


97.1 f 2.8 
91.5 f 1.3 
82.6 f 2.8 
74.8 f 4.5 
71.1 f 4.0 


- 
- 
- 


98.2 f 1.7 
98.3 f 0.6 
96.4 f 2.8 
94.5 f 1.1 
92.6 f 2.8 


O n  = 3. * No sample taken 


intestinal fluid and disks were added to each tube. The disintegration time 
for each of the six tablets was noted to the nearest minute. 


Dissolution Test-A USP rotating-basket dissolution apparatus5 was used 
for all dissolution studies. A single enteric-coated or uncoated tablet was placed 
into the 40-mesh basket and lowered into the specified medium such that the 
basket was 2.0 cm from the bottom of the vessel. The basket was rotated at  
100 rpm. Each dissolution test was run in triplicate. 


Three dissolution media were used. A pH 1.2 solution (0.063 M HCI) was 
used to simulate gastric fluid. A pH 6.0 sodium phosphate buffer was used 
to simulate intestinal fluid in the duodenum. A pH 8.0 sodium phosphate 
buffer was used to simulate intestinal fluid with a pH in the upper range. 


A colorimetric assay developed by Mann and Mitchell (7) was used to 
quantitate penicillamine in the dissolution medium. The absorbance was de- 
termined at 412 nm with a spectrophotometer6. Theamount of penicillamine 
contained in  the sample was determined from a standard curve prepared for 
penicillamine in each of the dissolution solutions. A linear relationship held 
over the concentration range tested. 


Stability of the Enteric Coat-The effect of storage at different tempera- 
tures on the enteric-coated tablet was investigated. Enteric-coated tablets with 
five layers of the cellulose acetate phthalate formulation, prepared by the pan 
coating procedure, were stored and tested along with uncoated tablets so that 
changes in the tablet core could be determined. Samples of each tablet were 
stored in -I 18-mL amber glass prescription bottles a t  4OC, 2 5 T .  37'C. or 
S O T .  Eighteen tablets were removed from each bottle at various times during 
a 75-d period for testing. 


The USP disintegration test for cnteric-coated tablets was performed on 
six tablets from the enteric-coated group at  each sampling period. The tablets 
were inspected for signs of disintegration, cracking, or softening after 1 h in  
simulated gastric fluid. The disintegration time in simulated intestinal fluid 
was then noted to the nearest minute. The disintegration time of six uncoated 
tablets in simulated intestinal fluid was determined to the nearest minute. 


The procedure described above was used to test the dissolution of the coated 
and noncoated tablets a t  pH 1.2 and 6.0. Samples were removed at  0, 10,20, 
and 30 min from the pH 6.0 solution and at  0,30, and 60 min from the pH I .2 
solution. The concentration of penicillamine in each dissolution medium was 
determined by colorimetry, as described above. Each test was performed on 
three tablets. 


Experimental Animals-Nine disease-free, acclimated, Yorkshire pigs (5-8 
weeks old) were randomly divided into three groups by using color-coded tags. 
Control pigs, pigs receiving uncoated penicillamine tablets, and pigs receiving 
enteric-coated penicillamine tablets were housed in separate pens and fed -2.2 
kg of commercial hog feed daily. Food was offered for at least 4 h after dosing 
and was removed at  least 12 h before the next dose was given. Each pen was 
equipped with an automatic watering device which allowed water ad li- 
bitum. 


A dosing syringe was designed to administer the tablets to the pigs. The 
device consisted of a 26.6-cm flexible plastic tube (0.7 cm i.d. and 1 . I  cm 0.d.). 
with a 31-cm, flexible polytef rod (0.6-cm diameter) which was inserted into 
the tube and used as a plunger. The entire apparatus was bent to promote 
insertion past the throat of the pig. Before dosing. the plunger and the outside 
of the tube werecoated with a water-soluble lubricant. The penicillamine tablet 
was placed into the end of the dosing syringe, and the tube was inserted 10- 15 
cm down the esophagus of the pig, where the tablet was injected. Each pig 
received several milliliters of 50% w/v sucrose solution before dosing; the 
mouth was flushed with the sucrose solution after dosing, and a small slice 
of apple was then given to decrease the incidence of tablet regurgitation. 
Another tablet was administered if the first one was rejected. 


5 Erweka Dissolution apparatus (type DT); Chemical and Pharmaceutical Industry 


6 Spectronic 20 colorimeter/spectrophotometer; Bausch and Lomb. 
co. 


The control pigs were treated in an identical fashion except that no tablet 
was loaded into the dosing apparatus. Dosing occurred daily for a period of 
2 months. 


Bioavailability Study-The study was conducted on 2 d, 1 week apart. On 
the first day, one animal from each treatment group was used. The other pigs 
were dosed as  usual for an additional week and then used in the study. 


Each animal received an appropriate 250-mg penicillamine tablet (uncoated 
or enteric coated) and was prepared for surgery immediately after dosing. A 
catheter was surgically placed in the jugular vein such that the tip was in the 
anterior vena cava; the catheter was exteriorized behind the base of the ear 
and attached to a 15-gauge needle, which was taped to the neck to allow ac- 


Blood samples were obtained at  0.5-h intervals for 12 h. The catheter was 
aspirated until fresh blood entered the syringe. One milliliter of blood was 
collected with a fresh 3-mL syringe containing 100 U of heparin, and the 
catheter was flushed with 2-3 mL of heparinized saline (100 U/mL). The 
blood was centrifuged at 500Xg for I0 min. Plasma (500 r L )  was transferred 
to another centrifuge tube, 100pL of 20% w/v trichloroacetic acid was added, 
and the contents of the tube were gently mixed. The sample was centrifuged 
at  5OOXg for an additional 10 min. The protein-free supernatant was decanted 
and stored at  20°C until assayed; all samples were analyzed within 7 d. 


A procedure developed by Bergstrom et al. (8) to assay penicillamine in  


cess. 


15 


C 


A 


HOURS 


Figure 2-Plasma concentraiion-time curvesfor penicillamine in pigs. Key: 
(A) pig C28 ( I  9.8 kg): (B) pig 824 ( I  8.5 kg); (C) pig C26 (24.0 kg); (D) pig B23 
(29.0 kg). 
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Table IV-Dissolution of Enteric-Coated and Uncoated Tablets a t  pH 6.0 Table V-Dissolution of Enteric-Coated and Uncoated Tablets at p H  8.0 * 


Dissolution, % Remaining f SD 
Group 5 min I0 min 15min 20min 


Uncoated 70.1 f 5.0 49.5 f 5.7 31.6 f 4 . 0  19.3 f 3.9 
Cellulose acetate phthalate 


5 coats 97.0 f 2.6 77.5 f 3.3 58.7 f 4.0 34.2 f 9.3 
7coats 9 7 . 9 f  l.gb 9 5 . 5 f 2 . 2 b  9 2 . 0 f 3 . 1 h  8 4 . 5 f 2 . 0 b  


IOcoats 100.0 f O.Ob 97.5 f 2.3b 94.8 f 4.6b 90.3 f 6.6” 
Polyvinyl acetate phthalate 


25coats 88.5 f 2.0 81.1 f 2.3h 63.3 f 7.8 46.9 f 7.0 
30eoats 94.2 f 1.3 85.0 f 2.6h 72.5 f 7.2b 63.5 f 6.2b 


~ ~ ~ ~ _ _ _ _ _ _ _  


a n = 3. Significantly different from uncoated group at p = 0.001. 


plasma with a liquid chromatograph’, which was equipped with a cation- 
exchange analytical column8 and an electrwhemical detector9, was used. The 
detector consisted of a thin-layer electrochemical cellto containing a mer- 
cury -gold amalgam working electrode. a glassy carbon auxiliary electrode, 
and a silver-silver chloride reference electrode. The potential of the working 
electrode was set at t O . l  V w n u s  the reference electrode. The rangeon the 
detector was varied from 5 to 20 nA. depending on the sample concentration. 
The mobile phase consisted of a 0.035 M citric acid-0.005 M disodium 
phosphate buffer. The buffer was filtered and deaerated before use. Penicil- 
lamine has an average retention time of 3.34 min at  a flow rate of 2 mL/ 
min. 


A standard curve of peak hcight ratios, prepared with plasma samples ob- 
tained from the control animals, was linear. The plasma samples were treated 
as described above. One previously prepared standard was analyzed with each 
set of samples. A total of 20 pL of the standard was injected into the liquid 
chromatograph approximately every 0.5 h during sample analysis. The pcak 
height of an unknown plasma sample was then compared with the average 
peak height of the standards injected before and after the sample. Duplicate 
20-pL injections of each unknown plasma samples were made. 


Occult Blood Tests-Stool samples were collected from each pen daily 
before drug administration. The stool samples were tested for occult blood 
with a commercially available kit”. The incidence of positive tests after 55 
d of dosing was determined for each group. 
Tissue Sample Collection-Immediately after sacrificing the animals, tissue 


sections were removed from the GI tract, including glandular and nonglan- 
dular stomach, duodenum, jejunum, colon, and a mesenteric lymph node. The 
tissues were preserved in buffered formalin, embedded in paraffin. sectioned, 
and mounted on slides. The slides were stained with hematoxylin and eosin 
for routine histological examination. 


RESULTS AND DISCUSSION 


Coating Method-- Two methods of coating the penicillamine tablets were 
investigated. The dip coating procedure was slow and tedious, requiring ap- 
proximately 2 h to coat 20 tablets. Although the coating solution overlapped 
at the center of the tablets, causing a nonuniform coat, these tablets performed 
well in the USP disintegration test. No damage to the coat was apparent after 
I h of testing in  simulated gastric fluid, and six tablets disintegrated in an 
average of 20 min in  simulated intestinal fluid. 


The pan coating procedure provided an excellent method of coating the 
tablets. The procedure was easy and quick; it produced tablets with uniform 
coats and proved to be the method of choice. 


Evaluation of Coated Tablets-The enteric-coated tablets prepared in this 
study were judged on ease of preparation, appearance, uniformity, and per- 
formance in disintegration and dissolution tests. Tablets coated with polyvinyl 
acetate phthalate and cellulose acetate phthalate by a pan coating procedure 
were evaluated. 


The polyvinyl acetate phthalate formulation was much more difficult to 
work with than the cellulose acetate phthalate formulation. Polyvinyl acetate 
phthalate solutions are tacky and are more suited to a spray coating procedure. 
Tablets pan-coated with this formulation tended to clump together and to stick 
to the side of the pan. Tablet sticking can normally be controlled by the use 
of a dusting powder. Penicillamine. however, chelates with magnesium, cal- 
cium, and aluminum, which eliminates the possibility of using common dusting 
powders. such as magnesium stearate and talc. Tablets coated with cellulose 
acetate phthalate had clean coats with a high gloss. Due to the tackiness of 


’ Model 4200 aerograph; Varian Associates. 


l o  LC-19 flow cell; Bioanalytical Systems. Inc. 
I ’  liemoccult slides; Smith Kline Diagnostics. 


Partisil-10-SCXR; Whatman.  Inc. 
LC-4A amperometric controller; Bioanalytical Systems, Inc. 


~ 


Dissolution. % Remaining f SD 
Group 5 min 10 min 15 min 20 min 


Uncoated 75.7 f 1.9 57.3 f 3.4 31.8 f 4.4 20.5 f 3.0 
Cellulose acetate phthalate 


5 coats 80.1 f 4.8 6 4 . 0 f  7.3 50.7 f 12.0 37.8 f 9.4 
7 coats 83.7 f 10.5 67.2 f 8.6 53.1 f 3.0 42.5 f 4.2 


IOcoats 90.9 f 4.2 72.8 f 8.7 56.7 f 15.6 47.5 f 15.7 


25 coats 83.7 f 2.4 67.6 f 2.5 48.3 f 5 .5  35.0 f 6.0 
30coats 87.1 f 1.4b 72.4 f 3.6 56.7 f 8.0 48.7 f 7.3 


Polyvinyl acetate phthalate 


a n - 3. Significantly different from uncoated group at p = 0.001. 


polyvinyl acetate phthalate, the tablets coated with this polymer were not 
smooth. 


Both formulations provided coated tablets of uniform size and weight. The 
average dimensions of 20 tablets from each batch had < I %  variation in any 
dimension. The thickness of the coat increased with increasing number of 
coats. 


The results of the disintegration tests are given in  Table 11. All of the en- 
teric-coated tablets resisted disintegration in  gastric fluid after I h of testing. 
Cellulose acetate phthalate coating was thicker than polyvinyl acetate 
phthalate for the same number of coats. 


The condition of the coated tablets, as indicated by the alphabetical rating 
(Table I I ) ,  varied with the polymer used for coating and the number of coats. 
Thirty coats of the polyvinyl acetate phthalate formulation were required to 
provide complete protection to the tablet. Only seven coats of the cellulose 
acetate phthalate formulation were required. The tablets with five coats of 
cellulose acetate phthalate showed some signs of coat softening after I h i n  
the gastric fluid. Tablet core disintegration, however, did not occur in this 
group after testing for 4 h in the gastric fluid. All batches had an average 
disintegration time in intestinal fluid of 6 2 2  min. There appeared to be no 
relationship between the number of coats and disintegration times. 


The following criteria were established to help in  the selection of the best 
coating material and the ideal number of coats based on dissolution 
testing: 


1. Less than 10% of the drug should be released after 4 h at pH 1.2. 
2. The enteric coat should not alter dissolution of the tablet at pH 6.0. There 


should be no significant difference in percent remaining in the uncoated or 
enteric-coated tablets at selected sampling times. 


3. The entericcoat should not alter dissolution of the tablet at pH 8.0. There 
should be no significant difference in percent remaining in the uncoated or 
enteric-coated tablets a t  selected sampling times. 


The dissolution profiles for the uncoated tablets and five batches of en- 
teric-coated tablets a t  pH 1.2 are given in Table 111. All of the coated for- 
mulations, except for polyvinyl acetate phthalate with 25 coats, retained 190% 
of the drug in the dosage form after 4 h of dissolution testing at pH 1.2. Less 
than 40% of the drug remained in the uncoated tablets after 30 min of 
testing. 


A f test (I, = 0.001) was used to determine whether criteria 2 and 3 were 
met by any of the formulations. The results of the analysis for pH 6.0 and pH 
8.0 are given in Tables I V  and V, respectively. Differences between the groups 
were more evident with the pH 6.0 buffer. Only tablets coated with five layers 
of cellulose acetate phthalate showed no difference at each sampling time when 
compared with the uncoated tablet group. By using the pH 8.0 buffer, only 
the 5-min sample of tablets coated with 30 coats of polyvinyl acetate phthalate 
differed from the uncoated group. 


Table VI-Mean Disintegration Times for Enteric-Coated and Ilncoated 
Tablets in Intestinal Fluid After Storage. 


Mean Disintegration Time, min 
Temperature,OC Od 1 5 d  3 0 d  4 5 d  6 0 d  75d 


Enteric-Coated Tablets 
- 21 20 
- 21 21 


4 21 - b  21 
20 - 25 21 ~~ 


22 20 
17 18 


- 18 20 


37 21 - 22 21 
50 21 29 20 20 


Uncoated Tablets 
15  - 4 21 ~ 


7 5  21 - 19 - 25 25 -- 
37 
50 


_. .. ~. 


20 20 
17 17 


21 - 19 19 
21 17 16 19 


n = 3. No sample taken 
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Table VII-Relationship Between Animal Weight and tmnr 


Animal Weight, kg Cmax, pg/mL [max, h 


C26 24.0 10.18 2.0 
B23 29.0 16.46 1.5 
C28 19.8 12.55 4.0 
B24 18.5 I I .84 3.0 


Selection of the Best Coat-In general, the formulation containing cellulose 
acetate phthalate was more suited to the pan coating procedure than was the 
formulation which contained polyvinyl acetate phthalate. The tablets coated 
with cellulose acetate phthalate did not stick together and required fewer 
applications. Tablets coated with 5 layers of this formulation were judged to 
be better than tablets coated with 7 or 10 coats. Five applications prevented 
disintegration after 4 h of testing in  simulated gastric fluid, although some 
damage occurred after 1 h. This batch of tablets was the only one to meet the 
specifications set for the dissolution study. The addition of two more layers 
improved the performance in the disintegration test but drastically altered 
dissolution at pH 6.0. 


Stability of the Coat--Disintegration and dissolution tests were used to 
determine whether storage at different temperatures altered the release of 
drug from uncoated and enteric-coated penicillamine tablets. All enteric- 
coated tablets resisted disintegration in simulated gastric fluid after 1 h of 
testing. The degree of coat damage during the disintegration test varied from 
no obvious damage to some softening of the coat. There was no relationship 
between temperature or storage time and the amount of coat damage. 


Storage had no effect on the disintegration time of enteric-coated tablets 
in intestinal fluid (Table VI). These results compare favorably with those 
reported previously by Luce (9). In  that study, tablets coated with cellulose 
acetate phthalate showed no change in disintegration time after storage at  
room temperature for 1 year. 


No changes in dissolution of the uncoated or enteric-coated tablets was seen 
at pH 1.2. Changes did occur in the dissolution of both the coated and uncoated 
tablets at pH 6.  As shown by a typical profile (Fig. I ) ,  the changes in disso- 
lution were random. No relationship could be established between storage 
time or temperature. The apparent changes in  dissolution could not be at- 
tributed to the presence of the enteric coat. 


Plasma Concentrations- -The plasma concentration -time curves for four 
animals are shown in Fig. 2. Data from one animal in each group were not 
included because the samples were not assayed until IOd after collection, and 
degradation of the samples was suspected. 


The curves show atypical double peaks. Similarly shaped curves have been 
reported after oral administration of penicillamine in a mongrel dog (10) and 
in normal human subjects (3). Thc multiple peaks did not occur after intra- 
venous administration of the drug in the dog (10) or when given with food in 
humans ( 3 ) .  Double peaks after oral administration of cimetidine ( 1  I )  and 
phenytoin (12) have also been reported in the literature. Explanations for these 
typcs of curves have included a GI transit-time effect (3)  and an enterohepatic 
cyclic-process cffect ( I  I ) .  


Examination of the plasma concentration-time curves (Fig. 2)  reveals two 
types of curves, which differ in  the size and location of the double peaks. The 
curve shape was independent of the type of tablet administered. Although the 
number of subjects was low, i t  appears that the shape may be related to the 
weight of the animal. In Table VI1. the relationship between animal weight 
and the time (Imax) to reach the maximum plasma concentration (Cmax) is 
shown. The lag time seen in the group receiving the enteric-coated tablet group 
was --I h .  


The same two types of plasma concentration-time curves have been ob- 
served by Bergstrom et al. (3) and appear to be related to the weight of the 
subject. The areas under the plasma concentration-time curves (AUC) from 
0 to 6 h were calculated by the trapezoidal rule. The average AUC from pigs 
that received enteric-coated tablets was compared with the average AUC from 
pigs that received uncoated tablets. Since the drug was not given on a milli- 
gram per kilogram basis, each AUC was normalized to a body weight of 24.0 
kg. Both the calculated and normalized AUC values are given in Table 
V I I I .  


The mean, normalized, AUC for animals that received uncoated tablets 
was 27.61 mg.h/mL, as compared with 18.36 pg.h/mL for the animals that 


Table VIII-AUC from Pigs Receiving Either Uncoated or Enteric-Coated 
Penicillamine Tablets 


Animal AUC, p g h / m L  Weight, kg Normalized AUC. pg.h/mL 


B23 26.95 29.0 32.56 
B24 29.40 18.5 22.67 
C26 16.15 24.0 16.15 
C28 24.93 19.8 20.57 


received enteric-coated tablets. The relative bioavailability of the enteric- 
coated tablet as compared with the uncoated tablet was 66.5%. The overall 
difference in AUC between the two groups was due primarily to the large 
difference between animals C26 and B23. A study with a larger number of 
subjects and a crossover design would be necessary to determine whether the 
bioavailability is reduced by the enteric formulation. 


Occult Blood Tests-Stool specimens from each group of pigs were checked 
for occult blood daily for 55 d. The incidence of positive tests in the control 
group was 13%. Pigs receiving uncoated penicillamine tablets had positive 
tests on 44% of the days. The group receiving enteric-coated penicillamine 
tablets had 24% positive tests. An outbreak of vibrionic dysentery during the 
middle of the study was probably responsible for some of the positive tests. 
Thc Vibrio coli organism can cause bleeding from the GI tract (13). I f  the 
21 d in  which the animals were treated for dysentery are omitted, the per- 
centage of positive tests for the control group, animals receiving uncoated 
lablets, and animals receiving enteric-coated tablets become 5.8, 35.3, and 
1 1.8%. respectively. The incidence of blood in the stool of the group receiving 
uncoated tablets was significantly higher using either set ofdata. It appears, 
therefore, that less GI bleeding occurred in  the pigs which were given en- 
teric-coated penicillamine tablets than those given the uncoated tablets. 


Tissue Analysis-No significant mucosal damage was noted in  any of the 
groups. 
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Drugs and Therapy: A Handbook of Psychotropic Drugs, 2nd Ed. By ALVIN 
SWONGER and LARRY CONSTANTINE. Little, Brown and Com- 
pany, 34 Beacon Street, Boston, MA 02106 1983.431 pp. 15.5 X 23.5 cm. 
Price $18.95 (paperback). 
This book is unusual in that it is directed to nonmedical personnel. The 


“therapy”of the title refers not to those modalities that medical peoplegen- 
erally consider therapy, but more specifically to psychosocial approaches to 
treatment. The authors are a faculty member of a school of pharmacy and a 
family therapist. The intended audience might be nurses, social workers, 
psychologists, or others not primarily concerned with the use of drugs in 
treatment, but who may need to know what types of drugs their clients are 
taking and what effects these drugs may have on them. 


This second edition has been expanded to include new sections not in the 
first. It is organized around eight general topics, each of which is covered in 
a few short chapters: drugs in therapeutic perspective (again, meaning from 
the perspective of the psychotherapist); foundations of drug action (a review 
of basic neuropharmacology); drug use and abuse; drugs and the arousal state 
(referring to sedative-hypnotics, alcohol, stimulants. and psychedelics); 
psychiatric disorders and drugs (psychosis, anxiety, depression, and mania); 
motor functions and drugs; pain and its drug management; and drugs and 
consciousness (which includes anticonvulsants). Each section is headed by 
a short introduction indicating the aims of the several chapters that follow. 


The book is well illustrated with figures and tables. Most of these have 
appeared in either the same or slightly different form in other books. Virtually 
all the references are also to books or book chapters. Thus, i t  appears that the 
authors have attempted a synthesis of much that has already been published, 
tailoring it to the needs of the prospective audience. Relatively little emphasis 
has b x n  placed on how specific drugs are used, but each chapter that discusses 
a class of drugs finishes with a brief synopsis providing the generic and trade 
names of the drug, the class to which they belong, their usual indications, and 
the usual range of daily doses. The major emphases are on how the drugs work 
in the nervous system and how they may affect the behavior of interest to the 
psychotherapist. 


The book is well written and generally free of errors. It should certainly meet 
the needs of its intended audience. but would probably be inadequate for 
pharmacists or physicians. The only other book that I can remember that 
addressed a similar audience was one that Honigfeld wrotc many years ago. 
Thus. the present volume services a useful need. It would be well worth having 
as a reference handbook for those who need to know how drugs affect their 
clients. 


ReGiewed by Leo E. Hollister 
Senior Medical Investigator 
Veterans Administration Medical Center 
Palo Alto. CA 


Calcium Antagonism in Heart and Smooth Muscle: Experimental 
Facts and Therapeutic Perspectives. By ALBRECHT FLECKENSTEIN. 
John Wiley and Sons, Inc., One Wiley Drive, Somerset, NJ  08873. 1983. 
399 pp. I7 X 24 cm. Price $60.00. 
Calcium antagonists have generated considerable interest in the pharma- 


ceutical sciences since nifedipine was reported to be effective in  the treatment 
of Printzmetal angina. This book constitutes a major tool for understanding 
the role of calcium and calcium antagonism in the heart and smooth muscle. 
The reader will find important information about the pharmacological 
properties of verapamil and its derivative. nifedipine and its derivatives, and 
diltiazem. I t  is not the first book published on this subject; however, the author 
makes this one very original. 


Dr. Albrecht Fleckenstein investigated this field for more than 20 years. 
He is recognized as oneof the most important contributors to the advancement 
accomplished in this field. This book provides indispensable knowledge rebated 
to the role of calcium in myocardial and vascular smooth muscle contractions, 
the pacemaker activity in physiological and pathological conditions, allowing 
a much better understanding of the cardiovascular indications of this very 
attractive group of drugs. Finally, it is of special interest to find a classification 
of these drugs in relation to their specificity in affecting the calcium channel. 
Dr. Fleckenstein proposed classifying the calcium antagonists in three groups: 
Group A, specific calcium antagonists including verapamil. nifedipine, their 
derivatives, and diltiazem; Group B. calcium antagonists also affecting the 
movement of sodium including prenylamine, terodiline, fendiline, perhexiline, 
and caroverine; Group C, substances with calcium antagonistic side effects, 
including nitroglycerin, barbituric acid, etc. Such classification is based on 


a numbcr of pharmacological criteria. There are so many drugs claimed to 
be specific calcium antagonists, but also interfere with movements of other 
ions. 


This book is recommended as a major source of information concerning 
the pharmacological properties of calcium antagonists. 


Reciewed by Jacques Chelly 
Department of Pharmacology 
Unioersity of Houston 
Department of Anesthesiology 
Baylor College of Medicine 
Houston. TX 77030 


Nicotinic Acid: NutrientCofactor-Drug. (Clinical Pharmacology Series, Vol. 
I ) .  By MURRAY WEINER and JAN VAN EYS. Marcel Dekker. 270 
Madison Avenue, New York, NY 10016. 1983.308 pp. 16 X 24cm. Price 
$55.00 (2070 higher outside the US. and Canada). 
This monograph provides a synthesis of existing knowlcdgc from a wide 


variety of sources into a single, concise volume. Topics are not examined in 
excessive detail, but that was not a purpose of the book. Rather, it emcrges 
as a strength in that it permits the diverse audience addressed to be informed 
readily in areas beyond particular disciplinary constraints. An index and ex- 
tensive references facilitate acquisition of detailed information on the topics 
covered for interested readers. The book succeeds well in crossing disciplinary 
boundaries. and it frequently reveals provocative possibilities for future re- 
search. Exposition, organized by sections according to the title, is acceptably 
comprehensive and includes such newer developments as  the nicotinamide 
cocnzymcs as donors in transribosylation reactions and in regulation of DNA 
repair and synthesis, use of nicotinic acid in cardiovascular and hyperlipidemic 
diseases (including pharmacokinetics and pharmacodynamics), and reex- 
amination of the tryptophan-nicotinic acid relationship in  a world in which 
protein hunger is a global problem of growing concern. For example, non- 
specialists who identify pellagra with a simple niacin-tryptophan deficiency 
will be enlightened by the very first chapter. 


The roles of nicotinic acid at the metabolic level are manifold. The most 
vital function of living material-the capacity to abstract and utilize energy 
from complex molecules- requires controlled oxidations linked to the nicotinic 
acid-derived coenzymes. Moreover, NAD participates in the generation of 
adenosine diphosphate robose polymers, which have a role in DNA metabolism 
and function. Indeed. in its coenzyme forms the physiological roles of nicotinic 
acid are pervasive and pivotal in the subcellular compartments of cytoplasm, 
nucleus, mitochondrion, and endoplasmic reticulum. The authors aver that 
“there are few areas of biochemistry in which pharmacology, nutritional 
biochemistry, and molecular biology arc interwoven in such a coherent whole.” 
Their monograph amply illuminates that statement. This overview of nicotinic 
acid and its variety of chemical and metabolic derivativcs includes important 
biochemical, nutritional, pharmacological, and clinical aspects. In addition 
to life scientists and practitioners in those fields, the book should appeal to 
dieticians, pharmacists. and othcrs interested in a concise and authoritative 
exposition of the functions and relationships of this critical cog in  the metabolic 
machinery. It is an excellent contemporary reference for courses in all these 
disciplines, and it will be at home on laboratory benches due to its durable, 
stain-resistant binding. 


There are relatively few printing errors and oversights for a first printing. 
Minor misspellings and errors in figures, such as  the entry of the symbol for 
oxygen for that of coenzyme Q and a misplaced arrow (p. 219) and an exoti- 
cally appended CO2 on the NAM molecule (p. 19). arc neither overly dis- 
tracting nor misleading. Of somewhat more concern are the use of “niacin” 
in the second paragraph ofp. 9 when “niacytin” is intended and strange dis- 
placements such as  “substitutes” for “substrates” (p. 217). 


This monograph is the first volume in a projcctcd scries in clinical phar- 
macology undcr the general editorial dircction of Dr. Weiner. Three decades 
of distinguished research in many of thc aspects of thc metabolic roles of these 
compounds by Professor van Eys are evident in the clarity and insightful 
coverage which characterize this volume. If succeeding volumes maintain those 
qualities we will have much to look forward to and a wide audience stands 
much to gain. 


Keciewed by Edwin S .  lliggins 
Department of Biochemistry 
Medical College of Virginia 
Virginia Commonwealth Unicemity 
Hichmond. VA 23298 
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concentrations of 0.1-100 pg/mL ranged from 95-97% in dog plasma, and 
the binding appcared to be similar in the plasma from the male and the female 
dogs. The binding was not concentration dependent, and saturation of the 
binding sites was not apparent at concentrations up to 100 pg/mL. 
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Abstract The stimulation of cell swelling, cell aggregation, polymorpho- 
nuclear leukocyte locomotion, and lysosomal enzyme release i n  response to 
chemoattractant were all inhibited by ibuprofen, a nonsteroidal anti-in- 
flammatory agent. The dosages needed to induce 50% inhibition (IDSO) were 
5.9,7.6,60, and 95 pg/mL, respectively. Aside from the differences in IDso, 
there was also a difference in the degree of maximum inhibition ( I m a x )  of the 
complement C5a-stimulated responses observed, so that at achievable serum 
drug concentrations of 20-50 pg/mL, inhibition of 67-78% for cell swelling, 
69-8270 for cell aggregation, 20-35% for migration response, and 17-389 
for lysosomal enzyme release were demonstrated. Also observed were a minor 
stimulatory effect on nitroblue tetrazolium reduction and an inhibitory effect 
on the ability to kill Staphylococcus aureus, but only at  very high concen- 
trations (-2 mg/mL). 


Keyphrases 0 Ibuprofen-inhibition of polymorphonuclear leukocyte cell 
responses 0 Polymorphonuclear leukocytcs-inhibition of response, ibuprofen 
0 Anti-inflammatory agents-ibuprofen, inhibition of polymorphonuclear 
leukocytes 


Although the acute inflammatory reaction is usually the 
combined result of vascular, humoral, and cellular responses, 
there is considerable evidence that the contribution of the 
polymorphonuclear leukocyte’ is indispensable ( I ) .  This is 
derived from studies showing inhibition of experimental in- 
flammatory response in PMN-depleted animals, the presence 
of lysosomal enzymes in inflammatory exudates in humans, 
and the production of tissue damage in experimental animals 
by PMN lysosomal lysates. Moreover, one mechanism of ac- 
tion of the effects of a variety of anti-inflammatory drugs, 
which includes corticosteroids and colchicine, is their ability 
to inhibit the release of lysosomal enzymes from PMN. Con- 
sequently, i t  is important to determine whether nonsteroidal 
anti-inflammatory agents, in addition to their inhibitory ac- 


~~~ ~~~ 


i Polymorphonuclcar lcukocytc will be abbreviated throughout the text as PMN. 
Hank’r balanced \ah solution will be abbreviated as HBSS 


tivity on prostaglandin synthesis (2), also have direct inhibitory 
effects on PMN function. Although the inhibitory effect of 
these drugs on PMN migration has been shown previously 
(3-5), a systematic study to quantitate the effects on this and 
other PMN responses is lacking. Therefore, we studied and 
quantitated the effects of the anti-inflammatory drug ibu- 
profen on PMN responses. 


EXPERIMENTAL SECTION 


Preparation of Leukocytes and Serum-Blood for these studies was obtained 
from healthy male and female laboratory and hospital personnel. Polymor- 
phonuclear cells were prepared from heparinized (50 U of preservative-free 
sodium heparin per mL of blood) whole blood by sedimenting erythrocytes 
with 6% hetastarch-whole blood at a ratio of 1 5 .  The leukocyte-rich plasma 
was washed once with a commercially obtained medium2 at pH 7.4 and cen- 
trifuged at  500Xg. Thecell pellet was resuspended in the same medium, and 
the PMN concentration was adjusted to 5 X 106 PMNs/mL. This preparation 
was used for PMN locomotion and bactericidal assays. For leukocyte aggre- 
gation, swelling, and lysosomal enzyme release assays, the leukocyte pellet 
was prepared with Hank’s balanced salt solution’. To lyse contaminating 
erythrocytes, the cells were resuspended in ice-cold 0.1 5 M NH&I (pH 7.5) 
for 10 min, with five 2-min interval inversions, followed by another wash with 
HBSS. The final cell pellet was resuspended in HBSS to a cell Concentration 
of lo7 PMNs/mL. Serum was prepared from clotted whole blood. 


Chemotactic Factor-The chemotactic factor used in PMN locomotion 
studies was derived from zymosan-activated serum prepared by incubation 
of 5 mg of zymosan with 1 mL of serum at 37’C for 30 min. A 3% solution 
of this material in the medium2 was used in the lower compartment. 


Partially purified complement C5a fragments were used as the chemotactic 
factor in leukocyte aggregation, swelling, and lysosomal enzyme release 
studies. C5a was derived by the activation of normal serum with zymosan in 
the presence of 1 M c-aminocaproic acid3 and purified by gel filtration4 (6). 
Active fractions were identified by the lysosomal enzyme release assay, ly- 
ophilized, and then dialyzed against 0.1 M phosphate buffer (pH 7.4). and 


Medium 199; Difco Laboratories, Detroit, Mich. 
Sigma Chemical Co.. St. Louis, Mo. 
Scphadex G-l 00. Pharmacia Fine Chemicals, Piscataway. N.J. 
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Table I-Effect of Ibu rofen on Various Chemotactic Factor (CF)- 
Stimulated Leukocyte Lunctions 


Maximum Reversal of 
Reversal of C F  Effects a t  


ID50, C F  Effects 20-50 pg/mL, 
Function n d m L  (Imam%) % 


PMN swelling 2 5.9 87 67-78 
PMN aggregation 2 7.6 95 69-82 
Chemotaxis 3 60 78 20-35 


Glucosaminidase 3 94 110 19-38 
Elastase 3 95 100 17-34 


Lysosomal enzyme release 


stored at -9OOC in small aliquots until use. Each preparation was standardized 
by dose-response studies to calculate maximum enzyme release (V,,,,,) and 
the concentration of C5a needed to induce 50% of the maximum response (K,) 
in PMNs. Three times this value ( K ,  X 3) was then used in the experi- 
ments. 


Ibuprofen Preplrati~n-Ibuprofen~ was prepared by dissolving 16.7 mg 
of the drug in 1 mL of 0.1 M Tris-HC1 buffer, pH 8 (high pH values allowed 
solubilization of ibuprofen). The mixture was readjusted to pH 7.5, mixed 
thoroughly, and diluted to 8.35 mL with Tris buffer. The ibuprofen concen- 
tration at this point was 2 mg/mL and had an absorbance of 0.176 at 280 
nm. 


Leukocyte Locomotion Assay-Assays were performed in duplicate by 
using modified transparent acrylic Boyden chambers6 and 13-mm diameter, 
5-pm pore-size cellulose nitrate filters'. The modifications of the Boyden 
technique, as well as the methods used for calculating the locomotion index 
(LI) have been previously reported in detail (7). 


To test the effect of ibuprofen on PMN locomotion, various concentrations 
of the drug were added to 5 X los PMNs in the upper compartment (total 
volume of 0.7 mL in the medium2). The chemotactic attractant, 3% zymo- 
san-activated normal serum, was introduced into the lower compartment. The 
prepared chambers were incubated at  37OC in a humidified, 5% C 0 2  atmo- 
sphere for 90 min. After incubation, the filters were removed, fixed, stained, 
cleared, and mounted as described previously (7). 


The effects of the drug on both the number of PMNs migrating and the 
locomotion index (distance migrated) were quantitated. To assess the total 
number of PMNs migrating into the filter, the number of cells was counted 
at  a magnification of X400. The counting was started at  20 p m  below the cell 
monolayer (proximal filter surface) and continued at  10-pm intervals 
throughout the thickness of the filter. The locomotion index (LIm). the average 
distance migrated by PMNs that migrated beyond the 20-pm level, was cal- 


7 r  


0 1 2 3 4 5 6 7 


TIME, min 
Figure 1-Effeci of ibuprofen on CSa-stimulaied P M N  swelling. For these 
experiments, 2 X lo6 PMNs were exposed to 2.8 mg of ibuprofen per mL 
(iota1 uolume. 250 pL) for 2 rnin at 37°C. afrer which 100 pL of C5a solution 
(Km X 3) was added, and incubation was continued for an additional minute. 
An 80-pL aliquot was added to 20 mL of dilueni. and the mean cell volume 
was deiermined ai the times indicated. Key: (0) with ibuprofen; (rk) no ibu- 
profen. 


Motrin; donated by the Upjohn Co., Kalamam, Mich. 
Ahlw Cor , Meriden, Conn. 


'Sartorius &lters., Hayward, Calif. 
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IBUPROFEN CONCENTRATION, mg/mL 
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Figure 2-Effeci of ibuprofen on P M N  locomotion (L120) toward activated 
normal serum as the chemoattraciani. The results of three experiments are 
presented, with the bars representing SD. The IDSO was calculated to  be 60 
pg/mL, and the maximum inhibition was 78%. 


culated as described previously (7). The chemotactic responses in the presence 
of ibuprofen were expressed as change from the control value measured in the 
absence of the drug. 


Lysosomal Enzyme Release Assny-Lymmal enzyme release from PMNs 
was assessed by a method similar to that described by Fantone et al. (8). 
Reaction mixtures containing various concentrations of ibuprofen in the 
presence of cytochalasin B-treated PMNs (10' cells per mL) were preincu- 
bated at  37OC for 5 min. To these mixtures, 150 pL (Km = 50 pL) of C5a was 
added. The mixtures were incubated at  37OC for 5 rnin and centrifuged at  
200Xg for 5 rnin at  4OC. The supernatant solutions were assayed for N-ace- 
tyl-8-D-glucosaminidase (8) and elastase (9). 


Separation of CSa and Ibuprofen-In the study to determine whether ibu- 
profen has a direct effect on CSa, 2 mL of C5a was incubated with 2 mg of 
drug for 1 min at 37OC. The drug was then removed by using gel filtration 
columnss. An elution volume between 3.5 and 4.8 mL contained the highest 
concentration of C5a without the drug. 


PMN Aggregation and Swelling-PMN aggregation and cell volume assays 
were performed by a technique described previously (6). We used a particle 
counter equipped with a size-distribution analyzerg. Reaction mixtures con- 
taining various concentrations of ibuprofen were incubated for 2 min at 37OC 
with 100 p L  of PMNs (containing 2 X 106 PMNs). After incubation, 15OpL 
of C5a was added, and the mixtures were incubated for 60 s at 37OC. Aliquots 
of 80 p L  from these reaction mixtures were added to 20 mL of isotonic solu- 
tionlo and immediately analyzed with a particle counter and size analyzer. 
The first determination of cell number and mean cell volume was obtained 
15-30 s after contact of the PMNs with C5a. Subsequent readings were taken 
in the same vial which was intermittently shaken between readings. Cell 
number and mean cell volume were calculated for each drug concentration 
at all time intervals. A decrease in cell number was indicative of cell aggre- 
gation. 


PMN Nitro Blw Tetrazolium Reduction and Bactericidal Assay-The 
methods of quantitating nitro blue tetrazolium reduction and bacterial killing 
by PMNs have been described previously (7). The only modification used for 
these assay procedures involved the preincubation of PMNs with various 
concentrations of ibuprofen for 30 rnin at  37OC. 


Aualysb of Results-To quantitate the inhibitory effects of ibuprofen, 
dose-response studies were performed to determine the degree of inhibition 
as a function of ibuprofen concentration. The percent inhibition (%I) was 
calculated from: 


961 = [ RD - R N c s  - 
Rc5a - R ~ e g  


where the responses (R) are: RD, in the presenceof ibuprofen plus C5a frag- 
ments; Rcs., in the presence of C5a fragments alone; R N ~ * ,  in the presence 


Column PD-10; Pharmacia Fine Chemicals. 
Model ZBI particle counter equipped with a model C-loo0 Channelyzer; Coulter 


l o  Hematall; Fisher Scientific Co., Pittsburgh, Pa. 
Electronics, Hialeah. Fla. 
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IBUPROFEN CONCENTRATION. mg/ml 


Figure 3-Efleci of ibuprofen on the C5a-stimulated release of the lysosomal 
enzyme elasiase from PMNs. The results of three separaie experimenis are 
presented. The IDw was calculated io be 95 pg/mL. and the maximum in- 
hibition of enzyme release was 100%. 


of neither. We found that the data conformed to a rectangular hyperbola of 
the form: 


I,, [ibuprofen] 
IDSO t [ibuprofen] 


%I = 


where I,, is the maximum reversal of chemoattractant effect expected when 
the ibuprofen concentration is extrapolated to infinite concentration. and IDu, 
is the concentration of ibuprofen that will produce 0.5 X I,,,. The data were 
analyzed by nonlinear regression (10). 


RESULTS 


Ibuprofen inhibited all PMN responses to the chemoattractant. These in- 
cluded the locomotory chemotactic response (as measured by the micropore 
filter technique), lysosomal enzyme release, cell aggregation (as measured 
by a transient decrease in the number of PMN cells occurring within 30 s from 
contact with the chemoattractant), and cell swelling. These effects were di- 
rected against the cells and not against the chemoattractant, since treatment 
of C5a with ibuprofen and subsequent removal of the drug by gel filtration* 
did not impair subsequent C5a activity on release of the lysosomal enzyme 
elastase. The ID50 and ImaX values with ibuprofen varied according to the 
response tested. A summary of these effects is shown in Table I. Cell swelling 
and cell aggregation had the lowest IDSO values, whereas these values were 
high for locomotory response and lysosomal enzyme release. 


Of additional interest is the effect of ibuprofen on PMN cell swelling. AI- 
though it inhibited the rapid cell swelling that occurred 30safter PMN contact 
with C5a, the drug itself produced a relatively slower swelling of cells (Fig. 
1). The delayed swelling caused by ibuprofen, which eventually exceeded that 
produced by CSa, occurred with or without the presence of C5a. Six deter- 
minations of the effect of ibuprofen on PMTS swelling and aggregation were 
made at an ibuprofen concentration of 1.75 mg/mL. We found that the in- 
hibition of swelling was 90% (calculated value = 87%) and inhibition of 
aggregation was 96% (calculated value = 95%). 


The locomotory index (distance migrated per cell) was inhibited, with an 
I,,, value of 78% (Fig. 2), but the number of PMNs migrating did not di- 
minish, except a t  very high concentrations (40% inhibition at  1.5-2.0 mg/mL) 
of the drug. Thus, the PMNs are affected in two distinctly different ways, 
depending on drug concentration. The reduced number of migrating PMNs 
at  highconcentrations of ibuprofen was not related tocell death or loss of vi- 
ability since, in the trypan blue dye exclusion study, 98% of PMNs exposed 
to 2 mg of drug per mL excluded trypan blue dye, as compared with 94% of 
control cells. Also shown in the trypan blue dye study is that 55% of control 
cells had the triangular active morphology and were moving, whereas in the 
drug-treated PMNs only 12% assumed this active form. This is consistent with 
inhibition of locomotory response observed by the micropore filter assay. 


Lysosomal enzyme release, particularly that of elastase, can be completely 
inhibited (I,,, = IWO) by high concentrations of ibuprofen (Fig. 3). The 
reduced lysosomal enzyme activity observed in the presence of ibuprofen was 
due to reduced release of enzymes and not direct inhibition of the enzyme by 
the drug, since addition of ibuprofen after the enzyme release step of the assay, 


I 1 I I I .  
0 0.5 1 .o 1.5 2.0 


IBUPROFEN CONCENTRATION, mglml 


Figure 4--Efject of ibuprofen on the reduciion of nitroblue ieirazolium by 
PMNs. The percent change in absorbance ai 550 nm as a function of ibuprofen 
concentraiion is presented for four separate experiments. wiih the bars rep- 
resenting the SD. Change in the positive direciion indicates stimulation of 
nitro blue tetrazolium reduction. 


using control PMNs not previously treated with thedrug, did not produce any 
change in the quantity of enzyme activity. There is a suggestion of individual 
variability in the ibuprofen response of PMNs. A donor with a low PMN lo- 
comotory response was found to have IDSO values of 191 pg/mL for glu- 
cosaminidase and I 13 pg/mL for elastase release and I,,, values of I I I and 
113%. 


Nitro blue tetrazolium reduction by PMNs was not affected, except at high 
concentrations of the drug. There was a linear increase (p < 0.001) in nitro 
blue tetrazolium reduction in the presence of 0.5- 1.75 mg of the drug per mL 
and a sharp drop in activity thereafter (Fig. 4). Bactericidal activity against 
Siaphylococcus aureus was also not affected by ibuprofen, except a t  a con- 
centration of 2 mg/mL, a t  which a discernible inhibition was found (Fig. 
5) .  


Perhaps of greater clinical relevance than the I,,, values are the estimates 
of inhibition of the responses a t  drug concentrations of 20-50 pg/mL, since 
these are achievable in plasma. These estimates (Table I) indicate that PMN 
swelling and aggregation induced by C5a are  most inhibited by these levels 
of ibuprofen. The chemotactic (locomotory) response to zymosan-activated 
normal Serum is reduced by 20-35%. and the stimulation of lysosomal enzyme 
release by C5a is reduced by 17-3856 (Table I). 


DISCUSSION 


The results of these studies indicate that ibuprofen may indeed exert its 
anti-inflammatory action on multiple sites. Besides its well-known effect on 
prostaglandin synthesis resulting from its potent inhibitory activity against 
the enzyme cycloaygenase (1 I ) ,  it has easily demonstrable inhibitory effects 
on PMN responses to chemoattractant. By comparison, however, ibuprofen 
is much more active against cyclo-oxygenase than against PMN responses 
since the ID50 to platelet and endothelial cell prostaglandin synthesis was found 
to be I pg/mL [calculated from the data of Parks el al. (12)]. Relatively 
minimal effects on bactericidal function against S .  aureus and on nitroblue 
tetrazolium reduction were also demonstrable a t  very high concentrations. 
Quantitative assessment of these effects indicates evidence of selectivity. For 
example, cell aggregation and swelling were inhibited by low concentrations 
of the drug that are easily achievable in serum with the usual oral doses, 
whereas lysosomal enzyme release and chemotactic (locomotory) responses 
required much higher concentrations. From these results, particularly with 
the effect of ibuprofen on chemotactic response, it is difficult to explain why 
the use of ibuprofen is not associated with a clinically obvious impairment of 
antimicrobial host defenses. It is likely that the combined effects on PMN 
responses and prostaglandin synthesis, but not separately, result in a pre- 
dominantly anti-inflammatory effect. From these studies, i t  can be concluded 
that i t  is also likely that antimicrobial defenses may suffer a t  very high con- 
centrations. 


Because of its effect on PMN aggregation, it is possible that this drug and 
other nonsteroidal anti-inflammatory drugs may be useful in the prevention 
of disorders that result from vascular leukocytic stasis of intravascularly 
stimulated PMNs, such as adult respiratory distress syndrome related to open 
heart surgery, filtration leukapheresis, systemic infections, and hemodialysis 
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Figure 5-Effect of ibuprofen on the bactericidal activity of PMNs against 
S .  aureus. The percent change from the control is based on the number of 
colony-forming units remaining. Change in the positive direction indicates 
inhibition of the bactericidal activity of the cells. 


(13). Moreover, ibuprofen may be a useful agent to prevent the pulmonary 
complications of bleomycin, since new evidence indicates that this antineo- 
plastic drug concentrates in PMNs and may be delivered at high concentra- 
tions to the lungs when conditions for the occurrence of pulmonary vascular 
leukocytic stasis are present (14) .  


The mechanism to explain the inhibitory effects of ibuprofen on PMNs is 
not known. Since aggregation, chemotaxis, and lysosomal enzyme release were 
inhibited almost to a similar degree by the drug, it is likely that the mechanism 
involves a pathway wmmon toall three responses. These common pathways 
include the cell membranes and the cellular mgsengers, such as cell receptors, 
calcium, cyclic neucleotides, and arachidonic acid metabolites, particularly 
of the lipoxygenase pathway. Although the lysosomal membrane was “sta- 
bilized” by ibuprofen and other nonsteriodal anti-inflammatory drugs, as 
reported by this study and others ( 1 5 ) ,  there is yet littledirect evidenceofcell 
membrane inhibitory effects by these drugs. Recent evidence points to a 
regulatory influence of prostaglandins on cyclic neucleotides and calcium (16). 
Although the effects of specific postaglandins on cyclic nucleotides may be 
known. it is not possible to predict what effects the inhibition of prostaglandin 
synthesis would have. This is because prostaglandin effects are concentra- 
tion-dependent (a low concentration of PGE lowers, while a high cocentration 
raises, CAMP cellular levels), and also dependent upon the specific compound 
( i .e . ,  P G F b  increases cGMP; PGE and PGD increases CAMP) (17, 18). 


Moreover, the effects of the early unstable metabolites (endoperoxides and 
thromboxane) differ from that of the stable prostaglandins (19) .  
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Abstract 0 The flocculation-deflocculation behavior of cefazolin sodium (I) 
in nonaqueous media and the effect of surfactants as measured by zeta po- 
tential, sedimentation, and porosity were studied. A significant difference in 
zeta potential was observed when the particles were suspended in different 
nonaqueous media. The addition of surfactant produced a deflocculated state. 
The surfactant deflocculated the particles by a process of supersaturation and 
crystallization involving a surfactant-cefazolin complex. The shielding effect 
of the surfactant on the surface of the particles also apparently affected their 
electrophoretic properties. Kinetic studies on the stability of the drug as a 
function of temperature were conducted; it appears that the chemical stability 
in ethyl oleate at room temperature is adequate for a reasonable shelf life. The 
efficiency of absorption of the drug from the ethyl oleate suspension was 
evaluated after intramuscular administration in dogs. The area under the 
plasma concentration uersus time curve and urinary recovery indicated that 
cefazolin was 100% bioavailable from this nonaqueous preparation. 


Keyphrases 0 Cefazolin sodium-surfactants, stability, bioavaila bility 0 
Cephalosporin-nonaqueous suspension, stability, bioavailability 


Parenteral pharmaceutical suspensions have been used for 
a long time ( 1  -4). In general, this dosage form is comprised 
of a physiologically active agent and a vehicle. The vehicle is 
typically comprised of a suspending liquid, an emulsifying 
agent, a surfactant, density- and viscosity-adjusting substances, 
and preservatives. While water is generally the preferred 
suspending liquid, some physiologically active agents such as 
the cephalosporin antibiotics are not chemically stable in 
water-based parenteral pharmaceutical suspensions. There- 
fore, to achieve a ready-to-use ccphalosporin preparation which 
can be stored at room temperature, it is desirable to develop 
a satisfactory suspension utilizing a nonaqueous liquid as the 
suspending medium. This paper describes the preparation of 
a unique, simple flocculated ready-to-use cefazolin sodium 
suspension which is dispersed in a nonaqueous medium. The 
efficiency of absorption of cefazolin from the nonaqueous 
system administered intramuscularly in dogs is also re- 
ported. 


Table I-Flocculation-Deflocculation Behavior of Cefazolin Sodium in 
Peanut Oil 


Conc. of Sedimentation Numbcr of 


?6 H,/H,%” Redisperse 
Polysorbate 80, Volume. Turns to 


0 
0.17 
0.50 
3.30 


48 
87 
82 
63 


268 
>3500 


03 


m 


In the presence of plysorbate 80. Ultimate settled height (H,) is based on the 
sedimentation height on day 33. 


EXPERIMENTAL SECTION 


The following chemicals were used: sterile micronized cefazolin sodium1 ; 
polysorbate 80. commercial grade2; lecithin); ethyl oleate4; peanut oil5; 
cefazolin sodiumh. For in uiuo studies, sterile micronized cefazolin sodium 
and ethyl oleate were prepared under sterile conditions. The sterile cefazolin 
sodium was aseptically micronized’ and ethyl oleate was sterilized in  a pre- 
heated oven at 155OC for 5 h. For in uifro studies, the materials werc used 
without further sterilization. 


Particle Size Distribution-The determination of particle size distribution 
was conducted by the sedimentation method using a micromerograph8. The 
mean particle size diameter of the micronized material was 7 pm. 


Preparation of Suspension-For in uitro studies, suspensions were prepared 
using an electric mixer9 to disperse 12.5 g of micronized cefazolin sodium in 
50 mL of peanut oil in the presence of various amounts of polysorbate 80 [i .e. .  
0.0.17.0.50, and 3.3% (w/v), respectively]. Suspensions containing lecithin 
in ethyl oleate were preparcd in the same manner. However, the concentration 
of lecithin added was 0,0.2,0.4,0.6.0.8, and 1.0% (w/v). For in uiuo studies, 
the suspension was aseptically prepared by dispersing I g-equivalent activity 
of sterile micronized cefazolin sodium in 3.0 mL of sterile ethyl oleate with 
an electric mixer. The suspension was then passed through a I50-1nesh sterile 
stainless steel screen and mixed until uniform. For in uiuo control studies. 
aqueous solutions of cefazolin sodium were prepared for intravenous and in- 
tramuscular administration by dissolving the sodium salth in  isotonic saline 
to a final concentration of 100 mg/mL as cefazolin. 


Sedimentorion Volume-The sedimentation volumes were recorded in 
terms of the ultimate settled height, H,, to the original height, H, as described 
in the literature (5.6): 


Sedimentation Volume = H,/H, (Eq. 1 )  
Redispersibilify-The number of revolutions necessary to restore the 


suspension to homogeneity was recorded by means of a multi-purpose rotatorfo 
with the modification described by Matthews and Rhodes (7). 


Turbidity-The turbidity of the supernatant of thesuspensions was mea- 
sured by an analytical nephelometer” after cefazolin sodium suspensions had 
been kept at 25OC for I month. The procedure was carried out as described 
by the manufacturer (8). 


Crysral Growrh-Crystal size changes with time were microscopically 
examined. Cefazolin sodium (I )  in the dry state was compared with I in a 
suspension at initial time, and in a suspension stored for 3 months at  25OC. 


Viscosiry-The viscosities of ethyl oleate and peanut oil were measured 
with a viscomcterf2. 


Porosity-The porosity of a sedimentation bcd was determined by the 
method of Kaneniwa and Takamura (9). 


I Lilly Research Laboratories. Indianapolis. Ind. 
Tween 8 0  ICI America Inc., Wilmington. Del. 
American Lecithin Company. Atlanta, Ga. ‘ Pfaltz and Bauer. Inc., Stamford. Conn. 
Sessions Oil Mills, Interprise. h la .  
KEFZOL; Eli Lilly and Company, Indianapolis. Ind. ’ Sturtvant Mill; Sturtvant Mill Company, Boston. Mass. 
Sharplcs, Pennwalt Corp.. Warminster. Pa. 
Lightnin’ Mixing Equipment Co.. Inc., Rochester. N.Y. 


lo Scientific Industries, Inc.. Bohemia. N.Y. 
‘ I  Hach Chemical Company, Ames. Iowa. 
l 2  Brookfield Enginccring Laboratories. Inc.. Stoughton. Mass. 
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Electrophoretic Mobility-Electrophoretic mobility was measured with 
a zeta meter” equipped with a highvoltage power booster’3. The measurement 
procedure is described in the literature (10). Zeta potential (ZP) was calcu- 
lated from the Helmholtz-Smoluchowski equation: 


41 Z P = - E M  D 
where, a t  a fixed temperature, 1 is the viscosity of the suspensing medium in  
equilibrium, D is the dielectric constant of the suspending mcdium, EM is the 
electrophoretic mobility in cm/s per electrostatic volts (esu)/cm, and ZP is 
the zeta potential of the suspended particle in esu. Since the ZP is always < I  
(practical) volt, it is more conveniently expressed in millivolts. Equation 2 then 
becomes: 


Z P  = I I3,0Oo2 EM (Eq. 3) D 
where Z P  is in the unit of millivolts (mV) and EM is expressed in pm/s per 
V/cm. The dielectric constants of ethyl oleate and peanut oil have been de- 
scribed ( I  I ) .  


Kinetic Study on Stability of Cefazolin Sodium Suspension-Stability 
studies were conducted at 57OC. 6OOC. 8OoC, and 9OoC as a function of time. 
Samples were assayed microbiologically according to CFRs436.105 (i.e., 


Zeta-Meter Inc.. New York. N.Y. 


Figure 1 --Microscopic examination of ax- 
glomeration and crystal growth of cefazolin 
sodium suspension in the presence of 0% (A), 
0.17% (B), 0.5% (C). and 3.3% (D) plysorbate 
80. 


Certified Federation Registration) with Bacillus subtilis ATCC 6633 sub- 
stituted as the assay organism. The kinetic treatment of the data has been 
previously described ( I  2. 13). 


In  Vivo Bioaveilability Evaluation-Female mongrel dogs (wei!ght 13-20 
kg) were fasted overnight with access to water. On the day of the experiment. 
they were transferred to stocks in which they could stand or sit comfortably 
for the duration of the test. A retention catheterI4 was inserted into the urinary 
bladder of each dog for collection of all urine produced during the test pe- 
riod. 


Cefazolin sodium ( I )  was administered as  a single 15-mg/kg bolus dose 
oia acephalic vein (intravenous) or the biceps femoris muscle (intramuscular). 
At specified time intervals, samples of urine were collected, chilled in an ice 
bath, and then frozen until analyzed. At the same time, a blood sample was 
withdrawn from one cephalic vein into a heparinired evacuated tubclS. After 
centrifugation, a plasma sample was removed, chilled, frozen, and analyzed 
in the following manner. On the day of the assay, the plasma and urine samples 
were thawed. Crine samples were diluted, as  required, in isotonic 0.1 M 
phosphate buffer (pH 6.0). The antibacterial activity of the diluted samples 
was assayed in a disk plate agar diffusion test with B. subtilis against standard 
solutions of ccfazolin in  the same buffer. Plasma samples were diluted with 
dog serum and assayed in the same way against standard solutions of cefazolin 
in dog serum. 


French No. 14: Foley. 
15 Vacutainer; Becton. Dickinson and Co. 
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Table 11-Chemical Stability of Cefazolin Sodium Suspended in Ethyl 
Oleate 


Experimental Predicted 
Age and Storage Valueo, Value, 


Lot No. Condition 9o of Initial %of Initial 


P35294 3 months, 25OC 103.8 99.6 
‘343061 1 month, 25OC 98.9 99.9 
‘343060 I month, 37OC 101.5 99.3 
(343046 1.5 months, 4OoC 104. I 97.1 
G43034 2 weeks, 60°C 90.4 90.8 


a Mean of three determinations. 


RESULTS AND DISCUSSION 


During the entire study, cefazolin sodium particles werc well suspended 
in ethyl oleate; a good flocculatcd system resulted. In contrast, caking was 
observed in the peanut oil suspensions. A significant differcnce in zeta potential 
was observed between cefasolin sodium particles suspended in peanut oil and 
ethyl oleate (i.e., -2.57 mV f 0.09 mV oersus -27.1 mV f 1.03 mV, re- 
spectively). These results are consistent with reported data that the ability 
to be suspended is correlated with the zeta potential (7. 14). 


Effect of a wetting agent on the physical stability of a nonaqueous sus- 
pension was evaluated. Surfactants are widely used in pharmaceutical for- 
mulations as wetting agents. In the cefazolin sodium suspension in peanut oil, 
the addition of various amounts of polysorbate 80 produced a deflocculated 
state. This change was indicated by the difficulty of redispersibility. evidenced 
by the number of revolutions of the rcdispcrsing apparatus required to return 
the system to a homogcnous state (Table I). There was an increase in sedi- 
mentation volume by adding 0.1 7% of polysorbate 80. However, an increase 
in concentration of polysorbatc 80 above this conccntraiion produced a re- 
duction in sedimentation volume. I n  general. in an aqueous suspension system, 
a progressive rise in sedimentation volume is accompanied by an increase in 
the ease of redispersibility ( I  5). In  contrast to the conventional aqueous system, 
no correlation between the redispersibility of the sedimentation bed and the 
sedimentation volume was found in this nonaqueous system. Considering the 
interaction of polysorbate 80 with cefazolin sodium, it is possible that cefazolin 
sodium particles werc deflocculated by a process of supersaturating and 
crystallizing effects produced by the solubilization of the polysorbate 80- 
cefazolin sodium complex. As shown in  Fig. I, microscopic examination in- 
dicated that extensive agglomeration and crystal growth did indeed occur. 


An emulsifying agent is commonly included in the formulation of parenteral 
preparations. Because the agent lowers interfacial tension, the drainage 
property of a parenteral suspension from the vial can be remarkably improved. 
In this study, lecithin was chosen as an emulsifying agent and the effect of 
lecithin on the stability of cefazolin sodium dispersed in ethyl oleate was 
evaluated. Unlikc the peanut oil system. cefazolin sodium in the ethyl oleate 
suspension in the presence of lecithin produced a deflocculated state accom- 
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Figure 2-Influence of Iecirhin concenrrarions on zeta potenrial and redis- 
persibiliry of cefuzolin sodium suspensions in ethyl oleate. 
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Figure 3-Influence of lecithin concentrations on sedimentation volume of 
cefarolin sodium suspensions in ethyl oleote and on porosity of i ts sedi- 
mentation bed. 


panied by a decrease in sedimentation volume. The zeta potential of cefazolin 
sodium decreased with the addition of lecithin and remained essentially 
constant throughout the concentration range studied (Fig. 2). Furthermore, 
the effect of increasing lecithin concentration on the zeta potential of cefazolin 
sodium was paralleled by the effect of lecithin concentration on redispersibility. 
The data on the porosity of the sedimentation bed correlated well with the data 
on the sedimentation volume ratio. As shown in  Fig. 3, the porosity of the 
sedimentation bed decreased with the addition of lecithin and the suspension 
resulted in a deflocculated state which correlates to ability to be sus- 
pended. 


I t  is also of interest to compare the appearance of the supernatants of the 
suspensions relative to their physical stability. As shown in Fig. 4, the turbidity 
was minimum at 0 and 1 .O% of lecithin in the formulation. No correlation was 
found between the degree of turbidity in the supernatant and the degree of 
flocculation. These data suggest that the cefazolin sodium particles might be. 
initially well dispersed due to an electrical repulsive force between particles. 
In the presence of lecithin, however, the contribution of electrical repulsive 
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Figure 4-Influence of lecithin concentrotions on turbidities of cefozolin 
sodium suspensions in ethyl oleate. 
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Table Ill-Comparison of the Performance of Aaueous and Nonaaumus Formulations of Cefazolin in Female Mongrel Does 


Cefazolin Sodium 
Formulation 


Time of Peak 
Mean Plasma 


Concentration, min 


Peak Mean 
Plasma Concentration. 


a / m L  


Urinary 
Recovery, AUCb, 
% of Dosc pg-min/mL 


Solution 
Intravenous 
Intramuscular 


Intramuscular 
Suspension in Ethyl Oleate 


1 .o 
40 


40 


134 f 15 
32.4 f 2.4 


28.1 f 4.0 


89.1 f 2.4 
79.8 f 2.4 


94.1 f 8.0 


4609 f 363 
4319 f 341 


4512 f 256 


Cumulative (24-h) recovery of antibacterial activity in urine. Area under the plasma concentration ucrsus time curvc. 


1 3  5 7 9 11 1 3 1 5  
SIZE OF PARTICLES. pm 


Figure 5- Particle size frequency distribution curve of cefazolin sodium 
suspenrion in ethyl oleate. Key: (m) cefazolin sodium in dry state; (*) cefazolin 
sodium suspension at initial time; (A) cefazolin sodium suspension aged 3 
months 0 1  25°C. 


force was diminished by a shielding effect on the surface of cefazolin particles 
as reflected in their electrophoretic properties. 


Figure 5 shows the results of the evaluation of crystal growth. Measurement 
of changing particle size distribution as a function of time under three different 
storage conditions showed no significant crystal growth. 


The potency of cefazolin sodium in ethyl olcatc was studied at  high tem- 
peratures. An Arrhenius plot (with 95% confidence limits) of degradation 
constants of cefazolin sodium suspension as a function of temperature is shown 


-8 4 
2.0 2 8  3.0 3.2 3.4 3.6 


TEMPERATURE, rwr 
Figure 6-Arrhenius plot with 95% Confidence limits of degradation constants 
of cefazolin sodium suspension in ethyl oleate: y = - 5 . 9 1 6 ~  t 15.556; r = 
0.998. 
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I I I ' f l d  
0 80 120 180 240 300 380 420 480 1440 
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Figure 'I-Mean recooery of antibacterial actioity in the urine of female 
mongrel dogs ajier administration of I5 mglkg of cefazolin. Key: ( W )  aqueous 
solution administered intravenously; ( A )  aqueous solution administered 
intramuscularly; (@) ethyl oleate suspension administered intramuscu- 
larly. 


in Fig. 6 01 = -5.916~ + 15.556, r = 0.998). By extrapolation from the 
Arrhenius plot, it appears that the chemical stability of cefazolin sodium in 
ethyl oleate would be adequate for satisfactory shelf life at room temperature. 
As shown in  Table 11, the experimental values are well correlated with the 
predicted values. 


In Table 111, the performance of one intravenous and two different intra- 
muscular formulations of cefazolin sodium in female mongrel dogs are com- 
pared. Based on the results of an analysis of variance, there are no statistically 
significant differences between the mean values for the area under the plasma 
concentration uersus time curves for any of the three treatments (p > 0.1 ). 
By the same criterion. there are also no differences between the amounts of 
antibacterial activity recovered in  urine by 24 h for the three treatments. The 
time course of the appearance of antibacterial activity in urine (Fig. 7) suggests 
that, as expected, cefazolin is more rapidly excreted in the urine following 
intravenous administration than following intramuscular administration. 


The mean peak plasma concentration obtained following intravenous ad- 
ministration of cefazolin was significantly highcr than that obtained with the 
intramuscular preparations, but the mean peak plasma concentrations ob- 
tained with the two intramuscular preparations were not different (p > 0.1). 
From these comparisons, it is concluded that in dogs administered 15 mg/kg 
intramuscularly, the total availability of cefa~olin sodium suspended in ethyl 
oleate is not significantly different from that in aqueous solution. Furthermore, 
judged by the area under the plasma conccntration oersus time curve and the 
urinary recovery of antibacterial activity, the bioavailability of ccfazolin so- 
dium from this nonaqueous preparation approaches 100%. 


In summary, it is known that physical stability is one of the most challenging 
problems when developing an acceptable suspension. This study demonstrates 
that by application of fundamental physical parameters, including sedimen- 
tation height, sedimentation rate, porosity of sedimentation bed, redispersi- 
bility, zeta potential. and turbidity, a good understanding of the physical 
stability of a nonaqueous cephalosporin suspcnsion can be reached and po- 
tential problems relating to physical stability can bc identified i n  the early 
stages of product development. 
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Abstract 0 A high-performance liquid chromatographic assay for quantitating 
dinorasone diacetate ( I )  in cream and ointment formulations and in bulk form 
is described. lsoflupredone acetate ( 1 1 )  was used as the internal standard and 
a 3-pm silica gel column with a mobile phase comprised of water-saturated 
butyl chloride-water-saturated methylene chloride-tctrahydrofuran- acetic 
acid (350:125:10:15) led to an efficient separation. The method gave accurate 
results for four formulations, two creams and two ointments, as well as the 
bulk drug. The assay has an RSD or-I 3% for the cream formulations. I .3% 
for the ointment formulations, and 1.0% for the bulk drug. The method is 
specific for 1 and capable of resolving structurally related compounds. 


Keyphrases 0 Diflorasonc diacctate - HP1.C. cream. ointment, bulk drug 
0 HPLC-diflorasone diacetate, cream, ointment, bulk drug 


Diflorasone diacetatc ( I )  in topical formulations is indicated 
for the relief of inflammatory manifestations of acute and 
chronic corticosteroid-responsive dermatoses ( I ) .  It is available 
as a 0.05% cream- or ointment-based topically applied prod- 
uct l .  The high-pcrformance liquid chromatographic (HPLC) 
analysis of similar topical anti-inflammatory steroids has ap- 
peared (2).  This report describes a ncw normal-phase HPLC 
assay that is specific for diflorasone diacetate in two cream and 
two ointment formulations. The assay is also capable of sep- 
arating several structurally related compounds: the 9, l I -  
cpoxide ( I  I I ) ,  6P-fluoro analoguc ( IV) ,  6-defluoro analogue 
(V) ,  the 17-OH,21-OAc analogue (VI ) ,  and thc 17- 
OAc,21-OH analogue (VII )  of I .  


EXPERIMENTAL SECTION 


Materials-Diflorasonc diacetate2 ( I ) ,  isoflupredone acetate* ( I I ) ,  and the 
related compounds I l l -V1I2  (3-7) were obtained in  pure form and dissolved 
in water-saturated chloroform for chromatography and spectroscopy. Solvents 
and reagents were commercial analytical grade. Placebo materials were ob- 
tained in-house*. 


Chromatographic Conditions-A modular liquid chromatograph including 


I Floronc Cream, Florone Ointmenl. The Upjohn Company. Kalamazoo. Mlch 
*The tipjohn Company 


C H Z - O - R 2  
I 


i 
I R = C H 3 ,  R,=Ac, Rz=Ac, X=a-F 


I1 R=H.  R l = H .  Rz=Ac. X=H 


I V  R=CH3. Rl-Ac, Rz=Ac .  X=p-F 


V R = C H 3 ,  Rl=Ac. Rz=Ac, X=H 


VI  R = C H 3 ,  R 1 = H ,  R2=Ac, X=a-F 


VII R = C H 3 ,  Rl=Ac, RZ=H.  X=a-F 


0 
II 


C H 2 - O - C - C H 3  
I 


F 


Ill 


pump3, fixed-loop injector4, fixed-wavelength detectorS (254 nm), and a 
minicomputer6 were used. Commercial 3-pm7 silica gel columns (I0 cm X 
4.6 mm i.d.) were used at  ambient temperature. The mobile phase, deaerated 
under vacuum sonication prior to use, consisted of water-saturated butyl 


Model 1 IOA; Altex Scientific Inc.. Berkeley, Calif. 
Model AH60 equipped wi th  a 10-pL fixed volume loop: Valeo Instruments Co.. 


M d e l  1203; LDC Corp., Riviera Beach. Fla. 
PDP 11-40; Digital Equipment Corp.. Marlborough. Mass. 


Houston. Tex. 


’ Part #0258- 1500: Perkin-Elmer Corp.. Norwalk. Conn. 
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Pharmacokinetics of Mitomycin C in Dogs: 
Application of a High-Performance Liquid 
Chroma tograp h ic Assay 
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Abstract 0 A normal-phase high-performance liquid chromatographic 
(HPLC) assay was developed for the determination of mitomycin C in plasma 
and urine. The method involves extraction of mitomycin C from plasma or 
urine into ethyl acetate-2-propanol-chloroform (70:15:15) uith UV detection 
at 365 nm. Quantitation was performed with an internal standard (porfir- 
omycin) by the peak height ratio method. Excellent correlation was obtained 
between the HPLC assay and the established microbiological cup-plate 
bioassay. The pharmacokinctics of mitomycin C were investigated in beagle 
dogs following a I-mg/kg iv (22-mg/m2) bolus dose. The plasma mitomycin 
C concentration cersus time data were analyzed by using an open three- 
compartment model. The average volume of distribution was I .90 1. or 17% 
of body weight for the central compartment and 7.7 L or 68% of body weight 
for the terminal elimination phase. The volumes of distribution at steady state, 
calculated by model-dependent and -indcpendcnt methods, compared very 
well with each other and were 6.5 I. or 58% of body weight. Total body 
clearance averaged I I2 mL/min, and the mean terminal plasma half-life was 
53 min. The 0-24-h urinary excretion of intact mitomycin C accounted for 
19% of the dose. The terminal half-life and percent urinary recovery of mi- 
tomycin C in dogs is similar to that in humans. Based on these observations, 
the dog appears to be a good model for studling the disposition of mito- 
mycin C. 
Keyphrases 0 Mitomycin C -  pharmacokinetics in dogs, HPLC 0 Phar- 
macokinetics-mitomycin C in dogs, 11PLC 


Mitomycin C, an anticancer antibiotic, was first introduced 
for clinical trials in the United States over two decades ago, 
but its use was limited due to bone marrow toxicity. The de- 
velopment of high-dosage, intermittent schedules and its use 
in combination with other anticancer agents has improved the 
therapeutic index of mitomycin C against a variety of tumors 
( 1  - 3 ) .  The therapeutic index and toxicity are reported to be 
dependent on dose and schedule (4). 


The pharmacokinetics of mitomycin C in animals and hu- 
mans have not been fully described, mainly due to the lack of 
a sensitive and specific assay. Preliminary pharmacokinetics 
of mitomycin C have been reported in humans (5, 6) and 
rabbits (6). Recently, assay methodologies involving high- 
performance liquid chromatography (HPLC) ( 6 , 7 )  and en- 
zyme immunoassay (8) have been described for the determi- 
nation of mitomycin C in serum. 


The HPLC assays utilize reverse-phase columns with U\' 
detection at 365 nm. One of the HPLC assays (7) has a scn- 
sitivity of 40 ng/mL in plasma, making it unsuitable for 
pharmacokinetic studies. I n  addition, the assay involves 
acidification of plasma prior to the extraction of mitomycin 
C into ethyl acetate. As mitomycin C is unstable in acidic and 
basic solutions (5, 9, lo), it may degrade before being ex- 
tracted. A modified, stability-indicating HPLC assay involving 
extraction of mitomycin C at neutral pH in plasma has been 
reported (5). The disadvantage of this method relates to the 
fact that no internal standard is used in the assay. In  a third 
HPLC assay ( 6 ) ,  a nonionic exchange resin column is utilized 
for the extraction of mitomycin C and the internal standard 
The assay has a sensitivity of -5- 10 ng/mL; however, it is 


expensive to run on a routine basis because of the cost of the 
resin columns. The enzyme immunoassay (8) may lack the 
necessary specificity for pharmacokinetic studies. 


In  the present study, a normal-phase HPLC assay for mi- 
tomycin C in plasma and urine was developed, compared with 
an established microbiological cup--plate assay (1  1). and ap- 
plied to a study of the pharmacokinetics of mitomycin C after 
intravenous bolus administration in beagle dogs. 


EXPERIMENTAL SECTION 


Reagents-Mitomycin C 1 ,  porfiromycin2, t~trahydrofuran~,  dichloro- 
methane4 (glass distilled), ethyl acetate3 (glass distilled), isooctane5 (pesticide 
grade), 2-propano14 (glass distilled), methanol5 (certified ACS). and chlo- 
roform4 (glass distilled) were used as received from the suppliers. 


Animals. -Three healthy female beagle dogs (weight, 10.7-12 kg) were used 
in  the study. Each dog was restrained in a sling; the urinary bladder was 
catheterized, and indwelling venous catheters were placed in the saphenous 
veins of both hind legs. 


Dose Preparation and Administration---To each vial6, containing 20 mg 
of mitomycin C and 40 mg of mannitol, was added 40 mL of sterile distilled 
water. The vials were gently shaken until a clear solution of mitomycin C was 
obtained. A I-mg/kg dose was administered by a rapid bolus (I-min) injection 
through a saphenous vein catheter. 


Sample Collection---Samples of venous blood (8 mL) were collected in 
heparinized tubes just before dosing and at 2, 5, 10. 15, 20, 30, and 45 min, 
and 1, 1.5.2. 3,4. 5,6, and 7 h after drug administration. A venous catheter 
placed contralaterally to the one used for intravenous administration of the 
drug was used for all blood collections. Blood samples were centrifuged im- 
mediately aftcr collection, and the plasma was separated and stored at -2OOC. 
Urine samples were collected in a graduated cylinder and immersed in crushed 
ice before dosing and I ,  3, 5. 7, and 24 h after dosing. After each collection 
interval, the volume of urine was recorded, and 10 mL of urine was stored at 
-2ooc. 


Extraction of Mitomycin C from Plasma and Urine-The extraction solvent 
consisted of ethyl acetate-2-propanol-chloroform (70:15: 15). The reconsti- 
tution solvent was chloroform-methanol (9:l) .  The internal standard was 
1000-ng of porfiromycin/mL in methanol. 


Plasma (2 mI.) or urine (0.2 mL), 1.0 mL ofdistilled water, 7.0 mL of the 
extraction solvent, and 0.1 mL of the internal standard solution were trans- 
ferred into a 16 X 125-mm screw-capped tube. The tube was capped with a 
polytef-lined screw cap and gently rotated' for 20 min. The tube was centri- 
fugeds at 3000 rpm for 10 min and the upper organic phase was transferred 
into a clean 16 X 125-mm tube. The solvent was evaporated to dryness under 
nitrogen. The residue was dissolved in 5 0 p L  of the reconstitution solvent, and 
25 p L  was injected on the liquid chromatograph. 


Chromatography--The HPLC system was the same for mitomycin plasma 
and urine assays and consisted of a solvent pump9, an injectorlo. a 10-pm 
particle size normal-phase silica column", a fixed-wavelength UV detectorI2 


I Lot no. 11210; Bristol Laboratories, Syracuse. N.Y. * Lot no. 6891; Bristol Laboratories. ' MCB Manufacturing Chemist. Inc., Cincinnati, Ohio. 
Burdick and Jackson, Inc., Muskegon. Mich. 
Fisher Scientific Co.. Fair Lawn. N.J. 
Mutamycin, 20 rng for injection, lot no. DlCOl: Bristol Laboratories. 


International Centrifuge. model UV: Scientific Glass, Bloomfield, N.J. 
Model M-45 solvent delivery system; Waters Associates. Milford, Mass. 


' Model 343. Roto-Rack; Fisher, Springfield. N.J.  


lo  Model U6K injector; Waters Associates. 
' I  pPorasil P/N 27477 N/SA no. I 15735, Waters Associates. ' *  Model 441 U V  absorbance detector; Waters Associates. 
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M I N U T E S  A F T E R  I N J E C T I O N  
Figure 1 -Chromatograms from plasma containing no drugs (A) and plasma 
containing I16 ng of mitomycin C/mL (a in B) and 48 ng of porfiromycin/mL 
(b in B).  


with a 365-nm filter, and a guard c o l ~ m n ' ~ .  The mobile phase consisted of 
tetrahydrofuran-methanol-isooctane-dichloromethane (3:7:15:75). The 
solvent flow rate was maintained at  I .O mL/min. HPLC analysis was per- 
formed at ambient temperature. 


Data Processing-The peak heights were measured manually or with an 
automated laboratory data systemI4, and the ratio of the mitomycin C to 
porfiromycin peaks for each chromatogram was calculated. After each series 
of injections, the regression of peak height ratio uersus concentration of mi- 
tomycin C standard was calculated by least-squares analysis, and the con- 
centration of mitomycin C in each plasma or urine sample was estimated by 
inverse prediction. 


Comparison with Bioassay-Samples of plasma and urine from dogs have 
also been assayed by a cup-plate bioassay ( 1  I ) ,  with Escherichia coli B 
A22636 as the test organism. The assay was sensitive to 10 ng/mL of mi- 
tomycin C on plasma or urine. 


Pharmacokinetic Calculations-After intravenous administration, un- 
changed mitomycin C concentration-time curves showed a triexponential 
decay on a semilogarithmic graph. Thus, an open three-compartment model, 
with elimination occurring from the central compartment, was proposed to 
describe mitomycin C kinetics (Scheme I ) .  


The data were fitted according to: 


C,  = pe-.t + Ae-U' t Becot (Eq. 1 )  


where C,  is the concentration of mitomycin C in plasma at  time I ;  s, a, and 
@ are the exponential coefficients during the three phases; and P, A ,  and B 
are the concentrations of the exponential terms at time zero. Estimates of these 
parameters were first obtained by standard graphical analysis and then by 
computer program P-AUTOAN which is a combination of the programs 


Drup 


I 


Scheme 1  linear three-compartment model with elimination from the 
central compartmenr. 


I 3  2.54 cm long packed with 37-50 pCorasil; Waters Associates. 
l4 Model 3354; Hewlett Packard. Avondale, Pa. 
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H l N U T E S  A F T E R  I N J E C T I O N  
Figure 2-Chromatograms from urine containing no drugs (A )  and urine 
containing878 ng of mitomycin C/mL (a in B) and 77 ng ofporJromycin/mL 
(b in B).  


CSTRIP (I 2) and GUESS ( I  3). For computer analysis, all plasma level data 
were squared, weighted according to their reciprocals, and fitted to mono-, 
bi-, tri-. and tetraexponential equations. The model equation with Akaike's 
minimum information criterion (14) was chosen as the best representation 
for the time course data. The values obtained for each parameter were then 
used to calculate other kinetic parameters, such as  intercompartment rate 
constants (k12, k21. kl3.  and k3l) ,  the overall elimination rate constant ( k c l ) ,  
terminal climination phase and central compartment volumes of distribution 
(Vds and V,. respectively). and total (CL,,,) and renal (CL,) clearances, using 
conventional methods ( I  5). The steady-state volume of distribution (Vd,) 
was calculated by model-dependent (16) and -independent ( 1  7) equations 
(Eqs. 2 and 3, respectively): 


The areas under the plasma concentration-time curves (AUC) were calculated 
by the trapezoidal rule with extrapolation to infinitc time. 


RESULTS A K D  DISCIJSION 


Assay-Mitomycin C and the internal standard (porfiromycin) can be 
readily extracted into organic solvent from plasma and urine at neutral pH. 
As mitomycin C and porfiromycin are very stable at neutral pH and arc 
subjected to rapid decomposition in  acid and base (5,9, 10). extraction was 
carried out a t  neutral pH. The extraction efficiency of mitomycin C and the 
internal standard in  plasma and urine was not significantly affected between 
pH 7.Oand 7.9 and was > g o %  with a phase volume ratio of plasma extractant 
of at least 1:3.5. The normal-phase chromatographic procedure was developed 
to separate mitomycin C from endogenous plasma and urine components. the 
internal standard, and possible metabolitc(s). A mobile phase consisting of 
ethyl acetate 2-propanol-chloroform (70:15:15) was found to be most suitable 
for the selective determination of mitomycin C i n  plasma and urine. Mito- 
mycin C has maximum UV absorbance at 365 nm (5); detection at 254 nm 
resulted in  decreased sensitivity and increased interference at or near the 
mitomycin C or porfiromycin peaks. A 365-nm UV filter was therefore se- 
lected for the optimum sensitivity and specificity. 


Typical chromatograms obtained from blank plasma samples and from 
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Figure 3-Comparison of HPLC assay and bioassay of mitomycin C in 
plasma: slope 0.93; intercept, 0.008: r = 0.996. 


plasma samples containing mitomycin C and porfiromycin are shown in  Fig. 
1 .  Mitomycin C was completely separated from porfiromycin. and there was 
no interference from any endogenous substance in the plasma samples obtained 
from dogs. The retention times for mitomycin C and porfiromycin were 10.5 
and 5.6 min, respectively, and the response (concentration versus peak height 
ratio) was linear in the range of 1-2000 ng of mitomycin C per mL. Standard 
curves obtained from repeated determinations of plasma standards were y 
= 0 . 0 0 9 ~  t 0.033, r = 0.999. Typical chromatograms obtained from blank 
urine samples and from urine samples containing mitomycin C and porfir- 
omycin arc shown in  Fig. 2. The retention times for mitomycin C and porfir- 
omycin were the same as in the plasma aswy. The urine assay for mitomycin 
C was linear in the range of 200-2000 ng/mt,. Standard curves obtained from 
repeated determinations of urine standards w e r e j  = 0.0008~ - 0.027. r = 
0.999. 


A set of 10 plasma samples was prepared to contain 5 ng of mitomycin 
C/mL and carried through the assay procedure for determining accuracy and 
precision of the assay. The estimated sample concentrations were then used 
to calculate the observed mean (5.3 ng/mL), SD (0.61). RSD ( I  1 .OW) and 
mean recovery ( I  06%). 


A set of 10 urine samples was prepared to contain I000 ng of mitomycin 
C/mL and carried through the assay procedure for determining accuracy and 
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precision of the assay. The estimated sample concentrations were then used 
to calculate the observed mean (1019 ng/mL), SD (35). HSD (3.39%). and 
mean recovery ( 102%). 


Comparison of the Liquid Chromatographic Assay and the Bioassay-Since 
the lower limit of detection for the plasma bioassay was I0 ng/mL. Values of 
<I0 ng/mL found by the HPI-C assay were excluded from the comparison 
of the two assays. The paired assay values of mitomycin C by HPLC assay 
and bioassay were highly correlated, with a correlation coefficient of 0.996 
(Fig. 3). Excellent correlation bctween the IiPLC assay and bioassay suggests 
that both assays arc specific, and metaboliie(s) of mitomycin C may not be 
microbiologically active. Pharmacokinetic calculations were performed by 
employing the values obtained from the plasma HPLC assay because of its 
greater sensitivity ( I  ng/mL). 


Pharmacokinetics of Mitomycin C in Dogs-Following the bolus intrave- 
nous administration of mitomycin C, a triexponential plasma level curve was 
observed in all three dogs (Fig. 4). The graphic and computer analyses of the 
data suggest that the pharmacokinetic evaluation would require a three- 
compartment open-model system (Scheme I) ,  assuming that all processes are 
linear and that elimination occurs from the central compartment (plasma) 
which is connected to two peripheral compartments. The summary of phar- 
macokinctic parameters is shown in  Table 1. 


The rate constants associated with the rapidly and relatively slowly equil- 
ibrating sites in the peripheral compartments ranged from 27.6 to 42.2 h-l 
for n and from 3.73 to 7.86 h-I for 0, respectively. These values correspond 
to apparent half-life ranges of 1 - 1.5 and 5- 1 1 min, respectively. The terminal 
elimination rate constant (p )  ranged from 0.66 to 0.89 h-I, corresponding 
to an apparent half-life range of 47-63 min. The magnitude of the three hybrid 
rate constants s, a, and /3 reflect an extremely rapid initial distribution of 
mitomycin C and a relatively slow elimination rate of the drug from 
plasma. 


The individual rateconstants kl2. k z l ,  k!,,andk,l reflect the rateofdis- 
tribution into and out of the shallow and deep peripheral compartments. The 
mean ratioofk2l/kl2of 1.4, which reflects thereturnandentryofthedrug 
within the shallow pcripheral compartment, suggests rapid equilibration and 
free transfer of the drug between the central and shallow peripheral com- 
partments. The mean ratioof k,j/kl,of0.66, which reflects the return and 
entry of the drug within the deep peripheral compartment, suggests somewhat 
slower equilibration plus the possibility of drug binding to tissues or protein 
sites in  this compartment, with a corresponding slower return of the drug to 
the central compartment, The mean ratio of B/k,l of 0.23 indicates that only 
23% of the mitomycin C in the body is i n  the central compartment and 
available for elimination at any time ( 1  8). 


The volume of distribution of mitomycin C in the central compartment ( V , )  
was calculated to be 16, 14, and 22% of body weight for dogs 17637, 17876, 
and 175 16, respectively. The Vd, calculated by model-dependent (16) and 
-independent ( I  7) methods were in agreement with each other and ranged 
from 35 to 62% of body weight in the three dogs. The values calculated for 
Vds were higher than Vd, and ranged from 58 to 7R% of body weight. 


The 24-h excretion of intact mitomycin C in urine ranged from 19.2 to 
19.8% of the dose, most of which was excreted in the first 7 h .  The total body 
clearance for mitomycin C ranged from 90 to 129 mL/min, and renal clear- 
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Figure 4 --Plasma levels of mitomycin C in rhree dogs after a single I-mglkg intravenous dose. Key: (0 )  experimental Galues; I - - )  computer-predicted cume; 
(A )  dog 17516: (B)  dog 17637; (C) dog 17874. 
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Table I-Pharmacokinetic Profiles of Mitomycin C in Dogs after Single Intravenous Doses 


Dog 
Parameters 17637 17874 17516 Mean 


10.7 12.0 11.0 11.2 
I 
3.61 
1.74 
0.96 
42; 0.0 I6 
4.8; 0. I4 
0.89; 0.78 


20.0 
3.2 


18.1 


I 
3.69 
2.1 1 
1.23 
38; 0.018 
7.86; 0.09 
0.66; 1.05 
11.9 
21.1 
1.3 


I 
2.37 
1.16 
0.94 
28; 0.025 
3.73; 0.18 
0.82; 0.85 


1 
3.22 
I .67 
1.04 
36; 0.02 
5.5;0.14 
0.79; 0.89 


10.8 13.6 
14.3 
2.2 


18.5 
4.2 


k i ; ,  h;’ 2.2 3 .O 2.0 2.4 
k, i ,  h- 4.5 3.2 2.9 3.5 
Ratio @/k,l 0.20 0.20 0.28 0.23 
AUC, pg/mL/h 1.5267 2.2197 1.5477 1.7647 
V,, L; %of  body weight 1.7; 16 1.7; 14 2.4, 22 1.9; 17 
Vd,,, L; % of body weight” 5.9; 55 4.2; 35 6.8.62 5.6; 51 
Vd,. L; %of  body weighth 5.8; 54 6.8; 57 6.8,62 6.5: 58 
Vdg, 1.; %of body weight 6.2; 58 8.2; 68 8.6; 78 7.7; 68 
Percent of Dose Excreted in Urine (0-24 h )  19.2 19.2 19.8 19.4 
Cltot, mL/min 129 90 1 I8 1 1 2  
CI,, mL/min 22 17 23 21 


0 Calculated by the model-independent method. Calculated by the model-dependent method. 


ance ranged from 17 to 23 mL/min i n  the three dogs. The large differences 
between renal and plasma clearances can be attributed to extensive biliary 
and/or metabolic clearances of mitomycin C. The terminal half-life and 
percent recovery of thc mitomycin C dose in the urine of dogs is very similar 
to those values in humans (19). 


The HPLC assay described for mitomycin C in plasma is sensitive to 1 
ng/ml, and should be suitable for elucidating the pharmacokinetics of mi- 
tomycin C in humans after therapeutic doses. There appears to be no inter- 
ference from any metabolite in dogs. Drug-free human plasma and urine 
samples from different individuals do not have any interfering peak with mi- 
tomycin C or portiromycin. However. possible interference from other drugs 
which may be coadministered with mitomycin C must bedetermined before 
use of this assay in humans. The pharmacokinetic data of mitomycin C in dogs 
are similar to preliminary pharmacokineticdata in humans (19). The dog may, 
therefore, be a good model for studying the disposition of mitomycin C .  
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Drugs and Therapy: A Handbook of Psychotropic Drugs, 2nd Ed. By ALVIN 
SWONGER and LARRY CONSTANTINE. Little, Brown and Com- 
pany, 34 Beacon Street, Boston, MA 02106 1983.431 pp. 15.5 X 23.5 cm. 
Price $18.95 (paperback). 
This book is unusual in that it is directed to nonmedical personnel. The 


“therapy”of the title refers not to those modalities that medical peoplegen- 
erally consider therapy, but more specifically to psychosocial approaches to 
treatment. The authors are a faculty member of a school of pharmacy and a 
family therapist. The intended audience might be nurses, social workers, 
psychologists, or others not primarily concerned with the use of drugs in 
treatment, but who may need to know what types of drugs their clients are 
taking and what effects these drugs may have on them. 


This second edition has been expanded to include new sections not in the 
first. It is organized around eight general topics, each of which is covered in 
a few short chapters: drugs in therapeutic perspective (again, meaning from 
the perspective of the psychotherapist); foundations of drug action (a review 
of basic neuropharmacology); drug use and abuse; drugs and the arousal state 
(referring to sedative-hypnotics, alcohol, stimulants. and psychedelics); 
psychiatric disorders and drugs (psychosis, anxiety, depression, and mania); 
motor functions and drugs; pain and its drug management; and drugs and 
consciousness (which includes anticonvulsants). Each section is headed by 
a short introduction indicating the aims of the several chapters that follow. 


The book is well illustrated with figures and tables. Most of these have 
appeared in either the same or slightly different form in other books. Virtually 
all the references are also to books or book chapters. Thus, i t  appears that the 
authors have attempted a synthesis of much that has already been published, 
tailoring it to the needs of the prospective audience. Relatively little emphasis 
has b x n  placed on how specific drugs are used, but each chapter that discusses 
a class of drugs finishes with a brief synopsis providing the generic and trade 
names of the drug, the class to which they belong, their usual indications, and 
the usual range of daily doses. The major emphases are on how the drugs work 
in the nervous system and how they may affect the behavior of interest to the 
psychotherapist. 


The book is well written and generally free of errors. It should certainly meet 
the needs of its intended audience. but would probably be inadequate for 
pharmacists or physicians. The only other book that I can remember that 
addressed a similar audience was one that Honigfeld wrotc many years ago. 
Thus. the present volume services a useful need. It would be well worth having 
as a reference handbook for those who need to know how drugs affect their 
clients. 


ReGiewed by Leo E. Hollister 
Senior Medical Investigator 
Veterans Administration Medical Center 
Palo Alto. CA 


Calcium Antagonism in Heart and Smooth Muscle: Experimental 
Facts and Therapeutic Perspectives. By ALBRECHT FLECKENSTEIN. 
John Wiley and Sons, Inc., One Wiley Drive, Somerset, NJ  08873. 1983. 
399 pp. I7 X 24 cm. Price $60.00. 
Calcium antagonists have generated considerable interest in the pharma- 


ceutical sciences since nifedipine was reported to be effective in  the treatment 
of Printzmetal angina. This book constitutes a major tool for understanding 
the role of calcium and calcium antagonism in the heart and smooth muscle. 
The reader will find important information about the pharmacological 
properties of verapamil and its derivative. nifedipine and its derivatives, and 
diltiazem. I t  is not the first book published on this subject; however, the author 
makes this one very original. 


Dr. Albrecht Fleckenstein investigated this field for more than 20 years. 
He is recognized as oneof the most important contributors to the advancement 
accomplished in this field. This book provides indispensable knowledge rebated 
to the role of calcium in myocardial and vascular smooth muscle contractions, 
the pacemaker activity in physiological and pathological conditions, allowing 
a much better understanding of the cardiovascular indications of this very 
attractive group of drugs. Finally, it is of special interest to find a classification 
of these drugs in relation to their specificity in affecting the calcium channel. 
Dr. Fleckenstein proposed classifying the calcium antagonists in three groups: 
Group A, specific calcium antagonists including verapamil. nifedipine, their 
derivatives, and diltiazem; Group B. calcium antagonists also affecting the 
movement of sodium including prenylamine, terodiline, fendiline, perhexiline, 
and caroverine; Group C, substances with calcium antagonistic side effects, 
including nitroglycerin, barbituric acid, etc. Such classification is based on 


a numbcr of pharmacological criteria. There are so many drugs claimed to 
be specific calcium antagonists, but also interfere with movements of other 
ions. 


This book is recommended as a major source of information concerning 
the pharmacological properties of calcium antagonists. 


Reciewed by Jacques Chelly 
Department of Pharmacology 
Unioersity of Houston 
Department of Anesthesiology 
Baylor College of Medicine 
Houston. TX 77030 


Nicotinic Acid: NutrientCofactor-Drug. (Clinical Pharmacology Series, Vol. 
I ) .  By MURRAY WEINER and JAN VAN EYS. Marcel Dekker. 270 
Madison Avenue, New York, NY 10016. 1983.308 pp. 16 X 24cm. Price 
$55.00 (2070 higher outside the US. and Canada). 
This monograph provides a synthesis of existing knowlcdgc from a wide 


variety of sources into a single, concise volume. Topics are not examined in 
excessive detail, but that was not a purpose of the book. Rather, it emcrges 
as a strength in that it permits the diverse audience addressed to be informed 
readily in areas beyond particular disciplinary constraints. An index and ex- 
tensive references facilitate acquisition of detailed information on the topics 
covered for interested readers. The book succeeds well in crossing disciplinary 
boundaries. and it frequently reveals provocative possibilities for future re- 
search. Exposition, organized by sections according to the title, is acceptably 
comprehensive and includes such newer developments as  the nicotinamide 
cocnzymcs as donors in transribosylation reactions and in regulation of DNA 
repair and synthesis, use of nicotinic acid in cardiovascular and hyperlipidemic 
diseases (including pharmacokinetics and pharmacodynamics), and reex- 
amination of the tryptophan-nicotinic acid relationship in  a world in which 
protein hunger is a global problem of growing concern. For example, non- 
specialists who identify pellagra with a simple niacin-tryptophan deficiency 
will be enlightened by the very first chapter. 


The roles of nicotinic acid at the metabolic level are manifold. The most 
vital function of living material-the capacity to abstract and utilize energy 
from complex molecules- requires controlled oxidations linked to the nicotinic 
acid-derived coenzymes. Moreover, NAD participates in the generation of 
adenosine diphosphate robose polymers, which have a role in DNA metabolism 
and function. Indeed. in its coenzyme forms the physiological roles of nicotinic 
acid are pervasive and pivotal in the subcellular compartments of cytoplasm, 
nucleus, mitochondrion, and endoplasmic reticulum. The authors aver that 
“there are few areas of biochemistry in which pharmacology, nutritional 
biochemistry, and molecular biology arc interwoven in such a coherent whole.” 
Their monograph amply illuminates that statement. This overview of nicotinic 
acid and its variety of chemical and metabolic derivativcs includes important 
biochemical, nutritional, pharmacological, and clinical aspects. In addition 
to life scientists and practitioners in those fields, the book should appeal to 
dieticians, pharmacists. and othcrs interested in a concise and authoritative 
exposition of the functions and relationships of this critical cog in  the metabolic 
machinery. It is an excellent contemporary reference for courses in all these 
disciplines, and it will be at home on laboratory benches due to its durable, 
stain-resistant binding. 


There are relatively few printing errors and oversights for a first printing. 
Minor misspellings and errors in figures, such as  the entry of the symbol for 
oxygen for that of coenzyme Q and a misplaced arrow (p. 219) and an exoti- 
cally appended CO2 on the NAM molecule (p. 19). arc neither overly dis- 
tracting nor misleading. Of somewhat more concern are the use of “niacin” 
in the second paragraph ofp. 9 when “niacytin” is intended and strange dis- 
placements such as  “substitutes” for “substrates” (p. 217). 


This monograph is the first volume in a projcctcd scries in clinical phar- 
macology undcr the general editorial dircction of Dr. Weiner. Three decades 
of distinguished research in many of thc aspects of thc metabolic roles of these 
compounds by Professor van Eys are evident in the clarity and insightful 
coverage which characterize this volume. If succeeding volumes maintain those 
qualities we will have much to look forward to and a wide audience stands 
much to gain. 


Keciewed by Edwin S .  lliggins 
Department of Biochemistry 
Medical College of Virginia 
Virginia Commonwealth Unicemity 
Hichmond. VA 23298 
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Abstract 0 The spherically agglomerated crystals of aminophy!line (theo- 
phylline-ethylenediamine complex) can be compounded directly into phar- 
maceutical formulations without further processing, e.g., granulation. Such 
crystals were prepared by mixing theophylline and ethylenediamine in a 
partially miscible solvent system, i.e., organic solvent-ethanol-water. The 
organic solvents used were chloroform, I-hexanol, isopropyl acetate, isobutyl 
acetate, isoamyl acetate, benzene, toluene, n-hexane, or n-heptane. Spherical 
crystallization depended upon the solubility of theophylline in the solvent 
mixture. The resultant agglomerated crystals were identical with the theo- 
phylline-ethylenediamine complex by IR, X-ray, and differential scanning 
calorimetry analyses, and was the a-, @-, or y-form when the water of crys- 
tallization was 50.5, 1.0, and 2.5 mol, respectively. When the amount of 
ethylenediamine used was <1.1 mL (0.0165 mol), the resultant agglomerated 
crystals were converted to anhydrous theophylline by washing with ethanol. 
When water was added to the system (20.3 mL, i.e., 0.0167 mol), water was 
occluded in the resultant agglomerates as water of crystallization. Ethylene- 
diamine content in the agglomerated crystals could be controlled by changing 
the amount of ethylenediamine added in  the crystallization solvent. 


Keyphrws 0 Aminophylline-preparation from spherically agglomerated 
crystals of theophylline and ethylenediamine 0 Spherical crystallization- 
aminophylline, theophylline, ethylenediamine 


In previous papers (I-3), we described a method for the 
direct agglomeration of crystals during the crystallization 
process. In this process, a partially miscible mixture, e.g., 
water-ethanol-chloroform, was used as the crystallization 
solvent. By selecting the proper ratio, a small amount of water 
or chloroform was liberated which acted as the collecting liquid 
and preferentially wetted the resulting crystals and trans- 
formed them into a spherical shape. This technique was termed 
“spherical crystallization” (1)  due to the spherical form of the 
resultant crystals. Sodium theophylline monohydrate crystals, 
produced by salting out, were directly agglomerated into 
spheres in a mixture of an ethylenediamine solution of theo- 
phylline, an aqueous sodium chloride solution, ethanol, and 
chloroform (2, 3). Needle-like salicylic acid crystals simul- 
taneously formed and agglomerated into spheres in a mixture 
of water, ethanol, and chloroform (1).  


The present study describes the preparation of spherically 
agglomerated crystals of the theophylline-ethylenediamine 
complex (aminophylline) by the spherical crystallization 
technique, and also describes the crystallization behavior and 
the physicochemical properties of the resultant agglomerated 
crystals. 


EXPERIMENTAL SECTION 


Spherical crystaUization process-Method I -A mixture of organic solvent 
(60mL),ethanol(12 mL), and water (0.13-l0mL) was used as thecrystal- 
lization solvent. The amount of water added to the solvent was adjusted so that 
the resulting spherically agglomerated crystals were -I mm in diameter. The 
organic solvents used were chloroform, 1 -hexanol. isopropyl acetate, isobutyl 
acetate, isoamyl acetate, benzene, toluene, n-hexane, or n-heptane. All organic 
solvents were reagent grade and were used as received. Ethylenediamine’ (3.0 
mL) and theophylline’ (6.0 g) were dissolved in the mixture and agitated at 


I Nakarai Chemical Ltd.. Japan 


500 rpm with a paddle type agitator with four blades. Fine white crystals 
formed and agglomerated simultaneously into spheres. After 2 h, the agglo- 
merated crystals were separated and dried. When using I-hexanol and iso- 
propyl acetate, 6-7 h of agitation were required. 


Method 2-Spherical crystallization was carried out using the crystal- 
lization solvent with various amounts of ethylenediamine (1.0-3.5 mL) and 
water (0.15-0.9 mL), added to alter the ethylenediamine content in the re- 
sultant agglomerated crystals. The crystallization solvent, without water, was 
also used. The aforementioned experimental procedure was followed. 


For reference, the theophylline-ethylenediamine complex (aminophylline), 
without agglomeration, was prepared by a conventional method, referred to 
as JP(X) (4). To a solution of absolute ethanol (100 mL) and ethylenediamine 
(9.2 mL) was added theophylline (24.7 g). The mixture was stirred vigorously 
for 5-6 h, during which time white crystals formed. These were washed with 
ethanol and dried. 


Liberation Test of the Aqueous Phase from the Crystallization Solvent-To 
a solution of n-hexane (10 mL) and ethanol (2 mL), ethylenediamine (0-6 
mL) and water (0-0.9 mL) were added to give two phases. 


Measurement of the Physicochemical Properties of tbe Agglomerated 
Crystals-The spherically agglomerated crystals and the aminophylline 
crystals, prepared by the conventional method, were photographed through 
an optical microscopeZ and a scanning electron microsco$, respectively. The 
particle size of the agglomerated crystals was measured by sieve analysis, and 
the crystalline forms of the agglomerated crystals were analyzed by an X-ray 
diffractometefl and an infrared ~pectrophotometer~. The thermal degradation 
behavior of the agglomerated and conventional crystals was investigated with 
a differential scanning calorimeter with heating at  a rate of 10°C/min. The 
contents of theophylline and ethylenediamine in the agglomerated crystals 
were measured spectrophotometrically a t  275 nm and by a neutralization ti- 
tration method with 0.1 M HCI, respectively. The water content was measured 
by the Karl Fischer method6. 


RESULTS AND DISCUSSION 


Spherical Crystallization Behavior of Method 1-It was found that spherical 
crystallization was dependent upon the solubility of theophylline in the solvent 
mixture. When chloroform or I-hexanol were used as  the organic solvents. 
theophylline completely dissolved. When chloroform was used, the fine crystals 
changed into the spherically agglomerated crystds within a 1-2 h period. With 
1 -hexanol, 7 h were required to obtain acceptable spherically agglomerated 
crystals. The solubility of water in 1-hexanol ( 5 )  is relatively high when 


Figure 1 -Phorographs of the agglomerated crystals and aminophylline 
crystals. (a )  The spherical agglomerated crystals prepared in a mixture o/ 
chloroform- erhanol-water. ( b )  Aminophylline crystals prepared by a con- 
uenrional method ( 4 ) .  
~~~~~~ 
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Table I-Effect of Orianic Solvents used on S~herical  Crvstallization 


Drug and Water Contents in Average 
Water in the Agglomerate, 96 Diameter of 


the System, Ethylene- Agglomerate. Solubility of 
mL Theophyllinc diamine Water mm WateP 


Organic 
Solvent 


I-Hexanol 
lsopropyl Acetate 
lsobutyl Acetate 
lsoamyl Acetate 
Benzene 
Toluene 
n-l-texane 
n-Heptane 
Chloroform 
AminophyllineC 


10.00 
3.75 
3.25 
2.25 
I .95 
1.60 
0.25 
0.13 
4.00 
- 


84.86 
82.82 
81.38 
84.30 
83.78 
83.65 
82.04 
83.17 
85.13 
83.39 


15.15 
16.43 
17.19 
15.74 
15.79 
16.27 
17.46 
16.77 
15.47 
14.39 


0.48 0.86 5.85 
5.78 I .55 1.66 
6.32 I .45 1.44 
5.28 1.30 - 
4.98 0.8 I 0.0385 
5.31 0.90 0.0373 
6.19 1.40 0.0073 
5.57 1.35 0.00897 
8.3 I 1.35 0.0118b 
4.21 5.52(p1n)~ - 


Solubility in the organic solvent (v/v %) at 20°C. Solubility at 2 2 T .  Prepared by a conventional method (4). Measured by a photographic counting method 


compared with the solubility of chloroform and the other solvents (Table I). 
Therefore, the liberation of the aqueous solution, which acted as the collecting 
liquid for the crystall. appeared to occur less readily from I-hexanol than 
chloroform. When a small amount of additional water (e.g., 0.05 mL) was 
added to the I-hexano! mixtureduring crystallization. (e.g., at 2 h) the crystals 
agglomerated within several minutes. 


When isopropyl acetqte, isobutyl acetate, isoamyl acetate, benzene, or 
toluene were used, a part of the theophylline crystals remained undissolved. 
Since only dissolved theophylline presumably complexes with ethylenediamine, 
it is assumed that the undissolved theophylline dissolves as the complex pre- 
cipitates. When using isopropyl acetate, 5 h were required. 


When n-hexane or i-heptane were used, the spherically agglomerated 
crystals of theophylline formed immediately: the resultant crystals disinte- 
grated into dispersed Rjirticles, and the spherically agglomerated crystals of 
the complex formed. 


PbysicoChemicat Properties of SphericaUy Agglomerated Crystals Prepared 
by Method I-The representative photographs of the spherically agglomerated 
crystals and the theophylline-ethylenediamine complex (aminophylline) 
crystals, prepared in the conventional manner, are seen in Fig. 1. 


The X-ray diffraction patterns of the agglomerated crystals, shown in Fig. 


I 1 I I 


10 1 5  20 25 
2 8 (degree) 


Figure 2-X-ray powder diffroction pot terns oj'agglomerotes, anhydrous 
theophylline. theophylline monohydrare, and aminophylline. Key: ( o )  
theophylline monohydrate; ( b )  anhydrous theophylline; (c) u-form of 
agglomerates; ( d )  D-jorm of agglomerates, aminophylline; ( e )  y -form of 
agglomerates. 


2, indicate that the agglomerates have three different crystalline forms, de- 
scribed here as the a-, B-, and y-forms. The /%form was identical with ami- 
nophylline, while the patterns of the a- and y-forms were different. The IR 
spectra of all the agglomerates were identical with that of aminophylline. The 
above IR and X-ray diffraction analyses suggested that the a- and y-form 
of the agglomerated crystals were theophylline-ethylenediamine complexes 
with different crystalline forms. 


The theophylline, ethylenediamine. and water content in the agglomerated 
crystals is tabulated in  Table I. The water content in the agglomerates was 
classified in the following way: <0.5, 5-6. and 8-lW0. lrrespectiveof the water 
content, the ratio of theophylline and ethylenediamine remained essentially 
the same. The water content of 4-6 and 8-1096 correspond with -1 and 2.5 
mol of the water of crystallization, respectively, suggesting that the B- and 
y-forms of the agglomerated crystals contained I and 2.5 mol of water of 
crystallization, respectively. 


Differential scanning calorimetry (DSC) thermograms of the agglomerated 
crystals are shown in Fig. 3. The endothermic peak due to the release of 1 mol 
of ethylenediamine appeared at -12OOC and was detected by thermal grav- 
imetry. The water of crystallization in the agglomerated crystals was released 
in  a'different way, depending on the crystalline form of the agglomerated 
crystals. In Table I, the amount of water required for obtaining the acceptable 
crystals having an average diameter of 0.81 - 1.55 mm are listed for the various 
organic solvents used. It was found that decreasing the solubility of water in 
the solvent decreased the amount of water required for the agglomeration, 
except for chloroform. This was explained by the fact that the agglomerates 
prepared using chloroform had higher amounts of water of crystallization (2.5 
mol) than the other agglomerated crystals. 


I 


I 1 1 I 1 I 
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Temperature (OC) 


Figure 3-DSC-TG thermograms of ogglomeratcs and aminophylline. Key: 
(.....) a-form of agglomerates; (-) 0-form of agglomerates, aminophylline; 
( -  -) y-form of agglomerutes. 


1400 I Journal of pharmaceutical Sciences 
Vol. 73, No. 10, October 1984 







Table 11-Effect of the Amounts of Etbvlenediamine and Water on TheoDhvlline and Ethvlenediamine Contents in the Product 


Ethylenediamine Water Drug and Water Contents in the Aver age 
in the in the Agglomerate, % Diameter of 


System, System, Ethylene- Agglomerate, 
mL mL Theophylline diamine Water mm 


1 .o 0.90 87.43 12.7 I 4.18 2.20 
1.5 0.70 84.51 15.37 3.72 1.20 
2.0 0.65 85.42 15.36 4.02 1.10 
2.5 0.30 83.63 17.10 4.30 1.35 
3 .O 0.25 80.53 19.43 5.42 0.90 
3.5 0.15 78.47 21.65 3.85 1.10 


The theophylline and ethylenediamine content in the agglomerated crystals 
prepared using n-hexane, n-heptane, etc., in Table I, did not meet the specified 
values in JP(X), i.e., 84-86% for theophylline and 14-15% for ethylenedi- 
amine. However, the theophylline and ethylenediamine contents in the re- 
sultant agglomerated crystals could be adjusted to the specified values in 
JP(X) by changing the amount of ethylenediamine used for the crystallization, 
as described below. 


Spherical Crystrllization Behavior of Method 2-To adjust the theophylline 
and ethylenediamine contents in the resultant agglomerated crystals to those 
specified in  JP(X), the spherical crystallization was carried out by changing 
the amount of ethylenediamine (1 .O-3.5 mL) and water (0.1 5-0.9 mL) in the 
mixture of n-hexane (60 mL) and ethanol (1 2 mL) used as the solvent. It was 
found that >1.1 mL (0.0165 mol) of ethylenediamine was required to obtain 
the theophylline-ethylenediamine complex. This critical amount of ethyl- 
enediamine corresponded to the amount required to obtain the molecular 
complex with 6 g of theophylline (0.0333 mol). When the amount of ethyl- 
enediamine used was <1 .1  mL, the resultant agglomerated crystals were 
converted to anhydrous theophylline by washing with ethanol. This indicated 
that ethylenediamine was adsorbed physically on the theophylline crystals. 
When the ethylenediamine used was >1.1 mL, less water was required to 
obtain the spherically agglomerated crystals with a 1-2 mm diameter. The 
excess of ethylenediamine, >1.1 mL, was consumed as the collecting liquid 
for the crystals and was occluded physically in the agglomerates. The qction 
of ethylenediamine as the collecting liquid was proved by the fact chat the 
agglomerated crystals were prepared in the n-hexane (or n-heptane) and 
ethanol mixture with theophylline by adding ethylenediamine alone !o the 
system without water. When the amount of water was <0.3 mL (0.0167 mol 
of water of crystallization) for 6 g theophylline (0.0333 mol), the water acted 
only as the collecting liquid for the crystals. When >0.3 mL of water was used, 
the water was occluded as  water of crystallization ( I  mol) and acted as  the 
collecting liquid in the agglomerated crystals. 


The amounts of ethylenediamine and water required to obtain the accept- 
able agglomerated crystals for practical use are plotted in Fig. 4. The straight 
line in Fig. 4 represents a phase separation line. In the region below the line, 
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Figure 4-Relationship between ethylenediamine and water in the system 
required for ogglorneration ond phase separation. Key: (A) ugglomeration 
point; ( 0 )  phase separation point; (0) corrected point. 


the solvents were miscible, and no agglomerates formed; whereas, in the region 
above the line, phase separation occurred and an aqueous solution of ethyl- 
enediamine was liberated, which collected the crystals to form the agglom- 
erated crystals. The corrected points, obtained by subtracting the amount of 
ethylenediamine (1 . I  mL, i.e., 0.0165 mol) required to form the complex with 
theophylline (6 g, i.e., 0.0333 mot) from that of ethylenediamine actually 
added to the system, lay on the phase separation line when the amount of water 
used was <0.3 mL. When the amount of water used was >0.3 mL, the cor- 
rected points deviated from the phase separation line. This indicated that the 
water was occluded as the collecting liquid as  well as  water of crystallization 
in the agglomerated crystals. 


The ethylenediamine and theophylline contents in the agglomerated crys- 
tals, prepared using various amounts of ethylenediamine and water, are tab- 
ulated in Table 11. The average diameter of the resultant agglomerates are 
also shown in Table 11. The water contents in the agglomerates were almost 
constant, irrespective of the amount of water in  the solvent mixture. The 
ethylenediamine content in the agglomerates increased with increases in the 
amount of ethylenediamine used. A linear relationship was found between 
the ethylenediamine content in the agglomerates and the amount of ethyl- 
enediarnine used, as shown in Fig. 5. This indicated that the ethylenediamine 
contents in the agglomerated crystals could be adjusted to that of amino- 
phylline specified in JP(X) by changing the amount of ethylenediamine used. 
The ethylenediaqine > 14.3% in the agglomerated crystals (corresponding 
to I mol of ethylendidmine included in aminophylline) was released by drastic 
desiccation, since it was adsorbed only physically. 
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Abstract 0 It is shown that the ionization constants of diacidic compounds 
can be determined by utilizing potentiometric titration data, even when a 
precipitate forms during the titration. The two methods presented are  par- 
ticularly useful for compounds for which the p K ,  values are close together. 
A third method is presented which can be used with monoacidic compounds 
or compounds for which the pK, values are fat apart and form a precipitate 
during the titration. Four symmetrical diacidic compounds were studied which 
had similar pK, values. and one compound was studied which had pK, values 
that were far apart. Comparison of the second pK, of the latter compound 
With that previously reported determined by a spectrophotometric procedure 
showed excellent correlation. 


Keypbrases 0 Ionization constants-determination, compounds which pre- 
cipitate, during potentiometric titration Potentiometric titration-deter- 
mination of ionization constants 


A method for determining the microionization constants of 
zwitterionic compounds is described in which potentiometric 
data are combined with spectrophotometric data (1). This 
method should be restricted, however, to well-behaved systems, 
i.e., those which do not form precipitates or degrade during 
the course of the experiment. For sparingly soluble compounds, 
Maulding and Zoglio (2) and Levy and Rowland (3) have 
resented two techniques. Weak complexing agents were used K y Maulding and Zoglio, whereas the method of Levy and 


Rowland required determining the solubility of the sparingly 
soluble component. In addition, these methods were only de- 
veloped for monoprotic compounds or those polyprotic com- 
pounds for which pK, values were sufficiently far apart (about 
4 pK, units) to be considered monoprotic. This study describes 
a method to determine the macroionization constants of 
compounds which precipitate during titration and which have 
similar pK, values. The type of compounds considered form 
diacid salts, i .e.,  there are two nitrogen atoms which can be 
protonated on each molecule and which undergo the equilib- 
rium shown in Scheme 1. 


+HNRN 


KY NK2 


K3 % JK, 


+HNRNH+ NRN 


NRNH+ 
Scheme I 


The microionization constants K1, K2, K3, and K4 are re- 
lated to the macroionization constants by: 


K13 = KI + K3 (Eq. 1) 
1 1 1  +- -- -- 


K24 K2 K4 
Utilizing potentiometric titration data, the macroionization 
constants K13 and K24 were determined for diprotic compounds 
in which species solubilities were exceeded and, therefore, 
which precipitated during the titration. This was accomplished 
by preparing the appropriate plots, as discussed below. 


Measurements were made on four diacid salts in which the 
PKa values were similar: l11'-(9H-fluorene-2,7-diyl)bis[2- 
diethylamino)ethanone]dihydrochloride (I); 1,1'-( 2,8-di- 
benzofurandiy1)bis [ 2-(dimethylamino)- 1 -ethanone]dihy- 
drochloride (11); 1,1'-(2,8-dibenzothiophendiyl)bis[2-(di- 
methylamino)-1 -ethanone]dihydrochloride (111); 2,7-bis[2- 
(diethylamino)ethoxy]fluoren-9-one dihydrochloride (IV). 
Measurements were also made on one diacid salt for which the 
pK, values were far apart: lO,ll-dihydro-N-methyl-5H- 
dibenz[b,flazepine-5-propanamine hydrochloride (V) (desi- 
pramine). 


( C H , L N C H , O C ~ C , H , A  . ZHCI 


(C,Hs)2NCH,OC -cwH,N(CHj,. 2HCi 
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Abstract 0 A high-performance liquid chromatographic assay for quantitating 
dinorasone diacetate ( I )  in cream and ointment formulations and in bulk form 
is described. lsoflupredone acetate ( 1 1 )  was used as the internal standard and 
a 3-pm silica gel column with a mobile phase comprised of water-saturated 
butyl chloride-water-saturated methylene chloride-tctrahydrofuran- acetic 
acid (350:125:10:15) led to an efficient separation. The method gave accurate 
results for four formulations, two creams and two ointments, as well as the 
bulk drug. The assay has an RSD or-I 3% for the cream formulations. I .3% 
for the ointment formulations, and 1.0% for the bulk drug. The method is 
specific for 1 and capable of resolving structurally related compounds. 


Keyphrases 0 Diflorasonc diacctate - HP1.C. cream. ointment, bulk drug 
0 HPLC-diflorasone diacetate, cream, ointment, bulk drug 


Diflorasone diacetatc ( I )  in topical formulations is indicated 
for the relief of inflammatory manifestations of acute and 
chronic corticosteroid-responsive dermatoses ( I ) .  It is available 
as a 0.05% cream- or ointment-based topically applied prod- 
uct l .  The high-pcrformance liquid chromatographic (HPLC) 
analysis of similar topical anti-inflammatory steroids has ap- 
peared (2).  This report describes a ncw normal-phase HPLC 
assay that is specific for diflorasone diacetate in two cream and 
two ointment formulations. The assay is also capable of sep- 
arating several structurally related compounds: the 9, l I -  
cpoxide ( I  I I ) ,  6P-fluoro analoguc ( IV) ,  6-defluoro analogue 
(V) ,  the 17-OH,21-OAc analogue (VI ) ,  and thc 17- 
OAc,21-OH analogue (VII )  of I .  


EXPERIMENTAL SECTION 


Materials-Diflorasonc diacetate2 ( I ) ,  isoflupredone acetate* ( I I ) ,  and the 
related compounds I l l -V1I2  (3-7) were obtained in  pure form and dissolved 
in water-saturated chloroform for chromatography and spectroscopy. Solvents 
and reagents were commercial analytical grade. Placebo materials were ob- 
tained in-house*. 


Chromatographic Conditions-A modular liquid chromatograph including 


I Floronc Cream, Florone Ointmenl. The Upjohn Company. Kalamazoo. Mlch 
*The tipjohn Company 


C H Z - O - R 2  
I 


i 
I R = C H 3 ,  R,=Ac, Rz=Ac, X=a-F 


I1 R=H.  R l = H .  Rz=Ac. X=H 


I V  R=CH3. Rl-Ac, Rz=Ac .  X=p-F 


V R = C H 3 ,  Rl=Ac. Rz=Ac, X=H 


VI  R = C H 3 ,  R 1 = H ,  R2=Ac, X=a-F 


VII R = C H 3 ,  Rl=Ac, RZ=H.  X=a-F 


0 
II 


C H 2 - O - C - C H 3  
I 


F 


Ill 


pump3, fixed-loop injector4, fixed-wavelength detectorS (254 nm), and a 
minicomputer6 were used. Commercial 3-pm7 silica gel columns (I0 cm X 
4.6 mm i.d.) were used at  ambient temperature. The mobile phase, deaerated 
under vacuum sonication prior to use, consisted of water-saturated butyl 


Model 1 IOA; Altex Scientific Inc.. Berkeley, Calif. 
Model AH60 equipped wi th  a 10-pL fixed volume loop: Valeo Instruments Co.. 


M d e l  1203; LDC Corp., Riviera Beach. Fla. 
PDP 11-40; Digital Equipment Corp.. Marlborough. Mass. 


Houston. Tex. 


’ Part #0258- 1500: Perkin-Elmer Corp.. Norwalk. Conn. 
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Table I-Response Factors for Related Compounds 


Compound Mean Response Factor” 
~ ~ 


1 I .oo 
111 I .64 
IV 1.04 
V I .23 


VI  1.04 
VII 0.96 


0 Mean of nine determinations, peak area response. Results calculated as in the Ex- 
perimenrol Section. 


chloride-water-saturated methylene chloride-tetrahydrofuran-acetic acid 
(350: 125: 10:15). The flow rate was adjusted to 2.5 mL/min. 


Internal Standard-A solution of water-saturated chloroform containing 
0.04 mg/mL of isoflupredone acetate (11) was used. About 3 mg of diflorasone 
diacetate ( I )  reference standard* was weighed accurately and 100.0 mL of 
internal standard solution was added. 


Sample Preparations-Creams-Cream containing 1 mg of diflorasone 
diacetate was accurately weighed into a 35-mL screw-cap disposable vials, 
30.0 mL of internal standard solution was added, and the solution was shaken 
for 30 min. The vial was then centrifuged at 2000 rpm for 15 min. The top layer 
(excipient) was then removed by aspiration leaving a clear lower chloroform 
layer. 


Ointments-Ointment containing 0.5 mg diflorasone diacetate was accu- 
rately weighed intoa 35-mL screw-cap disposable vials, 15.0 mL of internal 
standard solution was added, and the sample treated as in the cream assay. 


Bulk Drug-About 1.5 mg of diflorasone diacetate was dissolved in 50.0 
mL of internal standard solution. 


hocedure-Aliquots of sample or standard preparation were injected using 
a 10-pL fixed-loop injector. The resulting chromatograms were recorded and 
analyzed by computer integration. Two reference standard weighings, weight 
normalized for response, were run at the beginning and end of the run and at 
every 6-8 samples. The detector attenuation was set a t  0.032 absorbance 
units. 


The diflorasone diacetate ( I )  content, expressed in milligrams per gram 
for creams and ointments and in percent for bulk drug, was calculated using 
the internal standard method and peak area response(8). 


Recovery studies were performed by adding 50- 150% of the labeled amount 
of diflorasone diacetate ( I )  to each of the two types of cream and ointment 
placebos. The samples were then treated as  described under Sample frepa- 
rations. 


The relative response of the structurally related compounds I l l -VII  were 
determined by comparing the weight-normalized response for accurately 
prepared water-saturated chloroform solutions of each ( 4 . 0 5  mg/mL) with 
a similar preparation of diflorasone diacetate (I). The response factors were 
calculated using peak area response (Table I) .  
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MOBILE PHASE COMPOSITION 


Figure I-Plot of retenlion oolume versus mobile phase composition of 
water-saturated hutyl chloride-water-saturated methylene chloride-tet- 
rahydrofuran-acetic acid in a ratio of 325:150:10:15 (A) ,  350:125:10:15 (B). 
375:100:10:l5 (C). 3SO:i25:5:15 (D], and 350:125:10:S (Ej. 


* Part # 225290; Wheaton Laboratory Products. Millville. N.J. 


Table 11-Diflorasone Diacetate Recovery from Placebo Cream and 
Ointment Formulations Using Peak Area Ratio Response 


Average 
Formulation Recovery, %a RSD, To 


Cream 
A 99.4 I .5 
B 100.1 0.6 


C 100.2 0.6 
D 100.8 0.9 


Ointment 


(1 Six poin t  recovery curve from 50-150% of recommended assay concentration. 


RESULTS 


Chromatography and Specificity-The selectivity of the Chromatographic 
conditions for I is demonstrated by its ability to resolvecompound IV. which 
differs only in the spatial orientation of the fluorine atom at  the 6-position. 
In addition compound V, which lacks a fluorine atom at the 6-position, is also 
resolved from I. 


The development of chromatographic conditions appropriate for the analysis 
of I in bulk form and in cream and ointment formulations was based in part 
on the work of Beyer (9). I n  addition to the microparticulate column9 described 
by Beyer, other 5- and 10-pm silica columnst0 were tried, but with limited 


Experimentation with mobile phases containing butyl chloride and meth- 
ylene chloride in addition to polar modifiers (tetrahydrofuran. methanol, acetic 
acid) revealed that the proportion of methylene chloride was important in 
column selectivity. Figure 1 depicts the effect on retention volume of selective 
changes in a mobile phase containing water-saturated methylene chloride. 
These data were obtained using a small-particle short silica column offering 
resolution of all peaks of interest, a reasonable analysis time. reproducible 
chromatography, and lack of placebo interference’. The final mobile phase 
condition chosen (Fig. 1, condition B) was judged to offer the most satisfactory 
results from the standpoint of resolution and analysis time. The chromato- 
graphic separation of compounds I -VII .  using condition B, is shown in Fig. 
2. 


Recovery and Linearity-Recovery of I from either cream- or ointment- 
spiked placebos was tested by adding 50-1 50% of the labeled amount of 1 (0.5 
mg of I/g) to each of the cream or ointment placebo formulations. The average 
recovery of I .  calculated using peak area response, for the two cream formu- 
lations, “A” and “B,” and ointment formulations, “C” and “D,” are shown 
in Table 11. A plot of the amount of 1 added uersus the amount of 1 recovered 
indicated that the slope was within experimental error of the expected slope 
of I, and they-intercept was 0 for all the formulations tested. Thecoefficients 
of correlation, r .  for the recovery plots were >0.999, indicating that the assay 
is linear for the cream or ointment formulations tested (50- 150% of labeled 
amount of 1.0.5 mg of l/g). 


success. 


I 1 1 1  


0 5 10 15 20 25  30 
TIME ( M i n u t e s )  


Figure 2--Chromatogram of diflorasone diacerate and related com- 
pounds. 
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Table Ill-Diflorasone Diacetate (I) Assay Results for Cream and 
Ointment Formulations Using Peak Area Ratio Response 


Table IV-Diflorasone Diacetate Assay Results for Bulk Drug Using Peak 
Area Ratio Response 


I Found. Percent of 
Formulationa mg/gb Label, % 


Cream 
A 
B 


0.494 -0.505 
0.483 0.510 


98.8- 101 .O 
96.6- 102.0 


Ointment 
C 0.488-0.498 97.6--99.6 
D 0.45 1-0.485 90.2-97.0 


Lot 
Assay“ 


% RSD, % 


I 1  
12 
13 


99.3 
99.2 
99.7 


1.1 
0.9 
0.7 


~ ~~ 


Calculated on the “as is” basis: the results are averages of six determinations over 
2 d. 


Product (A and C )  and experimental (Band D) formulations. Range of assay rc- 


Quantitation of Il l-VII was examined to determine if the responses of these 
structurally related compounds were linear over the 0.1 - 1 .O% (w/w) range. 
These data were obtained to test the applicability of the method for potential 
impurities. The individual slopes for the calibration curves using peak area 
percent for 111 -VII were all 0.96-.1 .OO and they-intercepts were not signifi- 
cantly different from zero. The coefficients of correlation, r ,  for plots of related 
compounds added cersux amount found were all >0.999. 


sults obtained after assaying four lots p e r  formulation. 


DISCUSSION 


Presented in Table Ill are the range of results obtained using the procedure 
for cream and ointment product formulations A and C and cream and oint- 
ment experimental formulations B and D. The precision of the method was 
determined by replicate analyses of lots from each formulation. The day-to-day 
assay precision, expressed as RSD,  Mas - 1  3 %  for cream formulations A and 
B and - I  ,370 for ointment formulations C and D. 


In addition to the determination of I in cream and ointment formulations, 
three lots of bulk drug were assayed for purity on the “as is” basis (Table IV). 
The RSD for the purity determination of I was -I .O% using peak area ratio 
response. 


The chromatographic method described is an accurate and precise method 
for the determination of diflorasone diacetate ( I )  in creams. ointments. and 


bulk drug. The method was found to be reproducible as well as rugged, making 
it suitable for use as  a routine assay. The ability of the method to separate 
structurally related compounds makes the method useful for monitoring bulk 
drug and product stability. 
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Stability of Molded Nitroglycerin Tablets 


M. J. PIKALX, A. L. LUKFS, and J. W. CONINE 
Received June 22, 1983, from Eli Lilly and Company, Indianapolis, I N  46285. Accepted for publication February I ,  I984 


Abstract 0 Nitroglycerin vapor pressures at 25’C were determined for ad- 
ditive-nitroglycerin systems over the additive-nitroglycerin weight ratio range 
of 0.5 to 3.0 for 16 additives exhibiting solubility in nitroglycerin. The effects 
of the additives on nitroglycerin chemical stability at 25OC and 50°C were 
also studied Tablet stability characteristics. i.e., content uniformity, open-dish 
stability, and chemical decomposition were evaluated for selected tablet for- 
mulations. Most additives lowered the vapor pressure of nitroglycerin suffi- 
ciently to stabilize content uniformity when used at additive-nitroglycerin 
weight ratios near 1 .  Higher additive levels are needed for significant potency 
stabilization in open-dish stability tests, but these levels normally decrease 
the chemical stability of nitroglycerin. However, stabilimion of content 
uniformity, a twofold reduction of potency loss in an open-dish stability test. 
and chemical stability are possible with at least three of the additives 
studied. 


Keyphrases 0 Nitroglycerin-vapor pressure in sublingual molded tablets, 
intertablet migration, effect of additives 0 Tablet stabilitl-nitroglycerin 
sublingual molded tablets, vapor pressure, intertablet migration, effect of 
addit ives 


A number of workers have emphasized both the physical 
instability of molded nitroglycerin tablets arising from va- 
porization, and subsequent migration of nitroglycerin, and the 


improvement i n  stability obtained by incorporating a nitro- 
glycerin-soluble additive in the formulation (1 -7) .  The additive 
lowers the vapor pressure of nitroglycerin which results in: ( a )  
a reduction of the evaporation rate of nitroglycerin from tablets 
exposed to ambient air currents ( I ) ;  (6) a marked decrease in 
losses due to absorption in packaging material (7);  ( c )  stabi- 
lized content uniformity, in that most of the intertablet ni- 
troglycerin migration which occurs in conventional (unsta- 
bilized) tablets is thermodynamically impossible in a closed 
system of stabilized tablets (4). A modest vapor pressure re- 
duction is sufficient to stabilize the content uniformity within 
a sample of tablets (4). However, both evaporation rate and 
package absorption are least for the formulation of lowest 
vapor pressure. 


Although there have been several reports of chemical in- 
stability in nitroglycerin tablets (8,9),  chemical decomposition 
is normally not a problem in conventional nitroglycerin tablets. 
However, the agent employed to stabilize content uniformity 
may have an adverse effect on chemical stability. Several 
studies (7,8, 10) suggest that both povidone (7 )  and polyeth- 
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Mass and Heat Transfer in Vial Freeze-Drying of 
Pharmaceuticals: Role of the Vial 
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Abstract 0 Flow of water vapor is impeded by three barriers or resistances: 
resistance of the dried-product layer. resistance of the semistoppered vial, and 
resistanceof the chamber. The relationship between heat flow and temperature 
difference may be described by a vial heat transfer coefficient which has 
contributions from three parallel mechanisms: ( a )  direct conduction from the 
shelf to the vial via points of direct contact between the vial and shelf, ( 6 )  
conduction through the vapor between the vial bottom and the shelf, and ( c )  
radiative heat transfer. This report describes experimental studies of the re- 
sistance of semistoppered vials, the resistance of the chamber, and vial heat 
transfer coefficients. Mass transfer through the semistoppered vial has sig- 
nificant contributions from both Knudsen- and viscous-flow mechanisms. 
Stopper and chamber resistances are of the same magnitude and are about 
a factor of 10 less than the dried product resistance. All three heat transfer 
mechanisms are significant, the relative contributions depending on both the 
chamber pressure and the type of vial. Vial heat transfer coefficients are 
sensitive to the geometry of the vial bottom, and even vials of nominally the 
same specifications may differ significantly in  heat transfer characteristics. 
Vials from the same lot are relatively uniform in their heat transfer charac- 
teristics, the relative standard deviation of the vial heat transfer coefficient 
being only -4%. The temperature distribution in  the frozen product is ade- 
quately described by a constant temperature gradient in the vertical direction 
and the thermal conductivity of ice. 


Keyphrases 0 Freeze-drying-vial heat transfer coefficients, measurement 
of resistance to mass transfer 0 Heat transfer coefficients-freeze-drying, 
experimental measurement, mechanisms 


Freeze-drying, or lyophilization, is the process by which the 
solvent, normally water, is removed from a frozen solution by 
sublimation. The freeze-drying process may be divided into 
three stages: freezing, primary drying, and secondary drying. 
For pharmaceutical products, the solution is normally filled 
into vials and then stoppers are partially inserted into the vial 
necks (semistoppered position), such that openings for vapor 
flow are present. Next, the vials are placed on temperature- 
controlled shelves in the freeze-drying chamber. After freezing, 
the chamber is evacuated to the desired pressure, normally in 
the range of 30-500 pm, and the shelf tempcrature is increased 
to provide energy for sublimation of ice during primary drying. 
Secondary drying, which is removal of water from the solute 
phase, begins in a local region of the sample when the ice has 
been removed from that region and normally continues for 
some time after all of the ice has been removed from the 
sample. 


Due to high equipmcnt costs, there is considerable economic 
motivation to minimize process times ( I )  while maintaining 
a low level of product loss arising from either eutectic melt or 
collapse (2). Optimization of the primary-drying stage q u i r e s  
a knowledge of the maximum allowable product temperature, 
which is either the eutectic temperature (for a crystalline so- 
lute) or the collapse temperature (for an amorphous solute), 
and also requires a determination of the optimum shelf tem- 
perature and chamber pressure-time profile required to 
maintain the product temperature slightly lower than the 
maximum allowable temperature during all of primary drying. 
In practice, the shelf temperature and chamber pressure-time 
relationship is often determined by trial and error. Since, in 
principle, optimization of this relationship is a problem in 


coupled mass and heat transfer, a better fundamental under- 
standing of mass and heat transfer in primary drying would 
allow greater efficiency in process development and minimize 
problems encountered on scaleup to production operations. 


Passing from the frozen product to the condenser, the flow 
,of water vapor is impeded by three barriers or resistances: ( a )  
resistance of the dried-product layer above the frozen product, 
which in addition to being product dependent is also dependent 
on the vial used (both the area of the ice-vapor interface and 
the thickness of the dried-product layer) (3) ,  ( b )  resistance of 
the semistoppered vial, and (c) resistance in transfer from the 
drying chamber to the condenser. Heat for sublimation must 
be transferred to the product on the vial bottom from the 
surface upon which the vial rests and through the frozen so- 
lution to the subliming ice. For purposes of this discussion, it 
will be assumed that the vials are placed directly on the dryer 
shelf. The relationship between heat flow and temperature 
difference may be characterized by a vial heat transfer coef- 
ficient which has contributions from three parallel mechanisms 
for heat flow: direct conduction from the surface to the vial via 
points of direct contact between the vial and the shelf, con- 
duction through the vapor between the vial bottom and the 
shelf, and by radiation heat transfer. 


The resistance of the dried product was the subject of an 
earlier experimental study from this laboratory (3), while 
several aspects of heat transfer have been addressed by Nail 
(4). He demonstrated that, for a system of vials in  a metal tray 
placed on a heated shelf, the sublimation rate increased as the 
chamber pressure was increased. Theoretical arguments were 
used to demonstrate that the temperature differences across 
the frozen product, across the glass at the vial bottom, and 
across the metal tray bottom are small and, therefore, the 
largest temperature differences, or thermal resistances, were 
across the vapor boundaries between surfaces. In this case, 
there were two vapor boundaries, one between the vial bottom 
and the tray surface upon which the vials rested, and the other 
between the tray bottom and the shelf. However, since Nail's 
methodology did not allow the thermal resistances for the two 
vapor boundaries to be evaluated separately, vial heat transfer 
coefficients could not be determined. 


B 
r A 


K H  


Figure I -Schematic ofthe laboratory freeze-dryer (see (ex( for key).  
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Table I-Geometric Parameters of Vials 


Neck Contact Print I,,,. 
Vial A,, cm2 A,, cm2 Finish, mm 0.d.. cm Thickness, cm cm 


W5800 
K5800 
W58I I 
W5816 
K5816 


4.71 
4.7 1 
4.7 I 
6.83 
6.83 


3.80 
3.80 
3.80 
5.7 I 
5.71 


20 
20 
20 
20 
20 


I .90 
I .75  
I .88  
2.24 
2.30” 


0.05 
0.12 
0.07 
0.07 


.a 


0.12 
0.07 
0.04 
0.1 I 
0.04 .. 


W, K5303 17.2 14.3 28 3.74 0.08 0.22 
K5304 8.3  6.72 13 2.60 0.03 0.17 


a These vials frequently show two concentric prints with the procedure used. The diameter given is the outer diameter of the largest print 


This research describes experimental studies which evaluate: 
(a )  mass transfer coefficients (resistances) for scveral stoppers 
in the semistoppered configurations, ( h )  resistance of the 
chamber-to-condenser pathway in a laboratory drycr, and ( c )  
vial heat transfer coefficients as a function of chamber pressure 
for seven types of vials, including examples of both tubing and 
molded vials. With the aid of a theoretical model for heat 
transfer, the relative contributions of the thrcc mechanisms 
of heat flow are examined. Further, since variability in heat 
transfer coefficients within a given lot of vials is an important 
consideration in process development, thc standard dcviation 
of heat transfer coefficients is determined at selected chamber 
pressures for six of the seven types of vials studied. 


THEORETICAL SECTION 


Definition of Mass Transfer Coefficients-Mass transfer is discussed in 
terms of resistance offered by a given barrier. Resistance, rather than per- 
meability, is used since the total resistance is the sum of component resistances 
in series. Assuming the usual proportion between flow rate through the barrier 
and driving force for the process, resistancc is defined as the ratio of driving 
force to flow rate. Since the driving for= for both sublimation at the ice-vapor 
interfaceand Knudsen flow (3-5)’ ofvapor through the small poresofa dried 
product is a difference in partial pressures of water (5). the differcncc between 
the equilibrium vapor pressure of subliming ice and the partial pressure of 
water above the dried product is taken as the driving force i n  the definition 
of the resistance of the dried product. For vapor flow through the semistop- 
Fred vial neck and through thechamber condenser pathway, thedriving force 
is more appropriately taken as a difference in  total pressure, to be consistent 
with the driving force for viscous flow of a fluid ( 5 ) ) .  


The resistance of the dried-product layer, R,, is defined by: 


R ,  = (Po - x;P,)/,h (Eq. 1 )  


where Po is the equilibrium vapor pressure (mm Hg) of the subliming ice, x; 
is the mole fraction of water vapor i n  the vial. P, is the total pressure in the 
vial (mm Hg), and m is the sublimation rdte!g/h/vial). As will be shown later, 
x;= I .  The normalized product resistance. R,. is an area-normalized quantity 
(independent of product area) given by: 


R ,  = A&, 


where A, is the geometric cross-sectional area of the product normal to the 
direction of water vapor flow (computed from the internal diameter of the 
vial). 


I When the mean free path is large compared with the dimensions of the prcs  or t u b a  
constituting the physical system responsible for resistance to flow, as is [he case with flow 
through a dried product (3).collisions of water molecules with the poreor tube wallsare 
responsible for resistance to flow, and the flow mechanism is said to be free molecular 
flow or Knudsen flow (5) .  Here. the driving force is thedifference in partial pressureof 
the flowing gas under discussion. When the mean free path is small compared with p r e  
or tube dimensions, collisions between gas molecules arc much more frequent than col- 
lisions of gas molecules with pore or tube walls, and the resistance is due to momentum 
transfer between gas moleculs, or viscous “force.” The flow mechanism is “viscous flow’’ 
(5 ) .  and the driving force is the difference in total prcssure. The distinction between partial 
pressure and total pressure is obviously not important when the gas phase i s  essentially 
pure water. As data to be presented later wi l l  show. thc mole fractions of water in the 
vial and in the chamber are close to unity. The mole fraction of water vapor in the con- 
denser, however, is significantly less than unity. Thus, i f  flow from the chamber to the 
condenser were predominantly Knudsen flow, the chamber resistance. defined using the 
total pressure differcnce between chamber and condenser as the driving force. might 
behave anomalously with variations in chamber pressure. However. as will be demon- 
strated later. the pressure dependence of the chamber rLTistance is of the expected form. 
and, therefore. the selection of the driving lorce seems appropriate. 


The resistance of the semistoppered vial, R,. is defined by: 


R, = (P” - P c ) / m  (Eq. 3 )  


where P, is the chamber pressure (mm Hg). The resistance of the chamber 
to condenser pathway, K,. is defined similarly: 


R, = (P, - Pcd)/tilN (Eq. 4) 


where N is the number of vials in the dryer and Pcd is the pressure in the 
condenser chamber. 


Assuming xi = I ,  the combination of Eqs. 1-4 yields: 


m = &‘(Po - P c d )  (Eq. 5 )  


where the total resistance to flow from a given vial to the condenser chamber, 
RT. is: 


RT = R ,  + R,  t NR, (Eq. 6 )  


Thus, the contributions to total resistance offered by the dried product, stopper, 
and chamber are, respectively: K,. H,, and NK, .  The quantity NR,, is a 
“scaled” chamber resistance and, in  effect, is the chamber resistance per 
vial. 


Since the mean free path of water vapor in  the dried product is large com- 
pared with pore dimensions in the dried product. flow in  this region is free 
molecular or Knudsen flow and the dried-product resistance (R,) is. therefore, 
independent of pressurc (3 , s ) .  However, the mean free path is smaller than 
the channels in  the stopper and the chamber through which vapor must flow 
and, hcnce, the flow mechanism is expected to be predominantly viscous flow 
with perhaps some contribution from Knudscn flow. Therefore. the stopper 
and chamber resistances should be pressure dependent and are expected (5) 
to be of the form: 


- 
R;’ = uo + Pi. i = S, c (Eq. 7 )  


where R, refers to either R, o r 3 ,  and P, is the mean pressure across the 
barrier. For example, for i = s. P, = (Pv + P,)/2. 


The form of Eq. 7 asumes that viscous flow may be described by Poiseuille’s 
law. For viscous flow in  short tubes, a correction to Poiseuille’s law (5) leads 
to an additional term in Eq. 7 which is proportional to the product of the su- 
blimation rate and the mcan pressure. However, the equations presented by 
Dushman (5)  indicate that the short tubecorrection is small for both closure 
resistance and resistance of the laboratorv dryer chamber. A preliminary study 
of closure resistance data ( 3 )  suggests that the sublimation rate dependence 
of the closure resistancc is negligiblc. Thus, although not rigorous, Eq. 7 should 
serve as a useful first approximation. 


Definition of Heat Transfer Coefficients-A heat transfer coefficient is 
defined as the ratio of the area-normalixd hcat flow to the temperature dif- 
ference between heat source and heat sink. For the casc of vials resting directly 
on the freeze-dryer shelf. the vial hcat transfer coefficient. K,, is defined 
by: 


0 = /l,K,( T ,  - Tb) (Eq. 8) 


where Q (cal/s) is the heat flow from the shelves to the product in  a given vial, 
A, is the cross-sectional area of thc vial calculatcd from the vial outer diameter, 
T, is the temperature of the shelf surface. and 7‘b is thc temperature of the 
product at the bottom center of the vial. I f  the vials are resting on a tray bot- 
tom, the temperature T, refers to the tray surface temperature. Equation 8 
assumes the surface above the vials is also at 7, and further assumes the 
normal situation of a small temperature diffcrential between subliming ice 
and ice at the vial bottom. 


The vial heat transfer coefficient may be expressed as  the sum of three 
terms: 


K, = K, + K ,  + K ,  (Eq. 9 )  
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Figure 2-Reciprocal of closure resistance versus pressure. Key: (0) 20-mm 
closure, (0)  13-mm closure. 


where K, IS  the contribution resulting from direct conduction from shelf to 
glass at the points of contact, K, is the contribution from radiative heat 
transfer, and K, is the contribution from conduction through the gas between 
the shelf and the vial bottom. Both K, and K ,  are independent of pressure, but 
K, increases with increasing gas pressure. Using the Smoluchowski theory 
as outlined by Dushman (5). and assuming the gap between the vial bottom 
and the shelf may be characterized by a constant “effective” distance. I ,  the 
gas conduction term may be written: 


where A” is the free molecular heat conductivity of the gas a t  OOC, XO is the 
heat conductivity of the gas a t  ambient pressure, P is the gas pressure, and 
(Y is a function of the energy accommodation coefficient (a,) and the absolute 
temperature of the gas ( T ) :  


The radiation term is a sum of two contributions, radiative heat transfer 
between the shelf and the vial bottom and radiative heat transfer between the 
shelf above the vial and the top of the vial. Radiative heat flow Q,, depends 
on the difference in the fourth powers of the absolute temperatures of the two 
surfaces: 


(Eq. 12) 


where u is the Stefan-Boltzmann constant and 2 is the “effective” emissivity 
for the heat exchange. which depends on the relative areas of the two surfaces, 
their emissivities, and a geometrical view factor (4). For modest temperature 
differences between the two surfaces: 


(Eq. 13) 


where 7 is the mean temperature. For temperatures normally used in 
freeze-drying, the product, ~ 4 7 ’ .  is-I .O X For radiation from the shelf 
upon which the vials rest (bottom radiation), theview factor is approximately 
unity, and since the emissivity of glass is near unity (4), the effective emissivity 
for bottom radiation is essentially the emissivity of the shelf surface, e,, and 
T I  is essentially the temperature at the vial bottom, Tb. For radiation from 
the top, the shelf area view factor of the vial top is much greater than the vial 
area, and one therefore expects (4) the effective emissivity to be essentially 
independent of the emissivity of the shelf above the vials. An exact evaluation 
of V for top radiation is not possible, and we treat the effective emissivity for 
top radiation, denotcd evl as an experimental quantity to be evaluated by vial 
heat transfcr experiments. 


Since Q, for top radiation is the hcat transferred to the subliming ice, an 
empirically defined e, should be based on an identification of T I  as the tem- 
perature of subliming ice. I n  general, temperature differences within the 
product are small and, as a satisfactory approximation in most cases, TI may 
be taken as TI,. With the definitions of e, and e, given above, use of Eq. 13 and 
the approximation, 04T3 = 1 .O X IW4. the radiative heat transfer coefficient, 
K,, becomes: 


K ,  = I .o x 10-4(e, + e,)  (Eq. 14) 


I n  the case of vials resting on a tray battom, an equation similar to Eq. 8 


Qr  = A,SU(T: - ~3 


Q, 2 A ~ u ~ T ’ ( T ~  - T I )  


0 0  
0.00 0.10 0.20 0.30 0.40 


Mean Pressure 
Figure 3-Reciprocal of chamber resistance versus pressure. 


may be used to define a tray heat transfer coefficient, KTR. Here the area, A,, 
is replaced by the ratio of the tray area to the number of vials in the tray,, and 
Tb is replaced by the temperature of the tray bottom. The meaning of Q and 
T, is the same as in Eq. 8. The components of KTR are given by the right side 
of Eq. 9, with the form of K ,  identical to Eq. 10, although the value of the 
accommodation coefficient could differ from the value applicable to heat 
transfer between shelf and vial. 


Since most of the heat input flows from the bottom of the vial to the sub- 
liming ice, the temperature of the product decreases as the distance from the 
bottom of the vial, X, increases. The usual proportionality between heat flow 
and temperature gradient may be used to define the effective thermal con- 
ductivity of the product, K I :  


where QB is the heat flow (cal/s) through the bottom of the vial and T is the 
temperature of the fro7en product in the vial. Since the total area available 
for heat transfer, A,, is i n  part glass and in part fro7en solution, one would 
expect K I  to be an area-weighted sum of the thermal conductivities of glass, 
KG, and frozen product, K,,: 


where A, is the cross-sectional area of the frozen product calculated from the 
inner diameter of the vial. For dilute solutions, one would expect K,, to be close 
to the value for pure ice ( 6 ,  7). 


EXPERIMENTAL SECTION 


Materials-Chemicals used were either reagent or USP grade and were 
used without further purification, except for filtration of the solutions prepared 
through a 0.45-pm filter to remove particulate matter. Solutions were prepared 
by weighing the appropriate quantities of distilled water and solute. Studies 
involving pure water used distilled water*. 


The rubber closures3 have two openings for vapor passage in  the semi- 
stoppered position. The 20-mm finish closure has two openings of 4 . 4  cm 
in diameter, while the 13-mm finish closure has openings of 4 . 2  cm in di- 
ameter. 


The vials used were of commercial origin4 and, except for the limited studies 
with 5304 vials, wcre selected to yield a representative cross section of vials 
produced during a given production run. All of the vials were type I glass; the 
5303 and 5304 vials were molded and the others were tubing vials. The relevant 
vial geometric parameters are summarized in Table I .  The contact-print pa- 
rameters refer to the imprint created by first placing the vial bottom on an 
ink  pad and then placing the vial on a sheet of paper resting on cardboard. 
Moderate pressure is applied by placing a 500-g weight on top of the vial. 
While reproducible. the thickness of the contact print is obviously procedure 
sensitive and does not rcprcsent, except in a relative sense, the actual area of 
physical contact between the vial and a hard surface. The entry in the last 
column, I,,,. is the maximum scparation distance between the vial bottom 


* Water for Injection. Eli Lilly and Co. 
3 West co.  ‘ The vials wi th  dcsignation K were obtained from the Kimble Class Co. and those 


a i t h  designation W wcrc obtained from the Wheaton Glass Co. 
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Table 11-Comparison of Resistances a 


Sublimation Total 
Rate, Resistance, Relative Resistance, Percent of Total 


Product Closure g/hb h m m  Hg/g Product Closure Chamber 


KCI None 0.523 I .38 91.5 0 6.5 
20 mm 0.506 I .42 90.8 3.0 6.2 


KCI I3 mm 0.458 1.56 82.7 11.7 5.6 
KCI 


I C  None 0.321 2.18 96.3 0 3.7 
I 20 mm 0.315 2.22 94.6 2.0 3.4 
I I3 mm 0.294 2.37 88.6 8. I 3.3 


~~~~~ ~~ ~~ ~ 


0 Calculated for a vial of 3.8 cm* internal area, a dried product thickness of 0.S cm. a chamber pressure of 0.1 mm Hg, an ice temperature of -20°C. and the laboratory freem-dryer 
with a load of 60 vials of 4.7 cmz external area. 6 Sublimation rate per vial. System 1 is dobutamine hydrochloride (dobutrcx) and mannitol in a 1.12:l weight ratio with total soltds 
being 53 mg/mL. 


and a flat surface, obtained simply by direct measurement with a metric ruler. 
Thus, this parameter is subject to a measurement error of f -0.02 cm. 


Freeze-Dryers --The laboratory freemdryer was a highly modified com- 
mercial unitS (3) illustrated schematically in  Fig. I .  A stainless steel cylinder 
(A)  constituted the drying chamber wall, and the top of the unit (B) was a 
transparent plastic lid which formed a vacuum-tight seal with the chamber 
walls uia a rubber gasket. Temperature control of the shelf (C) was provided 
by rapid circulation of fluid (methanol) from a thermostat (not shown) into 
the shelf (D) and out of the shelf (E); the fluid flowed through channels in the 
shelf interior. The chamber walls and top were covered with 2 cm of rubber 
foam insulation. However, under the usual conditions of ice sublimation, the 
dryer walls and top run warmer than the shelf. With a 5°C shelf, the walls were 
-I 5°C while the top was -12°C. The shelf surface used in these experiments 
was a thin (I-mm) metal plate in good thermal contact with theoriginal shelf 
ilia a thin coat of high-vacuum silicone grease impregnated with copper dust. 
Unless specifically indicated otherwise, the shelf surface was a polished 316 
stainless steel plate with a measured emissivity, e,, of 0.2V. 


The temperature of the shelf surface was measured by thermocouple Sensors 
(30-gauge wire) designed for surface temperature measurements. A welded 
copper-constantan thermocouple junction was silver-soldered to a copper disk 
-I mm thick and I .5 cm in diameter. A 2-mm thick disk of foam insulation 
was glued to the copper disk, and an empty 10-mL glass vial was then glued 
to the insulation, thus insulating the thermocouple junction from the vial. Good 
thermal contact between the copper disk and the shelf surface was obtained 
by applying a thin coat of high-vacuum silicone stopcock grease to the bottom 
of the copper disk. The shelf surface temperature readings were accurate 
within f0.5"C. 


Without grease at the interface between the copper disk and shelf surface, 
the shelf sensors gave readings that were dependent on chamber pressure and 
were 2-3°C lower than the greased sensors. The shelf surface temperature 
was normally independent of position on the shelf, within f0.5"C.  The dif- 
ference between fluid temperature and shelf surface temperature increased 
as the total sublimation rate increased (i.e., increased heat flow), but was in 
the 1 -2°C range for most of the experiments. 


A butterfly valve (F) separated the drying chamber from a tube ( G )  (2.3 
cm diameter, 25 cm length) leading to the condenser chamber (H). A tube 
( I )  connected the interior of a modified vial with a pressure sensor external 
to the dryingchamber ( M I  or M2) by suitable manipulationofvalves (KI. 
K2. K3, K4. and KS). A pressure-tight seal between the vial and a glass tube 
(11) was made with silicone rubber glue. The glass tube was connected to a 
flexible stainless steel tube (13) with a high-vacuum union'. The flexible tube 
was then connected with tube 1 uia another high-vacuum union. Temperature 
measurements were made at four locations within the frozen product using 
copper-constantan thermocouples (30-gauge wire) (14). Ten additional 
thermocouple leads ( J )  were also available. Differential capacitance ma- 
nometers (MI,  M2)n were used for quantitative measurements of absolute 
pressure, although a thermocouple vacuum gauge (N)  was also included in 
the apparatus. Pressures and temperatures in the vial and chamber were 
continuously displayed as a function of time on a 24-channel recorder9. 


Studies requiring a larger shelf area than that available in the laboratory 
dryer were carried out using a pilot scale dryer10 with condensers in the drying 
chamber. The dryer contained three shelves of 2800 cm2 area separated from 
the condensers by radiation shields. Only the middle shelf was used in the 
experiments. The shelf surface was painted black and the surface temperature 


5 Virtis Unitrap. 
Determined by adjusting the emissivity control on a hand-held optical pyrometer 


until the temperature readout of the instrument agreed with the thermocouple-measured 
surface temperature of the shelf. ' Cajon Ultra Torr Union; Cajon Co., Solon. Ohio. * MKS Model 220 Baratron; MKS Instruments, Inc., Burlington. Mass. 


lo REPP; Virtis  Co. 
Esterline Angus Speed Servo II. 


was uniform within 3°C: several shelf temperature sensors were used and care 
was taken to locate the sensors at positions where the average recorded tem- 
perature represented the true average shelf temperature. The temperature 
of the surface above the vials was colder than the shelf surface upon which 
the vials rested. Temperature measurements taken near the center of the top 
shelf indicated a mean difference of 4.3"C for the experiments performed. 


Procedures-Calibrariom-The differential capacitance manometers were 
calibrated against a precision McCloud gauge". Deviations were less than 
the stated accuracy of the McCloud gauge ( f 3 % )  and no corrections were 
used. The thermocouple temperature sensors were calibrated at the icc point 
and at -25°C against a mercury-in-glass thermometer (fO.l "C). 


Vapor Composirion Measuremenr-Vapor composition was measured by 
comparing the pressure of a fixed quantity of vapor at room temperature with 
the corresponding pressure at  dry ice temperature (-78°C). where the pres- 
sure of water is negligible. For example, the vapor composition in the vial was 
measured by first determining the total pressure in the vial with pressure gauge 
MI (Fig. I ) .  Valves K I  and K2 wereopened,valve K3 wasclcsed,and thecold 
finger (0) was at  ambient temperature. Next, valve KI was closed to isolate 
the sample of vapor, representing the composition of vapor in  thevial. and a 
dry ice-acetone bath was placed around thecold finger. Within a few minutes 
essentially all water vapor was condensed, and the residual pressure was due 
only to airI2. This residual pressure was slightly lower than the air pressure 
in the original vapor since the air in the cold finger was at a lower temperature. 
The original air pressure wasobtained from the measured residual pressure, 
using an empirically determined correction factor (1.044). The correction 
factor was determined by mcssuring the pressure reduction after placing the 
dry-ice bath on the cold finger at high pressure in  a "dry" system. where es- 
sentially all the vapor was air. With the total pressure and the air pressure 
determined, the water vapor pressure in the sample was obtained by differencc. 
The mole fraction of water in  the vapor sample was calculated as the ratio of 
water partial pressure to the total pressure. When the pressure measurements 
were complete, the dry-ice bsth was removed, and, by appropriate manipu- 
lation of valves, the vapor sample was pumped directly into the condenser 
chamber. The valves were then returned to their normal operating position 
for pressure monitoring. This procedure was believed to result in more rapid 
equilibration of the system following a composition measurement. 


Moss Transfer Coefficienrs-Closure resistance at given mean pressure 
was determined by measuring the average pressure difference across the 
closure during sublimation oca known quantity of ice at constant chamber 
pressure. The mean pressure, P, is the mean of the vial pressure and chamber 
pressure ovcr the time interval of the experiment. Thc mean sublimation rate 
was calculated from the mass of ice sublimed and the time required for sub- 
limation. The closure resistance was then obtained from Eq. 3. Similarly, the 
chamber resistance was evaluated from the chamber pressure. Pc, pressure 
in the condenser chamber. fd, and the total sublimation rate (all vials), N&. 
using Eq. 4. Since both chamber and closure resistance measurements are 
sensitive to small pressure measurement errors (the pressure differences were 
small), care was taken to ensure that the pressure sensors (MI  and M2, Fig. 
I )  gave the same reading when connected to the same source, and a number 
of replicate experiments were made at each mean pressure to obtain the final 
data sets. 


Hear Transfer Experimenls ---Two types of vial heat transfer experiments 
were performed. Experiments where data were collected on a single vial over 
a wide range of shelf temperatures and chamber pressurcs in a single experi- 
ment were denoted "single vial experiments." Experiments designed to 
measure both the m a n  heat transfer coefficient for a set of nominally identical 
vials and their corresponding standard deviation in heat transfer coefficients 
were referred to as "multivial experiments." All experiments. except those 
multivial experiments that used larger vials. wcrecarried out using a full shelf 


'I Konres Glass Co.. Vineland. N.J. 
The vapor pressure of ice at -78OC is only 0.6 pm 
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Table Ill-Vapor Composition in Freeze-Drying a 


Rate Per Shelf Chamber Pres- Mole Fraction of HzOb 
Vial, g/h Temp., OC sure, mm Hg Vial Chamber 


0.94 0.78 f 0.08 
0.96 0.89 0.26 -16 0.490d 


0.52 +I2  0.093 0.96 0.78 f 0.04 
0.90 + I 2  0.493d 0.97 0.94 


0.23 -16 w 
Mannitol, 50 mg/mL 


0.16 -21 0.045 0.85 0.78 
0.22 -21 0. I 27d 0.92 0.90 
0.33 -21 0.228d 0.95 0.92 
0.42 - 6  0.232d 0.95 0.93 


Full load of 60 vials (2 .4  cm 0.d.)  in the laboratory freeze-dryer. Estimated un- 
certainty f 0.02 unless specifically indicated otherwise. Mean of four replicate ex- 
periments. 


of vials in the laboratory dryer. In both types of experiments. a small precision 
bore stainless steel tube (length 1.497 cm, 0.217 cm i.d.) was inserted in each 
stopper, and the stopper was inserted fully into the vial neck13. This procedure 
accomplished several purposes: 


I .  The pressure difference across the closure, which was needed to evaluate 
the sublimation rate in  a single vial experiment, was increased over that found 
with stoppers in the usual semistoppered position, thereby decreasing the 
relative error in the pressure difference measurement. 


2. The closure resistance was fixed by the geomctry of the tube and the 
chamber pressure and, therefore, was not subject to variation arising from 
slight variations in stopper placement or geometry. Uniformity in resistance 
to mass transfer in a set of vials is critical when the standard deviation in heat 
transfer coefficient is measured. 


The resistance of the metal tube used with the modified vial (Fig. I )  was 
determined as a function of mean pressure by a procedure identical to that 
used to determine closure resistance. The tube resistance, RTB, is given by: 


Controlled air leak into the drying chamber. 


RSA = 0.2478 t 1.944 P (Eq. 17) 


whcre is (Pv + P,)/2, and the numerical coefficients are  a result of re- 
gression analysis of four data points over a range of P from 0.2 to 0.5 mm Hg, 
yielding a correlation coefficient of 0.9965. The numerical coefficients were 
in  satisfactory agrccmcnt with the corresponding coefficients calculated 
strictly from theoryI4. 


A fill volume equivalent to a liquid depth of -2 cm was used for all heat 
transfer studies. With pure water, a redistribution of ice within the vial oc- 
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Figure 4--- 7emperature profile in primary drying using dobutamine hy- 
drochloride-mannitol (1:1] (10 mL) in 5304 molded vials (8.3 cm2) in an 
aluminum tray: heat f l u x  = 42 cal/cm2-h. chamber pressure 0.10 mm H g .  


~~~ ~ 


I 3  Experiments with the 5304 vials represented our first attempt at heat transfer 
coefficient measurement and used 13-mm freeze-drying stoppers in the semistoppered 
position. 


l 4  Using the theoretical relationships for gas flow in tubes ( 5 ) .  the resistance of the 
tube. in mm Hg.h/g. is given in terms of the tube cross-sectional area, A ,  tube radiu2, 
0 .  and tube length. 1. by Rye = [ 1 5 0 . A  ( 0 ( 1 ) ] / [ l  + 8 /3  ( a / / ) ]  + 7965A @*/1)P .  
Substitution of the measured valucs of 0 and 1 (in cm) gives Rd = 0.338 + 2.329 P. While 
the agreement between theory and experiment is not quantitative. uncertainty in the 
measured value of a and uncertainty in the cxperimcntal coefficients could account for 
the difference. 


Table IV-Evaluation of Heat Transfer by Top Radiation: Effective 
Emissivity, e, 


Product N A" e, f om 


H20 
H7O 
H;O 
KCi (1 = 0) 
KCI ( I  = 0.3) 
KCI ( I  = 0) 
KCI ( I  = 0.2) 


Mean 


7 
3 


4.7 1 0.83 f 0.04 
6.83 0.94 f 0.02 


17.2 0.79 f 0.03 
4.7 I 0.88 
4.7 I 0.97 


20.8 0.58 
20.8 0.80 


0.84 


curred such that ice near the vial wall and ice near the thermocouple wire was 
preferentially removed. As a result of this phenomenon, measurements of 
temperature distribution in the ice had to be completed early in the experiment, 
before the assumption of a planar ice-vapor interface was seriously violated. 
Accurate temperature distribution data was obtained until -I 5% of the ice 
had been removed. The vial heat transfer coefficient is defined assuming the 
ice at the vial bottom is in good thermal contact with the glass. Normally, with 
vials filled with pure water, partial loss of thermal contact occurs after sub- 
limation of 35-50% of the ice. Thus, duration of a heat transfer experiment 
is limited to a time corresponding to sublimation of -25% of the ice. Loss of 
thermal contact is rarely a problem when a frozen solution is dried. 


For single vial heat transfer studies, a representative vial from a given lot 
of vials was modified as shown in Fig. 1. After filling, normally with pure 
water, the modified vial and other vials of the same lot, all equipped with 
"identical" metal tubes, were loaded into the laboratory dryer, the liquid was 
frozen, and the chamber was evacuated. The procedure then involved a series 
of heat transfer measurements under steady-state conditions at  selected shelf 
temperatures and chamber pressures. An operational definition of steady state 
is taken as  constant temperatures (f0.2'C) and pressures ( f 2  pm) for a 
period of 10- 15 min. The sublimation rate, m, is calculated from the observed 
steady-state pressure readings using Eq. 3 with the closure, resistance given 
by the tube resistance, Eq. 17. The heat transfer rate, Q, is then calcu- 
lated: 


Q (cal/s) = 0.1833m (g/h) (Es. 18) 


where 660 cal/g is used for the heat of sublimation (8). 
The first shelf temperature setting was adjusted to be equal to the ice 


temperature at the vial bottom. Heat transfer from the shelf to the vial was 
zero, and any residual heat transfer was due to radiative heat transfer from 
the dryer lid and/or possible contributions from conduction through the 
thermocouple wires and the pressure measurement tube (I, Fig. I ) .  Normally, 
shelf temperature settingsof -lO°C, S'C, and 25'C were used in the balance 
of the experiment with four chamber pressures studied at each shelf temper- 
ature. The first pressure setting was the minimum pressure attainable with 
the leak valve closed (0.05-0.10 mm Hg). Higher pressures (0.2,0.4, and 0.6 
mm Hg) were obtained by manual adjustment of the controlled-leak valve 
(P, Fig. 1). 


The advantages of the single vial experiment were that, during one 4 - h  
experiment, heat transfer could be studied over a wide range of shelf tem- 
peratures and chamber pressures, and the effect of radiation from thedryer 
lid could be. directly measured. Since this procedure characterized the heat 
transfer for only one vial in a given experiment, the procedure was not designed 
to examine the variation in the heat transfer coefficient in a set of nominally 
equivalent vials. Moreover, it is difficult to select a "typical" vial and, even 
if this selection is successful, the presence of the pressure measurement tube 
makes it difficult to place the vial absolutely flat on the shelf with no downward 
force on the vial. Even a slight tilt of the vial would have decreased the area 
of actual contact between the glass and the shelf and would, therefore, decrease 
the contact conduction term, K ,  (Eq. 9). The value of the separation distance, 
I (Eq. lo), may also be increased. Conversely, good contact with an excessive 
downward force on the vial may actually increase the value of K ,  over that 
characteristic of a free-standing vial (9). Thus, particularly for the smaller 
vials where the contact problems were most severe, the single vial procedure 
was not the method of choice for determining the heat-transfer coefficient 
of an average vial in normal contact with the shelf. 


Single vial data are, however, an accurate representation of the heat transfer 
for the vial used and the degree of vial-shelf contact experienced in the ex- 
periment performed. Thus, single vial data were used to efficiently and ac- 
curately investigate various assumptions in the defining equation for vial heat 
transfer coefficients (Eq. 8), to verify the theoretical form of the pressure 
dependence of K ,  (Eqs. 9, 10). to characterize radiative heat transfer from 
the dryer lid, and to determine the effective thermal conductivity of the product 
(Eq. 15) .  


The equation defining the vial heat transfer coefficient, Eq. 8, assumes the 
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Figure 5- Vialplacement on the shelfand mean percent deciations in sub- 
limation rates for components oj the cariance study. (See Appendix I for 
discussion.) 


temperature of the surface above the vials is the same as the temperature of 
thesurface upon which thevials rest. While this assumption isvalid for most 
freeze-dryers, the surface above the vials in the laboratory dryer (Fig. I )  was 
the chamber lid, which was not temperature controlled. Thus, the calculation 
of K ,  from heat transfer data accumulated on the laboratory dryer involves 
a correction for the atypical radiative heat transfer from thedryer lid to the 
top of the vials. The h a t  transfer rate, Q. for vials in the laboratory dryer may 
be written: 


Q = A , ( K ,  + 1.10-4e, + K g ) ( T s  - Tb) + A V e v u ( G ,  - T4) 
(Eq. 19) 


where TI. is the lid temperature and T is the temperature of the subliming ice. 
The effective emissivity for top radiation (e,) is assumed to be a property of 
the vial only. Thus. to convert hcat transfer data from the laboratory dryer 
to K ,  data defincd by Eqs. 8 and 14, e, must be evaluated. 


Data for ev were generated by using the single vial procedure and adjusting 
the shelf temperature so that T ,  = Tb. Under these conditions, the heat 
transfer was due !o the top radiation term only, and e, data may be evaluated 
by determining Q, TI. ,  and T. The value of TI .  is obtained by direct mea- 
surement, Q is determined from P,  and P, as  outlined earlier, and T is cal- 
culated using one of the following procedures. When pure ice is in the vial, 
the resistance to mass transfer between the sublimation interface and the 
chamber is almost entirely due to the metal tube in the closure. The pressure 
in the vial, P,,  is essentially equal to the equilibrium vapor pressure of the 
subliming ice, and the temperature of the subliming ice. T. may be evaluated 
from the measured P,  data15. However, when a solution is freeze-dried, the 
vial pressure is much less than the equilibrium vapor pressure of ice, and the 
value of T is calculated using the measured product temperature near the 
sublimat ion interfaceI6. 


Multivial heat transfer studies were used to determine the mean vial heat 
transfer coefficient as a function of pressure as well as to obtain the standard 
deviation in heat transfer coefficients for a set of nominally equivalent vials. 
All vials investigated were filled with pure water to a depth of -2 cm, and each 
vial was weighed ( f 0 . 2  mg). After loading and frcczing. the shelf temperature 


I s  The vapor pressure of ice. in mm Hg, as a function of absolute temperature ( 8 ) .  may 
be expressed as In P = -6144.96/T + 24.011149. 


l6 Although we cannot directly measure temperature a t  the sublimation interface. 
the temperature variation within the product is negligible between locations where 
temperature is measured (Fig. 1) ;  thus. bath methods of determining 'I'should yield the 
same result when the product is pure water. However, we find tha t  the value of 7 detcr- 
mined from P, is systematically -I . 8 O C  lower than the wrrespnding measured product 
temperature. Evidently. a temperature gradient exists very near the sublimation surface. 
at least when the sample is pure water. fhwever, a temperature error of I .X°C produces 
an error in evof only 0.03, M even if the same error is present wi th  a solution. the error 
introduced into thee, data is slight. 
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Figure 6-Prc~porlionality between heat transfer rate and temperature di j -  
ference. Key: 5303 uials. (0)  0. I mm Hg and (B) 0.2 m m  I l g ;  W5800 uials, 
(0) 0.2 m m  Hg (A) 0.4 mm Hg. and ( 0 )  0.6 mm H g .  


(and product temperature) were adjusted to the expected stcady-state sub- 
limation temperature for that experiment, and the chamber was quickly 
evacuated to the desired chamber pressure by manual adjustment of the leak 
valve. Once the pressure decreased below -I mm Hg and sublimation began, 
the shelf temperature was quickly increased to +S0C. The entire experiment 
was conducted under conditions of constant shelf temperature ( S T )  and 
constant chamber pressure. After -2 g of ice was sublimed, the dryer was 
vented, and each vial was weighed to obtain the mass loss for each vial. The 
average sublimation rate for each vial is calculated as  the mass loss divided 
by the time period of sublimation. Calculations of the heat transfer coefficients 
and the corresponding standard deviation from the raw sublimation rate and 
temperature data are  described in Appendix I. 


RESULTS AND DISCUSSION 


Closure Resistance-Two types of closures of similar design were studied. 
The smaller closure was designed for use with vials that had 13-mm 0.d. necks, 
while the larger closure was used with vials that had 20-mm 0.d. necks. Both 
closures had two openings in the semistoppered position with effective di- 
ameters of 0.2 cm for the 13-mm size and 0.4 cm for the 20-mm size. The 
experimental data (Fig. 2) demonstrate that the reciprocal ofclosurc resistance 
is a linear function of mean pressure, as expected (Eq. 7). The mean pressure 
is the mean of the vial and chamber pressures. Each point is the mean of a t  
least two replicate experiments, while the solid lines represent smoothed data 
from Eq. 7 with the coefficients determined by regression analysis: 


K;' = 2.3 + 22.47 ( I  3 mm) (Eq. 20) 


(Eq. 21) K;' = 4.8 + 1697 (20 mm) 


The resistance of the 13-mm closure was roughly a factor of 5 higher than 
the 20-mm closure at corresponding pressures over the pressure range normally 
encountered in practice, a ratio close to that predicted the~re t ica l ly '~ .  The 


I' I f  each closure opening is approximated as a tube of radius D and length 1. the same 
equation used to calculate rcsistance of the mctal tubesi4 may be used to estimate the 
coefficients in Eq. 7. The estimated values of u and 1 are a = 0.2 cm. 1 = 0.4 cm (20 mm] 
and (1 = 0.1 cm. 1 = O.)cm (I 3 mm). Thus, the theoretkal equivalents of Eqs. 20 and 
21 are R;' = 1.7 + 17P (13 mrn) and R;' = 8.1 + 200P (20 mm). 


Journal of Pharmaceutical Sciences 1 1229 
Vol. 73, No. 9, September 1984 







Table V-Vial Heat Transfer Coefficients for 10-mL Vials (A, = 4.71 cm2) in Laboratory Dryer 


Chamber Pressure, Mean m. I 0 4 ~ " .  d K d ,  
Experiment Vial m m  Hg g/h q m ) ,  % cal/s.cm*.'C % 


W5800 
W5800 
K5800 
W5800 
K5800 
W5800 
K5800 
W5800 
W5811 
W5800 
W5811 
W5800 
W5811 


Polished Stainless Steel Shelf Surface 
0.2 0.3782 
0.1 
0. I 
0.2 
0.2 
0.4 
0.4 
0. I 
0.1 
0.2 
0.2 
0.4 
0.4 


0.3472 
0.3727 
0.4061 
0.4339 
0.4509 
0.4824 
0.3440 
0.3632 
0.405 I 
0.4335 
0.4508 
0.4849 


4.5 
3.7 
4.8 
3.3 
4.2 
3.9 
4.5 
4.0 
3.9 
3.9 
4. I 
3.2 
3.0 


6.19 
4.89 
5.45 
6.10 
6.78 
7.89 
8.83 
4.79 
5.21 
6.17 
6.86 
7.69 
8.65 


5.1 
2.0 
5.2 
2.1 
4.7 
4.6 
6. I 
2.8 
2.9 
3.8 
4.4 
2.8 
2.4 


Painted Black Shelf Surface 
7c W5811 0.2 0.445 1 4.7 1.43 6.1 


a Mean data from six replicate experiments; N = 36, A = 5; SD in calculated lo4 X K, is f0.14; N is the total number of vials in  the sample and A is the number of vials located 
adjacent to a shelf temperature sensor (see Appendix I and Fig. 5). N = IS. A = 6. N = 35. A = 12. 


intercept (Fig. 2) at  P = 0 represents the contribution of Knudsen flow, and 
the ratio R,' (P = 0) to R;' at any given pressure represents the relative 
contribution of Knudsen flow to the total vapor flow at that pressure. Thus, 
at >0.03 mm Hg for the 20-mm closure and >0.1 mm Hg for the 13-mm 
closure, Knudscn flow was <SO% of the total flow, and the flow mechanism 
became predominantly viscous flow or bulk-fluid flow. 


Chamber Resistance-The reciprocal of the chamber resistance of the 
laboratory dryer is a linear function of the mean pressure (the mean of the 
chamber and condenser pressures) within the precision of the data (Fig. 3). 
Each data point is the mean of at  least two, and usually more than four, rep- 
licate experiments. The solid line gives the best fit of the data to Eq. 7 with 
00 = 320 f 230 and al = 4960 f 650, where the uncertainty represents the 
standard error in the coefficient. As with closure resistance, the intercept (Fig. 
3) at P = 0 represents the contribution of Knudsen flow while the ratioR;' 
( P  = O)/R; '  gives the relative contribution of Knudsen flow to total vapor 
flow. Due to the considerable uncertainty in the experimental value of UO, it 
is not possible to make a definitive comment on the relative contribution of 
Knudsen flow. 


Assuming that the chamber resistance is due entirely to the tube separating 
the chamber from the condenser. theoretical values of a0 and a1 may be eal- 
culated14: a0 = I24 and al = 28,639. While the experimental and theoretical 
values of a0 agrce within the uncertainty in the data, the experimental value 
of a1 is a factor of -6 less than the theoretical estimate. Thus, the pressure- 
dependent term in R;', which is due to the viscous flow mechanism, was much 
smaller than expected, and the resistance to viscous flow in the laboratory dryer 
appeared to be anomalously high. 


Since the chamber resistance depends on the dryer dimensions, the chamber 
resistance of a production scale dryer obviously will be much less than the 
chamber resistance of the laboratory dryer. However, the total resistance to 
flow from a given vial (Eq. 6) dependson the scaled chamber resistance, NR,, 
where N is the number of vials in the dryer. The pressure drop between 
chamber and condenser for a given sublimation rate per vial depends on the 
scaled chamber resistance (Eq.  4). If the laboratory dryer is a satisfactory 
model for a production scale dryer, the scaled resistances should be comparable 
for the two dryers. Although sparse, the production data available suggest 
that at a mean rressure of 0.1 mm Hg, the scaled chamber resistance (N = 
30,000) is -0.05 mm Hgh/g,  while the corresponding scaled resistance for 
the laboratory dryer ( N  = 70) is 0.086 mm Hg.h/g. 


Comparison of Resistances- Using the data presented in Figs. 2 and 3 and 
dried product resistances generated from vial data in a previousstudy (3). the 
resistance to passage of water vapor from the sublimation surface in a given 
vial to the condenser chamber may be calculated for each barrier: dried 
product, closure, and chamber-condenser pathway. The mean pressures 
needed to evaluate closure and chamber resistances are evaluated by solving 
Eqs. I ,  3, and 7 or Eqs. I .  4, and 7, with 0.1 m m  Hg as the chamber pres- 
sure. 


The dried-product resistance was the dominant resistance, accounting for 
nearly 80% of the mass transfer resistance even when the small ( I  3-mm) 
closures were used (Table 11). Closure and chamber resistances were of the 
same order of magnitude, the chamber resistance was less than the resistance 
of a 13-mm closure, but greater than the resistance of a 20-mm closure. 


Vapor Composition--The gas present in the vial and the chamber was 
mostly water vapor under all conditions studied (Table 111). Even when the 
chamber pressure was increased by a controlled air leak, the vapor in the 
chamber was predominantly water. These observations, which are in  quali- 
tative agreement with litcrature data (10). are a direct result of the low 
pumping speed of the system for air relative to the pumping speed for a con- 
siderable vapor (H20). An air leak increases the total pressure in thecondenser 
chamber (mostly air) and, because the chamber pressure is related to the 
condenser pressure by Eq. 4. the chamber pressure also increases. However, 
even with an air leak sufficient to increase the condenser pressure significantly, 
the molar flow rate of air is still much smaller than the molar flow rate of water 
vapor, and the chamber gas is, therefore, predominantly water. Thus, as a first 
approximation, the heat conductivity parameters A0 and AO (Eq. 10) refer 
to water vapor. 


Temperature Profile in Primary Drying-A temperature profile measured 
during primary drying in the pilot dryer is illustrated by Fig. 4. In this ex- 
periment, the vials were placed in an aluminum tray with a flat 5-mm thick 
bottom and a tray lid containing open channels for vapor passage. Only the 
middle shelf was used. The temperature data (Fig. 4)  refer to mean temper- 
atures recorded at 50% completion of primary drying, and the heat transfer 
rate is the average heat transfer rate calculated from the total amount of ice 
sublimed and the primary-drying time. 


Heat transfer may be described in  terms of four barriers or resistances to 
heat flow: ( a )  the shelf itself, with a temperature difference of B°C between 
the shelf interior and the shelf surface; (h)  the pan or tray, with a temperature 


Table VI-Vial Heat Transfer Coefficients for 20-mL Vials ( A ,  = 6.83 cm2) in Laboratory Dryer 


Experiment 
Chamber 


Vial Pressure, mm Hg 


4 
4 
5 


W5816 
K58 I6 
W5816 
K5816 
W5816 
K58 I6 
W5816 
K5816 
K58 I6 


0.068 
0.068 
0.100 
0. I00 
0.200 
0.200 
0.400 
0.400 
0.400 


0.3664 


0.4209 
0.4503 
0.4879 
0.5285 
0.5520 
0.61 13 
0.61 59 


0.3875 
3.4 
3.5 
3.2 
4.0 
3.0 
4.0 
2.3 
3.2 
4.7 


3.47 4.0 
3.79 4.2 
4.22 3.8 
4.69 5. I 
5.40 3.6 
6.14 5.5 
6.89 2.4 
8.18 4.4 
8.13 6.9 


~ ~~ ~~ ~ ~~ 


a Polished stainless steel shelf. A = 0: iV = 14 (K58 16). N = I 3  (W5816); see Table V footnote (I for dehtions of A and N. 
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Table VII-Vial Heat Transfer Coefficients for 100-mL 5303 Vials(A, = 17.2) in Pilot Dryer' 


Chamber WI). I 0 4 ~ " .  d K " ) ,  
Experiment Pressure, mm Itg i n ,  g/h % cal/s.cm2-"C 90 


~ 


I 
2 
3 
4 


0.100 
0.200 
0.200 
0.400 


0.5842 4.1 
0.7470 4.0 
0.7968 3.0 
0.7696 4.2 


3.1 
4.2 
4.6 
5.0 


3.0 
3 . 3  
I .7 
3.8 


~~~~~~~ ~~ ~ ~ 


a Both W5303 and K5303 vials gave the same mcan K,  (wi th in  0.2%). and B ( r i t )  is essentially the same for the pM)lcd data set as for each data tel considered individually. 


difference of 20°C between the shelf surface and the top surface of the tray 
bottom; (c) the vial, with a temperature difference of 3OoC between the pan 
surface and the product in the bottom of the vial: and (d)  the frozen product, 
with a temperature difference of -2°C between the ice a t  the vial bottom and 
the ice a t  the sublimation interface. The thermal resistance of a barrier may 
be defined as the ratio of temperature difference across the barrier and the 
area-normalized heat flow (4) .  Thus, the largest thermal resistance (50%) 
is the vial-tray interface, but both the tray-shelf interface and the shelf itself 
contribute significantly to the total resistance, 33.3 and 13.3%, respec- 
tively. 


As defined here, the thermal resistance of the vial includes the thermal 
resistance of the glass in the vial bottom. Likewise, the tray resistance includes 
the thermal resistance of the aluminum in the tray bottom. However, as shown 
by Nail (4), the thermal resistance of the metal in  an aluminum tray bottom 
is essentially iero. Therefore, the tray resistance is due to the tray-shelf in- 
terface resistance. The thermal resistance of the glass, even for molded vials 
where the glass is several millimeters thick, is generally less than the thermal 
resistance of the frozen product (4). and the vial thermal resistance is nearly 
all due to the tray-vial interface resistance. In Fig. 4. the thermal resistance 
of the glass (3.5 mm thick) is -5% of the defined vial resistance and <3% of 
the total thermal resistance. For tubing vials, the glass thickness is usually 
-I mm, and the corresponding contribution of the glass to thermal resistance 
is even less. Consequently, the thickness of the glass is not a significant factor 
in vial heat transfer and the usual variations in  glass thickness may be ig- 
nored. 


Heat transfer coefficients for the tray, K.rR. and the shelf itself, Ks.  may 
be defined by equations analogous to the defining equation for vial heat 
transfer coefficients (Eq. 8). Theoretically, the tray heat transfer coefficient 
may be described as a sum of contact. radiation, and gas conduction terms 
(Eq. 9). where the gas conduction term depends on pressure in the same 
manner as the corresponding term i n  the vial heat transfer coefficient (Eq. 
10). For the aluminum tray studied, the tray temperature is uniform 
throughout the tray bottom, and the calculated value of KTR = 5.8 X 
cal/s2cm2."C at 0.1 mm Hg. Similar measuremcnts with a stainless steel tray 
of the same geometry, but with a warped bottom (with -4 mm maximum 
distance betwcen the shelf and the tray bottom) showed significant tray 
temperature differences (z5OC) betwecn zones over a maximum warp and 
zones near a shelf-tray contact point. The mean tray heat transfer coefficient 
at 0.1 mm Hg is 3.3 X cal/san2.0C, but in a zone of maximum warp, 
the coefficient decreased lo  2.4 X 


The shelf heat transfer coefficient. K s ,  calculated from the temperature 
difference between shelf interior and shelf surface (Fig. 4)  is 1.5 X 
cal/s.cm2.T The reciprocal of K s  is the thermal resistance for flow of heat 
from the shelf interior to the surface and probably represents a combination 
of limited fluid flow through the shelf interior and a finite thermal conductivity 
of the shelf material itself. Thus, the shelf heat transfer coefficient is expected 
to be indepcndent of chamber pressure and is probably quite sensitive to dryer 
design. 


Vial Heat Transfer: Radiation Effects/Driving Force for Ileat Flow-- 
Cbnrribu~ion of Radiation- The parameter. ev, represents the cffect of ra- 
diation heat transfer from the surface above the vials. The e ,  data obtained 
(Table IV) show no systematic trend as the vial size (value of A,) increasedtK. 
The experiments with potassium chloride were carried out to determine 
whether the development of a dricd-product layer above the sublimation in- 
terface would act as a thermal barrier and reduce the hcat transfer oia top 
radiation. Thus, measurements of e, were made at  the beginning of sub- 
limation where the dried-product thickness, /, is essentially zcro, and later 
in the same experiment after a dried product layer developed ( I  > 0). The dam 
clearly do not show a decrease in e, as / increases; indeed. there appears to be 


cal/s-cm2."C. 


a small increase in e, as I increases, a result for which wc cannot offer a rea- 
sonable interpretation. I n  summary, the data appear to be adequately inter- 
preted in  terms of a value of e, equal to 0.84, independent of vial sizc and 
thickness of the dried-product layer. 


The definition of the vial heat transfer coefficient assumes the vial is com- 
pletely surrounded by other vials. Clearly. this assumption is not valid for those 
vials forming the perimeter of a group of vials. Such "edge" vials may show 
a significantly higher sublimation rate than "interior" vials due to radiative 
heat transfcr from the surface facing the vial perimcter. The additional heat 
transfer rate for edge vials, AQ,:, may be written: 


(Eq.  22) 


where A, is the vial area exposed to the extra radiation effects, taken as one- 
half thecylindrical area of thevial, 7', is the absolute temperature of the heat 
source ( i . e . ,  the chamber wall), and 7'5 is thc absolute temperature of the 
product. The parameter, PE. denotes the effcctive emissivity for radiative heat 
transfer between the edge vial and the heat source. Numerical analysisIg of 
the experimental data (Appendix I; f ig ,  5 )  yields, eb = 0.21. Since edge vials 
are atypical. edge vial data are excluded from heat transfer data analysis. 


Proportionaliry Berweun Heat 7iansfer Hare and Temperature DiJfer- 
enre-The definition of the vial heat transfer coefficient assumes that the heat 
transfer rate is proportional to thc temperature difference bctwecn the shelf 
surface and the temperature in  the product a t  the bottom of thevial (Eq. 8) .  
Thus, the driving force for heat flow is taken as the tcmpcrature difference, 
T,  - 7 b .  The corrcsponding assumption for heat transfcr in  the laboratory 
dryer is a direct proportion between heal transfcr rate from the shelf. denoted 
QB, and the same temperature diffcrencc. The value of QB is obtained from 
the total heat transfer rate by subtraction of the top radiation contribution. 
The top radiation contribution is calculated using the tcrni in Eq. 19 involving 
e, with cy  = 0.84. Data are obtained at constant pressure as a function of 7, 
- 7'b by varying the shelf tcmpcraturc i n  single vial studies. Rcprescntative 
results for two !qpes of vials arc shown in Fig. 6 at selected chamber pressures. 
As expected, QB is directly proportional to T ,  - 7'b within the uncertainty 
in  the data. Further, thc slopes of thc plots were observed to increase as  the 
chamber pressure increased, which  is consistent with the expected increase 
in conduction through the vapor phahe as pressure increases. 


PItenomeno/ogird Hesulrs-The results. 
of the multivial studies (Tables V - V I I )  arc identified by experiment number 
(first column), vial type (second column). and chamber pressure (third col- 
umn). In general, two vial type5 wcrc studied in  the Same experiment, thereby 
providing greater accuracy for the comparison of K ,  between the two vial 
samples under identical conditions. Thus. while the precision in K ,  for a given 
set of vials is f -290. as measured by thc standard dcviation in a series of 
replicate experiments (laboratory dryer), the ratio of K ,  data for the two sets 
of vials is precisc within f -0.S70. 


The vial number (e.g.. 5800) defines the vial specifications while the letter 
( i . e , ,  W or K )  dcfincs the supplicr. Thus. although WS800 and KS800 vials 
are  nominally identical. vial heat transfer coefficients for K5800 vials are 
significantly higher than K ,  for W5800 vials at corresponding pressures (Table 
V ) .  For thc 5800vials studied, the K ,  ratio is 1 . I  IS ,  independent of pressure 
within fO .S%.  The analogous K ,  ratios for 5816 vials (Table V I )  increases 
smoothly from 1.092 at 0.068 mm I Ig to I. I X7 at 0.4 mm Hg. Again. although 
both WS816 and KS816 vials are nominally identical, the K vials have sig- 
nificantly higher vial hcat transfer coefficients than the W vials. Contrary 
to the K i;ersuz W bias found for tubing vials (S800 and 5816). the largc 
molded 5303 vials studicd show n o  supplicr bias i n  K ,  (footnote a i n  Table 
V I I ) .  The mcan A', valucs are identical. within fO.27~.  for K5303 and W5303 
vials a t  corresponding pressurcs. 


The mean K ,  data reported arc  evaluated using a finite number of vials 


Vial Heat Transfer Coefficients 


~ ~~ 


i f  a significant amount of heal were conducted down the thermocouple wires or 
through the pressure measurement tube. a term in Eq. 19, independent of vial area. would 
be needed. The ex rimental value of ev would include a term inversely proportioned 
to A,. which woulghen result in the measured e, data decreasing as A,  increases. Ke- 
gression analysis of all the pure water data ( I  3 experiments) gives: ev = 0.82 + 0. I4/A,. 
with a correlation coefficient of 0.10. Thus, heat conduction through the thermocouple 
wires (30-gauge) and/or the pressure measurement tube  is small and may be ignored. 


l 9  Under the conditions of t h c  experiment ( A p  m d i x  I ) ,  the 15.0% sublimation rate 
bias between edge vials and interior vials yields ~ Q F  = 0.0106 cal/s. The W58OO vial 
is a cylinder of height -4 cni and radius I .22 cin. The observed value of Tb is 254.7 K .  
Since the shelf is actually a shiillow box  with  il height of I cm. the heat source is the shelf. 
275.5 K, for the first I cm of vial height and is the chamber wall 288 K, for the remaining 
3cmofvial height.Thus,AQF- = a(l.2?)rr..n[l.(275.S4- / f )+  3 . ( 2 8 g 4 -  c)] .and 
the calculated value  ofe t .  is 0.21 
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Table VIII-Vial Heat Transfer Parameters ' with Accommodation 
Coefficient, an of 0.67 and Effective Top Emissivity, e, of 0.84 


Table IX-Vial Heat Transfer: Comparison of Heat Transfer Mechanisms 
for Vials on a Polished Stainless Steel Shelf 


Contact Parameter Separation Distance 
Vial 1 0 4 ~ ~  ( I ) ,  cm 


W5800b 1.24 f .OXc 
K580Ob 1.70 f 0.1 I 
W5811 1 .S8 f 0.1 1 
WS8l6; 0.63 f 0.08 
K5816 0.87 f 0.08 
5303c 0.4 f 0.4 
5304d 0.1 f 0.2 


0.0471 f 0.0018' 
0.0396 f 0.0021 
0.0395 f 0.0021 
0.05 13 f 0.0024 
0.0372 f 0.0013 
0.090 f 0.028 
0.067 f 0.008 


Parameters evaluated using heat conductivity values for pure water taken from the 
literature ( 5 .  I I ) :  A0 = 6.34-10-' cal/scm2.0Cmm Hg; X, = 4.29 X cal/y°Ccm. 


Datum is mean of the multivial study 
( IWK,  = 0 f 0.6, I = 0.103 f 0.040) and the single vial study ( I W K ,  = 0.8 f 0.1. I = 
0.078 f 0.009). Datum from the single vial studies with twovials. Uncertainty given 
is the standard error of the parameter as given by the MLAB program output and docs 
not reflect absolute error. The value of K,  is sensitive to the choice of a, and also depends 
on the mathematical form chosen for K,. 


(normally -1 5 )  randomly selected from one lot of vials. Thus, the reported 
K ,  value is an accurate representation of the mean of the lot within a standard 
error, u ( K y ) / f i .  where N is the number of vials studied. Using the u(K,)  
data reported, the corresponding standard error in the K, ratio between K vials 
and W vials averages -1.5%. Therefore, the K, ratios calculated from the 
reported data are an accurate representation of the lots studied, within -I .5%, 
and probably reflect differences in  geometry of the vial bottoms (Table I) .  
Vial heat transfer data for different lots from the same supplier are needed 
to verify that the lots investigated in  this study are typical of the total output 
from a given supplier. At present. such data are not available, but the differ- 
ences in vial bottoms noted in Table I appear to be consistent, suggesting that 
the K, ratios determined in this study do indeed indicate a supplier difference 
rather than a lot-to-lot variation within a given product. 


The differences in K, between K and W vials are of no practical significance 
in freeze-drying, as long as vials from only one supplier are used for a given 
product. A slightly lower K ,  simply requires a slightly higher shelf temperature 
in the freeze-drying process. The supplier bias is particularly important if  
circumstances can arise where both K and W vials are used for the same 
pharmaceutical product lot. Since the Kuersus W bias in K ,  is significantly 
greater than nonuniformity in K ,  for a given vial type, measured by o(K,), 
a significant increase in nonuniformity of heat input would result whenever 
both K and W vials are used in the same freeze-drying run. The consequence 
could well be a large product loss arising from collapse or eurectic melt, al- 
thiugh the severity of the problem encountered would depend on both the 
natire of the product and the process design. 


The relative standard deviation in K,, o(K,), is a measure of the uniformity 
of heat transfer coefficients within a given lot of vials. Since the u(K, )  data 
are bascd on data from a relatively small number of vials (-I 5 ) .  one expects 
a si7able uncertainty in  a given value of u(K,)20. Based on thedifferences in 
u(K,) between replicate experiments (Tables V-VII). the uncertainty (SD) 
in a reported value of o(K,) is - I  .2%. 


While the o(K,)  data are only semiquantitative. several generalizations 
appear valid. First, all vial types have a surprisingly uniform heat transfer 
coefficient; the average value of u(K,)  is only 4%. Second, the uniformity in 
K, is systematically slightly better for W tubing vials than for the corre- 
sponding K vials (Tables V and VI). The data for 5800 and 58 16 vials show 
a mean o(K, )  of 3.4 f 0.3% for W vials, while thecorresponding value for K 
vials is 5.3 f 0.3%. The uncertainties given are standard deviations of the 
means. Third, while a small but significant pressuredcpendence in o(K,) could 
bc obscured by the scatter of the data, thc data are not consistent with a 
pressure dependence of more than a factor of -2 over the pressure range 
studied. The pressure dcpendcnce in  o(K,)  will be addressed later from a 
theorctjcal point of view. 


While histograms constructed from thc sublimation rate data do appear 
consistent with a normal distribution of K ,  data in a set of vials, the data 
available are not sufficicnt for a critical test. Experiments involving a very 
large number of vials in a freeze-dryer with no significant position effects 
would be needed for a definitive study of the distribution function. Thus, one 
should exercise caution in  assuming a normal distribution for the vial heat 
transfer coefficients. 


Mechanisms of Meat Transfer-In principle, the contribution of each of 
the parallel mechanisms of heat transfer from shelf to vial may be evaluated 


*O The variance in a standard deviation estimate based on N measurements is ap- 
proximately 02/tN (14) where o2 is the variance in  the measured quantity. Thus, the 
SD in b(m)  is = u(m)/&. Assuming that in the evaluation of o(K,)  from i r ( r i t ) .  the 
only uncertainty of consequence originates in the uncertainty in 6(ti1); numerical cal- 
culations give 1.6% for the average uncertainty (SD) in o(K, ) .  


Data from multivial studies (Tables V and VI) .  


Contribution to Hcat Flow,% of Total 
P = 0.1 mm Hg P = 0.4 mm Hg 


Vial Radiation Contact Gas Radiation Contact Gas 
~ 


K5800 2 1  32 47 13  19 68 
W5816 27 16 57 16 9 75 
5303 32 I I  57 22 8 70 


by regression analysis of K, data as a function of pressure using the mathe- 
matical model defined by Eqs. 9-1 I and 14. The zero pressure intercept of 
K, "ersus pressure defines the sum of the radiative and the contact conduction 
contributions. The radiative contribution (Eq. 14) is evaluated independently 
by evaluation of the cffective emissivity for top radiation, e ,  = 0.84 (Table 
IV), and by measurement of the emissirity of the shelf surface (0.28 for pol- 
ished stainless steel. 0.95 for painted black shelf). The contact contribution, 
K,, is calculated from the zero pressure intercept of K,, and the calculated value 
of the radiative contribution, K,. Both heat conductivity parameters, A0 and 
&,areavailablefrom theliterature(5, ll).Thegasconduction term, K,(F.q. 
lo), is therefore determined by the accommodation coefficient, a, (Eq. I I )  
and the effective mean separation distance between the bottom of the vial and 
the shelf, 1. Thus, three parameters, K,, a,, and I, are determined by regression 
analysis of the data. However, the multivial K ,  data set for any type of vial 
consists of K, values a t  only three or four different pressures. which is insuf- 
ficicnt data to evaluate the three parameters with acceptable accuracy. I n  
theory ( I  2), the accommodation coefficient is a function of the natures of the 
gas, the shelf surface, and the vial surface. The gas is independent of the vial 
studied, the vial surface is always glass, and. with the exception of one study 
with the pilot dryer, the shelf surface is polishcd stainless steel. Therefore, the 
accommodation coefficient is assumed to be a constant and is evaluated by 
simultaneous regression analysis of all data sets, where K, and l are vial spe- 
cific, but the accommodation coefficient is independent of the type of vial. 
Both single vial-generated data, fit to Eq. 19, and multivial data, fit to Eqs. 
9- I 1  and 14, were used to determine the accommodation coefficient. Although 
singlc vial data may yield inaccurate values of K ,  and I (see Experimental 
Secrion), these data are suitable for evaluation of the accommodation coef- 
ficient. 


Single vial heat transfer data for the 5303. W5816. W5800, K5800. and 
W581 I vials are well represented by the theoretical model (Eq. 19) with a 
single accommodation coefficient of 0.72 f 0.07. The uncertainty given is the 
standard error providcd by the MLABZi fit program. The data are the result 
of replicated experiments consisting of 132 data points at chamber pressures 
from 0.06 mm Hg to 0.6 mm Hg and at shelf temperatures from - 15°C to 
25OC. The computer fit provided 1 I, parameters, including the accommodation 
coefficient. with a relative S D  in Q of 7.7%. which is within the anticipated 


'1 


1------1 2 - - ,  
0 . s  010 0.U 0.20 0.23 0.30 


PRESSURE, rnrn Hg 


c 
0.w 0.M 


Figure 7 -Pressure dependiwre of uial hear transfer coefficienls for  selected 
uials. Key: (0) W5816. (0) K5816, and (A/ 5303. 


21 M L A B  is a general purpose model fitting a computer program package available 
from the Division of Computer Research and Technology. National Institutes of Health, 
Bethesda, Md. 
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F i p e  8-Calculated pressure dependence of the relative standard deviation 
in vial heat transfer coefjicients. Key: (-) mean of W tubing vials, and (- - -) 
mean of K tubing vials. 
experimental error. The multivial data set, consisting of 22 (KY,  P) data pairs, 
is also well represented by the theoretical model. Eleven parameters, including 
a single accommodation coefficient, a, = 0.62 f 0.05, are obtained. T h e S D  
of the fit for lo4& is f O . l O ,  which is within the precision of the data. The 
agreement between the single vial results and the multivial results for a, is 
satisfactory, and the mean value, 0.67, is taken as the effective accommodation 
coefficient for vial heat transfer. When a, is fixed at  0.67, and the regression 
analysis of single vial and multivial data are repeated, the quality of the fit 
obtained is essentially identical to that found when a, is an adjustable pa- 
rameter. The resulting K, and l parameters are listed in Table VIII. 


Since multivial data are generally a more accurate representation of the 
heat transfer characteristics of the mean of a set of vials, only multivial-derived 
parameters are listed for the tubing vials (5800,5816,581 I) .  The parameters 
for the 5304 vials are derived from single vial studies with two “typical” vials 
since multivial results are not available. In general, K,  data from single vial 
studies are in satisfactory agreement with the correspondingly more accurate 
multivial data; the mean relative deviation in K ,  is <6%. For the 5303 vials, 
the agreement between multivial and single vial data is less satisfactory, and 
this lack of agreement in K ,  data is reflected in  a comparison of the heat 
transfer parameters (K, and I )  obtained from the twodata sets (Table VIII, 
footnote c ) .  Moreover, the standard error in I derived from the multivial data 
is unusually large. Lacking a satisfactory explanation for these observations, 
the K, and I parameters reported (Table VIII) for the 5303 vials represent 
means of the results of single vial- and multivial-derived parameters. 


The values of I (Table V111) correlate reasonably well with the I, , ,  data 
from Table I, where I,,, is the approximate maximum separation distance 
between the vial surface and a flat surface. Linear regression gives: 


I = 0.023 + 0.273 I, , ,  0 3 . 2 3 )  


with a correlation coefficient of 0.958. The values of K, might be expected 
to correlate with the ratio of the contact area to the total vial area, denoted 
f,, where the contact area is calculated from the diameter and thickness of 
the mntacl print. As a rough approximation, 104K, = 12f,, but thecorrelation 
coefficient is only 0.76. 


The uncertainties given (Table V I I I )  are standard errors provided by the 
computer output and are a useful indication of uncertainty only when data 
in Table Vlll are compared. The value of K ,  is particularly sensitive to changes 
in a, and may also depend on the mathematical form chosen for K,. An in- 
crease of 0.05 in a, results in  a decrease in lo4& of 0.20. With the mathe- 
matical form of K, fixed by Eq. 10. the standard error in a,  is f 4 . 0 5 ,  cor- 
responding to an absolute uncertainty in 104K,of f0 .2 .  Note, however, that 
if the value of (I, is really 0.72 instead of 0.67, all values of I@K, in Table Vll l  
decrease by 0.2. The mathematical form of K, (Eq. 10) is derived for two 
surfaces separated by a constant distance, 1. The separation distance between 
the vial and the shelf is not a constant, but generally decreases as  the radial 
distance from the center of the vial increases, until the contact print region 
is reached. As the radial distance increases further, the separation distance 


Table X-Variation in Vial Heat Transfer Coefficients: Components of 
u( K,)  Defined by Q. 25 


RSD 
Vial Constant Term, u ( K K )  Separation Distance, o(1) 


“5800 5.0 8.9 
K5800 8.8 14.4 
W581 I 6.7 5.5 
W5816 7.9 3.6 
K5816 8.9 13.8 
5303 4.6 7.0 


increases sharply up to a maximum value characteristic of the vial. An al- 
ternate mathematical model for K ,  (denoted model I I ) ,  based on the vial 
bottom geometry discussed above, produces an extremely complex mathe- 
matical form for K,22. Regression analysis of single vial and multivial data 
using K ,  from model 11 yields an accommodation coefficient of 0.84 f 0.04 
and gives contact parameters, lo4&, which are  in good agreement with the 
corresponding parameters given in Table VIII. The quality of the fit is the 
same as that found using Eq. 10 for K,. The absolute value of the difference 
between the corresponding values of 104K, averages0.14, as the parameters 
from model I 1  are systematically lower. Thus, it appears that as long as the 
form of K ,  provides a good fit to the data, the values of the contact parameter 
obtained are  not extremely sensitive to the precise form of K, used. We con- 
clude that the systematic error in lo4& introduced by the combination of 
uncertainty in a, and uncertainty in  the form of K ,  is > f -0 .3.  


The energy accommodation coefficient, a,, measures the efficiency of en- 
ergy transfer in a collision between a gas molecule and a surface. For an elastic 
collision no energy is transferred and a, = 0, while for a perfect inelastic col- 
lision, the gas molecule “equilibrates” with the temperature of the surface 
and a ,  = 1. Since both the vial and shelf surfaces are involved in energy 
transfer, the accommodation coefficient for vial heat transfer reflects an av- 
erage accommodation coefficient for gas molecule collisions with the two 
surfaces. For freeze-drying, the gas is nearly pure water vapor (Table I l l ) ,  
and the error in a, introduced by assuming the vapor is 100% H2O is negli- 
gible*). Thus, although the value of a,  determined from the data may depend 
slightly on the model chosen for K,, 0.67 f 0.05 for Eq. 10 versus 0.84 f 0.04 
for Model 11, both models suggest incomplete energy transfer (a, < 1) for the 
collision of a water molecule with one (or both) of the surfaces involved. Due 
to the difficulties in evaluating an accommodation coefficient from vial heat 
transfer data, the conclusion, a, < I ,  must be regarded as tentative. Unfor- 
tunately, the accommodation coefficient data in  the literature (12), do not 
include data for water vapor or glass surfaces. 


Theoretically, the accommodation coefficient could depend on the nature 
of the shelf surface; however, at least for the two surfaces investigated, polished 
stainless steel and black paint, the K, data (Table V) suggest such a depen- 
dence is minimal. The increase in  K, obtained with a black painted shelf 
(experiment 7 versus experiment 5 ,  Table V), A104K, = 0.57 f 0.14, is fully 
consistent with the observed increase in shelf emissivity, Aes = 0.67 f 
0.10. 


The relative importance of the three heat transfer mechanisms (radiation, 
contact conduction, and gas conduction) are compared in Table 1X. Although 
the contact contributions are somewhat uncertain due to the possible sys- 
tematic errors in K ,  discussed earlier, it does appear that all three heat transfer 
mechanisms can make significant contributions to the total heat flow in 
freeze-drying. The dominant mechanism depends on both the chamber 
pressure and the type of vial considered. At chamber pressures >O. I mm Hg, 
the dominant mechanism is gas conduction, but even at  0.4 mm Hg. both ra- 
diation and contact conduction can be important for some vials. 


22 Model I 1  assumes that the vial bottom curvature near the shoulder is described by 
a semicircle of radius k ,  while the curvature in the middle of the vial may be approximated 
by the arc of a circle. The arc and semicircle meet at r = u (near the contact print region). 
Thus, K is obtained b integration of Eq. 10 over the radial distance 0 5 r 5 rv,  where 
I ,  is theevial radius, v‘%,/7rs and the separation distance, 1. is a function of r .  For 0 5 
r 5 a, the equation for an arc is used to obtain / ( r ) .  while for u 5 r 5 rv,  the equation 
of a semicircle is used to evaluate / ( r ) .  The value of (I is calculated from r. = u + k,. where 
k ,  i s  measured from the vial geometry and found to be 0.25 cm ( 10-mL vials), 0.32 cm 
(20-mL vials), and 0.44 cm (5303 vials). The resulting ex ression for K, may be written 
in the form: K = [ ( X o / h )  ( 1  + ~ J o ) ~ ]  -In [ I  + (Ao/!o)&P] + [Z(ks/o)A,,aP/(I + k ~ / a ) ~ ]  Jb  [I + (k.v/u)x{dx/[ I + (ksAoaP/X0)( I - fl- xz)] 
where h is the distance between the shelf and the vial bottom at the vial center (r = O), 
and x is a dummy variable. The remaining symbols are as previously defined. The definite 
integral is a function of pressure, P .  which must beevaluated by numerical procedures. 
Regression analysis of the data using the model I1 function for K ,  giv,es an excellent fit 
to the data. but the values of h determined from the regression analysis areconsistently 
a factor of -2 larger than the measured separation distances (Table I ) .  


2)  The average mole fraction of air (Table Ill) is 4 . 1 5 .  Assuming that the value of 
A0 is a weighted averagc of the A0 data for water vapor and air, with the mole fraction 
of each component as the corresponding weight, the value of A0 is calculated as 5.98 X 
lo-) ( P  in mm Hg). compared with 6.34 X lo-) for pure HzO. Using 5.98 X 10-3for 
A0 increases the value of uc determined from the data by only 0.03. 
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Table XI-Variation in Sublimation Rate Attributable to Tube Variation 18 1 


Percent Deviation from Run Mean Row 
Tube/Vial M 46 60 47 41 Mean 


I -0.17 -3.40 -5.42 -4.26 -5.06 -3.66 
2 2.66 -4.97 -5 "3  -4.63 -4.42 -3.44 
3 2.14 -3.94 -5 t0 -5.11 -3.92 -3.35 
4 0.79 -3.93 -6.40 -5.64 -4.88 -4.01 
5 -2.60 -3.42 -5.98 -4.84 -6.38 -4.64 


Column Mean 0.56 -3.93 -5.91 -4.90 -4.93 -3.82 


Analysis of Variance 
Component Variance, %2 


Total, a2(f i )  6.42 
Column Average (vial), 6~~ 6.49 
Row Average (tube).  ir?i2 0.27 
Measurement Error. a2 1.18" 
Column Effect (at), af 6.25 
Row effect (tube). a: 0.03" 


a Excluding M vial: u2 = 0.44, u i  = 0.05. 


The pressure dependence of K, is illustrated in Fig. 7 for several vials. The 
data shown arc evaluated from the parameters in Table VIII. The curvature 
is a reflection of the importance of the separation distance, I ,  which is highly 
vial specific. Thus, particularly at high pressure, the vial heat transfer coef- 
ficient is quite sensitive to the geometry of the vial bottom. 


Intercia1 Variability in K,.: Pressure Dependence- While there is no ob- 
vious pressure dependence in the a( K , )  data, theoretical considerations suggest 
a small but significant pressure dependence may be obscured by the lack of 
precision in the data. Assuming the variation in K, arises from both variation 
in the pressure-independent term, K ,  + K,, and from variation in the sepa- 
ration distance, 1, the variance in K ,  is written: 


dln K ,  2 


dln K K  
dln K ,  2 


0 2 ( K , )  = I-) . u 2 ( K ~ )  + (-1 dln 1 . a2(1) (Eq. 24) 


where K K  denotes the pressure independent part of K,, K K  = K ,  + K,, and 
the sigmas represent RSD values. Equation 24 also assumes that the deviations 
in K K  and 1 are not correlated. Evaluation of the derivatives in Eq. 24 then 
gives: 


fJ2(Kv) = ( r 2 ( K K ) G I ( f )  + U2(/ )G2( f )  (Eq. 25) 


where GI and G 2  are functions of pressure: 


c l ( f )= ( \  + k ~ - f ) ~ / [ I  + ( k ~ + k , / k ~ ) P ] ~  (Eq.26)  


where k~ = (Ao/Xo)tu.  1, k ,  = Aotu, and theother symbols have their usual 
meanings. The functions, GI and 6'2, depend on vial type as well as pressure, 
but at low pressure GI >> G2. and at 0.4 mm Hg, G 2  is slightly larger than 
G I .  


-21 h 


0 0.2 0 4 0.6 0.8 1.2 1 4  1.6 
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Figure 9 - Producr temperarure as a functiori of di.~/ance from the i ia/  bottom. 
Key: (@) heatjlirx = 5.4 tncal /cm2~.~.  (H) hearjluw = 10.6 mcal/cnr2.s. 


16- 


14- 
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Figure IOrHeatf7ux as a function of temperarure gradieni in the frozen 
product; Qe = ArKI /-dT/dx/; 1O3Kl = 5.9 f 0.4.  Kqv: (0) W5800, (@) 
W5800 (5% KC/). (0) K5800, (A) W5811. ( 0 )  W5816. 


Formally, Eq. 25 gives a2(K,)  as  a function of two variables, GI  and G2, 
with u ( K K )  and 4 1 )  as  parameters. Regression analysis of the o ( K , )  data, 
according to Eq. 25, produces "experimental" values for ~ ( K K )  and a ( / )  
(Table X) .  Presumably, variation in the contact term is the major contributor 
to ~ ( K K ) .  The data are well represented by Eq. 25, but neither the precision 
nor the extent of the data is sufficient to establish the validity of Eqs. 25-27. 
Rather, provided one assumes the theoretical analysis in  Eqs. 25-27 is valid, 
the data are sufficient to establish both u(KK)  and a(/) for each vial type with 
slightly better accuracy than the accuracy in the input a(K, )  data. The means 
of u ( K K )  and a(/) for all W tubing vials are 6.5 and 6.0, respectively; the 
corresponding means for K tubing vials are 8.8 and 14. I ,  respectively. Thus, 
the K vials display somewhat greater relative variability, particularly in the 
separation distance. Calculated values of o ( K , ) ,  Eq. 25, for the average W 
and average K vials do show a pressure dependence (Fig. 8), the variability 
in K, passing through a minimum at 4 . 1  5 mm Hg. Particularly with K tubing 
vials where the minimum is relatively pronounced, primary drying will be more 
uniform if the chamber pressure is maintained between 0.1 and 0.2 mm 
Hg. 


lntravial Temperature Distribution-The temperature of the frozen mass 
in  the vial is routinely measured at four locations (Fig. 1) during all single vial 
experiments. No significant temperature difference is observed between the 
bottom center and bottom edge of the vial, suggesting that radial heat flow 
is minimal. As expected, however, the temperature decreases linearity with 
distance, X, from the vial bottom (Fig. 9). the slope increasing in magnitude 
as the heat flow through the bottom of the via! increases. Theoretically, the 
heat flow rate through the bottom of the vial, QB, should be direct1.y propor- 
tional to the temperature gradient, dT/dX (Eq. 15). Evaluating QB as  pre- 
viously described yie!ds the data shown in Fig. 10. Within the precision in the 
data, the heat flux, Q B / A " ,  is directly proportional to the measured temper- 
ature gradient. The scatter in the data is largely a consequence of the uncer- 
tainty in  temperature measurement. The slope appears to be independent of 
vial type; moreover, the data for KCI solutions do not deviate significantly from 
the data obtained using pure water. It appears that, independent of the vial 
type or product, the temperature distribution in  a vial may becharacterized 
by Eq. I 5  with a constant value for the effective product thermal conductivity, 
K I .  Regression analysis yields I03K1 = 5.9 f 0.4. Theoretically, K I  contains 
contributions from both the frozen mass and the glass, Eq. 16. From the vial 
dimensions (Table I )  and the thermal conductivity of glass ( I  3) ,  the thermal 
conductivity of the frozen product, K ~ ,  is calculated: 1 0 3 ~ ,  = 6.6 f 0.5 cal/ 
s.cm."C, in  excellent agreement with literature data for ice (6, 7) at  corre- 
sponding temperatures (-25'C). 


CONCLUSIONS 


The vial is an extremely important variable in the primary-drying stage of 
the freeze-drying process. Although the direct effect of the vial on mass 
transfer (cia closure resistance) is slight. the nature of the vial does signifi- 
cantly affect the rate of heat transfer to the product and is a major factor in  
determining the product temperature and drying time for a given set of 
chamber pressure-shelf temperature settings. Vial heat transfer coefficients 
increase with increasing chamber pressure, but the pressure dependence is 
nonlinear. At high pressures, the coefficients are less sensitive to changes in 
pressure. The magnitude of the vial heat transfer coefficient is sensitive to the 
geometry of the vial bottom. While the thickness of the glass in the vial bottom 
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Table XII-Variation in Sublimation Rate Attributable to Vial Position 


Position/ Percent Deviation from Run Mean Row 
Vialo 24 16 48 59 7 Mean 


I -4.12 -5.87 -2.41 -3.13 -2.74 -3.65 
2 -5.64 -5.46 -0.56 -4.86 -4.69 -4.24 
3 -2.22 -4.49 3.77 -4.58 -3.73 -2.25 
4 4.56 -1.48 3.30 -0.72 2.25 1.58 
5 -3.18 -3.66 -1.62 -6.08 -5.06 -3.92 


Column Mean -2.12 -4.19 0.50 -3.87 -2.79 -2.50 
Analysis of Variance 


Variance 
Including Excluding 


Component Position 4 Position 4 
Total, e2(m) 9.52 5.14 
Column Mean, 2~~ 3.49 3.62 
Row Mean, k2 5.17 0.77 
Measurement Error. u2 2.70 1.48 
Column Effect (ut) ,  u: 2.95 3.25 
Row Effect (Position). uk 5.23 0.47 


0 Position 4 is class A (adjacent to shelf temperature sensor); all others are class t i .  


is not important, both the average separation distance between the vial bottom 
and the shelf and the degree of physical contact bctwcen the vial and thc shelf 
are critical factors. The RSD in vial heat transfer coefficients, reflecting 
variability within a given lot of vials, is rather small (24%). However. large 
differences in vial heat-transfer coefficients exists between different types of 
vials. Even vials of nominally the same specifications. manufactured by dif- 
ferent suppliers, differ significantly in  their heat transfer characteristics. A 
freeze-drying cycle, optimized using one type of vial, cannot be expected to 
perform satisfactorily with a different vial. Indeed, circumstances may arise 
where a product is routinely freeze-dried with excellent yield, but a change 
of supplier for vial stock results in significant product loss arising from eutectic 
melt. Clearly, heat transfer characteristics must be given serious consideration 
when vial specifications are determined. 


APPENDIX I: Data Analysis for K ,  and a ( K , )  Evaluation 


Evaluation of Intervial Variability o(K,)--The multivial experiment directly 
yields the estimated variance in the sublimation rate for a given set of vials, 
&*(m). The desired parameter is the RSD in the vial heat transfer coefficients, 
o(K,), and considerable data reduction is needed to extract u(K,) from the 
raw data. First, components of variance in  m ,  due to causes unrelated to the 
vial heat transfer coefficient, must be subtracted from the estimated variance 
in rit,  C 2 ( m ) .  to obtain the variance in m due to variation in the vials, 0;. 
Second, the calculated value of uv must be converted into the corresponding 
value of o(K,). 


I n  addition to variation in  vial heat transfer coefficients, three sources of 
variation in sublimation rate are possible: ( a )  variation in the mass transfer 
coefficients of the metal tubes, ( h )  variations due to location of the vial on the 
shelf originating from variations in  shelf surface temperature and variations 
in radiation effects, and (c), measurement error or intrinsic variation in  the 
procedure itself, probably resulting mostly from variability in the surface area 
and contour of the ice- vapor interface24. 


A series of six multivial experiments a t  a chamber pressure of 0.2 mm Hg 
were designed to evaluate the various components of variance in sublimation 
rate. The entire series of experiments were carried out with the same set of 
W5800 vials in the laboratory dryer. For most of the vials, the vial number, 
the metal tube used, and the shelf position were held constant throughout the 
series to allow evaluation of the intrinsic variation or “error” component of 
the variance, u2. For the first five experiments, a subgroup of five vials and 
corresponding positions were fixed. and the five metal tubes were rotated 
among the subgroup to determine the effect of variation in metal tube on the 
sublimation rate. A second subgroup of five vials, with corresponding metal 
tubes. were rotated among five selected shelf positions to determine the effect 
of shelf positions on the sublimation rate. The vial placement used in  these 
studies is shown in  Fig. 5 ,  where each vial is shown as  a circle. The term 
“pressure tube channel” denotes the space occupied by the tube connecting 


24 Particularly with pure ice, the ice-vapor interface does not remain perfectly planar 
during the entire experiment. While the mass transfer resistance of the solid to vapor 


hasc transition is small, i t  is not zero ( 3 ) ,  and variation i n  surface area will therefore l ave a small effect on the overall mass transfer resistance. Moreover, the effective 
thickness of the ice plug for heat transmission from the vial bottom may vary sli htly 
betwen vials or between replicate experiments with the same vial. Thus. even for fixed 
K ,  and fixcd 7.,. the sublimation rate will vary slightly within a given set of vials. 


Table XIII-Sublimation Rate Variation in Pilot Dryer: Percent Deviation 
from Mean Sublimation Rate Related to Vial Position. 


Row 
Row/ 


Column 
Percent Deviation from Run Mean Mean, 


I 2 3 4 5 Ri 


1 -4.17 -4.64 -4.47 
-3.47 -7.14 -1.85 2 


3 -2.21 -3.52 -4.79 
4 -1.59 0.14 -7.20 
5 -6.61 1.85 1.26 
6 -0.28 3.48 5.48 
7 5.66 1.29 4.71 
8 -1.22 1.74 3.15 
9 1.16 1.31 2.55 


10 -4.28 -3.91 0.00 
I I  -0.14 -5.12 -2.26 


Analysis of Variance 
Column Average, cj - I  .56 - I .32 -0.3 I 


Comwnent 


-3.60 1.79 -3.02 
-3.75 0.41 -3.16 
-4.78 0.15 -3.03 


1.08 1.20 -1.27 
-0.79 2.46 -0.37 


5.51 -1.74 2.49 
3.75 3.34 3.75 
5.22 13.58 4.49 
2.13 6.55 2.74 


-0.50 3.04 -0.93 
-3.96 3.23 -1.65 


0.03 3.18 0.00 


Variance 


Total, k 2 ( m )  16.28 
Column Average, 2z2 3.60 
Row Average, h2 x.16 
Measurement Error, u2 I .99 
Column Effects. ut 3.41 
Row Effects, at 1.76 
Vial, 0,‘ 5.83 


5303 vials. 0.2 mm lig. 


the interior of the modified vial to the pressure sensor. Vials on the edge of 
the shelf, which arc exposed to the chamber walls, are marked with an E. All 
other (interior) vials are divided into two classes: class A, which represents 
those vials adjacent to a shelf temperature sensor, and class H. where the vial 
is in a hexagonal close-packed configuration with other vials. as would be found 
in normal loading of a freeze-dryer. Vials adjacent to the pressure tube channel 
are not rigorously in  a hexagonal configuration, but the results of this series 
of experiments and subsequent multivial experiments indicate that vials ad- 
jacent to the pressure tube channel show no measureable position bias when 
compared with hexagonally packed vials. The vial idcntification number is 
given in the lower part of the circle, and the class A vials have a bar underlining 
the vial number. [The modified vial (Fig. I )  is denoted M.] The symbols PI ,  
P2, P3, Pq, and Ps, refer to the positions used in the position rotation study while 
the symbols T I ,  T2, . . . . refer to vials -positions used in the tube rotation study. 
Thermocouple-containing vials have the designation TC, followed by the 
thermocouple identification numbers, or numbers in the case of multiple- 
thermocouple vials. The number in the top part of the circle, containing a 
decimal point, is the percent deviation of the mean sublimation rate for that 
vial-position combination from the corresponding mean for the total interior 
set of vials. The deviations recorded for the P vials correspond to the mean 
deviation for that position as found in the position rotation study. 


The edge vial deviations represent the results of a single experiment but 
clearly show a higher sublimation rate than the interior vials. The mean de- 
viation in sublimation rate for the edge vials IS 15.0 f 1.5%. where the un- 
certainty is the SD of the mean. The higher sublimation rate for edge vials 
is undoubtedly due to radiation effects from the Luge of thc shelf and chamber 
wall. Since edge vials are atypical, edge vial data arc excluded from the data 
analysis. It should also be noted that vial 22 (Fig. 5, upper lcft corner) behaves 
anomalously. The edge vials surrounding vial 22 displayed a tendency to move 
away from it during the course of the experiment, presumably due to vibra- 
tions, giving vial 22 some characteristics of an edge vial. Thus, vial 22 is also 
excluded from data analysis. 


The raw data and corresponding analysis of variance for the metal tube 
rotation portion of the experiment (Table XI)  show essentially zero variance 
in sublimation rate caused by variation in the mass transfer coefficient of the 
metal tubes. All standard deviations (u) are relative standard deviations. The 
estimated or directly measured SD in the first three rows of the analysis of 
variance section are evaluated with N - 1 weighting from the raw data. The 
value of 4 is computed from the column means while the value of & is 
computed from the row means. The last three rows in the analysis of variance 
section are calculated variances for an infinite set of vials evaluated from the 
variances in the first three rows using the appropriate corrections for degrees 
of freedom (14). The measurement error component, u2, represents the in- 
trinsic variability in the experiment while the column effect, uz. gives the 
variance originating from vial -position variability. The variance component 
giving the row effect. uk. represents the contributions to the variance in sub- 
limation rate originating from variation in metal tubes. Clearly, variation in 
the mass-transfer coefficient of the metal tubes is negligible. 
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The results of the position rotation experiment (Table XII )  indicate a sig- 
nificant position effect, but nearly all of this effect is due to a difference be- 
tween class A and class H interior shelf positions. Indeed, when position 4 
(class A) is excluded from the analysis, the remaining four positions yield a 
position variance of only 0.47. Thus, the shelf temperature uniformity appears 
to be excellent. 


The mean bias between position 4 and the other positions is 5.1 f 1.090, 
where the uncertainty is the standard error in the bias estimate. Additional 
multivial experiments comparing class A positions with class H positions yield 
a bias of 3 .6  4~ I .O%, in reasonable agreement with the value obtained from 
the data in Table XII. The higher sublimation rate for vials adjacent to a shelf 
sensor is probably a result of radiative heat transfer from the shelf sensor, a t  
roughly the shelf temperature, to the vial. We write2? 


A& z AVS, X (Ts - Tb) (Eq. 28) 


where AQA is the extra heat flow coming from the shelf sensor. The parameter, 
S,, evaluated from the data is 0 .3  I .  


The measurement error variance, u2, is estimated from the replication data 
for those vials where the vial position is held fixed for the series of six cxperi- 
ments. Using N - 1 weighting, the estimated variance is calculated for each 
vial, and the mean variance of each vial class is taken as the measurement error 
variance for that class. For class A vials u2 = 4.3,  while for class H vials, D* 
= 2.6. 


For a set of N vials of which A vials are adjacent to a shelf temperature 
sensor, the total estimated variance in k,32(m). where 3(m) is the estimated 
RSD i n  k, with N - I weighting, may bc approximated by: 


b 2 ( k )  = u: t a&. t (A/N)utA + ( I  - A / N ) u & ,  + ( A / N ) ( I  - A / N ) r 2  


(Eq. 29) 


here, u: is the variance component from variation in the vial heat transfer 
coefficient, u& is the variance component from shelf position variation for 
class H vials [0.47 (Table XII)], and a& are the measurement error 
components for class A (4.3) and class H (2.6) vials, respectively. The term 
in r gives the variance component originating in the class bias between class 
A and class H vials where: 


The term, A m A ,  is the difference in sublimation rate (g/h) bctween a class 
A vial and the mean sublimation rate for the entire set, ( m ) .  From the vari- 
ance data obtained in the series of preliminary experiments described in Tables 
XI,  XI1 and Fig. 5 ,  and the experimental value of 3*(m) obtained for a given 
experiment, the corresponding variance due to variation in the vial transfer 
coefficient, a:, may be calculated. When A / N  is -0.5, the position bias term 
in Eq. 29 is large and may be the largest component of variance, thus limiting 
the accuracy with which ut may be determined. 


Equation 29 is an approximation where the most serious problcm arises from 
the assumption that the measurement error variances and class bias do not 
vary between experiments. Clearly, the accuracy in ut would be greatly im- 
proved with an experimental design where A / N  is zero without decreasing 
N significantly. Originally, we were concerned with potential shelf temper- 
ature variation with position and chose to employ two shelf sensors a t  central 
locations on the shelf ( A / N  is -0 .4) .  However, experience has shown that 
shelf temperature variation is not a problem with the laboratory dryer. and 
our current experiment design uses only one shelf sensor a t  an edge vial lo- 
cation and does not use the modified (M) vial. Thus, the pressure tube channel 
is filled with vials. The net result is that only one vial from a set of -1 5 is ad- 
jacent to the shelf sensor, and this vial is excluded from the data analysis. Only 
vials in a truly hexagonal packing arrangement are used in  the data anal- 
ysis. 


The RSD in  sublimation rate is slightly smaller than the corresponding RSD 
in the vial heat transfer coefficient. The sublimation rate is proportional to 
the product of K ,  and the temperature difference, T ,  - Tb.  A given positive 
deviation in K ,  produces a corresponding increase in T b .  thereby decreasing 
slightly the temperature difference, T,  - T b ,  resulting in a net relative increase 
in k smaller than the relative increase in K,. The RSD in K,, n(K,) ,  may be 
related to the RSD in h, uv by: 


d In K ,  
d In m 


u(K,) = U" *- 


where: 
d In K ,  
d In m 
- P  1 . 2 t 4 0 0 K V  


Since K, is of the magnitude 5 X the value of u(K,)  is -50% greater 
than uv. The derivation of Eq. 32 is given in  Appendix I/. 


Due to significant shelf position effects, evidently originating, a t  least in  
part, from nonuniformity of shelf temperature, the statistical analysis for data 
generated with the pilot dryer differs slightly from the analysis (Eq. 29) given 
data from the laboratory dryer. The procedure used with data from the pilot 
dryer is outlined in Table XIII. Here, the rows and columns represent vial 
locations on the dryer shelf. The numbcrs within the row -column matrix are 
percent deviations of the sublimation rate for a given vial-position from the 
mean sublimation rate of all interior vials. The KSD (b(m). &, and &) are 
evaluated directly from the raw data as described previously in the discussion 
of Table XI. The last four rows in the analysis of variance section of Table Xl l I  
are calculated data ( 14)26 using u2 = 1.99. This value of u2 is determind from 
a series of replication experiments with 5303 vials in the pilot dryer. Note that 
the column position effect, a:, and row position effect, uk, are major con- 
tributors to the total variance. The term of interest, the variance in m due to 
vial heat transfer variations, ut, is <SO% of the total variance. 


Evaluation of Vial Heat Transfer Coefficients From Multivial Data-The 
vial heat transfer coefficient is formally defined by Eq. 8 when the surface 
above. the vials is at the temperature of the shelf. For both the laboratory and 
pilot dryers, the temperature of the surface above the vials differs somewhat 
from the shelf temperature. Moreover, although the average sublimation rate 
is measured. from which the mean heat transfer rate may be calculated, the 
temperature difference Ts - Tb is measured for a limited number of vials, 
normally four. Therefore, the average temperature difference corresponding 
to the average heat-transfer rate is not directly measurable. and an indirect 
calculation procedure is used to evaluate the average heat transfer coeffi- 
cient. 


First, the mean heat transfer rate corresponding to heat flow through the 
vial bottom, (QB), is evaluated from the mean heat transfer rate, ( Q ) ,  by 
subtraction of the top radiation contribution: 


(QB) = (Q) - A,e,u (c. - T4) (Eq. 33) 


where u is the Stefan-Boltzmann constant, TI.  is the temperature of the 
surface above the vials, and e, is taken as 0.84 (Table IV). The value of ( Q )  
in cal/s is calculated from the mean sublimation rate in g/h by ( Q )  = 
O.I833(ril). The temperature, TL. is directly measured, and the temperature 
of subliming ice, T ,  is evaluated indirectly from the mean sublimation rate 
and the chamber pressure. Since the gas in the vial is essentially pure water 
vapor at the equilibrium vapor pressure of the subliming ice, the mean sub- 
limation rate, mean vapor pressure, and chamber pressure are related (Ap- 
pendix II, Eq. 41). Thus, the mean vapor pressure is determined from the mean 
sublimation rate, and the Corresponding mean ice temperature, ( T ) ,  is eval- 
uated from the mean vapor pressure". Equation 33 is used to evaluate the 
mean heat transfer ratcs for both the set of thermocouple-containing vials and 
the complete vial set. 


That portion of the vial heat transfer coefficient representing heat transfer 
from the shelf to the vial bottom, denoted K,B, is evaluated for the set of 
thermocouple-containing vials: 


(K,B)Tc = ( Q ) T C / A v ( T s  - Tb) (Eq. 34) 


where the subscript TC denotes the mean of the thermocouple vial set. The 
mean of K,B for all vials, denoted ( K V ~ ) ,  is obtained indirectly. In  general, 
the value of ( Q B ) T ~  is slightly different from the corresponding,mcan of all 
the vials, (QB). Treating this small difference as a differential, ~ ( Q B )  P (QB) 
- (QB)Tc, the corresponding differential in  ( K , B ) ,  ~ ( K , I I )  = ( K , B )  - 
( K"B)Tc. may be evaluated from the value of the derivative, d In K,B/d In QB 
(Appendix II .  Eq. 45). Thus, the value of ( K V ~ )  is given by: 


(K,B)  = ( K ~ B ) T c  [ I  + (1 .2  t 400 ( K V ~ ) ~ ~ ) ' ( ( ~ ~ ) / ( Q ~ ) ~ c -  111 
(Eq. 35) 


The value of (K ,B)  calculated from Eq. 35 refers to the mean of all vials and, 
therefore, includes the effects of atypical radiation heat transfer from the shelf 
sensor for the class A vials. The result of Eq. 35 is corrected to represent only 
class ti (normal position) vials by subtracting the term, S ,  X ( A / N ) .  
(see Eq. 28) from ( K , B ) .  Finally, the total vial heat transfcr coefficicnt, as 
defined by Eq. 8, is obtained by adding ev X to the corrected result from 


26 For a matrix of deviations containing p rows and q columns, where the rows and 
columns represent position effects. the random component of variance is the sum, U: + 
u2, which may be cvaluated from (14): ut + u2 = [@q - 1 ) /@ - 1 ) (q  - 1 ) ] a 2 ( M )  - 


2J Heat flow from theshelfsensor to the vial is probably proportional to the"cy1inder" 
area of the vial, A,. However, for the vials studied, A, is approximately proportional 10 
the cross-sectional vial area. A,. P/@ - - [ q / ( q  - I ) ]  a+. 
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Eq. 35 to provide for the correct top radiation term under the conditions of 
Eq. 8. Thus, the mean value of K ,  for the vial set is: 


K ,  = ( K , B )  - s, x 10-4 ( A I N )  t e ,  x 10-4 (Eq. 36) 


where ( K v ~ )  is given by Eq. 35, S, is taken as 0.31, and ev is 0.84 (Table 
IV). 


APPENDIX [I: Relationship of Relative Standard Deviation in K, with 
Relative Standard Deviation in 1 


The relationship of u ( K , )  tob(m) depends on the derivative, dln K,/dln m 
according to Eq. 3 I. This derivative may be evaluated with sufficient accuracy 
assuming the temperature of the source of top radiation is equal to the shelf 
temperature, T,. With this assumption, the sublimation rate, m (g/h) may 
be written: 


(Eq. 37) 


where AH, is the heat of sublimation and the factor. 3600. convcrts sub- 
limation rate from g/s to g/h. Similarly, the sublimation rate may be related 
to the temperature difference between the bottom of the vial and the tem- 
perature of subliming ice using the approximation: 


(Eq. 38) 


where li is the thickness of the ice plug and T is the temperature of the sub- 
liming ice. The relationship given by Eq. 38 is rigorous only when all heat flow 
comes through the vial bottom. However, the error introduced by using Eq. 
38 does not seriously affect the results of this section. Differentiation of Eq. 
37 yields: 


A , K ,  dm d T  - 1  I t 3600- -.- (Eq. 39) 0 d In K, -= 
d In m AHs d T  dTh 


while differentiation of Eq. 38 gives: 


The sublimation rate may also be related to the pressure in thevial using Eqs. 
3,7. and 17. Since in  multivial experiments with pure water, the pressure in 
the vial is approximately equal to the equilibrium vapor pressure of ice (Po), 
one may write: 


(Eq. 41) 


w i t h  a0 = 0.2478 and a1 = 1.944. Thus, since dm/dT = (dm/dPo)(dPo/ 
d T ) :  


drii - dPo -- (0.2478 t 1.944 Po) - 
d 7  dT 


Combining Eqs. 39-42 and using d P d d T  = 0.1 PA5: 


dln K ,  li 3.6 X 104A,K, 
0%. 43) - = l t - K K , +  - 


dln m KI AHs (0.2478 t 1.944Po)Po 
Numerical evaluation of the term involving Po demonstrates that this term 
is nearly constant a t  0.2 for all multivial experiments conducted. Thus, with 
li = 2.3 cm and K I  = 5.9 X (Fig. 9), Eq. 43 simplifies to: 


dln K ,  
dln m 
-- - 1.2 t 400 K ,  


A derivation nearly identical to that given above may be given to evaluate 
the derivative d In K,B/d In QB,  where K,B is that portion of the heat transfer 
coefficient describing heat transfer from the shelf to the vial bottom, and QB 
is the heat flow from the shelf to the vial bottom. The result is also nearly 
identical to Eq. 44 and may be written: 


dln K,B -- - 1.2 t 400 K , B  
dln C?B 


Equation 45 is used in the evaluation of vial heat transfer coefficients from 
the raw data. 
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Pain, Analgesia, and Addiction: The Pharmacologic Treatment of Pain. By 
BARRY STIMMEL. Raven Press, I140 Avenue of the Americas, New 
York, NY 10036. 1983.312 pp. 16 X 24 cm. Price $45.00. 
This is an interesting volume presenting a multifaceted discussion of pain 


and its pharmacological management. The book appears to be written pri- 
marily with a pedagogic perspective and intent, presenting a rather broad 
survey of factors involved in  the phenomenon of pain and of drugs used for 
relief of pain. It seems most useful for someone who is interested in pain and 
wishes to learn more about its various aspects, rather than for one who already 
has some expertise in the study or treatment of pain. 


This book is organized into three distinct sections. The first deals with 
fundamental components of pain and analgesia, including the description and 
discussion of the anatomical pathways, neurochemical species. and psycho- 
logical factors believed to be involved, as well as discussion of drug tolerance, 
dependence, and withdrawal. The second section deals with the clinical 
pharmacology of drugs used to relieve pain. Included in this are discussions 
of some unconventional agents such as stimulants, antidepressants, antipsy- 
chotic drugs, sedative-hypnotic-antianxiety agents, and marijuana. The 
discussions of pharmacological properties of the drug classes are broad, in- 
cluding description of effects on a number of organ systems, biodisposition, 
adverse effects, and drug interactions, rather than being confined to matters 
relating to pain and analgesia. This approach seems to diffuse the focus of the’ 
book somewhat, but may make it more useful for the clinician considering the 
use of these agents in a patient or encountering a patient already taking them. 
The third section offers a discussion of practical management of pain. It ad- 
dresses such issues as the differences in management of acute uersus chronic 
pain, management in “problem” populations such as the elderly, patients with 
malignancy, and drug-dependent patients. and the problem of iatrogenic drug 
dependence. 


Included with each chapter is an ample list of references. but for some 
chapters more recent references are noticeably lacking. It also seems that the 
pharmacology section would have benefitted from more basic science refer- 
ences, especially some dealing with cellular actions and mechanisms of drugs. 
which would contribute to a better understanding of drug effects. 


One strength of the volume, in spite of the preceding statement, is its 
combination and integration of basic and clinical sciences. The first section 
is done best in this regard. Another strength is the breadth of topics covered, 
including some not usually Considered in  texts dealing with pain or analgesic 
drugs. The author also applies his practical experience in discussion of the 
topics, which probably enhances the usefulness of the book for less experienced 
practitioners. The opinions of the author are expressed rather strongly in some 
of the “practical” sections of the book, and this expression could be viewed 
as  being both a strength and weakness of the work. Weaknesses of the volume 
include a rather large number of typographical errors and some factual errors. 
While these are rather trivial relative to the contcnt of the book as  a whole, 
they are still somewhat bothersome. Other weaknesses, referred to earlier. 
include lack of currency in discussion of some topics and a paucity of basic 
science data in some discussions. 


In summary, this volume deals with pain, analgesia, and related phenomena 
in considerable breadth and in sufficient depth to make it a useful source of 
information for both health scientists and clinicians who are interested in basic 
concepts concerning the nature of pain and analgesia and in the practical 
treatment of pain. 


Reoiewed by Graham A. Patrick 
Department of Pharmacology 


Medical College of Yirginia 
Virginia Commonwealth Uniuersity 
Richmond. V A  23298 


and Toxicology 


Antibiotics: Assessment of Antimicrobial Activity and Resistance. (Society 
for Applied Bacteriology, Technical Series No. 18.) Edited by A. DENVER 
RUSSELL and LOUIS B. QUENSEL. Academic Press, Inc., 1 I 1  Fifth 
Avenue, New York, NY 10003. 1983. 384 pp. 15 X 23 cm. Price $48.00 
(f29.00). 
This volume, the 18th in the Socicty for Applied Bacteriology technical 


series, includes 23 lectures with contributions from 50 microbiologists pre- 
sented at a Demonstration Meeting of the Society held at thc Welsh School 
of Pharmacy, University of Science and Technology, Cardiff, in  September 
1981. 


The invaluable medicinal properties of antibiotics a re  universally recog- 
nizcd, but the ability of many organisms to develop resistance to certain of 
these antibiotics is sometimes underestimated or ignored. One of the greatest 
challenges in drug development is the continued need to discover and develop 
new chemotherapeutic agents to which microorganisms are initially, and 
continue to be, highly sensitive. This volume discusses many of the details of 
microbial sensitivity and resistance to antibiotics. 


An introductory chapter in the book briefly describes the various types of 
iintibiotics, their mode(s) of action, and methods of assay for these compounds. 
Other topics considered include: sensitivity testing; effects of media compo- 
sition on MIC values of antibiotics; sensitivity determination by the mea- 
surement of conductance; the effects of cell envelope composition on antibiotic 
activity; thc use of ionophoric antibiotics as experiment tools in microbiology; 
the extraction, purification, detection, and identification of fi-lactamases; 
methods for determining the stability of &lactam antibiotics to 0-lactarnase 
extracts; the biochemical evaluation of &lactamase inhibitors; detection 
methods for bacterial penicillin-binding proteins; means of detecting ami- 
noglycoside-modifying strains of bacteria; assay methods for aminoglycosides; 
methods of studying plasmid-determined tetracycline resistance; methods 
of studying bacterial folate metabolism inhibition; in v i m  methods for de- 
termining transferable resistance to antibiotics; phage typing and plasmid 
characterization in  studying the epidemiology of multiresistant Salmonella 
typhimurium; measurement of combined antibiotic action; use of a biopho- 
tomcter in  determining the effects of antibiotics; use of high-voltage electro- 
phoresis in  the identification ofantibiotics: testing antibiotics for sterility; and 
the detection of antibiotic residues in milk and animal tissues. 


The volume contains both theoretical and practical information on a variety 
of analytical techniques, and many valuable tables, figures, and schemes are 
included. The articles presented are well referenccd and are curreni up to 1982. 
This is an excellent publication which contains an enormous amount of in- 
formation and is highly recommended as  a reference book. The price, along 
with its incomplete coverage of all aspects of antibiotics, would limit its use- 
fulncss as a textbook. 


Reoiewed by Leonard R. Worthen 
Department of Pharmacognosy and 


Environmental Health Sciences 
College of Pharmacy 
University oJ Rhode Island 
Kingston, RI 02881 


The Alkaloids: Chemistry and Pharmacology. Vol. 21. Edited by ARNOLD 
BROSSI. Academic Press. Inc., I I I Fifth Avenue, New York, NY 1 W 3 .  
1983. 368 pp. 16 X 23.5 cm. Price $49.50. 
This new volume in  The Alkaloids series, the first to be edited by Arnold 


Brossi, is truly an exciting book. There is a sense of urgency and intensity about 
it which is hard to miss. It includes seven chapters, and in three of these the 
authors involved have deemed it necessary to add (at the end of their respective 
chapters) an addendum to bring the material presented completely up-to-date. 
I n  another chapter, a last minute change was made to round off the material 
presented. 


In  every instance, emphasis has been placed not only on occurrence, 
structural clucidation, and synthesis, but also on the mast recent pharmaco- 
logical results. One is thus led to realize that the justification for endeavors 
in natural productscheniistry lies in the intrinsic interest and challenge of the 
chemical subject mattcr. as well as in the biological activityof natural prod- 
ucts, particularly alkaloids. 


Another characteristic of this volume of The Alkaloids is that the term 
“alkaloid” has been interpreted in broad terms, so that cyclic nitrogenous 
compounds produced by plants. micro-organisms, sponges, amphibians, and 
mammals are all discussed in detail. 


Each of the presentations for the seven chapters is authoritative, precise, 
thorough, and above all pcrmeated with enthusiasm. The authors who brought 
about this impressive tour de force in their chapters are: K. Gerzon and G. 
H. Svoboda: “Acridone Alkaloids”; J. Bergman: “Quinazolinocarboline AI- 
kaloids”; T. Arai and A. Kubo:“lsoquinolinequinones”; J.-C. Cai and C. R. 
Hutchinson: “Camptothecin”; B. Witkop and E. Gossinger: “Amphibian 
Alkaloids”; J. Lundstrom: “Simple Isoquinolines”; and M. A. Collins: 
“Mammalian Alkaloids.” 


Incidentally, one of the twelve authors is supposed to be retired and has only 
a private address. Yet, he has shared in the writing of an excellent chapter. 
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(5) "Organic Solvents Hand Book," 1st ed., Organic Synthesis Chemistry the use of the X-ray diffractometer. This paper is part VII  of a series on 
spherical crystallization. Association Japan, Ohm Co., Tokyo, 1981, p. 294. 
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Abstract 0 It is shown that the ionization constants of diacidic compounds 
can be determined by utilizing potentiometric titration data, even when a 
precipitate forms during the titration. The two methods presented are  par- 
ticularly useful for compounds for which the p K ,  values are close together. 
A third method is presented which can be used with monoacidic compounds 
or compounds for which the pK, values are fat apart and form a precipitate 
during the titration. Four symmetrical diacidic compounds were studied which 
had similar pK, values. and one compound was studied which had pK, values 
that were far apart. Comparison of the second pK, of the latter compound 
With that previously reported determined by a spectrophotometric procedure 
showed excellent correlation. 


Keypbrases 0 Ionization constants-determination, compounds which pre- 
cipitate, during potentiometric titration Potentiometric titration-deter- 
mination of ionization constants 


A method for determining the microionization constants of 
zwitterionic compounds is described in which potentiometric 
data are combined with spectrophotometric data (1). This 
method should be restricted, however, to well-behaved systems, 
i.e., those which do not form precipitates or degrade during 
the course of the experiment. For sparingly soluble compounds, 
Maulding and Zoglio (2) and Levy and Rowland (3) have 
resented two techniques. Weak complexing agents were used K y Maulding and Zoglio, whereas the method of Levy and 


Rowland required determining the solubility of the sparingly 
soluble component. In addition, these methods were only de- 
veloped for monoprotic compounds or those polyprotic com- 
pounds for which pK, values were sufficiently far apart (about 
4 pK, units) to be considered monoprotic. This study describes 
a method to determine the macroionization constants of 
compounds which precipitate during titration and which have 
similar pK, values. The type of compounds considered form 
diacid salts, i .e.,  there are two nitrogen atoms which can be 
protonated on each molecule and which undergo the equilib- 
rium shown in Scheme 1. 


+HNRN 


KY NK2 


K3 % JK, 


+HNRNH+ NRN 


NRNH+ 
Scheme I 


The microionization constants K1, K2, K3, and K4 are re- 
lated to the macroionization constants by: 


K13 = KI + K3 (Eq. 1) 
1 1 1  +- -- -- 


K24 K2 K4 
Utilizing potentiometric titration data, the macroionization 
constants K13 and K24 were determined for diprotic compounds 
in which species solubilities were exceeded and, therefore, 
which precipitated during the titration. This was accomplished 
by preparing the appropriate plots, as discussed below. 


Measurements were made on four diacid salts in which the 
PKa values were similar: l11'-(9H-fluorene-2,7-diyl)bis[2- 
diethylamino)ethanone]dihydrochloride (I); 1,1'-( 2,8-di- 
benzofurandiy1)bis [ 2-(dimethylamino)- 1 -ethanone]dihy- 
drochloride (11); 1,1'-(2,8-dibenzothiophendiyl)bis[2-(di- 
methylamino)-1 -ethanone]dihydrochloride (111); 2,7-bis[2- 
(diethylamino)ethoxy]fluoren-9-one dihydrochloride (IV). 
Measurements were also made on one diacid salt for which the 
pK, values were far apart: lO,ll-dihydro-N-methyl-5H- 
dibenz[b,flazepine-5-propanamine hydrochloride (V) (desi- 
pramine). 


( C H , L N C H , O C ~ C , H , A  . ZHCI 


(C,Hs)2NCH,OC -cwH,N(CHj,. 2HCi 


(CHJINCH,OC -H,N(cH,), .2HCi 


I 


n 


m 


(C,H,XNCHFH, 


N 


CH~CH&H,NHCH, 
V 
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Figure I-Titration curvefor compound I I .  Key: (1)first equivalence point; 
(2) second equivalence point. 


EXPERIMENTAL SECTION 


Apparatus and Equipment-Potentiometric measurements were made with 
the apparatus previously described ( I ) .  For compounds I-IV, the apparatus 
was placed in a constant temperature bath and maintained at  25 f O.OS°C, 
whereas the titration of V was done at room temperature (-24OC). Instead 
of the 50-mL buret used for I-IV, a syringe microburet was used for V. 


Table I-pKl3 end pKu Values for Compounds I-V 


Compound pK13 PK24 
I' 


116 
11" 


111" 
I V O  v 6.c 
V c . d  


8.16 
7.54 
1.54 
7.42 
8.73 
1.51 
- 


8.89 
8.27 
8.24 
8.15 
9.35 


10.24 
10.2 


sdution PrepPmHon-Solutions of I-IV were prepared in the concentration 
range 3 X 10-'-19 X M. These solutions were titrated with 0.01 M po- 
tassium hydroxide, which was standardized with potassium acid phthalate. 
A solution of V with a concentration of 7 X M was prepared, and an 
excess of 0.10 M hydrochloric acid standardized with potassium hydroxide 
was added to protonate both nitrogen atoms. This solution was titrated with 
0.16 M potassium hydroxide standardized with potassium acid phthalate. All 


for which 


~ ~~ ~ ~~ ~ 


Obtained by Method 11. Obtained by Method 1. The value of S, for compound 
V, obtained in this study was 60.8 pg/mL; the value obtained by Green (9) was 58.6 
pg/mL. 


solutions were made with distilled water, boiled to remove oxygen and carbon 
dioxide, and saturated with nitrogen. 


Sptctrophotometric method of Green (9). 


THEORETICAL SECTION 
In the following equations, { 1, [ 1, Y, and K represent activity, concen- 


tration, activity coefficient, and equilibrium constants on a molar scale, re- 
spectively. The total concentration of base added as  titrant, halide, and acid 
being titrated are represented by [B], [XI, and [ A ] ,  respectively. 


The equilibria to be considered are not those for the microionization con- 
stants given by Scheme I, but rather the equilibria for the macroionization 
constants given by: 


( N R N ) H ~ + ~ ( N R N ) H +  + H+ 0%. 3) 


(Eq. 4)  (NRN)H+ SNRN + H+ 


I 


A 


3.3 1 
5.8 i B 


5.7 


5.8 - 5 5  0 '  
x 


3 5.4 


5.3 


I 1 I I I I I I 
0 10 20 30 40 50 60 70 


% Neutralized (x) 


Figure 2 4 4  K(n,x) versus percent neu- 
tralized (x)for KI, ofcompound I t .  Key: the 
percent neutralized n is (0) 12; (El) 18; (A) 
24; (V) 36;(0)  48. (B) K(n.x) versuspercent 
neutralized ( x )  for K24 of compound I I .  
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3.74 
A 


5.9 1 


Figure 3-K(n.E) versuspercent neutralized (nj for Kl3 of compound 11. (E) 
K(n,E) versus percent neutralized (n) for K24 of compound 11. 


The equations uscd to determine the equilibrium constants in Eqs. 5 and 6 have 
been reported by many authors since the late 1800s (4-7) and will not be de- 
rived here. The derivation results in: 


lH+I4 K,lH+I2 a [E](H+13 + - - - 
yH+ YOH- 


(Eq. 7) 


K, = (H+l{OH-) (Eq. 11)  


Conventional methods (4-7) can be used to determine Kl3 and K24 for well- 
behaved systems. Either of the two sets of experimental data can be combined 
according to Eqs. 12 and 13, or a plot of a / Y  uersus 0l-y can be prepared, and 
the values for K13 and K24 determined from the slope and intercept: 


where the subscripts n and x refer to two different sets of data. Modifications 
of these approach= can be made to determine the constants in systems in 
which precipitates are formed. 


Metbod I-To use Eqs. 12 and 13, one set of data should be obtained before 
the first equivalence point and one should be obtained after. In well-behaved 
systems, the constants calculated will be independent of the sets of data used. 
For those systems that are not well behaved, e.g., due to the formation of a 
precipitate, the values calculated for K I J  and K24 will be incorrect. Those 
equilibrium constants calculated with data obtained after precipitation started 
will not be the same. They will, however, change in a systematic manner. 
Extrapolation of the calculated values to regions in which there is no precip- 
itation should result in the correct value. This procedure can be expressed 
by: 


KT = l imc,o( l im,~l l im,-~[K~(n,x) l l )  0%. 14) 
where Kc is the calculated equilibrium constant, Cis  the concentration, and 


A 


7.0 I B 


0 5 10 15 20 


Figwe4-K(O.E) versus molarity for Kl3 of compoundll. (E) K(0.E) versus 
molarity for K24 of compound 11. 


KT is the thermodynamic equilibrium constant. In this equation, n and x are 
two data sets: x is taken between the first and second equivalence points, and 
n is taken up to the first equivalence point. The limits used are E, the first 
equivalence point, for data set x; zero base addition for data set n; and infinite 
dilution for C. Each data set is comprised of a volume of base added and the 
measured pH. By knowing the concentration of strong base and the number 
of moles of weak acid initially, the volume of strong base can be expressed as 
a percentage of the weak acid neutralized. 


Values for Kc are calculated by using two sets of data. For each n, there will 
be a set of K, values determined with a different value for x. A plot is then 
prepared of the calculated K, values uersus the percentage of the sccond 
equivalent neutralized (x) for each n. Each value of n will result in a separate 
curve. The extrapolated values of K, at x = 0 are then plotted uersus the 
percentage of the first quivalent neutralized (n). The extrapolated value of 
K, at n = 0 should equal the correct value, excluding activity effects. A third 


Moleriv x 104 


BIT x log 
Figure S-a/y versus ply for compound 11. 
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plot of K, versus concentration of weak acid will result in the thermodynamic 
value at infinite dilution. 


Metbod n-A plot of a/y versus ply from Eq. 7 will be linear until there 
is precipitation. Therefore, the determination of the slope of the linear segment 
and the linear extrapolation of this segment to the intercepts at a/y and ply 
equal to zero enable the calculation of the equilibrium constants. The ther- 
modynamic constants can be obtained from the infinite dilution value as de- 
scribed in method 1. 


RESULTS AND DISCUSSION 


Figure 1 shows a typical titration curve for compounds I-IV. A precipitate 
formed during each titration, some of which formed prior to the first equiva- 
lence point. The data were treated by method I and/or method 11. Approxi- 
mations to the single ion activity coefficients were made by using the Davies 
equation (8): 


where Yi is the single ion activity coefficient, A is a parameter for which the 
value at 25OC is 0.5092 on a molar scale, Zi is the charge of ion i, and I is the 
molar ionic strength. The activity coefficients of the uncharged species were 
assumed to have a value of one. 


According to method I, equilibrium constants were calculated with pairs 
of data; one set of data was from the region prior to the first equivalence point 
and the second set of data was from the region following the first equivalence 
point. Theseconstants are written as K(n,x). For each data point designated 
by n. there was a set of equilibrium constants differentiated by the second data 
point used in the calculation and designated by x. The calculated values for 
K(n,x) can therefore be plotted versus x, and a separate curve can be obtained 
for each value of n. Typical plots of this type are shown in Figs. 2A and B for 
compound 11. It can be seen that there is a separate curve for each data set 
n and that each curve approaches a constant value at x which corresponds to 
the first equivalence point. These values for K(n,E) are plotted versus n (Figs. 
3A and B), and the curves obtained were extrapolated to an n value of zero. 
This value of n corresponds to zero base addition. There is a concentration 
dependency with these values of K(0 ,E)  (Figs. 4A and B), and extrapolation 
of these curves to zero concentration will result in thermodynamic values. In 
Table I, the values obtained by this method for compound I1 are given. 


By using method 11, plots similar to those shown in Fig. 5 are obtained in 


Table 11-Microionization Constants for Compounds I-IV 


I 8.46 8.59 5.37 1.35 
11 7.84 7.94 5.01 I .26 


IJI 7.72 7.85 5.37 1.35 
IV 9.03 9.05 4.17 1.05 


Figure 6-Titration curve for compound V. 
Key: ( I )  starting point: (2)first equivalence 
point; (3) precipitate formed: (4) second 
equivalence point. 


which the deviation from linearity can be either negative or positive. This 
nonlinearity is due to either the formation of a precipitate during the titration 
and/or degradation. According to Eq. 7, the slope of the line from the linear 
segment will equal K13. whereas the value of a/? at the intercept at  which 


100 1 8 


1 1 I 1 


Neutralizd. % 
0 20 40 80 80 10 


Figure 7-(A) K13 versus percent neutralized for compound V. (E) Ku versus 
percent neutralized for compound V. 
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B/y = 0 is KI3K24,  and the value of B/y at the intercept at which a/y = 0 
is -K24 .  These values of K I ~  and K24 have been found to be concentration 
dependent; therefore, plots similar to those shown in Figs. 4A and B were made 
to obtain the thermodynamic values. I n  Table I, the results of these calcula- 
tions for compounds I-IV are given. 


A modification of method I was used to obtain the values of K I ~  and K 2 4  
of compound V. Since the two pK, values are far apart, the equilibria were 
assumed not to interact with each other; therefore, the equilibrium constants 
were determined by using the following expression for monoprotic com- 
pounds: 


where Z is the activity coefficient ratio Y(NRN~H+/Y(NRN)H~+ for XI3 and 
Y(NRN)/~(NRN)H+ for K24.  


Figure 6 shows the titration curve obtained for compound V, and Figures 
7A and B show the results of the calculated equilibrium constants uersus 
percent neutralized. Precipitation was observed after the first equivalence point 
(Fig. 6). and therefore, consistent values should be obtained for K I ~  (Fig. 7A). 
Conversely, a change in the calculated value for K 2 4  with respect to percent 
neutralized would be expected (Fig. 7B). The break in this latter curve_ at -5% 
neutralization is due to the formation of a precipitate. The curve prior to 
precipitation should have a slope of zero (as in Fig. 7A), whereas the curve 
after precipitation will not necessarily be linear. 


By knowing the value for K 2 4  and the pH at which precipitation occurs, the 
solubility of the base (uncharged) species of compound V was determined 
bv: 


I n  Table I, the results of the calculations for compound V are given, along 
with those values for K24 and [NRN],, as reported by Green (9) and deter- 
mined by a spectrophotometric procedure. It can be seen there is excellent 
agreement among these data. 


Since compounds I-IV are symmetrical molecules, it should be possible 


tocalculate the microionization constants K l ,  K2, K3, and K4 of Scheme I. 
This is because K I  should equal K3, and Kz  should equal K4. Furthermore, 
since the protonation sites are separated by large distances, it would be ex- 
pected the K2 and K4 would be the same or only very slightly smaller than K I  
and K j .  The microionization constants were therefore calculated from Eqs. 
1 and 2 and gave the results listed in Table 11. It can be seen that there is very 
little difference in the calculated values, with K 2  and Kq being slightly 
smaller. 


For diprotic compounds with completely independent, equivalent sites of 
protonation, the ratio K13/K24 will equal 4, and K , / K 2  will equal 1. From 
these ratios (Table 11). it can be seen that the values are very close to the 
theoretical values. 


From these results, it can be concluded that the equilibrium constants of 
slightly soluble compounds can  be determined potentiometrically by extrap 
olation procedures and give results which are consistent with those reported 
in the literature. It would be expected that method I1 would be better to use 
with those compounds that have equilibrium constants close together, whereas 
method I would be better to use with those compounds that have equilibrium 
constants farther apart. 
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Degradation of Fenprostalene in Polyethylene Glycol 400 
Solution 
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Abstract 0 The kinetics of degradation of fenprostalene (I) d polyethylene 
glycol 400 solution was examined using HPLC. The degradation of I at 80°C 
was shown to depend on the presence of oxygen and a large number of polar 
products were produced, as evidenced by using IH-labeled 1. Evidence that 
autoxidation of the polyethylene glycol 400 was concurrent with degradation 
of I was found from a drop in the apparent pH. Antioxidants were very ef- 
fective in retarding the rate of degradation in the presence of oxygen. Deg- 
radation of I in polyethylene glycol 400 appears to arise from a reaction be- 
tween the drug and reactive peroxide intermediates formed through air-oxi- 
dation of polyethylene glycol 400. This is supported by the finding that I reacts 
exclusively by a slow transesterification reaction in diethylene glycol, a solvent 
that is stable to autoxidation. 


Keyphrases 0 Degradation-fenprostalene in polyethylene glycol 400 0 
Fenprostalene-autoxidation, degradation, kinetics Kinetics-fenprost- 
alene in polyethylene glycol 400 


Fenprostalenel (I), a PGF-type prostaglandin containing 
an aryloxy group at C-16 and an allene functionality at  C-5 
(l), is used as an abortifacient and for estrus synchronization 
in cattle (2). We have previously shown that in aqueous solu- 
tion, I degrades exclusively through hydrolysis of the C-1 
methyl ester under both acidic and basic conditions (3). No 
information is available, however, on the degradation of this 


family of prostaglandins in nonaqueous environments. Since 
an injectable formulation of fenprostalene (I) in polyethylene 
glycol 400 was chosen for development (4), we have investi- 
gated the chemical reactivity and degradation products of I 
in this solvent. 


EXPERIMENTAL SECTION 
Materials-The fenprostalenel ( I )  used was 99% pure (HPLC). The ra- 


diochemical purity of fenprostalene labeled with tritium at C-13 and C-14 
was 98%. The acetonitrile used was glass-distilled HPLC-grade, and the water 


HO R 


I. R = H. R’ = CHj 
[%]I, R = %. R’ = C b  


11, R = H. R’ = CH&H&H&HflH 
111, R = R ’ = H  


I Fenprostalene is the generic name for methyl 7-[3.5-dihydroxy-2-(3-hydroxy-4- 
phenoxy-1-butenyl)c clopentyl]-4.5-he tadienoate. Obtained from the Institute of 
Organic Chemistry, gyntcx Research. f a10 Alto, Calif. The synthesis of 1 is described 
in  Ref. I .  
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Table Ill-Diflorasone Diacetate (I) Assay Results for Cream and 
Ointment Formulations Using Peak Area Ratio Response 


Table IV-Diflorasone Diacetate Assay Results for Bulk Drug Using Peak 
Area Ratio Response 


I Found. Percent of 
Formulationa mg/gb Label, % 


Cream 
A 
B 


0.494 -0.505 
0.483 0.510 


98.8- 101 .O 
96.6- 102.0 


Ointment 
C 0.488-0.498 97.6--99.6 
D 0.45 1-0.485 90.2-97.0 


Lot 
Assay“ 


% RSD, % 


I 1  
12 
13 


99.3 
99.2 
99.7 


1.1 
0.9 
0.7 


~ ~~ 


Calculated on the “as is” basis: the results are averages of six determinations over 
2 d. 


Product (A and C )  and experimental (Band D) formulations. Range of assay rc- 


Quantitation of Il l-VII was examined to determine if the responses of these 
structurally related compounds were linear over the 0.1 - 1 .O% (w/w) range. 
These data were obtained to test the applicability of the method for potential 
impurities. The individual slopes for the calibration curves using peak area 
percent for 111 -VII were all 0.96-.1 .OO and they-intercepts were not signifi- 
cantly different from zero. The coefficients of correlation, r ,  for plots of related 
compounds added cersux amount found were all >0.999. 


sults obtained after assaying four lots p e r  formulation. 


DISCUSSION 


Presented in Table Ill are the range of results obtained using the procedure 
for cream and ointment product formulations A and C and cream and oint- 
ment experimental formulations B and D. The precision of the method was 
determined by replicate analyses of lots from each formulation. The day-to-day 
assay precision, expressed as RSD,  Mas - 1  3 %  for cream formulations A and 
B and - I  ,370 for ointment formulations C and D. 


In addition to the determination of I in cream and ointment formulations, 
three lots of bulk drug were assayed for purity on the “as is” basis (Table IV). 
The RSD for the purity determination of I was -I .O% using peak area ratio 
response. 


The chromatographic method described is an accurate and precise method 
for the determination of diflorasone diacetate ( I )  in creams. ointments. and 


bulk drug. The method was found to be reproducible as well as rugged, making 
it suitable for use as  a routine assay. The ability of the method to separate 
structurally related compounds makes the method useful for monitoring bulk 
drug and product stability. 
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Effect of Nitroglycerin-Soluble Additives on the 
Stability of Molded Nitroglycerin Tablets 
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Abstract 0 Nitroglycerin vapor pressures at 25’C were determined for ad- 
ditive-nitroglycerin systems over the additive-nitroglycerin weight ratio range 
of 0.5 to 3.0 for 16 additives exhibiting solubility in nitroglycerin. The effects 
of the additives on nitroglycerin chemical stability at 25OC and 50°C were 
also studied Tablet stability characteristics. i.e., content uniformity, open-dish 
stability, and chemical decomposition were evaluated for selected tablet for- 
mulations. Most additives lowered the vapor pressure of nitroglycerin suffi- 
ciently to stabilize content uniformity when used at additive-nitroglycerin 
weight ratios near 1 .  Higher additive levels are needed for significant potency 
stabilization in open-dish stability tests, but these levels normally decrease 
the chemical stability of nitroglycerin. However, stabilimion of content 
uniformity, a twofold reduction of potency loss in an open-dish stability test. 
and chemical stability are possible with at least three of the additives 
studied. 


Keyphrases 0 Nitroglycerin-vapor pressure in sublingual molded tablets, 
intertablet migration, effect of additives 0 Tablet stabilitl-nitroglycerin 
sublingual molded tablets, vapor pressure, intertablet migration, effect of 
addit ives 


A number of workers have emphasized both the physical 
instability of molded nitroglycerin tablets arising from va- 
porization, and subsequent migration of nitroglycerin, and the 


improvement i n  stability obtained by incorporating a nitro- 
glycerin-soluble additive in the formulation (1 -7) .  The additive 
lowers the vapor pressure of nitroglycerin which results in: ( a )  
a reduction of the evaporation rate of nitroglycerin from tablets 
exposed to ambient air currents ( I ) ;  (6) a marked decrease in 
losses due to absorption in packaging material (7);  ( c )  stabi- 
lized content uniformity, in that most of the intertablet ni- 
troglycerin migration which occurs in conventional (unsta- 
bilized) tablets is thermodynamically impossible in a closed 
system of stabilized tablets (4). A modest vapor pressure re- 
duction is sufficient to stabilize the content uniformity within 
a sample of tablets (4). However, both evaporation rate and 
package absorption are least for the formulation of lowest 
vapor pressure. 


Although there have been several reports of chemical in- 
stability in nitroglycerin tablets (8,9),  chemical decomposition 
is normally not a problem in conventional nitroglycerin tablets. 
However, the agent employed to stabilize content uniformity 
may have an adverse effect on chemical stability. Several 
studies (7,8, 10) suggest that both povidone (7 )  and polyeth- 
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Table I-Reduction of Nitroelveerin Vawr Pressure at  25°C bv Additives' 


0 8- 


0 6- 


0 4- 


0 2-  


Additive 
Eq. I Parameters PIP0 (a In Pla In  N)* 


Density .Mol. Wt. xo n b R = 1.0 R = 2.0 R = 1.0 R = 2.0 
~~~~ ~ 


I Povidone 110 
1.1 1 
I I 1  


V Polyoxyl40 stearate I 08 
VI Polyoxyethylene(23) lauryl ether 1.06 


VI I Octoxynol I065 
V l l l  Polysorbate 20 1 08 


X Polysorbate 80 I 06 


II Polyethylene glycol 400 
111 Polyethylene glycol 4000 
IV Polyethylene glycol 20,000 I10 


IX Polysorbate 60 I 06 


X I  Ethylenediamine tetra [polyox)- I08 
ethylene (52) polyoxypropylene 
I I n 1  


~ ~ ~~~~~ ~~ ~ 


35.000 t0.174 4 -12.5 0.46 0.07 I .6 3.8 
400 +3.89 1 -6.77 0.56 0.22 1 .o 1.7 


4,000 +0.50 2 -3.56 0.62b 0.62 Ob Ob 
20,000 +0.343 4 -14.7 0.58b 0.58 Oh 06 
2.060 -0.082 2 -1.216 0.58 0.33 0.65 1 .o 
1,200 +0.885 2 -2.438 0.67 0.36 0.65 1.1 


692 +0.576 2 -1.192 0.67 0.42 0.49 0.82 
1.226 -0.24 2 -0.580 0 58 0.35 0.57 0.83 
1.310 t0.528 4 -3.14 0.71 0.37 0.59 1.3 
1.308 t o m  4 -2.07 0.67 0.38 0.56 1 . 1  


12,000 -0.166 2 -1.213 0.59 0.33 0.66 1 .o 


XI1 EtL&Aediamine tetra [polyoxy I .on 27.000 t0 .019  2 -2.43 0.63c 0.63 0' O C  


ethylene ( 1  32) polyoxypropylene 


I .08 8,350 -0.888 2 -0.233 0.51 0.47d 0.66 O.Od 
(1611 


XI11 Polaxamer 188 
X I V  50% Acetylated monoglycerides 0.94 400 
XV 100% Acetylated monoglycerides 0.99 440 1.253 2 -1.105 0.79 0.56 0.34 0.65 


XVI  Bis(2-ethy1hexyl)phthalate 0.980 390 1.568 4 -1.263 0.96 0.74 0.17 0.58 


- -. - 0.94e 0.85 -0.09 - 


At xlectcd R values ( R  is additive-nitroglycerin weight ratio). Equilibrium wlubility is R = 0.9. Equilibrium solubility is R = O.R. Equilibrium solubility is R = 1 . 1 .  Incomplete 
solubility even at R = 0.5. A small fraction of the sample appears to be essentially insoluble in nitroglycerin. 


ylene glycol (8, 10) may accelerate the hydrolysis of nitro- 
glycerin to a point where, at high temperature, decomposition 
becomes a significant factor in tablet stability. This study was 
initiated to investigate the effects of selected nitroglycerin- 
soluble materials on nitroglycerin vapor pressure and on tablet 
stability as part of an effort to develop tablet formulations 
which would stabilize content uniformity without adversely 
affecting chemical stability. 


EXPERIMENTAL SECTION 


Materials and Assay Procedure-The nitroglycerin and povidone were 
described previously (4). The other additives were obtained from commercial 
sources1 and were used as supplied except for vacuum drying to remove vol- 
atiles. Nitrogl~.cerin-additive samples werc prepared as previously described 
(4). Samples denoted "powder" are nitroglycerin-additive-&lactose systems 
in  powder form containing -1.5% nitroglycerin. 


Nitroglycerin was assayed as described previously (7) while dinitroglycerin 
and mononitroglycerin were assayed semiquantitatively by TLC ( 1  I )  and 
quantitatively by HPLC. The HPLC method* employed a partisil ODS col- 
umn3 and a 230 nm U V  detector3. The solvent was 70:30 (v/v) water-aceto- 
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Figure 1-Vapor pressure of nitroglycerin ar 25°C in solutions of nirro- 
glycerin and addiritie XV ( 8 )  and additive X I  (0) .  The lines represent PIP0 
calculated from Eq. I .  


I The sourcesof the additives (Table I )  were: 11. 111. IV. Baker Chemical Co.; V (Myrj 
52). VI (Brig 35). V l l l  (Tween 20). I,! (Tween 60). X (Tween 80). ICI. Atlas Chemical 
Co.; XI (Tetronic 707). XI1 (Tetronic 904). X l l l  (Pluronic F68). BASF Wyandote 
Chemical Co.: X I V  (Myvacet 5-07), X V  (Myvacet 9-40). 


* J.  W. Beckcr and J .  A. Sefranka. unpublished results. 
Waters Associates. Milford, Mass. 


nitrile at a flow rate of 3 mL/min. Four peaks were observed with partially 
decomposed nitroglycerin with retention times ( I  -5 min) in the following 
order: nitric acid with glycerol, mononitroglycerin (both isomers), dinitro- 
glycerin (both isomers), and nitroglycerin. High levels of povidone yielded 
a small peak at the dinitroglycerin retention time, making a small povidone 
correction necessary. This peak appeared to be due to unreacted monomer. 
Variation in the solvent Composition between the sample and the elution 
medium resulted in  small positive or negative peaks at the mononitroglycerin 
retention time. Probably because of this interference, the mononitroglycerin 
assay data are much less precise than the corresponding data for the di- and 
tri-esters. 


Vapor-Pressure Measurements-Vapor pressures were measured by the 
modified Knudsen effusion method (4. 12). Powder systems of nominal ad- 
ditive-nitroglycerin weight ratios of 0.5. I .O, and 2.0 were studied. Differential 
measurements (4,12) were made on each sample. Continuous measurements 
of vapor pressure were made (4) on samples of additive-nitroglycerin weight 
ratios of 0.5. Replicate measurements were carried out (4). 


RESULTS 


Vapor-Pressure Reduction-Vapor-pressure results are summarized in 
Table I. Density data arc either measured in this laboratory or were given by 
the supplier of the additive. The additive molecular weight was calculated from 
the average chemical formula or was taken directly from information provided 
by the supplier. 


Vapor pressure raw data were found to be well represented by the equation 
( I  3): 


whcre P is the vapor pressure of the additive-nitroglycerin solution, PO is the 
vapor pressure of pure nitroglycerin, 42 is volume fraction of additive in the 


o !  . . . . , . . . . , . . . . , . . . , 


0 1 0  2 0  3 0  
AOOITIVE NITROGLYCERIN WEIGHT RATIO R 


Figure 2- Vapor pressure of nitroglycerin or 25°C in a nirroglycerin-additice 
system exhibiring incomplete miscibiliry (polyerhylene glycol 400). Key: ( 8 )  
equilibrium (time rero) data; (0)  dynamic (real timeJ dara in a supersaturated 
system. 


Journal of Pharmaceutical Sciences I 1600 
Vol. 73, No. 11, November 1984 







Table 11-Water Absorption and Chemical Stability of Additive-Yitroglycerin Powder Systems 


Additive 


Decomposition, TO 
after 2 months at 5OoC Water Content of Powder. 


% (w/w) (Dinitroglycerin Content)b 
R at 87% Rel. Humidity" Dried 87% Rel. Humidity 


I 


I I  


V 


V I  


VII 


V l l l  


I X  


X 


XI 


xv 


None 
Povidone 


Polyethylene glycol 400 


Polyoxyl40 stearate 


Polyoxyethylene (23) 
lauryl ether 


Octoxynol 


Polysorbate 20 


Polysorbate 60 


Polysorbate 80 


Ethylenediamine tetra [poly- 


100% Acetylated monoglycerides 
oxyethylene(52)polyoxypropylene ( 12)) 


0 
1 
2 
1 
2 
I 
2 
I 
2 
I 
2 
I 
2 
1 
2 
1 
2 
I 
2 
1 
2 


1.3 
2. I 
3. I 
2.7 
3.8 
I .5 
2.4 
I .6 
2.2 
1.4 
I .6 
I .7 
2. I 
1.6 
2. I 
I .4 
1.8 
1.4 
2.1 
I .2 
1.4 


a The water contents of the dried powders were all in the range 0 . 4 5  -0.58% (w/w). 
T = trace observed (-2 -5%): M = moderate level observed. 


Storage in closed glass battles. Dinitroglycerin content determined by TLC; N = none detected. 


nitroglycerin phase. V I  and V2 are the molar volumes of nitroglycerin and 
additive, respectively, and x is the interaction parameter which was arbitrarily 
assumed to have the form: 


x = xo + b@l (Eq. 2) 


where xo. b, and n are constants evaluated from the data. An integer value 
of n was chosen to give the best linear least-squares fit of x as a function of 
@$'. Additivity of volume was assumed so &2 may be calculated from the ad- 
ditive-to-nitroglycerin weight ratio, R,  according to: 


R 
6 2  = ~ 


R + P ~ P I  
(Eq. 3 )  


where p2 and p~ are the densities of additive (Table I )  and nitroglycerin (14), 
respectively. 


Data representative of systems exhibiting complete miscibility of nitro- 
glycerin and additive over the composition range studied are shown in  Fig. 
I .  The solid line represents f/focalculated from Eq. 1 while the squares and 
circles are experimental points obtained by averaging at least four independent 
measurements. With some additives (111, I V ,  XII, X I I I ) .  miscibility is ob- 
served only at lower R values. Consequently. the vapor pressure of these sys- 
tems at cquilibrium is independent of composition at R values larger than the 
solubility limit (Fig. 2. square symbols). However. during the vapor pressure 
measurement, R increases as effusion proceeds and normally a supersaturated 
solution of additive in  nitroglycerin is formed. The data represented by circles 
(Fig. 2) were obtained from supersaturated sclutions formed during the 
effusion measurement. 
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2 RELATIVE VAPOR PRESSURE, P/P '  


Figure 3- Correlation between potency losses in open-dish stability rests and 
nitroglycerin oaporpressures. Key: (.I no additioe; (a) additive V; (A) ad- 
ditioe VII: (+) additive VIII; (0) additive XV. 


Smoothed values of relative vapor pressures, flp,, and values of the partial 
derivative ( a h  f /ah N)A, were calculated from Eq. I (Table I). Here. A and 
N are the masses of additive and nitroglycerin, respectively. A large value of 
this derivative indicates that evaporation of a small amount of nitroglycerin 
from the sample produces a large reduction in vapor pressure. 


Stability-Chemical Stability ofPowder.q-The chemical stability of ni- 
troglycerin i n  additive-nitroglycerin phases was studied for both dried pow- 
d e r ~ ~  and for powders equilibrated with 87% relative humidity prior to storage 
(Table 11). The systems studied were -98% lactosc powder with the addi- 
tive-nitroglycerin phase coated on the lactose crystals. 


Tablet Stability in Closed Botrles--The effects of selected additives on 
chemical stability and content uniformity stability were investigated for tablet 
samples sealed in glass bottles (Table I l l ) .  As an index of chemical stability 
at ambient temperature, dinitroglycerin content (HPLC assay) after 2 years 
storage at 25OC are listed. 


Potency losses after 2 years at 25OC averaged 12% for the tablets containing 
povidone (with no apparent correlation with level of povidone), -9% for tablet 
Lot N, an average of 6% for the tablets without an additive, and 2-570 for other 
tablets. As a measure of chemical stability at high temperature, potency los~es 
after 6 months at 50°C weredetermined for selected tablet lots (Table I l l ) .  
Potency loss data are uncertain within -f3%, soexcept for thegreater potency 
losses shown by lot K, lot N, and the povidone containing lots, all lots are es- 
sentially equivalent. Content uniformity (Tahle I 1  I )  is expressed as the relative 
standard deviation for single tablet nitroglycerin assay (weight nitroglycerin 
per unit tablet weight) of thirty tablets. 


Tablet Stuhility in an Open-Dish Test-Tablets were stored at 25OC in 
open petri dishes exposed to ambient air currents. Thirty tablet samples were 
taken for single tablet assay at day six and day twelve. The observed changes 
in potency and content uniformity arc tabulated (Table IV). 


DISCUSSION 


Vapor Pressure and Wn-Dish Stability-The loss in tablet ptency during 
open-dish storage is undoubtedly due to evaporation of nitroglycerin. and 
therefore the rate of loss should correlate with the nitroglycerin vapor pressure. 
To provide rate data suitable for correlation with the tablet vapor pressure, 
effective first-order rate constants for potency loss were determined from the 
data in Table IVs. The resulting rate constants are plotted as a function of 
relative vapor pressure of nitroglycerin (from Table I )  in Fig. 3. The line is 
the linear regression line (r = 0.88). Considering the difficulty in obtaining 


'The dried samples were air dried in a forced-air oven at 43OC. Relative humidity 
decreases in ambient air (25OC; rclative humidity, -55%) -three-fold when heated to 
43OC by the drying oven. Thus, the dried samples wcre equilibrated with -I 8% relative 
humidity at  43OC. 


The data were consistent wi th  first-order loss of nitroglycerin, 1.e.. linear semilog- 
arithmic plots of potency cersus time. tlowever, insufficient data were available to reveal 
subtle variations from first-order behavior. 
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Table 111-Stability of 0.3-mg Nitroglycerin Tablets in C l o d  Bottles 


Chemical Stability 
Tablet Dinitroglycerin. % Potency Loss, % Content Uniformity, u (w/w)b 
Lot0 Additive R (2  years at 25OC) (6 months a t  5OoC) Initial 6 months at  25OC 2 years a t  25OC 


A None 0 
B None 0 
C None 0 
D I I 
E I I 
F I I 


K V 2 
L VII I 
M V l l l  I 
N X 1 
0 xv 1 


1 .0 
0.4 
0.7 
7.6 
8.2 
8.6 
4.3 
1.5 
I .5 
I .8 
4.4 
1.2 
2.1 
6.8 
I C  


4 
- 
- 
- 


92 
- 
- 
- 


5 
6 


40 
6 
6 


29 
8 


5 
7 
4 
3 
2 
2 
I 
I 
4 
2 
3 
3 
2 
3 
5 


10 
13 
16 
3 
4 
5 
2 
2 
5 
4 
6 
4 
5 
7 
5 


(I All lots were experimental lots prepared for this study. RSD for assay of 30 tablets in weight of nitroglycerin per uni t  weight of tablet. Semi-quantitative TLC result 


Table IV-Stability of Nitroglycerin Tablets Exposed to Ambient Air (Open-Dish Evaporation Test) 


Tablet 
Lot Additive 


Potency, pg/Tablet Content Uniformity, u (w/w) 
R Initial 6 d  12d  Initial 6 d  12 d 


A None 
I Polyoxyl 40 stearate 
J Polyoxyl 40 stearate 
K Polyoxyl40 stearate 
L Octoxynol 
M Polysorbate 20 
0 100% Acetylated monoglycerides 


0 344 292 222 5 9 15 
0.66 35 1 295 233 4 2 I 
1 .o 36 1 316 215 2 2 2 
2.0 352 327 314 3 3 3 
I .o 364 308 249 3 3 3 
1 .o 368 308 266 2 3 2 
1 .o 35 1 296 212 5 4 2 


reproducible potency loss data on samples stored i n  an open dish6, the corre- 
lation is very good. The rate of potency loss is essentially proportional to the 
initial vapor pressure of nitroglycerin in the tablet formulation. 


Content Uniformity of Tablets-Poor content uniformity at the time of 
manufacture may arise from causes unrelated to the volatility of nitroglycerin, 
i .e. ,  poor mixing, solution migration during drying and subsequent tablet 
surface erosion, etr. However, a decrease in content uniformity on aging in 
closed bottles is duc to migration of nitroglycerin, largely intertablet migration 


An additive will be effective in preventing intertablet nitroglycerin migration 
if  two criteria are met (4): ( a )  the additive lowers the vapor pressure of ni- 
troglycerin by more than -15%; ( b )  Evaporation of nitroglycerin from the 
additive-nitroglycerin phase results in significant further reduction of vapor 
pressure [ i .e . ,  the quantity (a In P / a  In N)A (Table I )  should be largc']. 


I f  criterion a is met, condensation of nitroglycerin in  empty tablet pores 
is prevented, while meeting criterion h minimizes condensation in tablet pores 
that are partially filled with nitroglycerin -additive phase (4). Thus, the relative 
importance orcriteria a and b depends on whether the small pores (conden- 
sation sites) i n  fresh tablets are empty or arc  partially filled with nitroglyc- 
erin-additive phase. This detailcd information is not available. However, if 
both criteria are met, the additive should be effective in preventing significant 
intertablet transfer of nitroglycerin. 


On this basis. all additives studied. with the exception of additive XIV.  
should stabilize content uniformity if used at the proper level. Additives I l l ,  
I V ,  XII. and X l l l  are soluble in nitroglycerin only at lower R values. and 
therefore to meet criterion b, these additives must be used at levels below the 
solubility limit. However, in each of these cases, a value of R may be chosen 
to give both large (a In P / d  In N),, and PIPo < 0.85. 


The lower erfective limit for (a In P / a  In N)A in a formulation is not known. 
However. content uniformity data (Tables I l l  and IV) suggest that (a In P / d  
In N)A > 0.3 is sufficient. The formulation for tablet lot 0 (additive X V  at  
K = I )  yields a stabilized tablet with respect to content uniformity with f / f o  
= 0.79and ( a h  P / a  In N)A = 0.34. All other tablet formulations with addi- 
tives produced greater reductions of vapor pressure and larger values (a In P/d 
In N)A without any obvious improvement in content uniformity stability. 


Chemical Decomposition-Except for X V  and VII. the additives accelerate 


(2-4). 


Variations in air currents wi th  storage location and presence of materials which 
may absorb nitroglycerin near the storage location limit reproducibility of open-dish 
stability data. ' Lilly 0.6-mg lablets arc stabilized wi th  Povidone at  R = 0.6 which results in (a In 
f,'a In N)A - 0.59. Other established stabilized formulations (Lilly 0.3- and 0.4-mg 
tablets and Parke Davis Ni t ra ta t )  yield larger values of this derivative. 


the decomposition of nitroglycerin. In general, the effect of the additive on 
stability is minimal a t  R = 1 but becomes significant at R = 2. A particularly 
good example of this behavior is shown by tablets (Table I l l )  and dried 
powders (Table 11)  containing additive V. Samples a t  R = 0.66 and R = 1 .O 
are  essentially stable. while samples a t  R = 2 are unstable. 


Samples containing I ,  I I  and X (Tables I 1  and I l l )  appear to be unstable 
a t  5OoC, even at  R = I ,  but a t  least for I and 11. the high temperaturestability 
is not particularly sensitive to additive levels above R = 1.  Potency loss data 
(Resulfs  section) suggest the samc conclusion at  25OC for I, although the 
dinitroglycerin content decreases as R increases (Table 111). However, at 25OC 
the stability of nitroglycerin is sensitive to the level of soluble polyethylene 
glycoln. Samples with R = I apparently arc stable, but the 25OC-stability of 
nitroglycerin in  a phase containing a high level of polyethylene glycol (R = 
2) is p 6 .  


Since hydrolysis is a major reaction pathway for decomposition of nitro- 
glycerin in tablets, water content and alkalinity of the nitroglycerin phase 
should be important variables. Although the water content of the nitroglycerin 
phase could not be measured ( I  5). the water content of the powder system 
a s  a whole was determined (Table 11). The water content of all dricd samples 
was 0.45-0.58% (w/w). As expected. the data generally show greater de- 
composition for the sample equilibrated at high humidity ( I  and X are ex- 
ceptions) than for the corresponding dricd sample. 


The alkalinity was characterized by measuring the pH of a 10% aqueous 
solution (or dispersion) of the additive in watcrg. The hydrolysis rate would 
be expected to be at a minimum in a weak acid (16, 17). The exact relationship 
bctween pH of a l Oslo aqueous solution of additive and acid- or base-catalysis 
in  a nitroglycerin-additive phase is not clear. However, if acidic or basic im- 
purities in the additives used were the dominant factor in stability, one would 
expect a good correlation (nonlinear) between pH and stability; good corre- 
lation was not observed9. 


Disintegration Time-While a detailed discussion of disintegration time 
is beyond the scope of this study, the effect of the additive on disintegration 
time merits comment. An additive may function as an additional binder re- 


* Dried powders (lactose-nitroglycerin-additive) were aged 2 years at 25°C. Poly- 
ethylene glycol 400 and polyethylene glycol lo00 systems at R = 0.62 showed only trace 
levels of dinitroglycerin, but at R = 2.2, the ratio of dinitroglycerin species to t r i n i t r e  
glycerin was 4 . 6 .  Potency loss for the polyethylene glycol 400 sample was 52%. Poly- 
ethylene glyml4ooo a t  R = 2.2, which is soluble only 10 R = 0.9. showed only trace levels 
of dinitro lycerin. Even at R = 2, potency losses and dinitroglycerin contents (as per- 
centage oftotal nitroglycerin compounds) were only several percent for additives V. VII. 
and X V a n d  were<15%forotheradditivesstudied(VI.VIII.IX.X.andXI). 


The measured pH values for the indicated additives were: I (3 .5) .  I I  (6.0). V (4.6). 
V I  (2.4). VI1 (3.5). V l l l  (3.9). IX (3.9). X (3.8). XI (7.1().and XV (5.8). Thcseadditives 
were all vacuum dried before use. 
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sulting in an increase in disintegration time, theeffect increasing as the additive 
content of the tablet increases. For example, conventional tablets (Table I l l )  
typically disintegrate within --I0 s, but tablets with additives present at I %  
of the tablet weight require 20-30 s for all additives except povidone. Tablets 
formulated with 2% ofeither additive V or additive V l I l  require -100 s for 
disintegration. These times refer to tablets aged 2 years at 25OC. While 100 
s is near the UPS limit for 2 min, a reduction in tablet density will significantly 
reduce the disintegration time. The data quoted above refer to a fixed tablet 
density (1.16 g/ml.). Thus, it may be possible to reduce the tablet density by 
using less lactose, thereby reducing the disintegration time to a more ac- 
ceptable level. 


With the exception of tablets containing additive I (povidone), the disin- 
tegration times for fresh tablets arc essentially the same as for aged tablets. 
Fresh tablets containing 1% povidone typically disintegrate within 20 s, but 
after prolonged aging (more than 2 years at 25OC) they may require 1-2 min 
for disintegration. Evidently the povidone cross-links to some extent which 
retards disintegration. When these tablets are left undisturbed in  water for 
some time, a “ghost” of insoluble material in the shape of the tablet remains. 
Thus, with the exception of severely aged povidone-containing tablets, ex- 
cessive disintegration time is not a problem for the tablet systems studied 
(Table I l l ) ,a t  least for 51Qadditive. 


CONCLUSIONS 


A number of nitroglycerin-soluble additives sufficiently lower the vapor 
pressure of nitroglycerin to stabilize the content uniformity of molded nitro- 
glycerin tablets. I n  general, an additive-nitroglycerin weight ratio, R, of 1 
is adequate for this purpose. Tablet potency lasses in  open-dish cvaporation 
tests are roughly proportional to the vapor pressure of nitroglycerin in the 
tablet, and higher levels of additive (R = 2) are normally needed to achieve 
a significant improvement in open-dish stability. However, with few exceptions 
( V I I  and X V )  high additive levels lead to reduced chemical stability. partic- 
ularly at high tcmperature. and a compromise must be made between chemical 
stability and open-dish stability. For packaging in sealed glass bottles, open- 
dish potency loss is of little importance, and a compromise of chemical stability 
is not necessary. For example, additives VII and XV stabilize content uni- 
formity with no measurable loss of chemical stability and several other ad- 


ditives (V in particular) do not seriously affect chemical stability when used 
at R = 1Io. 
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Abstract 0 n-Alkyl esters of nipecotic acid were prepared by Fischer ester- 
ification, and the esters were evaluated against bicuculline-induced seizures 
in mice. Evaluation of the alkyl esters for inhibition of y-aminobutyric acid 
uptake into mouse whole brain mini-slices revealed that the order of potency 
was proportional to chain length. The octyl ester inhibited y-arninobutyric 
acid and &ilaninc uptakes by apparently nonspecific mechanisms. A variety 
of phenyl esters of nipecotic acid were also synthesized utilizing either dicy- 
clahrxylcarbodiimide or 1 ,I’-carbonyldiimidazole as the condensing agent. 
Most of the phenyl esters were potent inhibitors of y-aminobutyric acid up- 
take. The uptake inhibition appcared to involve specific and nonspecific (de- 
tergent-like) mechanisms The m-nitrophenyl and p-nitrophenyl esters were 
particularly potent against bicuculline-induced seizures in mice. 


Keyphrases 0 Nipecotic acid esters-synthesis, anticonvulsant activity 0 
Anticonvulsant agents-potential, nipecotic acid esters, synthesis 


y-Aminobutyric acid appears to act as a major inhibitory 
neurotransmitter in the central nervous system ( 1  -3). Im- 
pairment in y-aminobutyric acid neurotransmission may 


contribute to the symptoms of Huntington’s disease, Parkin- 
sonism, and epilepsy (4). Thus, compounds that potentiate 
y-aminobutyric acid neurotransmission have considerable 
therapeutic potential. 


(f)-Nipecotic acid ( I )  has been found to be a potent in- 
hibitor of y-aminobutyric acid uptake into rat cerebral cortex 
( 5 )  and mouse whole brain mini-slices ( 6 ) .  The I?-(-) enan- 
tiomer of nipecotic acid ( I )  has approximately five times 
greater affinity for the y-aminobutyric acid uptake carrier 
than the S- (+)  enantiomer (7). 


As with several other compounds (8) having the potential 
of interacting with the y-aminobutyric acid system, (*)-ni- 
pecotic acid ( I )  does not readily penetrate the blood-brain 
barrier (9). However, prodrug esters of nipecotic acid ( I )  that 
pass into the central nervous system have been evaluated for 
anticonvulsant activity ( 1  0- 13) and y-aminobutyric acid 
uptake inhibition (13, 14). 
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Determination of the Chemical Constituents and Spectral 
Properties of Commercial and N F  Reference Standard 
Potassium Guaiacolsulfonate: Implications of the 
Findings on Compendia1 Analytical Methodology 
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Abstract 0 HPLC analysis confirmed a diffcrence in the chcmical composition 
of commercial cersus N F  reference standard potassium guaiacolsulfonate. 
After scparation by fractional crystallization, the two constituents comprising 
the former sample were identified by lt1-NMR as potassium guaiacol-4- and 
-5-sulfonate, respectively. The former isomer predominated. The reference 
standard material was identified as the 4-sulfonate salt by HPLC, NMR, IR, 
and UV. This difference raises questions concerning the validity of the com- 
pendial identification tests and assay procedure for the drug, which are based 
on methods requiring direct comparison bctwecn i t  and the reference standard. 
In fact, the IR test has now been shown to be unreliable as a rigorous criterion 
for identification, in light of significant differences found in the fingerprint 
regions of the spectra of the two isomers. I lowever, because the two isomers 
exhibit identical U V  absorption characteristics in solutions of pt l  5 7  (but 
not in alkaline solution), the compendia1 UV identification test and assay 
procedure appear to be valid under the conditions specified. The pK, values 
of the isolated isomers were estimated by a spectrophotometric method to be 
8.74 and 9.16 for the phenolic group of potassium guaiacol-4- and -5-sulfonate, 
respectively. 


Keyphrases o Potassium guaiacolsulfonate --chemical constituents, spectral 
properties, commercial and N F  reference standard 0 Isomers --potassium 
guaiacolsulfonate, determination of chemical constituents and spectral 
properties, commercial and NF reference standard 


Since the first reported synthesis of potassium guaiacol- 
sulfonate oiu sulfonation of guaiacol with concentrated sulfuric 
acid ( I ) ,  there has been disagreement over product composi- 
tion. Some workers have suggested that a single product is 
formed (2-4); however, others have described isomeric mix- 
tures ( I ,  5-8). The identification of the mixture as the 1 -  
hydroxy-2-methoxybenzene-4- and -5-sulfonic acid salts by 
Paul ( 5 )  has been accepted (9, 10) and confirmed by others 
who examined both commercial samples and formulated drug 
products ( 1  1 - I  3) .  


However, discrepancies in several drug listings ( I  4- 16) have 
persisted. The National Formulary (NF) has failed to be 
specific about the composition of the officially recognized drug 
entity ( I )  with no reference to a mixture of isomers ( 1  7) .  Thc 
original analytical methodology introduccd in N F  XI1 appears 
to be based on methodology (18) which ( a )  failed to take into 
account the fact that the drug may be an isomeric mixture and 
( b )  proposed a reference standard prepared by recrystalliza- 
tion of the commercial sample from water or alcohol, which 
could lead to a product of uncertain composition, since 
solubility differences between the isomeric components of the 
mixture of potassium guaiacolsulfonates are known to exist 
(9 ,  1 1 ) .  


?H b-"" 
bO,K 


1 


Although potassium guaiacolsulfonate ( I )  is no longer in- 
cluded in the official compendium, its commercial use in cough 
and cold remedics as an expectorant is still widespread. In  this 
study, a commercial sample and an N F reference standard of 
potassium guaiacolsulfonate are characterized, and the N F  
XI11 methodology (17) is evaluated. 


EXPERIMENTAL SECTION 


Materials -Commercial' and N F reference standardZ potassium gtraia- 
colsulfonate were used as received. All solvents and standard chemicals em- 
ployed were reagent grade. 


High-Performance Liquid Chromatography -The apparatus consisted of 
a single-piston reciprocating solvent delivery pump with integral pulse 
dampcncr3; a valve injector4 fitted with a 25-pL sample loop; a 30cm X 4-mm 
stainless steel column packed with a chemically bonded octadecylsilane re- 
verse-phase packing5; a variable-wavelength UV--visible spectrophotometer6 
operated at 278 nm and fitted with an 8 - p L .  I-cm path length, quartz flow 
cell7 as detector; and a recorder*. 


The mobile phase consisted of 0.005 M telrabutylammonium hydroxide. 
adjusted to pl l  7.15 with 86% H3P04, and contained 10% (v/v) methanol. 
I t  was deaerated by stirring under reduced pressure. The f low rate was 
maintained at -I .4 mL/min. 


All solutions of potassium guaiacolsulfonate analyxd by I IPLC were 
prepared at  a concentration of -1.3 mgjmL in  water. Analysis of the com- 
mercial sample of 1 under the conditions described above resulted in a chro- 
matogram with two baseline-resolved peaks ( K ,  = 1.7) at retention times (fR) 
near I I and 14 min, respectively, in the area ratioY 1.5:l (Fig. I ) .  Analysis 
of the N F  reference. standard of I under identical conditions yielded a chro- 
matogram containing only a single peak with a retention time of I I min, which 
was shown by mixture analysis to be identical with the t R  of the earlier-eluting 
(major) peak of the commercial sample. 


Spectrometric Measurements-- Ill-NMR spcctra were rccorded1° in DzO' I 
containing 1% sodium 3-trimethylsilyl-I-propanesulfonate (DSS)IZ. To 
generate the phenolate anions of the I isomcrs. a few drops of NaOD solution" 
were added to the DzO solutions. Chemical shifts are reported as 6 values in  
parts per million relative to DSS. 
IK spectral4 were r u n  as KBr pellets. UV spectrals wcre recorded at  a 


concentration of 0.02 mg/mL in water, 0. I M IICI. and pH 7.0 potassium 
phosphate buffer and at 0.01 mg/mL in 0.1 M NaOH. Molar absorptivities 
(0 of the isomers at the wavclcngths of maximum abborption in  the pli  7.0 
phosphate buffer solution were determined from the slopes of Beer's law plots 
derived from absorbance measurements of seven solutions over the conccn- 
tration range 8 X lo-' to 3 X M. 


' ICN Pharmwxticals.  K & K Labs Division. Plainview. N . Y .  
U S P  authentic substancc, 1.0: 1:; US. Pharmacopcial Convention. Inc.. Rockville. 


Milton Roy Co.. I.aboratory Data Division. Rivicra Beach. Ha. 
Valco Instruments Co, Ilouston. Tex .  
p-Bondapak Clv: Waters Associates. Milford. Mass. 
Clnicarn SPt800: Pye-Unicam I.td., Cambridge, England. 


Model EL-2013: I leath Co., Bcnton Harbor. Mich.  
Peak areas wcre calculated from the product of peak height times the width of  the 


Md. 


' Iiellma Cells. Inc.. Jamaica. N . Y .  


peak at half height. 
lo  Model T-60A X M R  spectrometer: Varian Instruments. 
I '  99.75 atom8ofdeuterium: J .  7'. Baker Chemical Co, Phillipsburg. N.J. 
I 2  h'orcll Chemical Co.. I.andisville. N.J. 
I' 409% in 1120;  Stuhler Isotope Chemicals. Rutherford. N.J .  
l 4  Model IRR I R  spectrophotonieter; Beckman Instruments. 


Model D B  spcctrophotorneter with laboratory recorder; Beckman Instruments. 
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Preparative Isolation of the Constituents of Commercial I by Fractional 
Crystallization The commercial sample (90 g) was dissolved in  120 mL of 
boiling water. and the solution was filtered while hot, cooled to room tem- 
perature, and refrigerated overnight. The resulting white crystals were re- 
moved by filtration and recrystallized from water to give isomer A (41 g), 
which has previously been described as the “less-soluble” salt (9). 


To the mother liquor (80 mL) from the aforementioned first crystallization 
was added slowly with stirring 95 mL of absolute ethanol. A white solid pre- 
cipitated (4 9). which was removed by filtration. This material was purified 
by suspending in boiling absolute ethanol ( I  25 mL) and then adding sufficient 
aqueous ethanol (25% ethanol-water), while heating. to completely dissolve 
the solid. The solution was cooled and allowed to stand overnight. The resulting 
precipitate was removed by filtration and washed with aqueous ethanol, and 
then absolute ethanol, to give (after drying) 2 g of isomer B, the “more-soluble” 
salt. 


I-0-Acetyl Derivatives of the Isomeric Potassium Guaiacolsulfonates- 
Each of the aforementioned isomers A and B (200 mg, 0.8 mmol) was refluxed 
with 10 mL of acetic anhydride and 2 ml. of pyridine for 30 min and then 
cooled. The white crystals were removed by filtration, washed with acetone, 
and dried, to give 160 mg of  potassium 4-(acetyloxy)-3-methoxybenzene- 
sulfonate (acetylated isomer A) [IR(KBr): 1760 cm-’ (C=O);  ‘11-NMR 
(D20):62.36(s.CH$ZO), 3.92(s,CH,O).7.25 (d, ArH),7.51 (dofd.Art l ) ,  
and 7.55 ppm (d, ArH)] and I50 mg of potassium 3-(acetyloxy)-4-methoxy- 
benzenesulfonate (aeetylated isomer B) [IR(KBr): I760 cm-’ (C=O); 
’H-NMR (D2O): 6 2.36 (s,CH3CO), 3.86 (s ,CH30),7.24 (d, ArH), 7.60 
(d, ArH), and 7.79 ppm (d of d, ArH)]. 


Anal.16-Calc. for C‘9H906SK: C ,  38.02: H, 3.19; S. 11.28. Found for 
acetylated isomer A: C ,  37.72; H, 3.47; S, I I .21. Found for acetylated isomer 
B: C ,  37.75: H, 3.41; S, 10.99. 


Spectrometric Fstimation of the pK, Values of the Isomers of I- Eleven 
solutions of each isomer were prepared (0.02 mg/mL), covering the pH range 
of 5.6-10.0, with 0.1 M potassium phosphate and sodium borate buffer sys- 
tems. The analytical wavelengths employed were selected by comparison of 
the spectra of the free phenol and phenolate anion forms of the isomers in pH 
5.6 buffer and 0.1 M NaOH solution, respectively, with 257 nm being chosen 
for isomer A and 296 nm for isomer B. From absorbance measurements of 
each of the I I solutions and for the pure anion and free phenol form of each 
isomer at the selected wavelengths, the ratio [A-]/[HA] was calculated (19) 
at each pH”. The pK, of the phenol group was then determined graphically 
(linear regression analysis) as they-intercept of the linear plot of pH uersus 
log [A-]/[IIA] ( r  > 0.99, with unit slope for each determination). 


RESULTS AND DISCUSSION 


The results of paired-ion HPLC analysis of the commercial and N F  ref- 
erence standard samples of I clearly demonstrate the dissimilarity in their 
chemical cornpositions Furthermore. determination of the retention times 
of the isolated pure isomers A and R show that the former represents the major 
constituent in the commercial sample and the soleconstituent of the N F  ref- 
erence standard 1, whereas isomer B represents the later-eluting peak in  the 
chromatogram of the commercial sample. The structural identities of the two 
isomers then remain to be established. 


Structure Determination of the Isomers of I by ‘H-NMR-The aromatic 
region of the ’H-NMR spectra of isomers A and B both featured an upfield 
ortho-split doublet (Ha, 6 7.00, J = 9 Hz) and a lower-field doublet ofdoublets 
(Hb. Jor,ho = 9 11z, J,,,,, = 2 11z) overlapping a meta-split doublet (He. J = 
2 Hz). This pattern of absorption bands establishes that the three substituents 
on the aromatic ring of both isomers must be oriented asymmetrically [ I  ,2,4 
(11) and 1.2.5 ( I l l ) ]  rather than vicinally (1,2,3 or 1,2,6). 


I n  order toassign structures I I  and 111 specifically to isomers A and B, re- 
spectively, the positions of the three ring protons relative to the ring substit- 
uents need to be differentiated for each compound. This was accomplished 
by determining the effect on the chemical shifts of the ring protons of changing 
the electronic character of the hydroxyl group of each of the isomers by con- 


OH OH 


SO,K 
I1 


l6 Performed by Galbraitn Laboratories. Inc , Knoxville. Tcnn. 
I ’  Zeromatic I V  pH meter, Beckman Instruments 


0.2 


0 


0 8 I6 
MINUTES 


Figure 1 -Paired-ion high-performance liquid chromatogram of commercial 
sample of 1. The major peak corresponds lo isomer A (11). and the minor peak 
corresponds to isomer B (Iil),  which were subsequently isolated from the 
sample by fractional crystallization. 


verting it to its phenoxide ion and acetyl derivative. It is known that the 
chemical shifts of ring protons ortho and para to the hydroxyl group are most 
affected by such changes and mela protons are affected less (20). For the 
derivatives of isomer A, the greatest chemical shift changes were observed 
for the high-field doublet due to H, (0.38 ppm upfield in  the phenoxide ion, 
0.25 ppm downfield in the acetate ester). with the corresponding changes for 
the absorptions duc to Hb and H, being approximately half as large. For the 
derivatives of isomer B, the greatest chemical shift changes were observed for 
the absorptions due to Hb and H, (0.41 and 0.37 ppm upfield, respectively, 
in the phenoxide ion; 0.45 and 0.30 ppm downfield, respectively, in the acetate 
ester), with the corresponding changes in  the high-field doublet due to H, 
being much smaller (0.09 ppm upfield and 0.22 ppm downfield in the re- 
spective derivatives). These results leave no doubt that for isomer A, H, must 
be ortho to the hydroxy group (i.e., the 6-position) and that for isomer B, Hb 
and H, must bepara and ortho, respectively, to the hydroxy group (i.e., the 
4- and 6-positions, respectively) (20). Therefore, isomer A, the “less-soluble” 
salt which represents the earlier-eluting (major) HPLC peak from the com- 
mercial sample is potassium guaiacol-4-sulfonate (11) and isomer B is po- 
tassium guaiacol-5-sulfonate (111). 


With the identity of the two constituents of the commercial sample of I 
established, it was concluded that the N F  reference standard consisted solely 
of potassium guaiacol-4-sulfonate, inasmuch as its NMR and IR (see below) 
spectra were identical to those for 11, and the retention time of its single HPLC 
peak coincided with that for I I  (see above). 


The obvious difference in the compositions of the commercial sample of 
1 and the N F  reference standard raises some concern regarding the reliability 
of the identification tests and assay procedure described in N F  Xlll  (17). since 
the methodologies involved rely on direct comparison of the drug with the 
reference standard. It  was important, therefore, that the accuracy of these 
methods be reevaluated. 
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Figure 2-(A) The identical UV spectra (I-cm path length cells) of 0.02- 
mglmL solutions of I I .  111. and a commercial preparation of I in water, 0.1 
M HCI, and pH 7.0phosphate buffer. (B)  UVspectra ( I  -cm path length cells) 
of0.01-mglmL solutions of I 1  (- - - I11 (. - -1. and a commercial prepa- 
ration o f I ( - )  in 0.1 MNaOH. 


Evaluation of the NF IR Absorption Identification Test for I (17)-As ex- 
pected, the IR spectra of KBr dispersions of pure I I  and the N F  reference 
standard I proved to be superimposable, confirming the chemical identity of 
the standard as the single pure compound. However, the IR spectrum for the 
commercial preparation of I differed markedly from that of the reference 
standard in the fingerprint region (especially around 1100- I300 cm-I) due 
to the contribution of absorption bands from its second constituent, I l l .  


Therefore, it must be concluded that comparison of the IR spectra of com- 
mercial and reference standard samples of 1 cannot be used as  a rigorous 
criterion for the reliable identification of unknown samples of the drug. 


Evaluation of the NF UV Absorptioi Identification Test and A m y  Proce- 
dure for I (17)--Dabrowski and Patel (18). although not acknowledging that 
they were comparing different materials. claimed that their reference standard 
and commercial preparations of I exhibited the same UV behavior in aqueous 
solution at pH 5 7, and on this basis proposed an assay for the drug which was 
adopted by the NF. This methodology is only valid provided that isomers I 1  
and I 1 1  have identical UV absorption characteristics. 


Indeed. the UV spectra of I I , 1 1 1 ,  and the commercial sample of I in aqueous 
solution all appear to be identical at pH 5 7 (Fig. 2A). with absorption 
maxima at 236 and 279 nm. as  previously reported for the commercial p rep  
aration of I (18, 21, 22). However, in 0.1 M NaOH, the spectra for the two 
pure isomers differ substantially (Fig. 2B). with 11 exhibiting absorption at 
Am,, of 264 and 293 nm and 111 cxhibiting absorption at A,,, of 249 and 296 
nm. The spectrum for the commercial preparation of I (Fig. 28) is clearly a 
compositc of the contributions from its two isomeric constituents, with ab- 
sorption maxima at  257 and 290 nm. Based on these results, it can be con- 
cluded that despite the difference in their compositions, comparison of the 
UV spectra of the commercial mixturc and N F  reference standard in  pH 7.0 
buffer solution (but not in alkaline solution), as specified in N F  XIII. is a valid 
identification test. However, the same comparison for quantitation of I is only 
reliable provided that the absorptivities of the two isomeric constituents, I 1  
and 111, are identical at the wavelength of analysis (279 nm). 


Determination of the molar absorptivities of the two isomers from the slopes 
of the respective Beer’s law plots ( r  > 0.999. with intercepts passing through 
the origin verified by I test) yielded values of c of 3.07 X I O3 f 0.03 X 10’ and 
2.97 X lo3 f 0.01 X lo3 1. mol-l-cm-‘ for I I  and I l l ,  respectively, at A,,, 
of 279 nm in pH 7.0 buffer solution. Statistical comparison of these values 
by a two-tailed I test revealed that their difference is not significant a t  thep  
= 0.05 level but is significant at the p = 0. I Icvel. Thus, i f  a 95% or higher 
probability level of significance is acceptable, the two absorptivities can be 
considered to be not different, and therefore, the UV spectrometric quanti- 
tation of the commercial drug by direct comparison with the singlc-constituent 
N F  reference standard appears to be justified under the specified condi- 
tions. 


Spectrometric Estimation of the pK, Values of the Isomers of I-The 
aforementioned differences in thc UV spectra of the acidic and basic forms 
of I 1  and 111 could be taken advantageof todetermine their pK, values (phenol 
group). The values obtained were 8.74 f 0.05 for I 1  and 9.16 f 0.04 for 111, 
which compare with a pK, of 9.98 for guaiacol (23). The greater acidity of 
the 4-sulfonate uersus the 5-sulfonate derivative is consistent with the relative 
acidities of p- and m-methylsulfonylphenol, which have pK, values of 7.83 
and 8.40, respectively (23). 


CONCLUSIONS 
The determination of the composition of the commercial preparation of 


I to be a mixture of the guaiacol-4- and -5-sulfonate salts, whereas the N F  
reference standard of 1 has been shown to be only pure potassium guaiacol- 
4-sulfonate. has raised qucstions concerning the reliability of direct comparison 
of the two materials for the identification and assay of the drug as specified 
in N F  XIII.  However, bascd on the present work, it appears that as long as 
the U V  assay procedure is carried out in neutral or acidic solutions of the drug, 
valid quantitative results can be obtained. In contrast, comparison of the IR 
spectra of commercial versus reference standard I is not strictly reliable as  
an identification test for the drug, because significant diffcrences in the fin- 
gerprint regions which distinguish the two pure isomers from each other also 
cause the commercial sample to present a composite spectrum which is dif- 
ferent from that of the pure, single-component reference standard. 


REFERENCES 
(I) F. Tiemann and P. Koppe, Ber. Dtsch. Chem. Ges., 14, 2015 


(2) L. Rosenthaler, “Neue Arzneimittel Organischer Natur.“ Springer, 


(3) N.  Evers, “The Chemistry of Drugs,” Van Yostrand, New York, 


(4) J. Schwyzer, “Die Fabrikation Pharmazeutischer und Chemisch- 


(5) L. Paul. Ber. Dtsch. Chem. Ges., 39,2773 (1906). 
(6) A. Rising, Ber. Dtsch. Chem. Ges., 39,3685 (1906). 
(7) C. M. Suter, “The Organic Chemistry of Sulfur-Tetravalent Sulfur 


(8) E. A. Abarenkova and A. K. Guman, Tr. Leningr. Inzh.-Ekon. Inst., 


( I  881). 


Berlin, 1906, p. 95. 


N.Y., 1926, p. 41. 


Technischer Produkte,” Springer, Berlin, 1931, p. 214. 


Compounds,” Wiley, New York, N.Y., 1944, p. 242. 


46.92 (1963); through Chem. Abstr. 61,82200 (1964). 


1240 I Journal of pharmsceutical Sciences 
Vol. 73, No. 9, September 1984 







( 9 )  “Hcilstcins l landbuch der Organischcn Chemie.” vol. I I .  4th cd.. 


( 10) 0. Aii\clmino and I:. (illg. l,:db.. “l(oiiiincnt;ir 7um I>cut\chcn 


( I  I ) t. Kupp and A .  V .  Brixcn. Arch. Phorni. Ber. Drsch. Phartn Gas.. 


( I  2) A .  11. Clark and E. Kirch. J .  Atn. Pharm. Assoc . .  Sci. Ed. ,  24. 564 


(I 3) S .  Pfeifer. Phor t tmie .  13. I 2  ( 1958). 
(14) “The Merck Index.”9th cd.. M u c k  & Co.. Rahway. N.J., 1976. p. 


991 with 8th cd.. 1968. p. 854 and 7th ed., 1960. p. 841. 
(IS) “Kemington’s Pharmaceutical Sciences.” 16th ed.. Mack Publishing 


Co.. Eslon, Pa.. 1980. p. 808 with IZthcd.. 11975, p. 803,and 14th ed.. 1970. 
p. 874. 


(16) A. Wade. Ed.. “Martindale: The Extra Pharmacopoeia,” 27th ed., 
Pharmaceutical f’rcss, London. 1977, p. 604. 


( I  7) “The National Formulary,” 13th ed., American Pharmaceutical 
Association. Washington. D.C.. 1970, p. 574. 


Springer. Berlin. 192X. p. 295, and succeeding supplements. 


,\r/iicibuch.“ 6th cd.. vol. I. Springcr. I k r l i n .  l92X. p. X W .  


264.698 ( 1926). 


(1935). 


( 1 8 )  K .  Dabrowskiand D. M .  Patel,J. Phurm Sci.,54. 1662(1965). 
(19) A .  Albert and 1;. P. Scrjcant. “The Determination of Ionimtion 


Constants,” 2nd cd.. Chapman and Hall .  London. 1971, chap. 4. 
(20 )  I . .  M. Jackman and S. Sternhell. “Applications of Nuclear Magnetic 


Resonance Spcctroscopy in Organic Chemistry.” 2nd cd., Pergamon. Oxford. 
1969. p. 204. and  references therein. 


( 2  I ) I.. Jung and P. Cordicr. Hull .  Soc. Phartn. Srrushourg. 8. 89 (1965); 
through Chrw7. Ahstr . .  66, 31992 (1967). 


(22)  K .  Pawclc/yk. K. Adamski, and E. Stcpien, Farm. Pol.. 28, 285 
(1972); through C‘hetif. Absrr.. 77. 39352 (1972). 


(23) A. Albert and E. P. Serjeanl. “The Determination of Ionization 
Constants,” 2nd cd.. Chapman and Ilal l .  London, 1971. p. 87. 


A C K N O W  LEIKMENTS 


The authors thank Wil l iam M. Ment and Sharon R .  Reed of the Baltimore 
District I.aboratory. U S .  Food and Drug Administration, for calling attention 
to the possibility of the problem addrcsscd i n  this study. 


Synthesis of Bridged Catechol-Homocysteine 
Derivatives as Potential Inhibitors of Catechol 
@Met hyltransferase 


0. WII,I,IAM LEVER, J R . ~ ,  C1,IFTOIV HYMAN, and HELEU L. WHITE 
Kcccived Ju ly  X. 19x3. from the WeIIcotnr Research f.ahorarories, Burroughs Wellconie Cb., Ki,.warch Triangle Park, NC‘ 27709. 
publication Scptcmbcr 14. 1983 


Accepted for 


Abstract 0 C‘atechol derivatives. covalently joined to homocystcine by sulridc 
or wlfoniuni linkages. were synthcsi7cd as potential catcchol 0-methyl- 
transrerase multisubstratc inhibitors which might bridge the enzymatic 
binding bites lor the catcchol substrate and the amino acid portion of the 
methyl donor S-adcnosylmethionine. These compounds were found to be lebs 


effective inhibitorb than the product inhibitor S-adcnosylhomocystcinc. 


Keyphrase5 0 C;ircchol homocystcine derivatives bridged. synthesis. in- 
hibition of catecho1 O-nicthyltransferasc 0 Catechol O-nicthyltransfer- 
ii\c . potcntinl inhibiton. bridged catcchol- homocystcine dcrivativcs 


Catcchol 0-nicthyltransfcrasc (COMT;  EC 2. I .  I .6) cata- 
lyzes methyl transfcr from S-adenosyl-I.-methionine (SAM, 
I )  to catechol substrates and plays an important role i n  the 
inactivation of catecholamines ( I ,  2). C O M T  inhibitors offer 
opportunities for control of catecholamine levels and have 
potential for treatment of disorders thought to arise from 
catecholamine deficiencies (3). For example, by decreasing 
\hc formation of 0-mcthylatcd metabolites of lcvodopa and 
dopamine, C O M T  inhibitors may enhance the effectiveness 
of levodopa therapy for Parkinsonism (3-5). 


One approach to design of inhibitors of SAM-dependent 
methylases has focused on analogues of S A M  or the product 
inhibitor S-adenosyl-1.-homocysteine (SAH,  I I )  (6- 12).  
However, analogues of SAM and S A H  may not be highly 
specific inhibitors for a single methylase since many methyl- 
transferascs utilize SAM as the methyl donor and are  also 
subject to potent product inhibition by SAH ( I ) .  Although 
inhibitor specificity for COMT might be more readily achieved 
with cdtechol analogues, a number of potent in citro inhibitors 
of this t y p  are limited in  clinical potential by poor in cirw 
activity and/or by unacceptable toxicity (3) .  


An intriguing alternative approach to C O M T  inhibitor 
design emanates from consideration of the proposed mecha- 


nism for methyl transfer by COMT. The mechanism appears 
to involve an Sh2-like nucleophilic attack by thc catechol 
on the methyl group of S A M  (13, 14) with a transition state 
which may be depictcd as shown in  111. This suggests that 
compounds such as IV and V,  in which a catechol iscovalently 
joined to homocystcine by sulfide or sulfonium linkages, might 
bridge the enzymatic binding sites for the catcchol and for the 
amino acid portion of S A M  and thus might function as mul- 
tisubstrate ( I  5), or rudimentary transition-state (16, 17), in- 
hibitors of COMT.  


The direct transition state analogue IV ( n  = I )  would not 
be expected to be sufficiently stable to permit study in  an 
aqueous environment. I n  an earlier study ( I  8 ) .  this problem 
was circumvented by isostcric rcplacemcnt of one of the cat- 
echo1 oxygen atoms by a mcthylcne group (cf VI ,  n = I ). The 
adducts thus obtained were stable, but were not potent C O M T  


m 
I X = h e  [SAM]  


II X s S  [ S A H l  


Ip Y = O ;  Z’SMe 


p Y = O ;  z = s  
+ PI Y = CH2 ; Z S or SMe 
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Pain, Analgesia, and Addiction: The Pharmacologic Treatment of Pain. By 
BARRY STIMMEL. Raven Press, I140 Avenue of the Americas, New 
York, NY 10036. 1983.312 pp. 16 X 24 cm. Price $45.00. 
This is an interesting volume presenting a multifaceted discussion of pain 


and its pharmacological management. The book appears to be written pri- 
marily with a pedagogic perspective and intent, presenting a rather broad 
survey of factors involved in  the phenomenon of pain and of drugs used for 
relief of pain. It seems most useful for someone who is interested in pain and 
wishes to learn more about its various aspects, rather than for one who already 
has some expertise in the study or treatment of pain. 


This book is organized into three distinct sections. The first deals with 
fundamental components of pain and analgesia, including the description and 
discussion of the anatomical pathways, neurochemical species. and psycho- 
logical factors believed to be involved, as well as discussion of drug tolerance, 
dependence, and withdrawal. The second section deals with the clinical 
pharmacology of drugs used to relieve pain. Included in this are discussions 
of some unconventional agents such as stimulants, antidepressants, antipsy- 
chotic drugs, sedative-hypnotic-antianxiety agents, and marijuana. The 
discussions of pharmacological properties of the drug classes are broad, in- 
cluding description of effects on a number of organ systems, biodisposition, 
adverse effects, and drug interactions, rather than being confined to matters 
relating to pain and analgesia. This approach seems to diffuse the focus of the’ 
book somewhat, but may make it more useful for the clinician considering the 
use of these agents in a patient or encountering a patient already taking them. 
The third section offers a discussion of practical management of pain. It ad- 
dresses such issues as the differences in management of acute uersus chronic 
pain, management in “problem” populations such as the elderly, patients with 
malignancy, and drug-dependent patients. and the problem of iatrogenic drug 
dependence. 


Included with each chapter is an ample list of references. but for some 
chapters more recent references are noticeably lacking. It also seems that the 
pharmacology section would have benefitted from more basic science refer- 
ences, especially some dealing with cellular actions and mechanisms of drugs. 
which would contribute to a better understanding of drug effects. 


One strength of the volume, in spite of the preceding statement, is its 
combination and integration of basic and clinical sciences. The first section 
is done best in this regard. Another strength is the breadth of topics covered, 
including some not usually Considered in  texts dealing with pain or analgesic 
drugs. The author also applies his practical experience in discussion of the 
topics, which probably enhances the usefulness of the book for less experienced 
practitioners. The opinions of the author are expressed rather strongly in some 
of the “practical” sections of the book, and this expression could be viewed 
as  being both a strength and weakness of the work. Weaknesses of the volume 
include a rather large number of typographical errors and some factual errors. 
While these are rather trivial relative to the contcnt of the book as  a whole, 
they are still somewhat bothersome. Other weaknesses, referred to earlier. 
include lack of currency in discussion of some topics and a paucity of basic 
science data in some discussions. 


In summary, this volume deals with pain, analgesia, and related phenomena 
in considerable breadth and in sufficient depth to make it a useful source of 
information for both health scientists and clinicians who are interested in basic 
concepts concerning the nature of pain and analgesia and in the practical 
treatment of pain. 


Reoiewed by Graham A. Patrick 
Department of Pharmacology 


Medical College of Yirginia 
Virginia Commonwealth Uniuersity 
Richmond. V A  23298 


and Toxicology 


Antibiotics: Assessment of Antimicrobial Activity and Resistance. (Society 
for Applied Bacteriology, Technical Series No. 18.) Edited by A. DENVER 
RUSSELL and LOUIS B. QUENSEL. Academic Press, Inc., 1 I 1  Fifth 
Avenue, New York, NY 10003. 1983. 384 pp. 15 X 23 cm. Price $48.00 
(f29.00). 
This volume, the 18th in the Socicty for Applied Bacteriology technical 


series, includes 23 lectures with contributions from 50 microbiologists pre- 
sented at a Demonstration Meeting of the Society held at thc Welsh School 
of Pharmacy, University of Science and Technology, Cardiff, in  September 
1981. 


The invaluable medicinal properties of antibiotics a re  universally recog- 
nizcd, but the ability of many organisms to develop resistance to certain of 
these antibiotics is sometimes underestimated or ignored. One of the greatest 
challenges in drug development is the continued need to discover and develop 
new chemotherapeutic agents to which microorganisms are initially, and 
continue to be, highly sensitive. This volume discusses many of the details of 
microbial sensitivity and resistance to antibiotics. 


An introductory chapter in the book briefly describes the various types of 
iintibiotics, their mode(s) of action, and methods of assay for these compounds. 
Other topics considered include: sensitivity testing; effects of media compo- 
sition on MIC values of antibiotics; sensitivity determination by the mea- 
surement of conductance; the effects of cell envelope composition on antibiotic 
activity; thc use of ionophoric antibiotics as experiment tools in microbiology; 
the extraction, purification, detection, and identification of fi-lactamases; 
methods for determining the stability of &lactam antibiotics to 0-lactarnase 
extracts; the biochemical evaluation of &lactamase inhibitors; detection 
methods for bacterial penicillin-binding proteins; means of detecting ami- 
noglycoside-modifying strains of bacteria; assay methods for aminoglycosides; 
methods of studying plasmid-determined tetracycline resistance; methods 
of studying bacterial folate metabolism inhibition; in v i m  methods for de- 
termining transferable resistance to antibiotics; phage typing and plasmid 
characterization in  studying the epidemiology of multiresistant Salmonella 
typhimurium; measurement of combined antibiotic action; use of a biopho- 
tomcter in  determining the effects of antibiotics; use of high-voltage electro- 
phoresis in  the identification ofantibiotics: testing antibiotics for sterility; and 
the detection of antibiotic residues in milk and animal tissues. 


The volume contains both theoretical and practical information on a variety 
of analytical techniques, and many valuable tables, figures, and schemes are 
included. The articles presented are well referenccd and are curreni up to 1982. 
This is an excellent publication which contains an enormous amount of in- 
formation and is highly recommended as  a reference book. The price, along 
with its incomplete coverage of all aspects of antibiotics, would limit its use- 
fulncss as a textbook. 


Reoiewed by Leonard R. Worthen 
Department of Pharmacognosy and 


Environmental Health Sciences 
College of Pharmacy 
University oJ Rhode Island 
Kingston, RI 02881 


The Alkaloids: Chemistry and Pharmacology. Vol. 21. Edited by ARNOLD 
BROSSI. Academic Press. Inc., I I I Fifth Avenue, New York, NY 1 W 3 .  
1983. 368 pp. 16 X 23.5 cm. Price $49.50. 
This new volume in  The Alkaloids series, the first to be edited by Arnold 


Brossi, is truly an exciting book. There is a sense of urgency and intensity about 
it which is hard to miss. It includes seven chapters, and in three of these the 
authors involved have deemed it necessary to add (at the end of their respective 
chapters) an addendum to bring the material presented completely up-to-date. 
I n  another chapter, a last minute change was made to round off the material 
presented. 


In  every instance, emphasis has been placed not only on occurrence, 
structural clucidation, and synthesis, but also on the mast recent pharmaco- 
logical results. One is thus led to realize that the justification for endeavors 
in natural productscheniistry lies in the intrinsic interest and challenge of the 
chemical subject mattcr. as well as in the biological activityof natural prod- 
ucts, particularly alkaloids. 


Another characteristic of this volume of The Alkaloids is that the term 
“alkaloid” has been interpreted in broad terms, so that cyclic nitrogenous 
compounds produced by plants. micro-organisms, sponges, amphibians, and 
mammals are all discussed in detail. 


Each of the presentations for the seven chapters is authoritative, precise, 
thorough, and above all pcrmeated with enthusiasm. The authors who brought 
about this impressive tour de force in their chapters are: K. Gerzon and G. 
H. Svoboda: “Acridone Alkaloids”; J. Bergman: “Quinazolinocarboline AI- 
kaloids”; T. Arai and A. Kubo:“lsoquinolinequinones”; J.-C. Cai and C. R. 
Hutchinson: “Camptothecin”; B. Witkop and E. Gossinger: “Amphibian 
Alkaloids”; J. Lundstrom: “Simple Isoquinolines”; and M. A. Collins: 
“Mammalian Alkaloids.” 


Incidentally, one of the twelve authors is supposed to be retired and has only 
a private address. Yet, he has shared in the writing of an excellent chapter. 
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B/y = 0 is KI3K24,  and the value of B/y at the intercept at which a/y = 0 
is -K24 .  These values of K I ~  and K24 have been found to be concentration 
dependent; therefore, plots similar to those shown in Figs. 4A and B were made 
to obtain the thermodynamic values. I n  Table I, the results of these calcula- 
tions for compounds I-IV are given. 


A modification of method I was used to obtain the values of K I ~  and K 2 4  
of compound V. Since the two pK, values are far apart, the equilibria were 
assumed not to interact with each other; therefore, the equilibrium constants 
were determined by using the following expression for monoprotic com- 
pounds: 


where Z is the activity coefficient ratio Y(NRN~H+/Y(NRN)H~+ for XI3 and 
Y(NRN)/~(NRN)H+ for K24.  


Figure 6 shows the titration curve obtained for compound V, and Figures 
7A and B show the results of the calculated equilibrium constants uersus 
percent neutralized. Precipitation was observed after the first equivalence point 
(Fig. 6). and therefore, consistent values should be obtained for K I ~  (Fig. 7A). 
Conversely, a change in the calculated value for K 2 4  with respect to percent 
neutralized would be expected (Fig. 7B). The break in this latter curve_ at -5% 
neutralization is due to the formation of a precipitate. The curve prior to 
precipitation should have a slope of zero (as in Fig. 7A), whereas the curve 
after precipitation will not necessarily be linear. 


By knowing the value for K 2 4  and the pH at which precipitation occurs, the 
solubility of the base (uncharged) species of compound V was determined 
bv: 


I n  Table I, the results of the calculations for compound V are given, along 
with those values for K24 and [NRN],, as reported by Green (9) and deter- 
mined by a spectrophotometric procedure. It can be seen there is excellent 
agreement among these data. 


Since compounds I-IV are symmetrical molecules, it should be possible 


tocalculate the microionization constants K l ,  K2, K3, and K4 of Scheme I. 
This is because K I  should equal K3, and Kz  should equal K4. Furthermore, 
since the protonation sites are separated by large distances, it would be ex- 
pected the K2 and K4 would be the same or only very slightly smaller than K I  
and K j .  The microionization constants were therefore calculated from Eqs. 
1 and 2 and gave the results listed in Table 11. It can be seen that there is very 
little difference in the calculated values, with K 2  and Kq being slightly 
smaller. 


For diprotic compounds with completely independent, equivalent sites of 
protonation, the ratio K13/K24 will equal 4, and K , / K 2  will equal 1. From 
these ratios (Table 11). it can be seen that the values are very close to the 
theoretical values. 


From these results, it can be concluded that the equilibrium constants of 
slightly soluble compounds can  be determined potentiometrically by extrap 
olation procedures and give results which are consistent with those reported 
in the literature. It would be expected that method I1 would be better to use 
with those compounds that have equilibrium constants close together, whereas 
method I would be better to use with those compounds that have equilibrium 
constants farther apart. 
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Abstract 0 The kinetics of degradation of fenprostalene (I) d polyethylene 
glycol 400 solution was examined using HPLC. The degradation of I at 80°C 
was shown to depend on the presence of oxygen and a large number of polar 
products were produced, as evidenced by using IH-labeled 1. Evidence that 
autoxidation of the polyethylene glycol 400 was concurrent with degradation 
of I was found from a drop in the apparent pH. Antioxidants were very ef- 
fective in retarding the rate of degradation in the presence of oxygen. Deg- 
radation of I in polyethylene glycol 400 appears to arise from a reaction be- 
tween the drug and reactive peroxide intermediates formed through air-oxi- 
dation of polyethylene glycol 400. This is supported by the finding that I reacts 
exclusively by a slow transesterification reaction in diethylene glycol, a solvent 
that is stable to autoxidation. 


Keyphrases 0 Degradation-fenprostalene in polyethylene glycol 400 0 
Fenprostalene-autoxidation, degradation, kinetics Kinetics-fenprost- 
alene in polyethylene glycol 400 


Fenprostalenel (I), a PGF-type prostaglandin containing 
an aryloxy group at C-16 and an allene functionality at  C-5 
(l), is used as an abortifacient and for estrus synchronization 
in cattle (2). We have previously shown that in aqueous solu- 
tion, I degrades exclusively through hydrolysis of the C-1 
methyl ester under both acidic and basic conditions (3). No 
information is available, however, on the degradation of this 


family of prostaglandins in nonaqueous environments. Since 
an injectable formulation of fenprostalene (I) in polyethylene 
glycol 400 was chosen for development (4), we have investi- 
gated the chemical reactivity and degradation products of I 
in this solvent. 


EXPERIMENTAL SECTION 
Materials-The fenprostalenel ( I )  used was 99% pure (HPLC). The ra- 


diochemical purity of fenprostalene labeled with tritium at C-13 and C-14 
was 98%. The acetonitrile used was glass-distilled HPLC-grade, and the water 


HO R 


I. R = H. R’ = CHj 
[%]I, R = %. R’ = C b  


11, R = H. R’ = CH&H&H&HflH 
111, R = R ’ = H  


I Fenprostalene is the generic name for methyl 7-[3.5-dihydroxy-2-(3-hydroxy-4- 
phenoxy-1-butenyl)c clopentyl]-4.5-he tadienoate. Obtained from the Institute of 
Organic Chemistry, gyntcx Research. f a10 Alto, Calif. The synthesis of 1 is described 
in  Ref. I .  
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Figure I-Chromatogram of a solution of I after partial transesterijication 
to I1 in diethylene glycol at 80°C. 


was purified through an ion-exchange and filtration system2. dl-a-Tocopherol 
was NFgrade, propyl gallate and polyethylene glycol 400 were practical grade. 
All other chemicals were reagent grade. 


Kinetic Methods-A mixture of 25 mg of I in 250 mL of polyethylene glycol 
400 was stirred for 2 h and then filtered through a 0.7-pm glass membrane. 
This solution was used to prepare twoother solutions, one containing 0.107~ 
dl-a-tocopherol and another containing 0.006 M formic acid. The solutions 
were stored in either 10-mL ampules ( 5  mL of solution) or in 20-mL test tubes 
fitted with plytef-faced screw caps. These solutions were maintained at 8OoC, 
45OC. or 25OC. The samples stored in test tubes at 80°C were cooled, and the 
caps were removed for a few minutes each day to provide a relatively constant 
supply of oxygen to the solutions. 


Solutions kept at 8OoC were assayed by HPLC and compared with a control 
sample maintained at 4OC. The 45OC and 25OC samples were 
HPLC, and the chromatograms were compared to a freshly-prepa 
standard of 1. The polyethylene glycol 400 solutions of I were diluted 10-fold 
with water prior to HPLC analy nd 20-fold prior to pH measurements3. 
Diethylene glycol solutions of I were prepared and analyzed exactly as de- 
scribed above for the polyethylene glycol 400 solutions. 


Hydrolysis of Degradation Products-A solution of 1 in polyethylene glycol 
400 (100 pg/mL) was allowed to stand for 28 d at 8OoC under air. After this 
period, HPLC assay showed 0.6% of 1 remaining. Concentrated HCI (41.5 
pL) was added to a 5-mL aliquot of this solution and to a control solution of 
1. Both solutions were heated at 80°C for 3 h. Analysis of these solutions by 
HPLC showed that quantitative hydrolysis of I in the control solution occurred 
to give the free acid (111). None of this acid was found in the sample that had 
previously been degraded in polyethylene glycol 400. 


Liquid chromatographic Method-An HPLC system consisting of a pump4, 
a variable-wavelength detector5, and a 100-pL fixed-loop injectoF was used. 
Separations were performed on columns packed with microparticulate bonded 
octyl material'. For analysis of I ,  a mobile phase of 35-45% acetonitrile in 
water was used. The eluant was monitored at 219 nm. Quantitation by inte- 
gration of peak areas gave excellent linearity for I over the range of concen- 
trations investigated in the kinetic studies. The presence of IOmo polyethylene 
glycol 400 in thesamplesaffected the quantitation of I when compared with 
an injection of a completely aqueous solution of 1. The origin of this effect is 
unknown. To avoid this problem, standards of I were prepared in an aqueous 
solution containing 105% polyethylene glycol 400. 


* Barnstead Nanopure System. 
Measurements of apparent pH were made on a Radiometer PHM 61 pH meter using 


a Radiometer combination electrode. type GK2401C. The polyethylene glycol 400 so- 
lutions were diluted with 0.01 M KCI solution. ' Altex model I10 A. 


' For analytical use. an Ultrasphere 5-pm octyl 250 X 4.6-mm column by Altex was 
used. For semipreparative isolation of I I .  a 250 X 10-mm Ultrasphere 5-rm octyl column 
by Altex was used. 


Cecil model CE 212. 
Rhecdync model 70-10. 
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Figure 2-Degradation rate of I in polyethylene glycol 400 at 25°C (0) and 
at 45°C (0). The solutions were sealed in ampules under air. 


Coincidentally, the diethylene glycol ester (11) and free acid (111) of fen- 
prostalene (I) gave nearly the same retention time with the unbuffered mobile 
phase described above. Thus analysis of I1  in the presence of 111 was accom- 
plished using a mobile phase of 3565 acetonitrile-0.01 M aqueous phosphate 
buffer (pH 6). Under theseconditions, 111 elutes near thesolvent front while 
the retention of I1 is essentially unaffected by the pH change. 


Formation of 11 in Dietbylene Glycol-A solution containing 100 mg of I 
in 8 mL of diethylene glycol was prepared and sealed in a 10-mL ampule. The 
solution was allowed to stand at  8OoC for 2 months and then was diluted 
fourfold with water and injected onto the semipreparative reverse-phase HPLC 
column. The fraction corresponding to the major degradation peak (Fig. 1)  
was collected and the mobile phase was removed by rotary evaporation to give 
a c l a r  oil that was 98% pure (HPLC). lH-NMR (CDCI#: 6 1.62 (m, I ,  
CH-SB), 1.79 (m. l,CH-IOa),2.1-2.4(m,6,CH2-3,7,CH-lOfl,12a),2.48 
(m, 2, CHz-2), 3.60 (1. 2 ,J  = 4.8 Hz, CH2-4'), 3.74 (m, 3, CH-l Is, CH2-l6), 
4.28 (m. 3, CH-9& CH2-I'), 4.54 (m, 1 ,  CH-ISP), 5.1-5.2 (m, 2, allene CH). 


loow 90 
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Figure 3-Degradation rate of I in polyethylene gl.vcol400 at 80°C under 
various storage conditions. Key: (0) under nitrogen in a sealed ampule; (0 )  
under air in a sealed ampule; (0 )  in a test tube exposed to air. 


*The N M R  spectrum was determined at 300 MHz on a Bruker WM 300 FT spec- 


trum was obtained in the direct-inlet mode on a Varian MAT 112s 
trometer. 


system equip<. with an SS-200 data system. 
The mass s 
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Table [-Apparent DH of FenDrostnlene (1) Solutions l l O r  
1 


Initial 
Solvent Additive pH Apparent pHO 


Polyethylene Glycol 400 - 5.2 3.5 
N2 5.2 5.0 


dl-a-tocopherol 5.2 4.5 
formic acid 3.9 3.5 


5.8 5.2 Diethylene Glycol - 


H measured after a 20-fold dilution of the solution with 0.01 M KCI after 15 d at 
80'8. All solutions were stored in test tubes with a relatively constant supply of air 
except the sample stored under nitrogen. which was in a sealed ampule. 


5.68 (m, 2. vinyl CH), and 6.9-7.3 ppm (m, 5 ,  ArH). The mass spectrum was 
run at  90 eV in the C I  mode with ammonia as the reagent gasg. The peak at  
m/z 476 was attributed to the M.NH4 - H 2 0  ion and a peak at m/z 459 to 
the M H  - H 2 0  ion. Other major peaks were at m/z 388,259, and 241. The 
CI mass spectrum of the trimethylsilyl ether derivative gave an MNH: peak 
at  m/z 782 with other prominent peaks at m/z 675,581.491, and 401. 


7.42. 
Additional support for the structural assignment comes from observing that 


in 0.1 M HCI at 60°C, this diethylene glycol ester (11) hydrolyzes to give the 
free acid of I with a half-life of - 1  h. This rate is similar to that found for 
hydrolysis of fenprostalene under the same conditions (3) .  


Degradation of 3H-Lakled I-A polyethylene glycol 400 solution ( I  mL) 
was prepared containing 500 pg/mL of I with a specific activity of -I30 
pCi/mg [3H]I. After an aliquot was removed, the solution was sealed in a glass 
ampule and stored for 64 h at 8OOC. The polyethylene glycol 400 solution 
containing [3H]l was analyzed by collecting and countingfractions from the 
reverse-phase HPLC method described above. A 0.040-g sample was accu- 
rately weighed and diluted to 1 mL with water. On injec!ion of 108 pLIo of 
this solution, fractions of the eluant were collected. A IWpL aliquot of each 
fraction was mixed with 15 mL of scintillation fluid" and counted in a liquid 
scintillation counter12. A volume of sample equal to the loop volume (108 pL) 
was also diluted with 15  mL of scintillation fluid and countedI3. 


Incorporation of Tritium Into Polyethylene Glycol 400-A 0.4-mL aliquot 
of the degraded polyethylene glycol 400 solution of [)HI1 was added to 5 mL 
of methanol in a flask equipped with a serum cap containing a needle attached 
to a source of nitrogen. The other neck was connected to a pear-shaped re- 
ceiving flask through a vacuum adapter. The round-bottom flask was warmed 
to 45OC. and a stream of nitrogen was used to transfer the methanol to the 
receiving flask which was cooled to -78OC. The stream of nitrogen leaving 
the apparatus was scrubbed with water prior to its escape into the environment. 
A second 5-mL portion of methanol was added to the residue in the flask, and 
the procedure was repeated. An aliquot of the resulting mithanol solution was 
diluted with scintillation fluid and the counts per minute were compared with 
that of the degraded polyethylene glycol 400 solution prior to methanol ex- 
change. 


Anal.-Calc. for C26H3608: c, 65.53; H, 7.62. Found: c, 65.70; H, 


RESULTS AND DISCUSSION 


The kinetics of the degradation of I in polyethylene glycol 400 in  scaled 
ampules under air was followed by reverse-phase HPLC. Plots of percent 
remaining of I uersus time for the degradation reactions at 25OC and 45OC 
are shown in Fig. 2. At 25OC a shelf-life of <8 months was observed. At 45OC 
the initial degradation rate is much faster than at 25OC. but surprisingly, the 
reaction abruptly stopped with -60-70% of I remaining. The degradation 
at  25OC also shows a plateau in the rate profile, but more than 1 year is re- 
quired for i t  to become apparent. 


To  evaluate the role oxygen plays in the above reaction, solutions of I in 
polyethylene glycol 400 were degraded at 8OoC i n  sealed ampules containing 
either air or nitrogen in the head space and also in screw-capped test tubes 
that were opened each day to provide a relatively constant supply of oxygen. 
Figure 3 shows the dramatic differences observed under the three conditions. 
As was found at 25OC and 45OC. the degradation reaction at 8OoC stopped 
with -70% of I remaining unreacted in the ampules with air in the head space. 
When a constant supply of oxygen was permitted, however, the degradation 
reaction followed the first-order rate ]awl4 and nearly went to complet/on. 


l o  The volume of the loo was calibrated using 3H-labeled water. 
' I  Oxifluor bv New EnnLnd Nuclear. 


Beckman model LS 8100. 
I' The slight difference in final solvent compositions after dilution of 100 pl. of either 


mobile phaw or the 4% polyethylene glycol 400--water solution into I5 mL of scintillation 
fluid had no significant effect on the countlng efficiency of ['HII. 


I' When the data for samples exposed to air (solid circles shown in Fig. 3) is plotted 
as log pcrcent remaining uersus time, excellent lincar~ty through > 3  half-lives is ob- 
tained. 


80 \ 


k 
I 4 0 t  


20 301 
0 4 8 12 18 20 24 


TIME. d 


Figure 4-Degradation rate of I at 80°C in diethylene glycol (A) and in 
polyethylene glycol 400 solutions containing no addiriue (.).formic acid (0). 
and dl-a-rocopherol (0). All  solutions were stored in test tubes exposed to 
air. 


Figure 3 also shows that no degradation of I was observed at 8OoC when the 
solution was kept in an ampule containing nitrogen in the head space. 


These results demonstrate that oxygen is required for the degradation of 
I in polyethylene glycol 400. The role oxygen plays in the degradation of I could 
be through direct reaction with the prostaglandin or through a reaction with 
the solvent, polyethylene glycol 400. The latter autoxidation reaction is known 
to produce peroxides and carboxylic acids (5-8). The highly reactive peroxide 
intermediates have been implicated in the degradation of several drugs in 
formulations containing polyethylene glycols (7,8). Autoxidation of the solvent 
appears to occur during the degradation of I,  which can be seen from the drop 
in apparent pH from 5.2 to 3.5 in the solution that contained a constant supply 
of air (Table I)15. The solution stored under nitrogen showed almost no pH 
change under the same conditions. When the initial pH of the solution exposed 
to air was lowered to 3.9 with formic acid, the rate of disappearance of I was 
identical to that of the pH 5.2 solution, as shown in Fig. 4. Thus, the pH drift 
in  the solution has no apparent effect on the rate of degradation of 1. 


Autoxidation of the polyethylene glycol 400 provides a likely explanation 
for the incomplete reaction of I in sealed ampules containing air (Fig. 3). The 
autoxidation reaction consumes large amounts of oxygen resulting in the 
depletion of oxygen from solution; consequently, low peroxide levels are likely 
to occur as well. 


The effect of 0.1% dl-a-tocopherol on the rate ofdegradation of 1 in poly- 
ethylene glycol 400 at 8OoC is shown in Fig. 4. Although a constant supply 
of oxygen was present, the antioxidant prevented degradation of the prosta- 
glandin under the reaction conditions16. The higher apparent pH of the so- 
lution after I5 d at  8OoC compared with the solution without antioxidant 
(Table I )  indicates that dl-a-tocopherol also appeared to prevent degradation 
of the solvent, thus reducing peroxide levels. Stabilization of fenprostalene 
( I )  by the antioxidant is, in fact, likely to be a direct result of preventing per- 
oxide accumulation in plyethylene glycol 400. One cannot, however, rule out 
the possibility that the antioxidant acts to inhibit reaction of I with oxygen 
directly. 


The reverse-phase HPLC method used to follow the disappearance of I in 
polyethylene glycol 400 solutions under air did not provide any evidence of 
the formation of major degradation products. The only change noticed was 
an increase in the size of the already large solvent front. To unambiguously 
determine where the major degradation products of I eluted on reverse-phase 
HPLC, a solution of fenprostalene labeled with tritium at C-13 and C-14 in 
polyethylene glycol 400 was stored at 8OoC for 64 hand analyzed. Fractions 


I s  Addition of formic acid to polyeth lcne glycol 400 resulted in an apparent pH of 
3.9 (Table I). This value is higher than tlat found for the degraded solution even though 
the concentration of formic acid (6 X 10-3 M) was 20-fold higher than the initial con- 
centration of I (2.5 X lo-' M). Thus, the pH drop in the degraded solution was due to 
formation of acidic decomposition products of polyethylene glycol 400, not fenprostalenc 
( I ) .  . ,  


'6 A similar effect was observed with 0.05% propyl gallate or 0.5% ascorbic acid as 
antioxidants. 
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Figure 5-Chromatogram of a partially degraded solution of l3H]1 in 
polyethylene glycol 400. The percent of total radioactivity is shown for  the 
I0 fractions collected. The hatched area infraction 2 approximates the re- 
sponse due to ihe solvent front. 


of the HPLC eluant were collected and counted. The total cpm for all the 
fractions was 106%of the cpm determined directly by counting an aliquot of 
the degraded solution equal to the amount injected. Thus, no significant 
amount of radioactive material was bound to the column. 


Both the analogue UV trace and the percent total radioactivity found in 
each fraction collected are presented in the chromatogram shown in Fig. 5 .  
The peak area of each fraction appears to roughly correlate with the percent 
of total radioactivity found in that fraction, if the hatched area in fraction 2 
is ignored. The large absorbance in fraction 2 is due predominantly to the 
solvent front. Most of the absorbance and counts in the chromatogram due 
to degradation products occurred near the solvent front, indicating that the 
products may be relatively polar compared with 1’’. Many peaks appear to 
be fused into aggregates, implying that many products are formed. Theonly 
evidence we have of their nature is that they are not due to transesterification 
with the solvent1*. This was shown by treating a highly degraded ( < I %  of I 
remaining) solution of I in polyethylene glycol 400 with concentrated HCI 
at 80’C. No formation of the free acid (111) occurred under conditions which 
are known to completely hydrolyze fenprostalene. 


The most likely reaction responsible for degradation of fenprostalene (I) 


A significant amount of the tritium detected in the chromatogram in Fig. 5 was in 
or near the solvent front. Since polyethylene glycol 400 is weakly retained, if at all, on 
reverse- hasc HPLC. the question of tritium exchange of I with solvent was examined. 
A SO-fopd molar exccss of methanol was added to the degraded polyethylene.glycol400 
solution. Tbc methanol was then rccovered b evaporation using a cold trap. Any tritium 
present in the I ethylene glycol 400 as -Oh1 would be incorporated into the methanol 
and detected 6 iquid scintillation counting. Only 1.5% of the total tritium present in 
the sam le was found in the methanol rccovered. The tritium detcctedin and near the 
solvent ton1 in Fi . 5 must, therefore, bc a prostaglandin degradation product and not 
3H-labcled polyetftylene lycol400 


I *  Both aspirin (10) adindomethacin (1  I )  are reported to undergo transesterification 
with polyethylene glycols. 


in polyethylene glycol 400 is oxidation by reactive peroxides formed as a result 
of solvent autoxidation. However, the kinetic data described above does not 
exclude the possibility that oxygen reacts directly with the prostaglandin (as 
well as with the solvent) toaccount for at least part of thedegradation reaction. 
Evidence that this pathway is not operating can be seen from the reaction of 
I in diethylene glycol under air at 80’C. Under conditions identical to those 
which result in rapid degradation of I in polyethylene glycol 400, the prosta- 
glandin remains relatively stable in diethylene glycol (Fig. 4). The solvent also 
appears to be stable to autoxidation as evidenced by the small pH change after 
15 d at 80’C (Table ])I9. 


The slow degradation of I in diethylene glycol shown in Fig. 4 was not found 
to occur by oxidation, as suspected for the reaction of I in polyethylene glycol 
400. Instead, the degradation product was identified as the diethylene glycol 
ester I1 of fenprostalene. Thus, while I undergoes a slow transesterification 
reaction in diethylene glycol, it undergoes a rapid oxidation reaction in poly- 
ethylene glycol 400”. This implies that fenprostalene ( I )  is intrinsically stable 
toward aerobic oxidation in nonaqueous solutions, but is susceptible to oxi- 
dation by peroxide intermediates formed during solvent decomposition. The 
success demonstrated by the use of antioxidants or nitrogen purging in sta- 
bilizing 1 in polyethylene glycol 400 is, therefore, due exclusively to the ability 
of these agents to prevent autoxidation of the solvent. 
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l9 Although diethylene glycol is known to undergo autoxida!ion. long induction periods 
have been reported ( I  2) and may explain the a parent lack of degradation observed here. 
Addition of the free radical initiator 2.2’-azo~isisobutyronitri~e to a solution of I in di- 
ethylene glycol resulted in apparent oxidation of both 1 and the solvent at 80°C. The 
reaction rate, however, was very slow compared with that in polyethylene glycol 400. 
Formation of I I  was not observed under thesc conditions. 


I n  the rwncc of dl-a-tocopherol (or nitrogen) a slow transcsterification reaction 
of I with ,$)yethylene glycd 400 might be expect.4; however, no degradation of 1 was 
observed Fig 4). Thus, transstcritication of I in diethylcne glycol. while a slow reaction. 
was faster than in polyethylene glycol 400. 
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sulting in an increase in disintegration time, theeffect increasing as the additive 
content of the tablet increases. For example, conventional tablets (Table I l l )  
typically disintegrate within --I0 s, but tablets with additives present at I %  
of the tablet weight require 20-30 s for all additives except povidone. Tablets 
formulated with 2% ofeither additive V or additive V l I l  require -100 s for 
disintegration. These times refer to tablets aged 2 years at 25OC. While 100 
s is near the UPS limit for 2 min, a reduction in tablet density will significantly 
reduce the disintegration time. The data quoted above refer to a fixed tablet 
density (1.16 g/ml.). Thus, it may be possible to reduce the tablet density by 
using less lactose, thereby reducing the disintegration time to a more ac- 
ceptable level. 


With the exception of tablets containing additive I (povidone), the disin- 
tegration times for fresh tablets arc essentially the same as for aged tablets. 
Fresh tablets containing 1% povidone typically disintegrate within 20 s, but 
after prolonged aging (more than 2 years at 25OC) they may require 1-2 min 
for disintegration. Evidently the povidone cross-links to some extent which 
retards disintegration. When these tablets are left undisturbed in  water for 
some time, a “ghost” of insoluble material in the shape of the tablet remains. 
Thus, with the exception of severely aged povidone-containing tablets, ex- 
cessive disintegration time is not a problem for the tablet systems studied 
(Table I l l ) ,a t  least for 51Qadditive. 


CONCLUSIONS 


A number of nitroglycerin-soluble additives sufficiently lower the vapor 
pressure of nitroglycerin to stabilize the content uniformity of molded nitro- 
glycerin tablets. I n  general, an additive-nitroglycerin weight ratio, R, of 1 
is adequate for this purpose. Tablet potency lasses in  open-dish cvaporation 
tests are roughly proportional to the vapor pressure of nitroglycerin in the 
tablet, and higher levels of additive (R = 2) are normally needed to achieve 
a significant improvement in open-dish stability. However, with few exceptions 
( V I I  and X V )  high additive levels lead to reduced chemical stability. partic- 
ularly at high tcmperature. and a compromise must be made between chemical 
stability and open-dish stability. For packaging in sealed glass bottles, open- 
dish potency loss is of little importance, and a compromise of chemical stability 
is not necessary. For example, additives VII and XV stabilize content uni- 
formity with no measurable loss of chemical stability and several other ad- 


ditives (V in particular) do not seriously affect chemical stability when used 
at R = 1Io. 
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Abstract 0 n-Alkyl esters of nipecotic acid were prepared by Fischer ester- 
ification, and the esters were evaluated against bicuculline-induced seizures 
in mice. Evaluation of the alkyl esters for inhibition of y-aminobutyric acid 
uptake into mouse whole brain mini-slices revealed that the order of potency 
was proportional to chain length. The octyl ester inhibited y-arninobutyric 
acid and &ilaninc uptakes by apparently nonspecific mechanisms. A variety 
of phenyl esters of nipecotic acid were also synthesized utilizing either dicy- 
clahrxylcarbodiimide or 1 ,I’-carbonyldiimidazole as the condensing agent. 
Most of the phenyl esters were potent inhibitors of y-aminobutyric acid up- 
take. The uptake inhibition appcared to involve specific and nonspecific (de- 
tergent-like) mechanisms The m-nitrophenyl and p-nitrophenyl esters were 
particularly potent against bicuculline-induced seizures in mice. 


Keyphrases 0 Nipecotic acid esters-synthesis, anticonvulsant activity 0 
Anticonvulsant agents-potential, nipecotic acid esters, synthesis 


y-Aminobutyric acid appears to act as a major inhibitory 
neurotransmitter in the central nervous system ( 1  -3). Im- 
pairment in y-aminobutyric acid neurotransmission may 


contribute to the symptoms of Huntington’s disease, Parkin- 
sonism, and epilepsy (4). Thus, compounds that potentiate 
y-aminobutyric acid neurotransmission have considerable 
therapeutic potential. 


(f)-Nipecotic acid ( I )  has been found to be a potent in- 
hibitor of y-aminobutyric acid uptake into rat cerebral cortex 
( 5 )  and mouse whole brain mini-slices ( 6 ) .  The I?-(-) enan- 
tiomer of nipecotic acid ( I )  has approximately five times 
greater affinity for the y-aminobutyric acid uptake carrier 
than the S- (+)  enantiomer (7). 


As with several other compounds (8) having the potential 
of interacting with the y-aminobutyric acid system, (*)-ni- 
pecotic acid ( I )  does not readily penetrate the blood-brain 
barrier (9). However, prodrug esters of nipecotic acid ( I )  that 
pass into the central nervous system have been evaluated for 
anticonvulsant activity ( 1  0- 13) and y-aminobutyric acid 
uptake inhibition (13, 14). 
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Scheme I 


In  a previous report, thep-nitrophenyl ester Vc was found 
to exhibit potent anticonvulsant activity and y-aminobutyric 
acid uptake inhibition. The octyl ester IIc was also a strong 
inhibitor of y-aminobutyric acid uptake (13). The results of 
this preliminary study indicated that Vc inhibited y-amino- 
butyric acid uptake into mouse whole brain mini-sliccs by a 
combination of specific and nonspecific (detergent-like) ef- 
fects. The specific effect is due to the hydrolysis product, ni- 
pecotic acid (I), while the nonspecific effect is caused by the 
intact ester. The octyl ester Ilc apparently is not hydrolyzed 
under the assay conditions of the y-aminobutyric acid uptake 
and the inhibition is entirely due to the intact ester. 


Based on the activity of Vc, it was of interest to examine the 
structure-activity relationships of substituted-phenyl esters 
of 1. Specifically, the lipophilicity and the electronic character 
of the phenyl substituent werevaried in order to determine the 
effect on anticonvulsant activity and y-aminobutyric acid 
uptake inhibition. An additional objective of this study was to 
evaluate the y-aminobutyric acid uptake inhibition of the 
heptyl IIband nonyl IId esters to determine if their action was 
nonspecific, as was the case with Ilc. 


RESULTS AND DISCUSSION 


The alkyl esters (Ila-d) were synthesized by Fischer esterification of I with 
an appropriate alcohol in the presence of dry hydrogen chloride ( 1  3). Phenyl 
esters (Va-q) of nipecotic acid were prcpared by utilizing either dicyclohex- 
ylcarbodiimide or 1 ,l'-carbonyldiimidazole as the condensing agent (Scheme 
I); the physical properties of these compounds are given in Table 1. 


I-f 'H 
IIa, R = C6HI3 
IIb, R = C7H15 
IIc, R = C&I11 
IId, R = C9Hle 


Termination of y-aminobutyric acid with its postsynaptic receptor is 
brought about by high-affinity uptake systcms in  nerve terminals and glial 
cells (3). These carriers exhibit different substrate specificities for y-amino- 
butyric acid and its derivatives ( 1  5. 16). The results of Breckenridge er a/.  (16) 


have confirmed that both neuronal and glial uptake processes prefer a folded 
conformation in  the molecule. These same workers found that neuronal 
y-aminobutyric acid uptake is markedly influenced by compounds having long 
alkyl chains. In contrast, inhibition of p-alanine uptake was more strongly 
affected by compounds having shorter alkyl chains. The speculation was that 
the glial uptake carrier has a more shallow hydrophobic bonding site. 


Based on the work by Breckenridge and co-workers (16). we were interested 
in evaluating homologues of Ilc for y-aminobutyric acid uptake inhibition. 
The nonyl ester Ild completely inhibited y-aminobutyric acid uptake. while 
the heptyl ester Ilb and hexyl ester Ila were less potent uptake inhibitors (85 
and 53% respectively). The results of Ilc on j3-[3H]alanine uptake, a measure 
of glial uptake inhibition (16), are given in Tablc 11. Since 1 mM nipecotic 
acid (I) only inhibits p-alanine uptake by 85%, the 100% uptake inhibition 
by Ilc strongly suggests a nonspecific cationic detergcnt effect. Such a 
mechanism is further supported by the fact that Ilc more potently inhibits 
y-aminobutyric acid (100 uersus 96%) and L-proline ( 1  3) (99 uersus 21%) 
uptake than the parent amino acid 1. Although Ilc apparently inhibits both 
y-aminobutyric acid and P-alanine by nonspecific mechanisms, it is rather 
difficult to explain the differences in uptake inhibition of y-aminobutyric acid 
and 8-alanine on dilution of the inhibitor (16 uersus 50%) at 0.5 mM, re- 
spectively. 


All of the phenyl esters, with the exception of Vd. were potent inhibitors 
of y-aminobutync acid uptake (Table 111). As was thecase withp-nitrophenyl 
ester Vc (1 3). these derivatives probably inhibit y-aminobutyric acid uptake 
by a combination of specific and nonspecific effects. The phcnyl substituents 
vary considerably in terms of lipophilic and clcctronic character. However, 
no readily apparent correlation exists between these parameters and either 
y-aminobutyric acid uptake inhibition or anticonvulsant activity. 


The esters were also evaluated for their ability to protect against bicucul- 
line-induced seizures (Table IV). A single dose (150 mg/kg sc) of each 
compound was tested, with this dose being administered 60 min prior to bi- 
cuculline challenge. The dose and pretreatment timc were chosen on the basis 
of preliminary testing of other compounds in the series ( I  3). A subcutaneous 
route of injection was used to reduce peripheral hydrolysis. Currently, indi- 
vidual compounds are being evaluhtcd at a variety of doses and pretreatment 
times in an effort to calculate specific EDSO valucs and times of peak cf- 
fect. 


As indicated in Table IV. all compounds (with the exception of Vd and Vn) 
demonstrated a significant degree of protection against clonic convulsions, 
tonic convulsions, or death induced by bicuculline. Although complete pro- 
tection from clonic spasms was not observed with any of the compounds tested 
a t  this dose, Ilb, lid. and Vb provided protection from clonic convulsions in 
seven of eight mice and Ilb. Vc. and Ve protected all cight animals in each 
group from tonic convulsions and death. In addition, Ilc, Ild, Vb, Vk. Vp, and 
Vq prevented tonic convulsions and death in at least seven of eight animals. 
Antagonism of convulsions induced by bicuculline, a putative y-aminobutyric 
acid receptor antagonist, suggests that these nipecotic acid esters may be 
producing their effects by interaction with the y-aminobutyric acid system. 


EXPERIMENTAL SECHON' 


n-Heptyl 3-Piperidinecarboxylate Hydrochloride (I1b)-This compound 
was prcpared according to conditions previously described ( 13) in 21% yield, 
mp 74-75OC; IR (KBr): 2500 (NHz+)+ 1760 (C=O), and 1225 cm-' 
(C-0); 'H-NMR (CDCI,): 6 0.90 (1. 3, Cti3). 1.07- 3.80 (m, 19, aliphatic 
CH2, ring CH, and ring CH2). 4.10 (t. 2, OCIl2), and 9.45 ppm (br s, 2, 
NH2+). 


Anal.-Calc. for C131426CIN02: C, 59.17; H, 9.95; N. 5.31. Found: C, 
59.43; H, 9.87; N, 5.01. 


n-Nonyl3-Piperidinecarboxylate Hydrochloride (Ild)-Compound I Id was 
synthesized following the general method ( I  3) in 51% yicld. mp 85-86OC; 
IR (KBr): 2500(NH2+), I760 (C=O),and I225 crn-' (G-0); 'H-NMR 
(CDCI,): b 0.87 (t,3, CH3). I .03-3.77 (m, 23. aliphatic CH2, ring CH, and 
ring CHI), 4.07 (t, 2,OCH2), and 9.43 ppm (br s. 2, NH2+). 


And-Calc. for C I J H ~ ~ C I N O ~ :  C, 61.71: H, 10.38; N, 4.80. Found: C, 
61.79; H, 10.27; N. 5.02. 


I ~ l - t e r t - B ~ l o x c a r y ~ ~ p i ~ i d ~ ~ a ~ y I ~ m i ~ z o ~  (I V) --A mix1 ure 
of 111 (13) (3.00 g, 0.013 mol) and 1.1'-carbonyldiimidazole (2.10 g, 0.013 
mol) in I50 mL of tctrahydrofuran was heated at rcflux overnight. Removal 
of the solvent gave a yellow oil, which was dissolved in  50 mi. of chloroform 


I Melting points were determined on a Fisher-Johns melting point apparatus and are 
uncorrected. IR spectra were recorded as potassium bromide pllets with a Perkin-Elmer 
s rphotometer .  'H-NMR spectra were recorded on a Varian EM 360A spectrometer. 


hemical shifts arc rcported in pans per million (6) relative to tetramethylsilane (1%) 
or, in the case of D20 (1%). sodium 2.2-dimethyl-2-silapntane-S-sulfonate. Analytical 
data were obtained from Micro-Analysis Inc.. Wilmington, Dcl. 
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Table I-Physical Properties of Phenyl3-Piperidinecarboxylate Hydrochlorides (V) 


Melting 
Point, Yield, 


Compound X Method OC % Formulaa IR. cm-I 'H-NMR* 


Va 


Vb 
v c  


Vd 


Ve 


Vf 


v g  


V h  


Vi 
Vj 


Vk 


-H 


-tn-N02 
-~ -N02 '  


-tn-CN 


-p-CN 


-0-CN 


-tn-CF, 


---p-CF] 


--m-F 
--p-CI 


--p-Br 


B C  


A d 


Ad 


B' 


I\ = 


B' 


B C  


Bf 


B' 
B' 


Bd 


161-163 


190- I92 
160- 162 


149.5-1 51.5 


148.5- 150.0 


46 ' 


441 
60) 


14' 


20' 


36 li 


35' 


30' 


48 
28' 


50' 


c I 2H I 0 2  1785 (C=O) 6 1.97 (m,  4, CHZCH~CH) ,  
3.33 (m, 5 ,  C H Z N H ~ + C H ~ C H ) ,  
6.93-7.40 (m. 5. ArH). 
9.67 ppm (br s, 2, NH;+) 


2.0 (m, 4, CH2CH2CH), 
3.1-3.5 (br m, 5. C H ~ N H ~ V H Z C H ) ,  
7.3-8.2 ppm (m, 4. ArH) 


780 (C=O) 


750 (C=O) 


785 (C=O) 


2.03 (m. 4, CH2CH2CH) 
2.63-3.80 (m, 5, CH2NH2+CH2CH), 
7.60 ppm (m, 4, ArH) 


2.13 (m. 4, CH2CH2CH), 
2.73-4.07 (m, 5 ,  CH2NH2+CH2CH), 
7.33 (d, 2, J = I Hz, ArH). 
7.87 ppm (d, 2, J = 8 Hz, ArH) 


43 


13 


84 


26 


270 (C=N). I795 
(C=O) 


I810 (C=O) 


1800 (C=O) 


2.03 (m,4, CH2CH2CH). 
2.60-4.83 Im. 5. CH,NH,+CH,CH). 


142- 


1 1 1 -  


183-. 


124- 


7.23-8.03 ppm (m, 4rArH) - 
2.20 (m,  4, CH2CH2CH), 


3.57 (m. 5, CH2NHz+CHzCH), 
7.70 ppm (s, 4. ArH) 


2.17 (&4, CH~CHZCH) ,  
2.70-4.07 (m, 5. CHzNH2+CHzCH), 
7.43 (d. 2. J = 8 H t .  ArH), 
7.83 ppm (d, 2, J = 8 Hz. ArH) 


2.07 (m, 4, CHzCHzCH), 
3.67-3.81 (m, 5, C H ~ N H ~ + C H Z C H ) ,  
7.20 (d, 2, J = 8 Hz, ArH), 
7.50 ppm (d, 2, J = 8 Hz, ArH) 


2.67-3.57 (m,5,CH2NHl+CHICH), 
7.17 (d, 2. J = 8 Hz, ArH), 
7.67 (d. 2, J = 8 Hz, ArH). 
9.50 ppm (br s, 2. NH2+) 


3.20 (m, 5 ,  CH2NH2+CH2CH), 
7.07 (d, 2, J = 8 Hz, ArH), 
7.80 (d, 2, J = 8 Hz, ArH), 
9.47 ppm (br s, 2, NH2+) 


1.47-3.87 (m, 8, ring CH2), 
4.13 (m, I ,  ring CH), 
6.97 (d. 2, J = 8 Hz. ArH), 
7.36 (d, 2. J = 8 Hz. ArH), 
9.70 ppm (br s, 2. NH2+) 


2.00 (m, 4, CH~CHJCH)., 
2.67-3.90 (m, 8, including singlet at 


7.13 ppm (br s, 4, ArH) 
2.03 (m,  4, CH2CH2CH), 


1.87 (m, 4, CH2CH2CH), 


1.90 (m, 4, CHZCH~CH) ,  


1.30 [s ,  9, C(CHJ)JI, 


3.90. OCHj). 


2.67 IS. 3. COCH?). 


1785 (C=O) 


1750 (C=O) 


174.5-175.0 


225.0-226.5 


VI -p-l 


Vn 


v o  


-p-OCH, 


- p-COCHl 


190.0- 190.5 


171.5-172.5 


57 k 


30' 


1785 (C=O) 


I785 (C=O. ester), 
1710 ( C 4 ,  ketone) 


2.70-*3:83 (m. 5, C H Z N H ~ + C H ~ C H ) ,  
7.20 (d. 2, J = 8 Hz, ArH). 
7.93 (d. 2. J = 8 Hz. ArH) 


Ah 


B* 


33' 


46 ' 


1800 (C=O, ester), 
1755 (C02CH3) 


1.40-3.80(m, 9, ring CH and CHz), 


7.27 (d, 2, J = 8 Hz, ArH), 
8.07 ppm (d, 2, J = 8 Hz, ArH) 


1.90 Im.4.CHXH,CkI.  


3.97 (s, 3, COOCHs), 


1.33 (1, 3. J = 6 Ht ,  CHI 


- -p-C02CH3 


--p-C02C2H~ 


186.0- 187.5 


186.0-1 86.5 I820 (C=O, ester) 
1750 ( C O I C ~ H ~ )  


3.40 (mi 5 ;  CH;NH;+Ci2CH). 
4.33 (4, 2, J = 6 Hz, CH2CHj) 
7.40 (6.2, J = 8 Hz, ArH), 
8.07 (d. 2, J = 8 Hz, ArH), 
9.60 DDm Ibr S. 2. NH,+) 


~ 


Compounds Va. Vb, and Vd q wcrc analyzcd for C, H, and N;  all values were within 3~0.4% of the theoretical value. Compounds Va and V n  were run in  Unisol-d; Vc-j and 
Vn-p wcre run in D2O. Vd, VI, and Vq were run in Me2SO-db. Recrystallized from ethanol-ether. d Recrystallized from ethanol. Reported in the literature ( I  3). f Rccrystallizcd 
from 95% ethanol- ether. I Recrystallized from 95% ethanol. Recrystallized from methanol-ether. ' Pale-pink crystals. Pale-yellou crystals. White crystals ' Brown crys- 
tals. 


and washed three times with 25-mL portions of water. The organic phasewas 
separated, dried (sodium sulfate), and evaporated to yield an almost colorless 
oil. Trituration of the oil with hexane gave, after drying, 2.88 g (79%) of a 
whitesolid. mp95-99'C. An analytical samplewas prepared by recrystalli- 


zation from petroleum ether (bp 39-55OC) to yield pure product, mp 105- 
106OC; IR (KBr): 1735 (C=O, imidazolide) and 1 7 0 0 ~ m - ~  (CEO, carba- 
mate); IH-NMR (CDC13): 6 1.50-4.47 f m ,  18, ring CH, ring CHI, and 
C(CH3)l a t  1.501, 7.10 (s. I .  --li(-CH=N-CH=kH\. 7.50 (s. I ,  
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Table II-Effect of I lc  on the Uptakes of y-Aminobutyric Acid and 
&Alanine 


y-Aminobutyric Acid 
0-Alanine Uptake, Uptake, 


% Inhibition % Inhibition 
Conc. of Nipecotic Nipecotic 


Inhibitor, mM I Ic Acid I Ic Acid 


I .o l 0 0 f O  8 5 f I  l 0 0 f  I 9 6 f  I 
0.2 9 2 f  1 71 f 2  4 8 f 3  8 9 f  I 
0.05 5 0 f 2  4 7 f 4  1 6 f 2  7 5 f  I 


All values arc mean f SEM for six samples. 


Table Ill-Inhibition of y-Aminobutgric Acid Uptake by Nipecotic Acid 
Esters ’ 


Inhibition 
of Uptake, 


In hi bi torb %C 


I 96.3 f 0.2 
Va 
Vb 
v c  
Vd 
Ve 
Vf 


Vi  


?k 
VI 
Vm 
V n  
v o  
VP 
vq  
I la 
Ilb 
I Ic 
Ild 


2 


81.2 f 0.6 
97.5 f 0.5 
99.0 f 0. I 
33.4 f 2.2 
94.4 f 0.2 
98.0 0.3  
95.1 I 0.5 
97.3 f 0.3 
92.0 f 0.3 
94.2 f 0.4 
95.8 f 0.4 
98.2 f 0. I 
97.5 f 0.3 
82.5 f 0.5 
90.9 f 0.5 
92.4 f 0. I 
95.5 f 0.3 
52.7 f 1.6 
84.9 f 1.4 
99.7 f 0. I 
99.8 f 0.1 


Uptake mcabured into mouse whole brain mini-slicer 
All values are mean f SEM for six samples. 


Inhibitor concentration = 
I mM. 


-N-CH=N-CH&H). and 8.23 ppm (s, I .  - N C H = N - C H d H ) .  
Anal.-Calc. for C I I H ~ I N I O I :  C. 60.18: H. 7.59: N. 15.04. Found: C. . .  -. ~ - . . .  . .  


60.06; H, 7.58; N. 14.87. 
Representative Procedures for the Synthesis of the Phenyl 3-Piperidine- 


carboxylate Hydrochlorides ( V k M e r h o d  A--Thc synthesis of m-nitrophenyl 
3-piperidinecarboxylate hydrochloride (Vb) is representative of the gencral 
procedure. A solution of I11 (3.00 g, 0.01 3 mol) and m-nitrophenol (1.82 g, 
0.01 3 mol) in acetonitrile ( I  50 mL) was treated i n  one portion with dicyclo- 
hcxylcarbodiimide (2.70 g, 0.01 3 mol). A white precipitate of dicyclohexylurea 
formed immediately. Stirring was continued for 48 h, the dicyclohexylurea 
was removed by filtration, and the filtrate was saturated with hydrogen 
chloride at 0-5OC. The solvent was evaporated under reduced pressure and 
the resulting solid was recrystallized from absolute ethanol to yield 1.65 g 
(44%) of light-yellow crystals, mp 190-192°C; IR (KBr): 1785 cm-l (C=O, 
ester); ’H-NMR (D?O): d 1.65-4.00 (m, 9, ring CH and CHI) and 7.55-8.45 
ppm (m, 4. ArH). 


Anal.-Calc. for C ~ ~ H I S C I K ; Z O ~ :  C, 50.26; H. 5.28; N ,  9.77. Found: C. 
50.49; H, 5.42; N, 9.63. 


Merhod B-The synthesis of m-fluorophenyl 3-piperidinecarboxylate 
hydrochloride (Vi) is representative of the general method. A solution of IV 
(2.90g, 0.010 mol) and m-fluorophenol (1.17 g. 0.010 mol) in acetonitrile 
(200 mL) was heated at reflux for 48 h, and the solvent was removed under 
reduced pressure. The resulting oil was dissolved in chloroform (200 mL) and 
washed three times with 25-mL portions of water. The organic phase was dried 
(sodium sulfate) and saturated with dry hydrogen chloride at  0-5OC. E v a p  
oration of the solvent gave a light-yellow oil which solidified after trituration 
with ether. Recrystallization from ethanol-ether gave 1.30 g (48%) of ana- 
lytically pure product, mp 124-126OC; IR (KBr): 1785 cm-l (C=O, ester); 
‘H-NMR (DzO): d 1.67-4.00 (m. 9. ring C H  and CH2) and 6.90-7.80 ppm 
(m, 4, ArH). 


And-Calc. for C I ~ H ~ ~ C I F N O ~ :  C, 55.49; H .  5.83; N. 5.39. Found: C, 
55.76; H, 5.83; N,  5.53. 


Table IV-Antagonism of Bicuculline-Induced Convulsions by Esters of 
Nipecotic Acid 


Number Mice Protected/Total Number Mice” 


Pretreatment Convulsions Convulsions Death 
Clonic Tonic 


Saline 
Ila 
I lb  
I Ic 
Ild 
Vb 


0/116 0/1 I6 0/1 I6 
3/8e 4:8 518 
7 1 8  
6)8 


;% 
vcc 
Vd 
Ve 
Vf 


Vj 
% 
Vk 


Vm 
Vn 
v o  


6)8 
0/8d 
1 /8d  


618 6)s 
0/8d 0/8d 
518 718 


a Compounds (150 mg/kg sc) were administered 60 min prior to bicuculline (3.00 
or 3.75 mg/kg sc). Compounds Vh and VI were also tested but limited solubility and 
stability of the compounds prevent5 the reporting of reproducible data. The animal 
was considered protected from clonic convulsions if i t  failed to exhibit an episode of clonic 
spasms for at least 5 s. The animal was considered protcctcd from tonic convulsions if 
it failed to exhibit hind limb extension. Not significantly 
different from saline controls. Significantly different from saline controls (p < 0.05). 
All other values in the table are significantly different from saline controls (j~ < 
0.01). 


Biological Testing-Male Sprague-Dawley mice2 received an injection 
of 3.0 or 3.75 mg/kg sc of bicuculline in  a volume of 0.01 mL/g. The bicu- 
culline was prepared by dissolving the solid in 0.1 M HCI and adjusting to pH 
5 with 0.1 M NaOH (13). Each compound was evaluated for its ability to 
protect against bicuculline-induced seizures at a dose of I50 mg/kg sc injected 
1 h prior to bicuculline administration. Groups of eight mice per compound 
were tested. Groups of four control mice were pretreated with 0.9% NaCl and 
tested before and after each experimental group to ensure maximal convulsant 
potency of the bicuculline. 


The incidence and onset of clonic and tonic convulsions and fatality induced 
by bicuculline were recorded for each of the animals. A clonic convulsion was 
defined as a single episode of clonic spasms of at least a 5-s duration. A tonic 
seizure was defined as a brief period of hind limb flexion followed by a pro- 
longed period of hind limb extension. The animals were observed for a t  least 
45 min after the injection of bicuculline. The uptakes of y-[3ti]aminobutyric 
acid and tritiated 8-alanine were carried out following reported procedures 
(6, 17). 


Previously reported ( 1  3). 
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Abstract 0 A high-performance liquid-chromatographic (HPLC) procedure 
is reported for estimation of the logarithm of the octanol/water partition 
coefficient. log P(o/w). This automated log P(o/w) measurement (ALPM) 
circumvents many inherent difficulties with the shake-flask method, yet gives 
high reproducibility and excellent overall correlation with shake-flask results. 
Partition coefficients for numerous structurally diverse chemicals. ranging 
from -0 to -8 log P(o/w) units, can be determined; however, values for 
zwitterionic compounds cannot be obtained. Additional advantages of ALPM 
include lower cost and greater safety when compared with other HPLC or 
shake-flask procedures. Chromatographic conditions (i.e., flow rate and 
temperature) and variables (i .e,  column length and solvent composition) af- 
fecting this method arediscussed in detail. ALPM may also find application 
in quality control of HPLC columns. qualitative-quantitative analysis. and 
in computer-controlled method development and analysis. 


Keyphrases HPLC.-octanol/water partition coefficients 0 Partition 
coefficients-octanol/water, H PLC 


The logarithm of the octanol/water partition coefficient of 
a compound, log P(o/w), often parallels the biological effects 
of that substance (1,2). Although log P(o/w) correlations are 
commonly used to optimize a specific biological response, they 
can also be a valuable predictor of adverse effects from 
chemical agents (3, 4). Consideration of this parameter in 
structure-toxicity as well as structure-activity studies might 
substantially reduce drug development costs ( I  ). Furthermore, 
the increasing cost of animals and animal care, combined with 
growing public discontent over the use of animals in scientific 
research, will inevitably make prediction of toxicological re- 
sponses much more important ( 5 , 6 ) .  


Ideally, determination of the partition coefficient, P(o/w), 
requires measurement of the equilibrium ratio of the concen- 
trations of a single component, X, dissolved in nonpolar and 
polar layers using simple separatory funnel shake-flask pro- 
cedures (2): 


P(o/w) = [xlocta”ol/~xlw,,,,  (Eq. 1) 


Although the polar phase is nearly always water, the choice 
of nonpolar phase is arbitrary; chloroform, hexane, and other 
solvents have been used, but octanol is the most common choice 
(2). There is, however, nothing unique about biological cor- 
relations using octanol/water as opposed to another solvent/ 
water system. In  1954, Collander showed that partition data 
can be converted between solvent/water systems by least- 
squares regression (7), but Leo has described limitations in the 
use of this relationship (8). 


Many economic and scientific problems occur with shake- 
flask log P(o/w) measurements. Since analytical procedures 
differ with each compound, the traditional method is time 
consuming and expensive (3). Log P(o/w) measurements may 
have only limited reproducibility among laboratories. For 
example, the seven reported shake-flask log P(o/w) values for 
naphthalene range from 3.01 to 3.59 (2). Analysiserror is al- 
ways a concern, but microemulsions can also alter distribution 
of the compound between the two phases (9). Formation of 
other components in the shake-flask could also alter phase 
equilibrium. The physical difficulties of measurement may be 
minimized by improved analytical techniques and sample 
centrifugation, but chemical interactions (changing the 
number of components) could affect the accuracy of even 
reproducibly obtained partition coefficients. 


While measurement is always preferred, approximate values 
can be obtained by calculations based on the concept that the 
overall log P(o/w) reflects the summation of hydrophobic 
contributions from each constitutive group (s-approach) or 
fragment (f-approach) (2, 10, I I ) .  Although calculated values 
often afford good estimates of log P(o/w), additivity of such 
constants may not always be observed (3). Problems of re- 
producibly and accurately measuring the shake-flask log 
P(o/w), knowledge of the increment for a particular molecular 
unit, and limitations in the additivity of such groups often re- 
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Abstract 0 C‘atechol derivatives. covalently joined to homocystcine by sulridc 
or wlfoniuni linkages. were synthcsi7cd as potential catcchol 0-methyl- 
transrerase multisubstratc inhibitors which might bridge the enzymatic 
binding bites lor the catcchol substrate and the amino acid portion of the 
methyl donor S-adcnosylmethionine. These compounds were found to be lebs 


effective inhibitorb than the product inhibitor S-adcnosylhomocystcinc. 


Keyphrase5 0 C;ircchol homocystcine derivatives bridged. synthesis. in- 
hibition of catecho1 O-nicthyltransferasc 0 Catechol O-nicthyltransfer- 
ii\c . potcntinl inhibiton. bridged catcchol- homocystcine dcrivativcs 


Catcchol 0-nicthyltransfcrasc (COMT;  EC 2. I .  I .6) cata- 
lyzes methyl transfcr from S-adenosyl-I.-methionine (SAM, 
I )  to catechol substrates and plays an important role i n  the 
inactivation of catecholamines ( I ,  2). C O M T  inhibitors offer 
opportunities for control of catecholamine levels and have 
potential for treatment of disorders thought to arise from 
catecholamine deficiencies (3). For example, by decreasing 
\hc formation of 0-mcthylatcd metabolites of lcvodopa and 
dopamine, C O M T  inhibitors may enhance the effectiveness 
of levodopa therapy for Parkinsonism (3-5). 


One approach to design of inhibitors of SAM-dependent 
methylases has focused on analogues of S A M  or the product 
inhibitor S-adenosyl-1.-homocysteine (SAH,  I I )  (6- 12).  
However, analogues of SAM and S A H  may not be highly 
specific inhibitors for a single methylase since many methyl- 
transferascs utilize SAM as the methyl donor and are  also 
subject to potent product inhibition by SAH ( I ) .  Although 
inhibitor specificity for COMT might be more readily achieved 
with cdtechol analogues, a number of potent in citro inhibitors 
of this t y p  are limited in  clinical potential by poor in cirw 
activity and/or by unacceptable toxicity (3) .  


An intriguing alternative approach to C O M T  inhibitor 
design emanates from consideration of the proposed mecha- 


nism for methyl transfer by COMT. The mechanism appears 
to involve an Sh2-like nucleophilic attack by thc catechol 
on the methyl group of S A M  (13, 14) with a transition state 
which may be depictcd as shown in  111. This suggests that 
compounds such as IV and V,  in which a catechol iscovalently 
joined to homocystcine by sulfide or sulfonium linkages, might 
bridge the enzymatic binding sites for the catcchol and for the 
amino acid portion of S A M  and thus might function as mul- 
tisubstrate ( I  5), or rudimentary transition-state (16, 17), in- 
hibitors of COMT.  


The direct transition state analogue IV ( n  = I )  would not 
be expected to be sufficiently stable to permit study in  an 
aqueous environment. I n  an earlier study ( I  8 ) .  this problem 
was circumvented by isostcric rcplacemcnt of one of the cat- 
echo1 oxygen atoms by a mcthylcne group (cf VI ,  n = I ). The 
adducts thus obtained were stable, but were not potent C O M T  


m 
I X = h e  [SAM]  


II X s S  [ S A H l  


Ip Y = O ;  Z’SMe 


p Y = O ;  z = s  
+ PI Y = CH2 ; Z S or SMe 
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Table I-Inhibition of Cateehol-0-Methyltransferase ' 
Compound Percent Inhibition at 100 MM 


XXIV 
xxv 
xv 
XVI 
XVl l  
XVl l l  
I X  
X 
XI 
XI1 
XIX 
I1 


h ._ 


14.9 
13.2 
9.0 


12.1 
5.6 


17.3 
14.0 
5.9 


Stimulates< 
4.7 


72.2 


Rat liver COMT was incubated with 0. I mM [i4C-methyl]S-aden~yl-~.-methioninc 
(0.3 Ci/mol). 0.25 mM 3,&dihydroxybenmii acid, I mM M C12,0.5 mM dithiothreitol, 


observed. Apparent stimulation of activity by 26.4% at 100 WM XII. 
and 50 mM Tris-HCI buffer, pH 7.8, for 30 min at 37OC. 9, N o  significant inhibition 


inhibitors (1  8), possibly because COMT is highly specific for 
the catechol functionality in substrates and in most inhibitors 
( 2 , 3 ) .  Retcntion of both catecholic oxygen atoms, for possible 
coordination at the catechol binding site, might facilitate 
multisubstrate binding. This could be accomplished by inser- 
tion of one or more additional methylcncs in the briding chain. 
The bridging link would thcreby be one or two units longer 
than required for an exact transition-state analogue (cf. 111). 
However, a bridging length greater than that suggested by 
precise transition state mimicry led to increased potency in  
multisubstrate kinase inhibitors (19), and the expanded 
bridging chain in thc present case might thus be an acceptable 
structural feature. Accordingly, sulfides and sulfonium salts 
of types IV and V were synthesizcd for in  vitro cvaluation as 
COMT in  hi bi tors. 


RESULTS AND DISCUSSION 


Chemistry- The synthesis of the sulfides and sulfonium salts with o-me- 
thoxy substituents are outlined in Scheme I .  The only salt obtained from rc- 
action of iodide V l l l  with dimethyl sulfide was trimethylsulfonium iodide; 
none of the desired salt XI1 could be isolated. This type of reversion-ligand 
exchange process is well documented for sulfonium salts (20, 21). and has 
recently been adapted as a synthetic method for symmetrical and unsym- 
metrical organic sulfides (22). This problem was circumvented bq preforming 


lX n = 2  


X n = 3  


Xl n * 2  
XI n = 3  


XpIT n . 2  
n = 3  


Scheme I 


sulfides IX and X followed by their alkylation with methyl iodide. The un- 
suitability of iodide V I l l  for direct formation ofsulfonium salts was again 
noted in unsuccessful attempts to form bridged salt X V l l l  from V l l l  and 
methionine, although S-methyl methionine XIX was readily formed from 
methionine and methyl iodide under acidic (23) or neutral (24). i .e. zwitter- 
ionic amino acid, conditions. We then dcvelopcd an alternative route to X V l l  
and XVl l l  utilizing thiolactone XIII. Dianion XIV was generated from XI11 
by a method similar to those previously reported (25-27) and was alkylated 
with halides VII and Vl l l  to provide sulfides XV and XVI. The resulting alkyl 
homocysteines were then alkylated with methyl iodide under neutral conditions 
(24). which led to specific methylation of the sulfide linkage in the presence 
of the unprotected amino acid moiety. 


The o-hydroxy sulfides XXlV and XXV were prepared by similar methods 
to those in Scheme I.  Alkylation of o-benzyloxyphenol with 1.3-dibromo- 
propane followed by reductive debenzylation provided the phenolic bromide 
XXII, which afforded sulfide X X V  on treatment with dianion XIV. In the 
preparation of dimethylene analogue XXIV.  protection of the phenol as  the 
acid-labile tetrahydropyranyl group (cf. XXIII)  was required to avoid in- 
tramolecular cyclization (28) of the unprotected phenolic bromide to benzo- 
dioxane X X  during the reaction with dianion XIV.  The free phenol was lib- 
erated during acidic workup. 


Enzyme Inhibition Studies-Sulfides and sulfonium salts prepared in  this 
study were evaluated as COMT inhibitors by a radiochemical assay (29). The 
inhibition results listed in  Table I indicate that these compounds arc at least 
fourfold less effective inhibitors of COMT than the potent product inhibitor 
S-adenosylhomocysteine (11). and that the inhibition is not greatly affected 
by the type of bridging atom (sulfide or sulfonium), the length of the bridge 
(di- or trimethylene), or the nature of the o-substituent (hydroxy versus me- 
thoxq). Our goal was to enhance affinity and specificity of candidate COMT 
inhibitors by incorporation of portions of S A M  (or SAH) into a catechol 
structure to increase the number of binding sites. Both the level and the narrow 
range of inhibition shown by the compounds in Table I, along with the results 
from the related study by Coward and co-workers (18). suggest that a mul- 
tisubstrate approach to potentially clinically significant COMT inhibitors 
is likely to require a higher level of molecular complexity than that offered 
by bridged catechol-homocystcine structures. The additional presence of 
significant portions of the nucleoside moietyofSAM or SAH may be essen- 
tial. 


EXPERIMENTAL SECTION' 


2-(2-Methoxyphenoxy)thyl Bromide (Vll)  -A mixture of 2-methoxyphenol 
( I24  g, 1 .O mol). 1.2-dibromoethane (379.7 g, 2.0 mol), and aqueous NaOH 
(48 g, 1.2 mol, in 300 mL of HzO) was stirred overnight at KOOC. The product 
was extracted intoCHCI3 and the cxtracts were washed three times with 5% 
aqucous NaOH and then with water. The solvent was removed under reduced 
pressure, and the residue was distilled twice through a Vigreux column ( I  5 
cm). The fraction boiling at 125OC (0.25 mm) was dissolved in EtOti and the 
solution was cooled to providccrystalsof VII  as white needles ( I  12.7 g, 49% 
yield), mp 45-46OC; '11-NMR (CDCI,): 6 3.60 (1, 2, J = 7 Hz),  3.81 (s, 3). 
4.30 (1. 2. J = 7 Hz), and 6.86 ppm (s, 4); UV (MeOH) A,,,: 271.5 (e 2300) 
and 220.5 (6 7400) nm; TLC (silica. CHCI3): H10.57. 


Anal.- Calc. for CyHl1Rr0:: C .  46.77; H. 4.80; Br, 34.58. Found: C. 46.75; 
H, 4.80; Br. 34.53. 


3-(Z-Methoxyphenoxy)propyl Iodide (Vl1l)- 3-(2-Methoxyphenoxy)propyl 
bromide (51% yield; bp 110-1 18°C. 0.3 mm Hg) was prepared from 2- 
methoxyphenol and I ,3-dibromopropanc in ethanolic aqueous sodium hy- 
droxide essentially as dcscribed for VII. The bromide (5 I .5 g, 0.21 mol) was 


XXI R = C H p h , n = 3  X X E  n = 2  
XXU. R = H , n = 3  XXE n = 3  
XXIE R = T H P , n * 2  


1 Melting points were determined with a Buchi melting point apparatus and are un- 
corrected. Elemental analyscs were perform& by Atlantic Microlab, Inc., Atlanta, Ga. 
'H-NMR spectra wcrcdctermined Hith Varian T-60, XL-100, and CFT20 and Hitachi 
Pcrkin-Elmer R-24B s ctrometers with tetramcthylsilane as internal standard. C O M T  
inhibition data wereocained by a radiochemical assay (29) .  
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then refluxed with sodium iodide (44.4 g, 0.3 mol) in methyl ethyl ketone (350 
ml.) for 21 h. The mixture was filtered and the solvent removed under reduccd 
pressure. The residue was dissolved in ether. and on addition of hexane there 
wasdeposited 31.4g(5l%yield)ofVIII.Aportion (6.9g)ofthisproduct was 
chromatographcd on silica gel (Et2O) and then was recrystallized from 
ether-hexane togive4.4gofVll l  aswhiteneedles,mp39 41°C; 'H-NMK 
(CDCI,): 6 2.31 (quintet. 2. J = 6 Hz), 3.39 (t, 2, J = 6 Hz), 3.85 (s, 3). 4.08 
(1, 2. J = 6 Hz), and 6.91 ppm (s, 4); UV (MeOH) A,,,: 273.5 (c 2700. sh) 
and 224.5 (c  7200) nm; TLC (silica, CHCI,): h',.0.58. 


And-Calc. for C10H13102: C, 41.1 I ;  H,4.49; 1.43.45. Found: C,41.31; 
H, 4.53; I ,  43.22. 
2-(2-Methoxyphenoxy)-I-methylthioethane (IX) - -A solution of bromide 


V11 (23.1 g. 0.10 mol) in  MeOH (60 mL) was added over a 0.5-h period to 
a cold (0°C) stirred solution of NaOMe (16.5 g, 0.30 mol) and methanethiol 
(25 g, 0.52 mol) in  MeOH ( I  25 mL). After 0.5 h, the mixture was concen- 
trated under reduced pressure and the residue was extracted with ether. The 
extracts were concentrated and the residue was distilled (oven 95-1 I S O C ,  
0.025-0.045 mm Hg) to give IX (18.7 g, 92% yield) as a colorless oil; 'H-  


= 7 Hz). and 6.88 ppm (s, 4); UV (McOfi) A,,,,: 272.5 ( c  2600, sh) and 222.5 
(c 8200) nm; TLC (silica, CHCI]): H ~ 0 . 7 7 .  


And-Calc. forCloH1402S:C,60.57; H, 7.12;s. 16.17. Found: C,60.52; 
H, 7.16; S, 16.1 1. 
3-(2-Methoxyphenoxy)-l-methylthiopropane (X) - Sulfide X was prepared 


in 79% yield from iodide Vlll by thesame procedure as described above for 
IX. Sulfide X was isolated as a colorless oil, bp I55OC (oven), 0.32 mm Hg; 
'H-NMR (CDCI]): 6 2.10 (m. 5) .  2.72 (I, 2. J = 6 Hz), 3.85 (s, 3), 4.14 (t. 
2, J = 6 Hz), and 6.92 ppm (s. 4); UV (MeOH) A,,,: 272.5 (c  2400, sh) and 
222.5 (c 7500) nm; TLC [silica, CHCIl-EtOAc (2:I)l: Rf0.61. 


Anal-Calc. for C I I H I ( I O ~ S :  C. 62.23; H, 7.60;S, 15.10. Found: C, 62.47; 
H, 7.67; S. 14.94. 
[2-(2-Metboxyphenoxy)ethylldimethylsulfonium Iodide (XI)- A solution 


of sulfide IX (2.97 g, 0.015 mol) and methyl iodide (2.74 g. 0.019 mol) in 
MeOH (10 mL) was stoppered and allowed to stand in the dark at ambient 
temperature for 17 h. Addition of ether precipitated sulfonium salt XI as an 
off-white powder, mp 100-lO1°C; IH-NMR (D2O): 6 2.93 (s.6). 3.73 (s, 3) ,  
3.61 (I9 2, J = 6 Hz), 4.37 (1.2. J = 6 Hz), and 6.93 ppm (m. 4); UV (MeOH) 
A,,,: 271.5 (c 2500, sh) and 219.0 (c 21.200) nm; TLC [silica, CHC13- 
MeOH-NHdOH-H20 (40:30: 10:3)]: Rj 0.79. 


And-Calc. for CllH17102S: C, 38.83; H, 5.04; I, 37.30; S, 9.43. Found: 
C, 38.83; H ,  5.06; 1, 37.33; S, 9.43. 


[3-(2Methoxyphenoxy)propyl)dimethylsulfonium Iodide (XII) Sulfonium 
salt XI1 was prepared from sulfide X in 72% yield by the procedure described 
above for preparation of X I .  Salt XI1 was isolated as an off-white micro- 
crystalline solid, mp 98-99°C; 'H-NMR (D2O): d 2.34 (br quintet, 2). 2.94 
(s, 6 ) .  3.50 (1, 2, J = 7 Hz), 3.87 (s. 3). 4.22 (t. 2, J = 6 Hz), and 7.06 ppm 
(br s, 4); UV (MeOH) A,,,: 271.5 (c 4200, sii) and 219.5 (c 23,900) nm; TLC 
[silica, CHCI,-MeOH-f120, (40:30:3)]: R/ 0.78. 


Anal.-Calc. for ClzH19102S: C, 40.68; H, 5.41; I ,  35.82; S. 9.05. Found: 
C. 40.59; H. 5.41; I, 35.70;s. 9.01. 
2-Amino-4-[2-(2-methoxyphenoxy)ethyIthio~butyric Acid (XV)-  DL- 


Homocysteinethiolactone hydrochloride XI11 ( 1  2.24 g, 0.08 mol) was heated 
for 1.5 h at 65°C under nitrogen with a solution of NaOIl (9.6 g, 0.24 mol) 
i n  I I %  aqueous MeOH (88 mL) .  A solution of bromide VII  (19.4 g, 0.084 
mol) in MeOH (60 mL) was then added dropwise during a 0.5-h period. After 
an additional 3.5 h at 65°C. the mixture was concentrated under reduced 
pressure. the residue was dissolved in hot water, and the mixture was filtered. 
After cooling, the aqueous solution was extracted twice with ether and then 
adjusted to pH 7 with concentrated HCI. The resulting precipitate was col- 
lected and treated with EtOH. The mixture was filtered, and the filtrate was 
cooled to provide amino acid X V  ( 1  I .7 g, 5 1 TO yield) as a white powder, mp 
221-224OC; IH-NMR (MezsO-d(~): d 1.92 (m, 2), 2.83 ( t .4 . J  = 7 Hz), 3.28 
(br t ,  l,J=7Hz),3.72(~,3),4.09(t,2,J=7H1),and6.90ppm(s,4);UV 
(MeOH) A,,,: 272 (c 2600. sh) and 222.5 (c 8000) nm; TIL (silica, MeOH): 


Anul.-Calc.forC~~H~~NO~S:C,54.7l;H,6.71;N,4.91;S, 11.24. Found: 
C. 54.47; 11.6.77; N. 4.84; S. 11.17. 


2-Amino-4-[3-(2-methoxyphenoxy)propylthio]butyric Acid (XV1)- I n  the 
same manner as described for preparation of XV, the dianion of D1.-homo- 
cysteine thiolactone was formed in aqueous methanol at 7OOC. Iodide Vll l  
was added as a warm oil and after 0.5 h at 70°C the solution was evaporated, 
the residue was washed with ether, treated with isopropyl alcohol. and the 
mixture was filtered. The filtrate was evaporated and the residue was dissolved 
in water. The pH was adjusted to 7.9 and the resulting precipitate was re- 
crystallized from ethanol to give a 23% yield of XVI as a pale-yellow powder, 
mp22I-224"C; ' H - N M R ( M c ~ S O - ~ ( I ) : ~  1.95(m,4), 2.37 -2.85 (m.4). 3.32 
(m,  I ) ,  3.74 (s, 3). 4.01 (t. 2. J = 6 HI), 4.6-6.8 (v br, 3), and 6.93 ppm (s, 


NMR (CDCI,): 6 2.19 (s, 3). 2.89 (I, 2 .5  = 7 Hz), 3.83 (s, 3). 4.17 (I, 2, J 


h'j0.41. 


4); UV (MeOll) A,,,: 272.5 ( c  2500, sh) and 222.5 ( e  7600) nm;TI.C (silica, 


ha/.--Calc. for C I J H ~ ~ K O ~ S :  C, 56.16; I f ,  7.07; N.4.68;S. 10.71. Found: 
C,  55.87; 11, 7.12; N, 4.73; S ,  10.79. 


(3-Amino- 3- carboxypropyl~2 -(2- methoxyphenoxy)ethyl~thylsulfonium 
Iodide (XVII) --Methyl iodide ( I  .88 g, 13.2 mmol) was added to a warm so- 
lution of sulfide XV ( I  .71 g, 6 mmol) in water (40 mL). The mixture was 
stirred at 50°C for 4 h followed by I2 h at 25°C. A cold condenser (-SOC) 
was used throughout. The residue. after evaporation under reduced pressure, 
was dissolved in 50% aqueous ethanol. The solution was filtered and cooled 
to provide salt X V I  I ( I  .OO g, 39% yield) as a pale yellow powder, mp I3 I 
133°C; 'H-NMR (D2O): 6 2.34 (4.2, J = 7 Hz), 2.99 (s, 3). 3.36-3.88 (m,  
R), 3.77 (s, 3). 4.46 (1, 2, J = 6 1 1 ~ ) .  and 6.96 ppm (m, 4); UV (MeOH) A,,,: 
272 ( 6  4900, sh) and 219 (c 40,000) nm; T1.C [silica, CHCIl-MeOH- 


Anal.-Calc. for C14H221N04S: C. 39.35; H,  5.19; I ,  7.50; N, 3.28; S, 
29.70. Found: C, 39.07; H, 5.20; I .  7.44; h'. 3.22; S, 29.51. 
(3-Amino-3-carboxyprop~l~~2-methoxyphenoxy)propyl~methylsulfonium 


lodide(XVll1) -Methyl iodide (1.69 g. I 2  mmol) was added to a warm (45°C) 
mixture of sulfide XVI and water (40 mL) in an apparatus protected with a 
cold water (-5OC) condenser. After 2 h at 45OC. an additional quantity (1.69 
g, 12 mmol) of methyl iodide w dded and stirring was continued for 3 h 
at 45°C and 14 h at ambient temperature. The mixture was filtered and 
evaporated, and the residue was dissolved in water. Ethanol was added, and 
the resulting solid was collected and dried to provide 2.77 g (63% yield) of salt 
XVlll asanoff-whitcpowder,mp 126 130°C; 'H-NMR (D20):62.39(m. 
4), 3.00 (s, 3). 3.58 (m, 4), 3.86 (s, 3). 3.91 (t, 1, J = 6 Hz), 4.22 It ,  2, J = 6 
Hz). and 7.06 ppm (s, 4); U V  (MeOH) A,,,: 298 (c 190, sh), 272.5 (c 2700), 
and 219.5 ( e  20,000) nm; TLC [silica. CHCll-MeOH-NH40H-H20 (40: 
30:10:3)]: Rf0.61. 


And-Calc. for ClsH241N04S: C. 40.82; H, 5.48; I ,  7.27; N. 3.17; S, 
28.76. Found: C, 40.71; H, 5.52; I ,  7.26: N. 3.14; S .  28.65. 
(L-Methionine)methylsulfonium Iodide (XIX) --In a manner similar to that 


dcscribed for the preparation of the methyl sulfonium salt from racemic me- 
thionine (24). a mixture of L-methioninc (3.7 g. 0.025 mol), water (20 ml,), 
and methyl iodide (3.9 g, 0.027 mol) was stirred at 4OoC for 18 h. The mixture 
was taken to dryness under reduced pressure, and the residue was triturated 
with ethanol. The resulting solid was recrystallized from aqueous ethanol, and 
the product was washed with hot methanol to provide 5.0 g (68% yield) of XIX 
as a white microcrystalline solid, m p  185°C (dec.) [the mp for the corre- 
sponding salt from racemic methionine has been reported as I 50°C (dec.) (23. 
24) and I56--157"C (dec.) (30); we are unaware of a specific mpcitation for 
the optically active form, although an elemental analysis has been reported 
previously (31)]; IH-NMR (D2O): 6 2.28 2.50 (m,  2). 2.98 (s, 6 ) .  3.42-3.60 
(m.2),and3.91 ppm(1, l , J =  7Hz);UV(MeOH)A,,,:217.5nm(c61,800); 
[a];' 17.70'; TLC [silica, C H C I I - M C O H - N H ~ O H - H ~ O  (40:30:10:3)]: R/ 
0.63. 


Anal.-Calc. for C6Hl4IN02S: C, 24.75; H, 4.85; I ,  43.59; N, 4.81; S. 
11.01. Found: C. 24.78; H. 4.89; I ,  43.59; N, 4.80; S, 11.00. 


1-(2-Benzyloxyphenoxy)-3-bromopropane (XXI)-To a stirred soh tion of 
2-benzyloxyphenol(30.0 g. 0. I5 mol) and 1.3-dibromopropane (60.5 g, 0.30 
mol) in  ethanol (I00 ml.) was added a solution of NaOlI ( 6  g. 0.1 5 mol) in  
water (150 mL). The mixture was refluxed for 9 h, allowed to stand overnight, 
and then extracted with CHCI,. The organic layer was washed with aqueous 
NaOH and then with water. The extract was dried (Fu'azSO4) and concen- 
trated. and the residue was distilled to provide an oil (bp 157°C. 0.002 mni 
Hg) which was crystallized with ether-hexane to give 20.5 g (42% yield) of 
the bromide as  a white powder, m p  29 30OC; 'H-NMR (CDC13): 6 2.30 
( q u i n t e t . 2 . J = 6 H z ) , 3 . 6 0 ( t . 2 . J = 6  t I z ) , 4 . 1 5 ( t , 2 , J = 6 1 1 ~ ) , 5 . I O ( s , 2 ) ,  
6.92 (s, 4). and 7.40 ppm (m, 5 ) ;  UV (MeOH) A,,,: 275 nm ( c  2750); TLC 
[silica, CHC13-hexane ( I  : I ) ] :  R j  0.44. 


And-Calc. for C16H17Br02: C. 59.81; H. 5.33; Br, 24.89. Found: C. 
60.01; H. 5.39; Br, 24.70. 


3+Hydroxyphenoxy)propyl Bromide (XXII)- A solution of the benzyloxy 
compound XXI (44.9 g, 0.14 mol) in ethanol ( 1  00 ml.) was hydrogenated at 
40 psi over 20% Pd(OH)2 on charcoal until hydrogen uptake ceased. The 
catalyst was removed by filtration, and the solution was cvaporatcd under 
reduced pressure to provide XXll as an oil, which was used directly in the 
preparation of sulfide XXV. In another experiment the oil crystallized to give 
long off-white prisms, mp 52-54OC [lit. (28) mp 57 58OCl; IH-NMR 
(CDCI,): d 2.27 (quintet, 2, J = 6 Hz), 3.52 (1. 2. J = 6 117). 4.13 (1. 2, J = 
6 Hz), 5.46 (br s. I ) .  and 6.84 ppm (m. 4). 


2-(2-(2-Tetrahydropyranyloxy)phenoxy)ethyl Bromide (XX1II)-A mixturc 
of 2-(2-tetrahydropyranyloxy)phenol ( 19.4 g, 0.1 0 mol), NaOH (4.4 g, 0.1 1 
rnol). 1,2-dibromoethanc (75.1 g, 0.40 rnol), and 20% aqueous EtOH (100 
mL) was heated at 80°C for 4.5 h. The solvent was removed under reduced 
pressure, and the residue was treated with CHCI,. The extract was washed 


MeOH): R j  0.54. 


Nli40H-l120 (40:30:10:3)]: h'/0.71. 
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with 5% aqueous NaOH. then water, and concentrated under reduced pres- 
sure. Distillation of the residue gave 10.2 g (34% yield) of XXlll as a colorless 
oil, bp 105-130°C, 0.2 mm Hg; ’H-HMR (CDCI3): 6 1.3-2.3 (m,  6). 3.56 
(t, 2 , J  = 6Hz),  3.90(m, 2),4.25 (1.2.5 = 6 Hz), 5.37 (brs, I),and6.2-7.2 


2-Amino-4-(2-(2-hydroxyphenoxy)ethyIthio]butyric Acid (XX1V)-A 
mixture of DL-homocysteinethiolactone hydrochloride (XIII, 4.59 g. 0.03 mol) 
and NaOH (3.6 g, 0.09 mol) in 20% aqueous MeOH (45 mL) was stirred 
under nitrogen at 25OC for I8 h. then heated at 65OC for 2 h. Bromide XXlll 
(9.90 g, 0.033 mol) was then added, and after 3 h a t  65OC and 17 h a t  room 
temperature, the mixture was concentrated, the residue was treated with 
isopropyl alcohol, and the mixture was filtered. The filtrate was evaporated, 
and the residue was dissolved in water. The resulting aqueous solution was 
washed twice with ether. The aqueous phase was adjusted to pH 8 (1 M HCl), 
and the precipitate which formed was collected and then suspended in water. 
The aqueous solution was adjusted to pH 6 ( I  M HCI), and the mixture was 
stirred for 0.75 h. The deprotected product, precipitated by adjustment to pH 
7, was washed with a small amount of absolute EtOH followed by ether. This 
afforded 3.31 g (41% yield) of sulfide XXIV as a white powder, mp 206- 
209OC; IH-VMR (Me2SO-db): 6 1.9 (m. 2), 2.68 (t, 2, J = 7 Hz), 2.83 (t. 
2, J = 7 Hz), 3.33 (t, 1. J = 6 Hz), 4.05 (t, 2 , J  = 7 Hz), 6.5-7.0 (m,  4). and 
7.9 ppm (v br, 4); UV (MeOH) A,,,: 274 (c 2800, sh), and 21 5 (c 7200) nm; 
TLC (silica, MeOH): Rf 0.51. 


Anal.-Calc. for C,ZHI~NO&: C, 52.25; H, 6.39; N, 5.08; S .  1 I .62. Found: 
C, 52.24; H, 6.34; N, 5.05; S ,  11.67. 


2-Amino-4-(3-(2-hydroxyphenoxy)propylthiobutyric Acid (XXV)-A 
mixture of DL-homocystcincthiolactone hydrochloride (X111; 12.24 g, 0.08 
mol) and NaOH (9.6 g, 0.24 mol) in 20% aqueous MeOH (60 mL) was stirred 
under nitrogen at 25OC for 18 h, then heated at  65OC for 2 h. Bromide XXII 
(15.0 g, 0.065 mol) was added, followed by a solution of NaOH (5.2 g, 0.13 
mol) in 20 mL of 50% aqueous MeOH. After the addition of a second portion 
of XXll (15.0 g, 0.065 mol). the mixture was stirred at 25OC for 18 h and the 
solvent was removed under reduced pressure. The residue was dissolved in 
water, and the solution was extracted three times with CHCI3. The aqueous 
phase was brought to pH -2 with 6 M HCI and extracted twice with CHCI,. 
The aqueous phase was brought to pH 7 with I M NaOH, and product XXV 
wascollectedasa white powder (8.93g. 3~oyield),mp218-221°C;’H-NMR 
(MezSO-d6): 6 1.90 (m,  4), 2.4-2.8 (m. 4), 3.25 (t. I ,  J = 6 Hz), 3.96 (t, 2, 
J = 6 Hz), 6.55-6.95 (m. 4). and 7.9 ppm (v br, 3); UV (MeOH) A,,,: 274.5 
( f  2900), 279 (t 2500), and 215 (f 6800) nm; TLC (silica, MeOH): Rj  
0.5 I .  
Anal.-Calc.forC~~H~~NO~S:C.54.7l;H,6.7l;N,4.91;S,11.24. Found: 


C, 54.56; H, 6.78; N, 4.91; S, 11.22. 


ppm (m. 4). 
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Pain, Analgesia, and Addiction: The Pharmacologic Treatment of Pain. By 
BARRY STIMMEL. Raven Press, I140 Avenue of the Americas, New 
York, NY 10036. 1983.312 pp. 16 X 24 cm. Price $45.00. 
This is an interesting volume presenting a multifaceted discussion of pain 


and its pharmacological management. The book appears to be written pri- 
marily with a pedagogic perspective and intent, presenting a rather broad 
survey of factors involved in  the phenomenon of pain and of drugs used for 
relief of pain. It seems most useful for someone who is interested in pain and 
wishes to learn more about its various aspects, rather than for one who already 
has some expertise in the study or treatment of pain. 


This book is organized into three distinct sections. The first deals with 
fundamental components of pain and analgesia, including the description and 
discussion of the anatomical pathways, neurochemical species. and psycho- 
logical factors believed to be involved, as well as discussion of drug tolerance, 
dependence, and withdrawal. The second section deals with the clinical 
pharmacology of drugs used to relieve pain. Included in this are discussions 
of some unconventional agents such as stimulants, antidepressants, antipsy- 
chotic drugs, sedative-hypnotic-antianxiety agents, and marijuana. The 
discussions of pharmacological properties of the drug classes are broad, in- 
cluding description of effects on a number of organ systems, biodisposition, 
adverse effects, and drug interactions, rather than being confined to matters 
relating to pain and analgesia. This approach seems to diffuse the focus of the’ 
book somewhat, but may make it more useful for the clinician considering the 
use of these agents in a patient or encountering a patient already taking them. 
The third section offers a discussion of practical management of pain. It ad- 
dresses such issues as the differences in management of acute uersus chronic 
pain, management in “problem” populations such as the elderly, patients with 
malignancy, and drug-dependent patients. and the problem of iatrogenic drug 
dependence. 


Included with each chapter is an ample list of references. but for some 
chapters more recent references are noticeably lacking. It also seems that the 
pharmacology section would have benefitted from more basic science refer- 
ences, especially some dealing with cellular actions and mechanisms of drugs. 
which would contribute to a better understanding of drug effects. 


One strength of the volume, in spite of the preceding statement, is its 
combination and integration of basic and clinical sciences. The first section 
is done best in this regard. Another strength is the breadth of topics covered, 
including some not usually Considered in  texts dealing with pain or analgesic 
drugs. The author also applies his practical experience in discussion of the 
topics, which probably enhances the usefulness of the book for less experienced 
practitioners. The opinions of the author are expressed rather strongly in some 
of the “practical” sections of the book, and this expression could be viewed 
as  being both a strength and weakness of the work. Weaknesses of the volume 
include a rather large number of typographical errors and some factual errors. 
While these are rather trivial relative to the contcnt of the book as  a whole, 
they are still somewhat bothersome. Other weaknesses, referred to earlier. 
include lack of currency in discussion of some topics and a paucity of basic 
science data in some discussions. 


In summary, this volume deals with pain, analgesia, and related phenomena 
in considerable breadth and in sufficient depth to make it a useful source of 
information for both health scientists and clinicians who are interested in basic 
concepts concerning the nature of pain and analgesia and in the practical 
treatment of pain. 


Reoiewed by Graham A. Patrick 
Department of Pharmacology 


Medical College of Yirginia 
Virginia Commonwealth Uniuersity 
Richmond. V A  23298 


and Toxicology 


Antibiotics: Assessment of Antimicrobial Activity and Resistance. (Society 
for Applied Bacteriology, Technical Series No. 18.) Edited by A. DENVER 
RUSSELL and LOUIS B. QUENSEL. Academic Press, Inc., 1 I 1  Fifth 
Avenue, New York, NY 10003. 1983. 384 pp. 15 X 23 cm. Price $48.00 
(f29.00). 
This volume, the 18th in the Socicty for Applied Bacteriology technical 


series, includes 23 lectures with contributions from 50 microbiologists pre- 
sented at a Demonstration Meeting of the Society held at thc Welsh School 
of Pharmacy, University of Science and Technology, Cardiff, in  September 
1981. 


The invaluable medicinal properties of antibiotics a re  universally recog- 
nizcd, but the ability of many organisms to develop resistance to certain of 
these antibiotics is sometimes underestimated or ignored. One of the greatest 
challenges in drug development is the continued need to discover and develop 
new chemotherapeutic agents to which microorganisms are initially, and 
continue to be, highly sensitive. This volume discusses many of the details of 
microbial sensitivity and resistance to antibiotics. 


An introductory chapter in the book briefly describes the various types of 
iintibiotics, their mode(s) of action, and methods of assay for these compounds. 
Other topics considered include: sensitivity testing; effects of media compo- 
sition on MIC values of antibiotics; sensitivity determination by the mea- 
surement of conductance; the effects of cell envelope composition on antibiotic 
activity; thc use of ionophoric antibiotics as experiment tools in microbiology; 
the extraction, purification, detection, and identification of fi-lactamases; 
methods for determining the stability of &lactam antibiotics to 0-lactarnase 
extracts; the biochemical evaluation of &lactamase inhibitors; detection 
methods for bacterial penicillin-binding proteins; means of detecting ami- 
noglycoside-modifying strains of bacteria; assay methods for aminoglycosides; 
methods of studying plasmid-determined tetracycline resistance; methods 
of studying bacterial folate metabolism inhibition; in v i m  methods for de- 
termining transferable resistance to antibiotics; phage typing and plasmid 
characterization in  studying the epidemiology of multiresistant Salmonella 
typhimurium; measurement of combined antibiotic action; use of a biopho- 
tomcter in  determining the effects of antibiotics; use of high-voltage electro- 
phoresis in  the identification ofantibiotics: testing antibiotics for sterility; and 
the detection of antibiotic residues in milk and animal tissues. 


The volume contains both theoretical and practical information on a variety 
of analytical techniques, and many valuable tables, figures, and schemes are 
included. The articles presented are well referenccd and are curreni up to 1982. 
This is an excellent publication which contains an enormous amount of in- 
formation and is highly recommended as  a reference book. The price, along 
with its incomplete coverage of all aspects of antibiotics, would limit its use- 
fulncss as a textbook. 


Reoiewed by Leonard R. Worthen 
Department of Pharmacognosy and 


Environmental Health Sciences 
College of Pharmacy 
University oJ Rhode Island 
Kingston, RI 02881 


The Alkaloids: Chemistry and Pharmacology. Vol. 21. Edited by ARNOLD 
BROSSI. Academic Press. Inc., I I I Fifth Avenue, New York, NY 1 W 3 .  
1983. 368 pp. 16 X 23.5 cm. Price $49.50. 
This new volume in  The Alkaloids series, the first to be edited by Arnold 


Brossi, is truly an exciting book. There is a sense of urgency and intensity about 
it which is hard to miss. It includes seven chapters, and in three of these the 
authors involved have deemed it necessary to add (at the end of their respective 
chapters) an addendum to bring the material presented completely up-to-date. 
I n  another chapter, a last minute change was made to round off the material 
presented. 


In  every instance, emphasis has been placed not only on occurrence, 
structural clucidation, and synthesis, but also on the mast recent pharmaco- 
logical results. One is thus led to realize that the justification for endeavors 
in natural productscheniistry lies in the intrinsic interest and challenge of the 
chemical subject mattcr. as well as in the biological activityof natural prod- 
ucts, particularly alkaloids. 


Another characteristic of this volume of The Alkaloids is that the term 
“alkaloid” has been interpreted in broad terms, so that cyclic nitrogenous 
compounds produced by plants. micro-organisms, sponges, amphibians, and 
mammals are all discussed in detail. 


Each of the presentations for the seven chapters is authoritative, precise, 
thorough, and above all pcrmeated with enthusiasm. The authors who brought 
about this impressive tour de force in their chapters are: K. Gerzon and G. 
H. Svoboda: “Acridone Alkaloids”; J. Bergman: “Quinazolinocarboline AI- 
kaloids”; T. Arai and A. Kubo:“lsoquinolinequinones”; J.-C. Cai and C. R. 
Hutchinson: “Camptothecin”; B. Witkop and E. Gossinger: “Amphibian 
Alkaloids”; J. Lundstrom: “Simple Isoquinolines”; and M. A. Collins: 
“Mammalian Alkaloids.” 


Incidentally, one of the twelve authors is supposed to be retired and has only 
a private address. Yet, he has shared in the writing of an excellent chapter. 
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The choice of Dr. Brossi as editor of The Alkaloids is particularly felicitous 
since he brings to his position an extensive and impressive background in 
natural products chemistry as well as pharmacology. 


To minimize costs, the publishers have seen fit to let each group of authors 
draw their own chemical diagrams. This has worked out very satisfactorily, 
since the structures are well drawn and clearly layed out. The result is lhat 
this book of almost 400 pages, with a very large number of tables, charts and 
structures, is offered for a relatively modest $49.50. Not a bad deal! 


Reciewed by Maurice Shammd 
Deparlmenl of Chemistry 
The Pennsyltiania State University 
Unioersiiy Park, PA 16802 


Compartmental Models and Their Application. By KEITH GODFREY. 
Academic Press Inc., 24-28 Oval Road, London NWI 7Dx. England. 1983. 
293 pp. 15.5 X 23.5 Price $50.00 (€32.00). 
The use of compartmental models to describe the disposition of drugs in 


vioo is a widely practiced art in the pharmaceutical sciences. These models 
very often provide a reasonable phenomenological description of the complex 
set of events and processes that determine the pharmacokinetics of a drug in 
mammalian systems. Less often, they also provide a means to interpret or 
discern what mechanisms are responsible for the observed performance. It 
is surprising, then, that the current texts on pharmacokinetics do not address 
the properties and problems associated with the models themselves. Godfsy’s 
text attempts to do just that. 


This book provides a comprehensive overview of compartmental models. 
The subjects can be roughly divided into three general areas (not corresponding 
to the individual chapters): the performance of linear systems; the problem 
of identifiability and parameter estimation; and the properties of more complex 
systems which display nonlinear, time variant, and stochastic behavior. The 
general layout includes a mathematical description of the various systems, 
comments concerning their performances, and many examples to illustrate 
applications. Two cautions must be voiced. First, while proofs have been 
eliminated, the vocabulary and notation are that of an applied mathemat- 
ics-engineering approach. This, however. should not be a problem since the 
author carefully provides good descriptions throughout the text. Second. this 
is definitely not a pharmacokinetics text. While many of the examples are 
taken from that area, the emphasis is on the mathematical system and not on 
thc phcnomcna bcing modeled. In  this respect, the author provides a welcome 
scrvice to the pharmacokinetics community. 


In the first four chapters many lincar compartmental systems are presented. 
The descriptions are straightforward and present an excellent overview. The 
various models are shown mathematically. their performances are illustrated 
by numerous calculations and graphical illustrations, and literature examples 
of actual applications are provided. The third section on nonlinear and time 
variant systems is similarly well described, to a depth not found elsewhere. 
The second section on identifiability and parameter estimation is by far the 
most important contribution of this book. Here, Dr. Godfrey provides an ex- 
cellent analysis of whether particular models actually can be used to describe 
real data. Often we decide that a particular model effectively represents a set 
of data. Is the model unique? In most cases the answer is a resounding no. That 
fact is amply demonstrated by the use of Laplacian analysis as well as con- 
sideration of numerical problems. My only complaint is that the author does 
not go far enough; the emphasis is on the estimation of microconstants, not 
on integrated parameter estimation. The problem of correlation between 
parameters is barely considered; no mention of reparameteri7ation is provided. 
Yet, this is a minor Fault compared with the large assortment of warnings 
provided. 


In summary, this book is an excellent refcrence document concerning the 
power and problems of lumped parameter systems composed of first-order 
differential equations. It is probably the best bookon that subject available. 
The appropriateness of these models is up to us. 


Reoiewed by Kenneth J .  Himmelstein 
Inter, Research Corporaiion 
2201 West 21.~1 Sireei 
Lawrence. KS 66044 


Formaldehyde: Toxicology-Epidemiology-Mechanisms. Edited by JOHN 
J. CLARY. JAMES E.GIBSON, and RICHARDS. WARITZ. Marcel 
Dekker, 270 Madison Avcnuc, New York. NY 10016. 1983.296 pp. 15 X 
23 cm. Price $45.00 (20% higher outside the U S .  and Canada). 
The Chemical Industry Institute of Toxicology (CIIT), Research Triangle 


Park, NC. sponsored conferences on formaldehyde toxicity in November 1980 
and, with funding from the Formaldehyde Institute, on November 3, 1982. 
The papers and discussions of the latter conference are presented in this 
book. 


There are eleven chapters by 26 contributors. of which half are from CIIT. 
Chapter titles are as follows: “Occupational Exposure to Formaldehyde- 
Recent N IOSH Involvement,” “Mathematical Cancer Risk Assessment for 
Formaldehyde,” “Case Control Study of Cancer Deaths in DuPont Workers 
with Potential Exposure to Formaldehyde,” “Mortality of Ontario Under- 
takers: A First Report,” “Skin Initiation/Promotion Study with Formaldehyde 
in  Sencar Mice,” “Skin Initiation/Promotion Study with Formaldehyde in 
CD- I Mice,” “Mutagenic Effects of Formaldehyde in Bacterial and Human 
Cells,’’ “Formaldehyde and thc Nasal Mucociliary Apparatus,” “Reaction 
of Formaldehyde in the Rat Nasal Mucosa,” “The Effect of Formaldehyde 
Exposure in Cytotoxicity and Cell Proliferation,” and “Mechanisms of 
Formaldehyde Toxicity and Risk Evaluation.” 


I n  general these topics are well written, and the summaries of the discussions 
that follow the actual presentations are of interest. Literature is cited up to 
thc time of publication including 1983 references and citations to manuscripts 
in press. 


In summary of the information presented at this second Cl lT  conferenceit 
is now well accepted that airborne formaldehyde leads to cancer in  rats and 
mice, that formaldehyde has the potential to cause genetic toxicity, and that 
formaldehyde will bind to DNA in uirro. Clarification, however, is still re- 
quired regarding the importance of binding in vitro, especially as related to 
detoxification pathways and repair mechanisms. Of prime importance was 
the need for the results of additional epidemiological studies. While this volume 
is of restricted interest in  the pharmaceutical sciences, it should be of value 
to those in contact with formaldehyde and its products as  well as to toxicolo- 
gists. 


Reviewed by Joseph E. Sinsheimer 
College of Pharmacy 
The Unicersity of Michigan 
Ann Arbor. MI 48109 


Methods in Industrial Microbiology. By B. SIKYTA. John Wiley & Sons, 
Inc. One Wiley Drive, Somerset, NJ 08873. 1983.349 pp. 16 X 24 cm. Price 
$79.95. 
This short textbook is aimed primarily at the microbiologist who is seeking 


a very broad and simplified introduction to industrial fermentation processes. 
The chapter headings: “Introduction,” “Culture Equipment,” “Sterilization 
of Media and Air,” “Aeration and Mixing,” “Substrates for Microbial Pro- 
ccsses.” “Kinetics of Microbial Processes,” “Genetics of Industrial Micro- 
organisms,” “Development of Microbial Processes,’’ “Measurement and 
Control of Microbial Processes,” and “Isolation of Microbial Products” in-  
dicate that the author has attempted to condense a broad spectrum of 
biotcchnology in a limited space. As a result, the subject matter is treated too 
superficially to make this a truly valuable reference source (e.g.. mass transfer 
scale-up in  two and one-half pages). 


The potentially useful aspects of this book might be the listing of the com- 
position of various natural substances (e.g. cornsteep liquor) for material 
balance purposes and, possibly, the reference sources for their historical sig- 
nificance. Otherwise. the book should be of value to the layman interested in 
ii broad view of the fermentation industry. 


Reciewed by: H. Michael Koplove 
Hoffrnunn-La Hoche 
Nutley. NJ 07/10 
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Abstract Microbial kinetics of Escherichia coli NlHJ JC-2 and E. coli B/r 
were investigated in the presence of B-lactam antibiotics. To maintain a 
constant drug concentration during the experiment, a nove! technique, using 
a dialysis membrane tube containing the drug solution, was successfully em- 
ployed. The drug-affected generation curves of €. coli exhibited common 
features. After the addition of drug, an apparent lag period was noted, followcd 
by a first-order decrease of the sensitive organisms and, 6 h later, by a regrowth 
of resistant organisms, depending on the antibiotic concentration used. The 
relationship between the apparent generation rate constant, kapp. and the 
antibiotic concentration was found to be nonlinear. This phenomenon is 
consistent with a saturable receptor site model for the drug action. A good 
linear free energy relationship was observed between the microbial kinetic 
parameter, k,,,, and the alkaline degradation rate constants, k o ~ ,  of the 
cephalosporins studied. 


Keyphrws 0 Kinetics-microbial, 8-lactam antibiotics against Escherichia 
coli 0 8-Lactam antibiotics-microbial kinetics against Escherichia coli 


In dosage regimens for infectious diseases, plasma levels of 
antibiotics based on the value of minimum inhibitory con- 
centration (MIC) have been used as convenient indices of 
pharmacological effectiveness. The MIC is defined as the 
lowest concentration that results in complete inhibition of 
microbial generation during prolonged contact with an anti- 
microbial agent (-20 h). However, the quantitative meaning 
of the MIC is still obscure, and the value does not give any 
indication of the kinetic behavior of microbial generation in 
relation to the concentration of the drug remaining in the body 
at  relatively short times after administration of an antibiotic. 
To evaluate the potency or efficacy of antibiotics more effec- 
tively and to establish more reasonable therapeutic guidelines 


0 2 4 6 8 10 12 14 


Figure l-Eflect of organism population at the time of drug addition on the 
generation curves of E. coli B/r in the presence of 0.5 pg of ampicillin/mL 
and effect of inocula sizes on the generation curves of E. coli B/r in antibiotic 
medium9 at pH 7.0 and 37°C. The time of drug addition is indicated by the 
arrow. Key: (0)  control generation curves; (0) drug-affected generation 
curves. 


TIME, h 


and dosage regimens, it is necessary to investigate the microbial 
generation kinetics as a function of antibiotic concentra- 
tion. 


Several microbial kinetic studies in the presence of anti- 
bacterial agents have been reported (1  - 10); however, there are 
only a few reports on P-lactam antibiotics (4, 8). Elkhouly and 
Fuhrer (8) have determined the apparent generation rate 
constants of Escherichia coli in the presence of various con- 
centrations of ampicillin; however, it remains uncertain 
whether the apparent generation rate constants can be validly 
expressed as a function of drug concentration under their ex- 
perimental conditions, because chemical and/or enzymatic 
degradation of ampicillin may occur under the conditions used 
in the study. To overcome this possible degradation, we in- 
troduced a novel method to keep the drug concentration con- 
stant. 


The purposes of this study were to establish suitable ex- 
perimental conditions for the microbial kinetic study of 
P-lactam antibiotics at constant drug concentrations and to 
elucidate the kinetic behavior of microbial generation in the 
presence of P-lactam antibiotics. 


EXPERIMENTAL SECTION 
Antibiotics-Penicillin G potassium’ ( 1600 U/mg), ampicillin sodium2 


(955 pg/mg), methicillin sodium’ (853 pg/mg), dicloxacillin sodium2 (900 
pg/mg), cefazolin sodium4 (958 pg/mg), cephalexin monohydrate’ (925 
pg/mg), cefddroxil monohydrate6 (947 pg/mg), and cephaloridine’ (971 
pg/mg) were used as received. All other chemicals, unless otherwise stated, 
were of reagent grade and were not further purified. 


Organisms-Replicate slants of E. coli N l H J  JC-2’and E. coli B/r* [the 
same strains as used previously(ci)] were used in the microbial kinetic study. 
The slants were prepared from single isolated colonies of the respective or- 
ganisms and were stored at 4°C. 


Culture Medium-Antibiotic medium9 was rehydrated according to the 
specifications of the manufacturer and filtered twice through a 0.45-pm 
membrane filterlo. This pH 7.0 medium was used for all experiments in the 
microbial generation studies. The medium was autoclaved at  12OOC for 20 
min. 


Bacterial Gmeration-An aliquot (5 mL) of culture medium was inoculated 
from a fresh slant. and the culture was allowed to grow for I5 h at 37°C in an 
incubator. Samples of this culture were appropriately diluted in several steps 
to achieve an organism concentration of 104 cells/mL. 


Two 0.5-mL portions of this culture were finally diluted into 49.5 mL of 
fresh medium for the control growth and 49.0 mL of fresh medium for the 
drug-affected growth, respectively. The cultures were maintained at 37°C 
in a constant-temperature water bath equipped with a shaker. 


All pipets and media used were kept at 37°C to protect the organisms from 
temperature shock. 


I Meiji Seika Kaisha, Tokyo, Japan. 
Takeda Chemical Industries, Osaka, Japan. 
Banyu Pharmaceutical Co.. Osaka, Japan. ‘ Fujisawa Pharmaceutical Co.. Osaka, Japan. 
Shionogi Co.. Osaka. Japan. 
Bristol Mcycrs Co.. Tokyo, Japan. ’ I F 0  12734; Institute for Fermentation. Osaka. Japan. 
F-57; Institute for Fermentation. 
Antibiotic Medium 3; Difco Laboratorics. Detroit. Mich. 


lo Sartorius-Membranlilter GmbH. Gottingen. Federal Republic of Germany. 
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Table I-Saturable Kinetic Parameters for E coli NIHJ JC-2 end E. coli B/r in Antibiotic Medium. 


104 k,,,, s-I sb, pglmL Cmm pg/mL 
Antibiotic NIHJ JC-2 B/r NIHJ JC-2 B/r NIHJ JC-2 B/r 


Penicillin G 83.8 28.4 56.6 3.80 4.98 3.06 
Ampicillin 60.1 30.4 4.83 0.24 0.41 0.35 
Methicillin - 28. I - 1.74 - 2.7 I 
Dicloxacillin - 22.4 - 2.44 - 3.32 
Cefazolin 47.7 - 1.68 - 1.30 - 
Cephalexin 16.9 - 0.60 - I .76 - 
Cefadroxil 27.9 - 2.56 - 3.69 - 
Cephaloridine 87.6 - 9.28 - 0.78 - 


At pH 7.0 and 3 7 T .  


Viable Count Metbad-Samples (0.5 mL) were withdrawn from the cul- 
tures and serially diluted into sterilized 0.9% NaCl solution in accordance with 
a preplanned dilution scheme so that 50-1 50 colonies per plate would be ob- 
tained. From these dilutions, aliquots of 0.5 mL were transferred onto each 
of three replicate agar plates. The plates were incubated for 20 h at 3 7 T ,  and 
the resulting colonies were counted with an electronic colony counter. 


Effect of Sbaking Speed on Generation Rates-Four replicate, 49.5-mL 
volumes of the fresh medium were each inoculated with 0.5 mL of appro- 
priately diluted E. coli NIHJ JC-2 culture in the logarithmic growth phase. 
They were cultured at 37OC and pH 7.0 under four different shaking condi- 
tions (0, 82, 130. and I90 strokes/rnin). The viable counts were determined 
in samples withdrawn at appropriate time intervals. 


Effect of Dialysis Membrane Tube-Fresh solutions of ampicillin of two 


I 1 1 1 I 1 
0 2 4 6 a 


TIME, h 
Figure 2-Generation curves of E. coli NIHJ JC-2 in antibiotic medium9 
at pH 7.0 and 37"Cin the absence (0)  and presence (other symbols) of various 
concentrations of penicillin G. The numbers inside the figure are drug con- 
centrations in micrograms per millilitrr. The time of drug addition is indi- 
cated by the arrow. 


different concentrations were aseptically prepared for each experiment. They 
were diluted suitably so that aliquots of 0.5 mL added to replicate 49.5-mL 
volumes of theE. coli NIHJ JC-2 seeded culture yielded final concentrations 
of 4.0 and I .25 pg/mL. The solutions were added to the cultures growing at 
37OC in the logarithmic phase at an organism concentration of about 106 
cells/mL. A cellulose tubel' was knotted at both ends to form a bag (length, 
10 cm). The bag, which contained 10 mL of ampicllin solution prepared with 
fresh culture medium to produce the same concentration as the experimental 
antibiotic concentration, was placed in the culture medium immediately after 
the drug was added. The dialysis membrane tube was replaced with a fresh 
tube  every 3 h. At appropriate time intervals, aliquots of 0.5 mL were with- 
drawn, and the ampicillin concentration was assayed by the usual microbial 
paper disk method employing Sarcina luteaI* as the test organism. 


Effect of Organism Population on Drug-Affected Generation Rates-Three 
sets of the culture medium, with initial inoculum sizes of 6 X I@, 6 X 105, and 
6 X lo6 cells/mL, were prepared and used to determine generation curves of 
the E. coli B/r culture in the presence of 0.5 pg of ampicillin/mL at 37OC. 
The viable counts were obtained at appropriate time intervals. 


Effect of Antibiotic Conceotratiom on Generation Rates-Aliquots (0.5 


4 . 0  


/ 
I,,,,,, 0 2 4 6 a 10 


TIME. h 


Figure 3-Generation curves of E. coli NIHJ JC-2 in antibiotic medium9 
at p H  7.0 and 37°C in the absence (0)  and presence (other symbols) of various 
concentrations of cefadroxil. The numbers inside the figure are drug con- 
centrations in micrograms per milliliter. The time of the drug addition is 
indicated by the arrow. 


I I  Visking dialysis membrane, type 20/32; Union Carbide Corp., Chicago, Ill. 
I* I F 0  12708; Institute for Fermentation. 
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Figure 4-Dependence of the apparent generation rate constant, )bpp. for E. 
coli NIHJ JC-2 in antibiotic mediumg at pH 7.0 and 37°C on drug concen- 
trotion. Key: (a) penicillin G; (A) ampicillin; (0) cephalexin; (A) cefazolin; 
(0) cefodroxil; (0) cepholoridine. 


mL) of aqueous solutions of antibiotics were aseptically added to replicate 
49.5-mL samples of E. coli cultures to yield the desired concentrations. The 
solutions were added to the cultures growing at 37OC in the logarithmic phase 
at an organism concentration of 106 cells/mL. As soon as the drug solution 
was added to the culture medium, a dialysis membrane bag containing the 
drug solution was put into the culture medium, as described above, to keep 
the drug concentration constant during the experimental period. Samples were 
withdrawn at appropriate time intervals, and the organism concentrations 
were determined by the viable count method. 


The E. coli NIHJ JC-2 culture was carried out in the presence of selected 
concentrations of penicillin G, ampicillin, cephalexin, cefazolin, cefadroxil, 
and ccphaloridine. The E. coli B/r culture was also camed out in the presence 
of various concentrations of penicillin G, ampicillin, dicloxacillin, and 
methicillin. As a control, one culture without any drug added was studied in 
each set of experiments. 


RESULTS AND DISCUSSION 


Effect of Shaking Speed on Generation Rates-To establish suitable ex- 
perimental conditions for the kinetic study of antibiotic action on E. coli, the 
bacterial generation rates without antibiotics were determined from the 
generation time curves obtained at various shaking speeds. The culture of E. 
coli showed an exponential phase which could be expressed as: 


In N = In NO + kor (Es. 1) 
where N is the number oforganisms per unit volume of broth medium at time 
t ;  NO is the number of organisms per unit volume of broth medium at the initial 


Table 11-Microbial Kinetic Parameter k, of E. coli NIHJ JC-2 and 
Alkaline Depradation Rate, k o ~ ,  of Cephalosporins 


Ce haloridine 
CePazolin 
Ce halexin 
Cefadroxil 


87.6 
47.7 
16.9 
27.9 


108" 
31.7" 
7.334 
7.06b 


Reference 17. Referencc 18. 
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F i e  5-Dependence of the apparent generation rate constant, bP. for E. 
cob Blr in ontibiotic mediumg at pH 7.0 and 37"Con drug concentrotion. Key: 
(@) penicillin G; (A) ampicillin; (0) dicloxacillin; (A) methicillin. 


time, 0, in the logarithmic generation phase; and ko is the apparent generation 
rate constant for the drug-free culture. The mean generation time, tg, was 
calculated by: 


tg = 0.693/ko (Eq. 2) 
The generation rate constant, ko, and the generation time, tg, were calcu- 


lated by Eqs. 1 and 2. In the absence of agitation, the mean generation time 
was 22 min (slightly larger than the values obtained for cultures under agi- 
tation); however, very similar values of 17- I8 min were obtained within the 
range of 82-190 strokes/min. Therefore, the shaking speed was fixed at 130 
strokes/min in this microbial kinetic study. 


Effect of Dialysis Membrane Tube-Ampicillin concentrations in the E. 
coli NIHJ JC-2 culture in the absence or presence of a dialysis membrane 
tube containing drug solution of the same concentration as that of the culture 
medium was measured at suitable time intervals. 


When the ampicillin concentration was 4.0 pg/mL, the drug concentrations 
remained nearly constant, both with and without a dialysis membrane tube. 
On the other hand, at  the initial concentration of 1.25 pg/mL in the absence 
of a dialysis membrane tube, the concentration decreased significantly. with 
a half-life of -7 h. However, with replacement of the dialysis membrane tube 
every 3 h, a constant ampicillin concentration was successfully maintained 
during the experimental period. 


These results indicate the importance of keeping the drug concentration 
constant during the experiment and demonstrate that the method in which 
the dialysis membrane tube is utilized is suitable for this purpose. A membrane 
tube containing antibiotic solution of the appropriate concentration was, 
therefore, used in all microbial kinetic studies. 


Effect of Organism Population on Drug-Affected Generation Rates- 
Semilogarithmic plots of the viable count uersus time for E. coli B/r cultures 
treated with 0.5 p g  of ampicillin/mL are illustrated in Fig. 1, in which the 
effects of different initial inoculum sizes and organism populations at the time 
of drug addition can be seen. No significant effects of the initial inoculum size 
and organism population at the time of drug addition are apparent. 


Effect of Antibiotic Concentrations 011 Generati011 Rates-Shape of Gen- 
eration Curues-Typical semilogarithmic plots of viable counts uersus time 
for E. coli NIHJ JC-2 and E. coli B/r cultures in the presence of various 
concentrations of several &lactam antibiotics are shown in Figs. 2 and 3 for 
penicillin G and cefadroxil, respectively. 


All antibiotics studied gave very similar generation curves of E. coli. After 
the addition of a drug to the medium, a definite lag period was observed (Figs. 
1-3) before the semilogarithmic plots of viable counts decreased linearly with 
time. As is apparent from the results shown in Figs. 2 and 3. these lag periods 
tend to became shorter at  higher drug concentrations. These periods may 
depend on the time required for the antibiotic concenfralionon both sides of 
the bacterial membrane to reach steady state after drug addition to the broth 
medium. Garrett and Won (4) have reported similar lag periods in their study 
on the bactericidal effects of penicillin G, kanamycin, and rifampin against 
E. coli and have suggested that these intervals reflect the drug partitioning 
process into the bacterial membrane. In this study, however, we were not able 
to express the lag period as a function of drug concentration. 
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Figure 6-Applicability of saturation kinetics to the dependency of apparent 
generation rate constants. )bPp, of drug-affected E. coli NIHJ JC-2 on drug 
concentration a1 pH 7.0 and 37°C. Key: (@)penicillin G; (A) ampicillin; (0) 
cephalexin; (A) cefarolin; (0) cefodroxil; (0)  cephaloridine. 


At higher drug concentrations, the number of viable cells decreased linearly 
in the semilogarithmic plots obtained immediately after drug addition. At 
lower drug concentrations, subsequent to the deviation from the curve of the 
drug-free culture, a new steady-state generation phase was established. 


Apparent generation rate constants, ka ,  (in s-’), of drug-affected cultures 
were obtained from the slopes of the linear portions of In N uersus t plots in 
accordance with the general rate expression: 


In N = In NO + kpp$ (Eq. 3) 
Concentration Dependence of Generation Rate-The apparent generation 


rate constants, kaPP for the drug-affected E. coli NIHJ JC-2 and E. coli B/r 
cultures are plotted against antibiotic concentrations in Figs. 4 and 5 ,  re- 
spectively. The plots for all antibiotics studied show a marked decrease of k,, 
with an increase in the drug concentration, C, and a tendency to reach max- 
imum rate constants. These nonlinear plots indicate that the apparent gen- 
eration rates of the drug-affected cultures obey the well-established kinetics 
of the saturable receptor site model proposed for other antibacterial agents 
(1,2,5-10) and can be expressed by: 


kapp ko - [krnax x (c - Cms)l / [Sb + (c - ctncc)l (h. 4) 


where k,, and s b  are the proportionality constants relating to drug avail- 
ability in the cell and drug affinity to receptor or binding sites, and C,, is the 
minimum effective concentration manifesting antibacterial activity (defined 
as C ,  = C when k., = ko).  As suggested previously by Garrett and Won 
(4), C, may reflect the binding or removal of effective antibiotic by the 
components of the medium. The constants of kmax, Sb, and C ,  were deter- 
mined by Eq. 4 using the nonlinear regression program NONLIN (1 1)” and 
are listed in Table 1. 


When the reciprocal values of the differences between the drug-free gen- 
eration rate constant, k b  and the drug-affected generation rate constant, k,,  
are plotted against the reciprocal of the difference between the drug concen- 
tration, C, and the minimum effective concentration, C,,, a good linearity 
is obtained by: 


I / ( k o - k m a x )  ‘Sb/kmax(C- c-) i- I / k m a x  (h. 5 )  


The plots are illustrated in Figs. 6 and 7 for E. coli NIHJ JC-2 and E. coli B/r, 


I’ The computer analysis was prformcd with a FACOM-I 70F digital computer at 
the Data Processing Center. Kanazawa University. 
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F i  7-Applicability of saturaiion kinetics to the dependency ofappormt 
generation rote constants, bP, of drug-affected E. coli B/r on drug con- 
centration at pH 7.0 and 37°C. Key: (@) penicillin G; (A) ampicillin; (0) 
dicloxacillin; (A) methicillin. 


respectively. The good agreement of data with Q. 5 also substantiates the 
validity of the saturable receptor site model ( I ,  2,5-10) for interpretation of 
the action of &lactam antibiotics on microbial growth. It is likely that the 
receptor sites correspond to transpeptidase, which is known to interact with 
&lactam antibiotics (1 2). 


The quantiptive meaning of the MIC is still unclear, and the magnitude 
does not always reflect the kinetic behavior of microbial generation in the 
presence of antibiotics. However, the parameter k ,  corresponds to the V,, 
in enzyme kinetics and may reflect the intrinsic potency of the antibiotic better 
than does the MIC. 
Structure-Activity Corrclntion of BLsctam Antibiotics lad Microbial 


Kioetics-Hcrmann (13) has suggested that the bactericidal activity of 
&lactam antibiotics is parallel to the reactivity of the &lactam ring, and In- 
delicatoetal. (14,15)andYamanaetal. (16,17) havestatedthatthealkaline 
degradation rate, kOH, of cephalosporin parallels antibacterial activity. The 
mechanism of hydroxide ion-catalyzed degradation of the &lactam ring in 
alkaline solution is similar to the mechanism of the acylation of transpeptidax 
bccause both reactivities depend on the cleavage energy of the C-0 bond 
of the &lactam ring. Based on these considerations, a linear free energy re- 
lationship can  be applied for k,, and koH: 


I I I I 
1.0 1.5 2.0 2.5 


log (kt~ X 102). h4-l s-’ 
Figure 8-Relationship between microbial kinetic parameter. k,, of E. 
wli NIHJ JC-2 and alkaline degradotion roles.  OH. of cephalosporins. 
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and: 
k,,, = const-exp(-G+k,,/RT) (Eq. 7) 


koH = const .exp(-G+k,,/RT) (Eq. 8) 
where G#kw and GZko, are free energies of activation for k,,, and koH, 
respectively, const is a constant, R is the gas constant. and T is the absolute 
temperature. Taking the common logarithm of both sides of Eqs. 7 and 8 
gives: 


log k,,, = const - Gfk,/2.303RT 


log koH = const - G*ko,/2.303RT 
0%. 9) 


(Es. 10) 
Substitution of Eqs. 9 and 10 for G#k,,,,, and G#kOn into Eq. 6, followed by 
rearrangement, yields: 


log k,,, = const * log koH t const (Q. 11) 
Equation 1 1  indicates a linear relationship between log kmaX and log koH. 


The k,,, values for E. coli NIHJ JC-2 and koH values for cephalosporins 
are listed in  Table 11, and log k,,, is plotted against log koH in Fig. 8 (good 
linearity was obtained). The regression equation obtained is: 


log k,,, = 0.513.lOg koH t 0.902 (Eq. 12) 
with a regression coefficient of 0.951. This relationship suggests that 0-lactam 
antibiotics possessing high reactivity of the C-0 bond in alkaline solution 
will show high bactericidal activity. 


Orgmism Resistant to Drug Actioo-Garrett and Won (4) have suggested 
the following possible explanations in connection with the regrowth of or- 
ganisms after the first-order decrease of viable cells in drug-affected cultures 
(Figs. 1-3): (a)  the consumption or degradation of the drug. (6) the production 
of an inhibitor or inactivator of antibiotic action, and ( c )  the presence of 
bacteria able to resist the drug action. This study on the microbial kinetics 
of various @-lactam antibiotics was conducted at constant drug concentrations 
(achieved by the dialysis membrane tube method); therefore, possibility a can 
bc ruled out, but possibilities 6 and c still remain. 
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Abstract OThe generation curves of Escherichia coli B/r and E. coli NIHJ 
JC-2 in the presence of several &lactam antibiotics were studied from the 
kinetic point of view. Apparent first-order regrowth of resistant organisms 
was observed -6 h after addition of these antibiotics. The time courses of 


production, selection in terms of membrane permeability, and mutation to 
acquire drug resistance. A selection process or a modification of membrane 
permeability caused by contact with the drug seems to be the most probable 
reason for the regrowth of the organisms. 


apparent viable counts could be interpreted in terms of the sum of the viable 
counts of sensitive and resistant organisms. T~ clarify the nature of the re- Keyphnses 0 Kinetics-microbial, analysis and characterization of bacterial 
growth, experiments involving a second addition of antibiotic, single coloni- regrowth after treatment of Escherichio coli with @lactam antibiotics 
zation by and synchronous cell were Several &Lactam antibiotics-kinetic analysis and characterization of bacterial re- 
possible explanations for the results are discussed, including B-lactamase growth efter treatment Of Escherichia 


In the previous paper ( I ) ,  we described the microbial ki- 
netics of Escherichia coli treated with several P-lactam anti- 
biotics. We also mentioned that, once treated with &lactam 
antibiotics, the organisms showed an apparent regrowth in 


spite of the maintenance of a constant drug concentration by 
the use of a dialysis membrane tube containing the antibiotic 
solution (1). This regrowth is a well-recognized phenomenon 
in drugaffected cultures (2-6). Much work has been done on 
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Abstract 0 A high-performance liquid-chromatographic (HPLC) procedure 
is reported for estimation of the logarithm of the octanol/water partition 
coefficient. log P(o/w). This automated log P(o/w) measurement (ALPM) 
circumvents many inherent difficulties with the shake-flask method, yet gives 
high reproducibility and excellent overall correlation with shake-flask results. 
Partition coefficients for numerous structurally diverse chemicals. ranging 
from -0 to -8 log P(o/w) units, can be determined; however, values for 
zwitterionic compounds cannot be obtained. Additional advantages of ALPM 
include lower cost and greater safety when compared with other HPLC or 
shake-flask procedures. Chromatographic conditions (i.e., flow rate and 
temperature) and variables (i .e,  column length and solvent composition) af- 
fecting this method arediscussed in detail. ALPM may also find application 
in quality control of HPLC columns. qualitative-quantitative analysis. and 
in computer-controlled method development and analysis. 


Keyphrases HPLC.-octanol/water partition coefficients 0 Partition 
coefficients-octanol/water, H PLC 


The logarithm of the octanol/water partition coefficient of 
a compound, log P(o/w), often parallels the biological effects 
of that substance (1,2). Although log P(o/w) correlations are 
commonly used to optimize a specific biological response, they 
can also be a valuable predictor of adverse effects from 
chemical agents (3, 4). Consideration of this parameter in 
structure-toxicity as well as structure-activity studies might 
substantially reduce drug development costs ( I  ). Furthermore, 
the increasing cost of animals and animal care, combined with 
growing public discontent over the use of animals in scientific 
research, will inevitably make prediction of toxicological re- 
sponses much more important ( 5 , 6 ) .  


Ideally, determination of the partition coefficient, P(o/w), 
requires measurement of the equilibrium ratio of the concen- 
trations of a single component, X, dissolved in nonpolar and 
polar layers using simple separatory funnel shake-flask pro- 
cedures (2): 


P(o/w) = [xlocta”ol/~xlw,,,,  (Eq. 1) 


Although the polar phase is nearly always water, the choice 
of nonpolar phase is arbitrary; chloroform, hexane, and other 
solvents have been used, but octanol is the most common choice 
(2). There is, however, nothing unique about biological cor- 
relations using octanol/water as opposed to another solvent/ 
water system. In  1954, Collander showed that partition data 
can be converted between solvent/water systems by least- 
squares regression (7), but Leo has described limitations in the 
use of this relationship (8). 


Many economic and scientific problems occur with shake- 
flask log P(o/w) measurements. Since analytical procedures 
differ with each compound, the traditional method is time 
consuming and expensive (3). Log P(o/w) measurements may 
have only limited reproducibility among laboratories. For 
example, the seven reported shake-flask log P(o/w) values for 
naphthalene range from 3.01 to 3.59 (2). Analysiserror is al- 
ways a concern, but microemulsions can also alter distribution 
of the compound between the two phases (9). Formation of 
other components in the shake-flask could also alter phase 
equilibrium. The physical difficulties of measurement may be 
minimized by improved analytical techniques and sample 
centrifugation, but chemical interactions (changing the 
number of components) could affect the accuracy of even 
reproducibly obtained partition coefficients. 


While measurement is always preferred, approximate values 
can be obtained by calculations based on the concept that the 
overall log P(o/w) reflects the summation of hydrophobic 
contributions from each constitutive group (s-approach) or 
fragment (f-approach) (2, 10, I I ) .  Although calculated values 
often afford good estimates of log P(o/w), additivity of such 
constants may not always be observed (3). Problems of re- 
producibly and accurately measuring the shake-flask log 
P(o/w), knowledge of the increment for a particular molecular 
unit, and limitations in the additivity of such groups often re- 
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strict correlation analysis to academic research or the most 
rewarding industrial compounds. 


There have been numerous attempts to employ high-per- 
formance liquid chromatography (HPLC) to estimate log 
P(o/w). Mirrlees et al. described the theory behind these ef- 
forts, most of which utilize the linear relationship between log 
P(o/w) and the logarithm of the capacity factor, log k’, where 
k’ = [ ( t  - lO/to)] and t and to  refer to the elution times of 
compound and void volume marker, respectively ( 1  2): 


log P(o/w) = (rn X log k’)  + b (Eq. 2 )  


Henry ef al. modified Eq. 2 so that higher log P(o/w) values 
could be determined by defining log Vr, the logarithm of the 
retention volume, as a function of the flow rate, FR, according 
to ( 1  3): 


log Vr = log [ ( I  - t o )  X FR] (Eq. 3) 


They argued that since log k’ = log [ ( t  - to/to)] = log ( t  - to )  
- log to,  the log to  term could be incorporated into the constant 
b. Since this value differs from column to column, the separate 
constant, c, is justified: 


log P(o/w) = (m X log Vr) + b + c (Eq. 4) 


Equation 4 describes a proportionality between the retention 
volume of a compound and its partitioning between mobile and 
stationary phases. The constants m, b,  and c reflect the chro- 
matographic process, the conversion from stationary/mobile 
phase to octanol/water phase partitioning, and the difference 
between columns. 


Despite problems with HPLC measurement of log P(o/w), 
Baker et al. and Henry et al. suggested that HPLC retention 
data may prove to be a better correlate of biological activity 
than the octanol/water partition coefficient (9, 13). In  this 
paper, an automated log P(o/w) measurement (ALPM), based 
on further modification of Eqs. 3 and 4 is reported; it allows 
variable flow rates, temperatures, and column lengths, and 
compensates for column changes over time. This alteration 
affords a corrected retention volume proportional to log 
P(o/w) and enables estimation of the latter from 0 to nearly 
8 units, The ALPM log P(o/w) displays high reproducibility 
and excellent general correlation with the shake-flask result. 
The subsequent paper of this series demonstrates the value of 
ALPM in predicting biological activities (14). 


EXPERIMENTAL SECTION 


Definitions-The procedure utilizes a temperature- and column-length- 
corrected retention volume, V,,, in analogy to the definition of the retention 
volume ( V , )  by Henry er al. ( I  3). Specifically, the term ( f  - t o )  in Eq. 3 is 
replaced by the value from Eq. 6. which is obtained from extrapolated mea- 
surements of percent alcohol (as the abscissa) uersus log ( r  - 10) when the 
percent alcohol is 0. by taking the antilog of the linear relationship in Eq. 
5: 


log ( f  - to) = [(slope X percent alcohol) t tci] (Eq. 5 )  


(Eq. 6) ( 1  - t o )  = 1 o[(slop x prwnt alcohol) + ici] 


where: f - fo is the elution time of compound minus the elution time of the 
void volume marker (min); the percent alcohol is 0 (for 100% aqueous buffer); 
slope is the slope of log ( t  - 10) Genus percent alcohol plot; tci represents the 
temperature-corrected intercept, i + [(CT - RT) X 0.01 5 per degree] where 
i is the intercept (0% alcohol); C T  represents the column temperature; RT 
represents the reference temperature (for this work, RT = 25OC). Correction 
for different column lengths involves referencing the results toa 25-cm column. 
Since a shorter column would proportionally reduce Vcr, multiplication by 


the ratio (25/CL) restores V,, to a constant value. Thus: 
I O [ ( S l O P C  X PCrCClll alcohol) + lCl]FR (25 cm) 


(Eq. 7) C L  vc, = 


where C L  is the column length (cm) and FR is the flow rate (mL/min)’. 
Log P(o/w) can be determined from Eq. 8 using the corrected retention 


volume, V,,, from Eq. 7 and C,r, a column correction factor measured in log 
P(o/w) units, which replaces c in Eq. 4: 


log P(o/w) = ( m  X log V c r )  t b + C,f (Eq. 8)  


Column changes are  compensated by the column correction factor, C,f 
(measurement is described below). With methanol as the alcoholic cosolvent 
and using a reference temperature of 25OC, two sets of constants are reported 
in Eqs. 9 and lo2. For 0.004 M trifluoroacetic acid and 0.035 M triethyl- 
aminez: 


m = 1.1  18(f0.010); b = -0.588(&0.019); r2 = 0.9988;SE = 0.0409 
(Eq. 9) 


For 0.01 5 M triethylamine*: 


rn = 1.169(&0.032); b = -0.946(f0.092); r z  = 0.9993; SE = 0.0578 


Log V,, is defined as the C,r and column-corrected equivalent to log Vcr: 


(Eq. 10) 


log Veer = log Vcr t (Ccr/m) (Eq. 11)  


Replacement of log VCr in Eq. 8 by (log V,,, - (C,f/m)] from Eq. 1 1 affords 
a column-independent definition of chemical hydrophobicity, which can be 
related to log P(o/w) as  in Eq. 12 with the same constants, m and h: 


log P(o/w) = (m x log v,,, t 6) (Eq. 12) 


Imtrumentation and Columns-All experiments were performed on a liquid 
chromatograph equipped with column-temperature control, automatic in- 
jector, automatic sample changer, and serial computer interface’. HPLC peaks 
were detected using either the fixed-wavclcngth detector a t  254 nm or the 
variable-wavelength detector a t  190-600 nm, as necessary. Retention times, 
computed by the HPLC hardware are  independent of the volume and con- 
centration injected from I to a t  least 30 pL for benzyl alcohol and quinoline 
using a I-mg/mL solution4. Columns of I ,  3. 10, and 25 cm. packed with 
10-pm, Cs-alkylated adsorbant, were used without modifications. 


Chemicals-HPLC-grade methanol6 and deionized’, distilled water were 
used as HPLC solvents. Nicotinic hydrazide N -oxiden, pyridine N-oxide*, 
triethylamines, trifluoroacetic acid8, and tetrahydrofuran8 were obtained 
commercially. Thc triethylamine or trifluoracctic acid, used as buffers, must 
be present only in the aqueous solvent reservoir to prevent rapid destruction 
of the HPLC ball valves. Although Mirrlees ef al. chose pyridine ,V-oxide as 
the void volume marker, nicotinic hydrazide N-oxide elutes earlier under our 
conditions and i s  preferred ( I  2). Chemicals were obtained from various 
 source^^*^ or were synthesized ( 1  5 ) .  


Procedures-Several milligrams of nicotinic hydrazide N-oxide and the 
compound to be measured were diluted to 1-2 mL with methanol. (To improve 
the solubility of agents with log P(o/w) values of >4.5, several microliters of 
saturated aqueous nicotinic hydrazide N-oxide can be substituted for the solid 
nicotinic hydrazide N-oxide and tetrahydrofuran can replace methanol in the 
injection solution.) Several microliters of the solution were injected for each 
analysis. The choice of organic injection solvent had no detectable effect on 
the log V,,. Routine data analysis utilized a minicomputer and software written 


~ ~~ ~~ 


’ Although percent alcohol is zero for the determination of V,, in Eq. 7, prior ALPM 
deierminations of the log P(o/w) and the slope, and knowledge of the current value of 
10 enable Eqs. 7 and 8 to be solved for the theoretical elution time for that compound at  
any percent of the appropriate solvent where equilibrium conditions are maintained. 


8) are valid only under the conditions 
stated here and only with Hewlett-Packard dhel 1084B HPLC instruments manu- 
factured before the June 1982 reduction in the injector system volume for narrower bore 
columns. Use of this procedure under the conditions stated. but with other HPLC in- 
struments. will require the determination of new values for these constants. 


2 Values for the constants m, b. and C,r (E 


Model 10848; Hewlett-Packard. 


RP-8 Merck brand reverse-phase. silica columns: Brownlee Laboratories. Santa 
Clara. Calif. The RP-8 packing material used herein has been changed since this work 
was completed. As a rcsult, identical columns are no longer available; but more efficient 
and pH-resistant C8 types of packing could afrord better results using these procedures. 
New regression constants must be determined. however. 


6 MCB Manufacturing Chemists Inc.. Cincinnati. Ohio. ’ Milli-Q system: Millipore Corp.. Bedford. Mass. * Aldrich Chemical Co., Milwaukee. Wis. Kicotinic hydraride N-oxide wasobtained 


Chem Service Inc.. West Chester, Pa.; Pfaltr and Bauer. Stamford. Conn.: K and 


‘ Unpublished results. 


from the Alfred Bader group of Aldrich. 


K Laboratories, Plainview, N.Y. 
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Figure 1 -Lag (t - to) versus percent methanol for different flow rates. A 
parallel, linear relationship is apparent for alljlow rates examined althouKh 
statistical scatter increases using 1 mL/min for 1-(3-jiuryl)-4-rnethylpen- 
tan-I-one. Key: (I) I mL/min; (2) 2 mL/min: (3) 3 mL/min: (4)  4 nrL/niin. 


for this purposelo. When used, automatic data processing involved computer 
control of the chromatograph, data entry, and analysis stepslo. 


Interpretation of Summary Data Tables-ALPM can produce considerable 
information that is helpful in evaluating the log P(o/w) results obtained for 
each compound. For example, some indication of HPLC equilibrium status, 
as discussed elsewhere, is given by these data (14)' I. Equal values for no and 
n indicate that all measured values were used in the linear regression process 
(e.g., significant deviation from linearity over the measured range was not 
encountered). The greater the difference between no and n,  the more likely 
that curvilinearity. rather than simple statistical scatter, accounts for points 
being deleted from the linear regression (14). Where Fcatc exceeds F,,, the 
data are indeed curved, but the low S E  often suggests that the curve was 
randomly generated and need not be considered further. Increasing caution 
in accepting the data is urged when the S E  exceeds 0.01 and/or the correlation 
coefficient falls below 0.999. However, the log P(o/w) may still be quite close 
to the literature value when high S E  values and/or low correlations occur. 


RESULTS 


Figures 1 and 2 for 1-(3-furyl)-4-methylpentan-I-one typify log ( r  - t o )  
uersus percent methanol for different flow rates and column temperatures. 
The extrapolated intercept at IWO aqueous buffer was determined. corrected 
for measurement conditions by Eq. 7, and then converted to log P(o/w) ac- 
cording to Eq. 8, using the appropriate constants. The second paper in  this 
series discusses the meaning of flow plot linearityand the extrapolation concept 
in greater detail ( I  4). 


Variable Flow Rates-Flow rates of 1-4 mL/min are statistically parallel 
for 1-(3-furyl)-4-methylpentan-I-one (Fig. 1). This is expected since flom rate 
and elution time are inversely related ( I  6). All commercial HPLC instruments 
have some limitations. The HPLC used for these studies requires check valves 
to regulate the pumping process and requires at least a 10-bar column pressure 


lo Hewletl-Packard Model 984SB desktop computer with I87 Kbyte5 internal memory. 
internal prinler, l/O-, Graphics-, Advanced Programming-, and Structured Programming 
ROMS. and the necessary instrument interfaces were used for data acquisition and/or 
analysis. A more complete description of this copyrighted ALPM software, enabling 
multicompuler-controlled log P(o/w) determination. computation. and comparative 
analysis. complete with an example, is in preparation. 


' 1  Condition numbers 1-4 refer to organic solvents methanol, absolute ethanol, iso- 
propyl alcohol, or acetonitrile, respectively. no and n refer to the numbers of data points 
actually measured and those used in the linear regression. Low, high, intercept, slope, 
and r relate the lowest and highest solvent percentage measurements used in the regression 
line, its intercept. slope, and correlation coefficient r .  respectively. F,, indicates that 
table Fvalue above which a quadratic f i ~  is indicated (or below which the points are ac- 
cepted as stalistically linear). Fulc represents the computed Fvalue required for a linear 
f i t  of the measured number of points. all at the 96.9% confidence level. If FaI, is below 
Fsl. the data arc not statistically curved. Choice of the unusual 96.9% confidence level 
for a linear relationship was based on deviations encountered with ben7ene (14). .YE refers 
to the standard error of estimate of log (f - lo) by linear regression on percent methanol. 
V,, and C,rare detined as the corrected column retention volume and the column cor- 
rection ractor. respectively. ALPM log P and log P range refer to the octanol/water 
artition coefficient as measured by ALPM and thc range of shake-flask log P(o/w) F iterature values when present. Likewise, when present. Best indicates the single literature 


value closes1 to ALPM. 


0 10 20 30 4a 50 60 


PERCENT METHANOL. v/v 


Figure 2-Log (t - to) versus percent methanol for different temperatures. 
A parallel, linear relationship is apparent for temperatures from 17°C to 
37°C for I-(3-furyl)-4-methy@enlan-l-one. Kej: ( A )  17°C; (B) 27°C; (C) 
37°C. 


to ensure correct seating of these values. The increased scatter and inaccuracy 
apparent at I-mL/min flow rates for I-(3-furyl)-4-methylpentan-I-one and 
naphthalene (cf, Fig. 1, Table 1) may arise from the low pressure generated 
with small columns by this low flow rate. Unrecogni7ed instrumental limi- 
tations of this and/or other types may have contributed to past difficulties 
with other HPLC log P(o/w) determinations. 


Temperature Variations-While temperature variations are probably not 
a major factor during a single run. they can affect the log V,, measurement 
and log P(o/a) reproducibility (Fig. 2, Table I ) .  Data for several compounds 
suggest a consistent decrease in the intercept and a slight, but generally in- 
significant change in the slope as the temperature increases. As a result. an 
empirical intercept correction term, to restore the intercept to that expected 
at 25OC. is included in Eq. 6 and is supported by data in Table I. Column 
temperatures near 35OC are favored because temperature correction is em- 
pirical and valid only over a narrow range, elution times are faster, column 
pressures are lower, and the results are more reproducible. Once obtained, 
however, these data are referenced to 25OC for comparison with literature 
values; other reference temperatures could be used, but a new correction 
formula and regression constants would be needed. 


Mobile Phase-The aforementioned findings have clarified the role of 
HPLC instrumental variables on the determination of log P(o/w), but the 
choice of mobile phase and column variables is also critical. The partition 
coefficient of most value in correlation work is that of the uncharged, neutral 
form, since this can exceed the ionized form by 1000-fold (2). To maintain 
the chemical in that form, dilute acid or base is required for acids or bases, 
respectively. Since halogen salts should be avoided when using stainless steel 
and concentrated salt solutions can ooze and block the very small-diameter 
tubing, miscible volatile organic acids and bases are preferred. 


Although the log V,, values for carboxylic acids and phenols were unaffeaed 
by concentrations of >O.O04 M trifluoroacetic acid4, base concentrations of 
>>0.004 M were required. Elution of pyridine with 0.02 M Tris, trimethyl- 
amine, and triethylamine indicated that the strongest base gave the lowest 
log V,,, measurement (i.e.. reduced tailing) ( r  > 0.99, Table 11). As trieth- 
ylamine elutes pyridine more quickly than the organic bases. it was chosen 
as the base modifier. Triethylammonium siloxide ion-pair formation was 
supported by the fact that the strongest base, NaOH, eluted pyridine slower 
than any of the organic bases. I f  a simple base interaction were involved, 
NaOH should have eluted pyridine before the organic bases. However, the 
determination with NaOH affected subsequent column performance. 


The high pH of the triethylamine solution might have caused serious column 
degradation and only 0.015 M was used initially. However, column deterio- 
ration was less of a problem than anticipated, and the optimal concentration 
was determined. Triethylamine concentration versus log V,, for pyridine (a 
compound very sensitive to base concentration) is shown in Fig. 3. It appears 
tha t  concentrations at or somewhat above 0.06 M afford log V,, values totally 
independent of base concentration; 0.035 M triethylamine affords greater 
independence of log V,, from base concentration than does 0.01 5 M. However, 
the use of 0.035 M triethylamine probably offers increased column life. Al- 
though changes do occur as a result of base degradation, some columns have 
been used for many months by taking advantage of an external standard 
column factor (described below). 
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Table 11-he Vcm, of Pvridine versus 0.02 M Base 


Organic 
Tris 
Trimethylaminc 
Triethylamine 


1.69 5.92 
1.38 4.13 
I .22 2.99 


Inorganii 
Sodium hvdroxide 1.83 4 


When 0.035 M triethylamine is used for bases and neutral compounds and 
0.004 M trifluoroacetic acid is used for acidic compounds. the acid and base 
least-squares linear correlation equations become statistically indistinguishable 
in  the range of 0.3-6 log P(o/w) units, and probably higher. This effect is 
dramatically exemplified by the relationship between log V,, and log P(o/w) 
(Fig. 4). The upper line in Fig. 4 represents the acidic and numerous basic or 
neutral compounds; the lower line depicts basic or neutral compounds mea- 
sured in 0.015 M triethylamine. As triethylamine levels increase, the lower 
line in Fig. 4 merges with the upper line. Triethylamine at 0.06 M may prove 
statistically valuable for the most accurate determinations below 0.3 log 
P(o/w) units (Fig. 3). This is also evidenced by the very slight deviation of 
the overall column-corrected log P(o/w) cersus literature correlation from 
a zero intercept as indicated in Fig. 5. Equations 8-  12 describe the regression 
equations relating log P(o/w) and/or log Vcr for the different acid and base 
concentrations. 


Several nonaqueous mobile phases were also studied. Figure 6 is a plot of 
percent cosolvent uersus log ( I  - to) using four different organic solvents and 
0.015 M triethylamine to elute 1 -(3-fur~l)-4-methylpntan- I-one. Note that 
different slopcs and extrapolated intercepts arc obtained for these lines; this 
suggests that a solvent-strength-related intercept conversion factor could allow 
measurement of higher log P(o/w) values in other alcohols. Although meth- 
anol was chosen as the organic mobile phase for economic reasons, isopropyl 
alcohol may facilitate determination of even higher values, despite increased 
slopes and the resultant increase in the log P(o/w) error. Nonalcoholicsolvents, 
such as acetonitrile, may distort the linear response of log ( I  - t o )  cersus 
percent solvent and complicate thc conversion process (14). 


Column Variables -The HPLC column is also critical to ALPM. The fol- 
lowing column lengths afford an optimum elution time for the various log 
P(o/w) ranges: 0-4.8,50 em; 4.3--1.5.25 cm; - I  --3.10 cm; - 2 . 2 - 4 ,  
3 cm; and >-5. I cm. However, compounds run on different columns or the 
next longer or shorter column length give statistically the same results (Table 
I: obs. I5 and 16; Table 111: obs. 22 and 23,25 and 26.39and 40, and 62 and 
63). These data indicate that only two or three column lengths are required. 
Despite the fact that ALPM has enabled measurements as  high as 7.8 for 
hexabromobiphenyl ( 14). existing shake-flask methods cannot ensure that 
values of >6 log P(o/w) units arc not low; therefore, some uncertainty docs 
exist in fitting very high ALPM values (17). Although ALPM values for an- 
thracene, I , I  ,I-trichloro-2.2-bis(p-chlorophenyl)ethanc (DDT), and di- 
ethylstilbesterol arc only slightly higher than the shake-flask result, ALPM 
values for phenylphosphonothioic acid 0-ethyl 0-p-nitrophcnyl ester (EPN). 
[2.2]paracyclophane. and progesterone arc considerably higher (cJ Table 
V of Ref. 14). 


Column-length differences are readily corrected by Eq. 7, except when using 
a I-cm column or when the column has deteriorated. A packing crror of 0.1 
mm becomes important with a I-cm column and requires the use of the column 


1.8 


1.5 cx, 


0.8 L I I I I I I 
0.01 0.02 0.03 0.04 0.05 0.06 


TRETHYLAMINE MOLARITY 


Figure 3-Log V ,  versus triethylamine c.oncmtra:ion. Dependence of pyridine 
log V ,  on triethylamine concentration becomes insignificant at 2 0.06 M .  
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DISCUSSION 


The value of the partition coefficient to pharmacology and toxicology arises 
from the dependcnce of Fick's pcrmeability constant on the partition coeffi- 
cient ( IS) .  As a result, the partition coefficient [i.e., log P(o/w)] governs the 
absorption, distribution. metabolism, and excretion of chemicals ( 1  8-20). 
Many HP1.C procedures that measure log P(o/w) have distinct advantages 
over shake-flask methods. HP1.C procedures provide a continuous scale for 
measurement of both low and high partition coefficients and offer greater 
assurance that spectroscopic detection monitors component X, rather than 
highly absorbent trace impurities (9). In addition, HPLC measurement of 
elution times can  bc relatively fast and the conditions carefully controlled ( I  2). 
HPLC procedures utilize lowcr concentrations of the agent of interest and 
may better avoid disequilibria (e.g., multiple components), but HPLC elution 
time measurements. madc as a function of solvent composition, may identify 
such disequilibria should they occur. The same assurance for shake-flask 
studies requires, at minimum, the rcpetition of log P(o/w) measurements at 
different concentrations and extrapolation to infinite dilution. HPLC methods 
can also enable partition coefficient determination when compounds are 
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l2 Using one 10-cm column. however, it became apparent from several prior deter- 
minations using scveral different compounds. that the column C,f had changed sub- 
svantially from a positive ti.e.. needing a correction) 10 a negative (i.e.. being overcor- 
rcctcd) value. An cxplanat~on of thisC,freversal is unclear. but its Occurrence is note- 
worthy. 


4 5t 


ALPMDETERMINED LOG P(o/w) 


Figure 5-Correlation between shake-jlask and ALPM log P(o/w). Error 
boxes indicate the variable 95% confidence limits (f S D )  (mean = 0.044) in 
shake-flask log P(o/w) as determined from the compounds shdwn in Table 
IV (n = 66, r = 0.9994). The SE of the estimate is 0.045. 


sufficiently unstable as to prevent their determination by conventional 
shake-flask techniques (21). 


Despite these advantages, most available HPLC methods rarely cover much 
more than 3-3.5 log P(o/w) units (12. 13,22,23). Previous HPLC log P(o/w) 
methods have made use of CIS reverse-phase silica columns (9 ,22)  and/or 
packing materials coated with octanol to make the columns more "octanol- 
like" (1  2, 13.23.24). Some still gave poor correlations between elution data 
and literature or measured log P(o/w) values ( 1  3. 25). A relatively'recent 
HPLC method by Veith et al. affords a large range of log P(o/w) (26). It uses 
a curvilinear fit between log P(o/w) and an elution parameter obtained from 
a programmed nonlinear increase in HPLC flow rate, but even this method 
gives substantial unexplained deviations from a smooth curve. 


ALPM differs in several respects from the other HP1.C procedures. ALPM 
uses Cs reverse-phase columns, which contain greater hydrocarbon surface 
areas than either the equivalent C2 or C I S  packings (Q7). Besides using a 
different alkyl group length. ALPM gives greater assurance than shake-flask 
or other HPLC methods that the partitioning p r m s  achieves the equilibrium 
so essential to accurate determinations (14). Judicious choices of flow rate, 
column temperatures, and column lengths allow cornpounds of widely differing 
lipophilicities to elute within 10 min. Previously, only Henry et 01. and Veith 
et al. utilized variable flow rates to expedite the elution process ( 1  3.26). Rapid 
elution of peaks by ALPM retains excellent peak shapes, which facilitate 
accurate elution times. 


The logarithm of the corrected retention volume ( V,,) first obtained by 
ALPM is converted by linear regression to log P(o/w) values based on the 
shake-flask procedure. The discovery that two distinct lines (e.g., Fig. 4) 


0 10 20 3(1 40 50 60 
PERCENT NONAQUEOUS SOLVENT, w/v 


Elgure b b g  (t - b) versus cosoluenr. Alcohols afford a linear relationship. 
although the slopes differ considerably for I -(3-furyl)-4-methylpentan- 
I-one. Nonalcoholic soluents. howeuer. do not always give a linear rela- 
tionship. Key: (1) methanol; (2) absolute ethanol; (3) isopropyl alcohol: (4) 
acetonitrile. 
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Table 111-HPLC Log P(o/w) Stendrrds ushe Methanoi as Cosolvent * 


Column 
Flow Serial Oven 
Rate, Length, Num- Condi- Temp., 1% ALPM log P 


Comwund Obs nn mL/min cm ber tion OC n r V C C ,  Ccr loa P Ranae Best 


Acetanilide I 19 2 10 
2 9  2 10 
3 8  2 10 


Acetophcnone 4 10 2 10 
Acridine 5 14 2 I 


6 7  4 3 
4-Aminopyridine 7 1 1  2 25 


Aniline 8 6 2 25 
9 7  4 25 


Anisole 10 7 3 10 
Benzoicacid 1 1  6 3 10 
Benzonitrile 12 I2 2 10 


Benzylalcohol 13 7 2 10 
Biphenyl 14 6 4 3 


4-Bromoacctanilide 15 10 3 10 
16 10 3 10 


4-Rromoaniline 17 12 3 10 
18 12 3 10 


Bromobenzene 19 8 3 3 
4-Bromophenol 20 12 3 10 
4-Chloroaniline 21 10 2 10 
Chlorobenzene 22 12 4 3 


23 5 4 10 
4-Chlorophenol 24 8 2 10 


3-Cyanopyridine 25 8 2 25 
26 6 2 50 


4-Cyanopyridine 27 7 2 25 
1.2-Dibromobenzene 28 5 4 3 
1.4-Dichlorobenzene 29 9 4 3 


1.2-Dihydroxybenzene 30 8 2 25 
2.4-Dimethylphenol 31 10 3 10 


Diphenylamine 32 12 4 3 
Diphenylnitrosamine 33 10 4 10 


4-Ethylphenol 34 10 2 10 
3-Fluoroaniline 35 12 2 10 


Hexachlorobenzene 36 5 4 3 
37 4 4 3 


lndole 38 I0 3 10 
lodobenzene 39 13 3 I 


40 6 3 3 
4-Methoxyaniline 41 8 2 25 
3-Methoxyphenol 42 10 2 10 


4-Methylaniline 43 10 2 10 
4-Methylphenol 44 10 2 I0 


Naohthalene 45 12 3 3 
I-Naphthol 46 4 4 I0 


47 8 4 10 
Nitrobenzene 48 10 2 10 


4-Uitrophenol 49 12 2 10 
Pentachlorophenol 50 8 4 3 


Phenazine 51 5 2 3 
Phenol 52 5 2 I0 


Phenothiazine 53 10 4 3 
Phenylthiourea 54 I2 3 25 


Pvridine 55 7 3 25 


ic acid 60 5 3 10 
Toluene 61 I2 4 10 


2.4.6-Tribromophenol 62 10 3 I 
63 5 4 3 


3-Trifluorometh- 64 10 3 10 
ylphenol 
2-Xylene 65 9 3 3 
3-Xylene 66 10 3 3 


1516 
7172 
941 2 
A361 
0102 
0000 
8390 
0000 
8390 
1516 
1516 
1361 
9412 
OOOI 
I346 
1361 
I346 
9412 
000 1 
I349 
I346 
OOOI 
1516 
9412 oooo 
0000 
8390 
000 I 
OOOI 
9158 
I349 
000 1 
1361 
I349 
1361 
OOOO 
000 I 
I346 
0101 
000 1 
8390 
I349 
1361 
I349 
000 1 
1516 
9412 
I346 
1349 
000 I oooo 
1516 
000 I 
8390 
0000 ~ ~ . .  


8390 
OOOO 
8390 
1346 
1516 
I346 .. .. 


020 I 
OOOO 
I349 


0002 
0 0 0 2  


3 35 14 
3 32 9 
3 34 8 
3 37 10 
3 35 12  
2 37 7 
3 35 I I  
2 37 6 


3 37 7 
3 35 6 
3 37 9 
3 37 8 
3 37 10 
3 37 10 
3 35 6 
I 37 8 
3 37 10 
3 35 10 
3 35 5 
I 37 7 
2 37 7 
2 37 6 
3 35 7 
3 35 4 
3 15 9 .. 


I 35 8 
1 37 10 
3 35 I !  
3 37 6 
I 37 7 
3 37 I2 
2 37 5 
3 35 4 
3 37 10 


1 37 8 


I 37 8 
1 40 8 
2 30 5 
1 37 5 
3 35 7 
3 35 10 
2 37 5 
3 37 12 
2 37 4 
3 35 6 
3 37 I I  
I 37 5 
3 37 I 2  
1 37 10 
1 37 4 
I 37 8 


3 37 9 
3 37 10 


0.9998 
0.9993 
0.9998 
0.9998 
0.9999 
0.9999 
0.997 1 
0.9999 
0.9999 
0.9996 
0.9999 
0.9999 
0.9997 
0.9997 
0.9997 
0.9993 
0.9998 
0.9994 
0.9997 
0.9995 
0.9998 
0.9989 
0.9996 
0.9995 
0.9995 
0.9995 
0.9996 
0.9999 
0.9996 
0.9987 
0.9997 
0.9998 
0.9996 
0.9995 
0.9998 
0.9999 
1 .OOOo 
0.9997 
0.9999 
0.9996 
0.9995 
0.9994 
0.9995 
0.9991 
0.9999 
1 .oOOO 
0.9999 
0.9998 
0.9989 
0.9997 
0.9998 
0.9995 
0.9993 
0.9997 
0.9993 
0.999 I 
I .om0 
0.9998 
0.9998 
0.9999 
0.9998 
0.9996 
1 .OOOo 
0.9997 


0.9999 
I .0000 


+1.54f0.01 +O.OO +1.18 f O . O 1  
t 1.53 f 0.02 +0.09 + I . I  7 f 0.03 
+ I  .55 f 0.02 +O.OO + 1. I9 f 0.02 
+ I  .99 f 0.02 +O. 10 t I .68 f 0.02 
+3.50 f 0.02 -0.04 +3.35 f 0.02 
+3.79 f 0.03 tO.00 +3.47 f 0.03 
+0.79 f 0.01 +0.00 +0.34 f 0.01 
+ I  .49 f 0.02 +O.W +0.79 f 0.02 
+ I  .35 f 0.00 +O.OO +0.96 f 0.01 
+2.34 f 0.04 +O.OO +2.06 f 0.04 
+ 2  44 f 0.03 +O.OO +2.18 f 0.03 
+1.96f0.01 +O.IO +1.65f0.Ol 
+1.52 f 0.02 tO.10 +1.16 f 0.02 
+4.18f0.10 +0.00 +4.11 f0.11 
+2.62 f 0.03 +0.22 +2.37 f 0.04 
$2.54 f 0.06 +O.OO +2.29 f 0.06 
+2.36 f 0.02 +0.00 +2.09 f 0.02 
+2.37 f 0.04 $0.10 +2.10 f 0.04 
+3.19 + 0.05 +0.00 +3.01 f 0.06 
+2.79 f 0.06 +0.00 +2.56 f 0.07 
+2. I7 + 0.02 +0.22 + I  .88 f 0.02 


+3.01 f 0.07 +O. +2 81 f 0.08 
+2.70 f 0.06 + O . t  +2.46 f 0.06 
4-1.14 f 0.03 +O.OO t0.38 f 0.03 
t I .  I5 f 0.03 f0.00 +0.39 f 0.04 
+0.97 2 0.01 +O.OQ +0.55 f 0.02 
+3.80 f 0. I 1 +O.OO +3.68 f 0. I2 
+3.52 f 0.04 +0.00 +3.37 f 0.05 
+ I  .28 f 0.04 +O.OO f0.88 f 0.04 
+2.70 f 0.03 +0.00 +2.47 f 0.04 
f3.84 f 0.03 +0.05 +3.72 f 0.03 
+3.35 f 0.08 +0.10 +3.18 f 0.09 
+2.8 I f 0.07 +O.OO +2.59 f 0.07 
+1.74f0.01 tO.10 t 1 .40 f0 .01  
+5.70 f 0. I I +O.OO +5.70 f 0.1 2 
+5.70 f 0.07 +O.OO +5.79 f 0.07 


+3.04 f 0.06 +o.oo f2.84 f 0.06 


+2.43 f 0.02 +0.22 +2. I6 f 0.03 


+3.43 f 0.06 +0.00 +3.27 f 0.06 
+3.44 f 0.02 -0.10 +3.29 f 0.03 


+ I  .23 f 0.02 +0.00 t0 .83 f 0.02 
+ I  .99 f 0.0 +O 00 + 1.68 f 0.04 
+l.78 fO.03 +O:lO +l.44 f 0.03 
+2.27 f 0.06 
+3.57 f 0.02 
+3.22 f 0.04 


+o.oo 
+0.05 
+o.oo 


+3.16 f 0.03 + O . l O  
+2.13 f 0.02 +0.22 
+2.24 f 0.07 +O.OO 
+LO8 f 0.07 +0.00 
+3.22 f 0.05 +0.00 
t l  .88 f 0.07 f0.00 
+4.30 f 0. I I +0.05 
+1.16f0.01 +O.OO 
+ I  .36 f 0.05 +O.OO 
+1.13 f 0.01 +0.00 
+ I  .40 f 0.02 +0.00 
+1.13 fO.O1 +0.00 


+ I .98 f 0.07 
+3.43 f 0.02 
t3.04 f 0.04 
+2.98 f 0.03 + 1.83 f 0.02 
+ I  .96 f 0.08 
+5.1 I f 0.07 
+2.80 f 0.06 + 1.55 f 0.07 
+4.24 f 0.1 2 
+0.76 f 0.02 
+0.63 f 0.06 
+0.72 f 0.02 
t0.68 f 0.02 
+0.72 f 0.02 


+2.29 f 0.02 tO.00 +2.01 f 0.02 
+2.51 f 0.03 +0.00 +2.25 f 0.03 
+2.93 f 0.02 +0.22 +2.72 + 0.02 
+4.13 f 0.05 tO.OO +4.05 f 0.05 
+4.23 f 0.05 +O.OO +4. I6 f 0.05 
+3. I4 f 0.05 +O.OO +2.95 f 0.05 


+3.35 f 0.02 +O.OO +3.18 f 0.02 
+3.44 f 0.01 +O.OO +3.28 f 0.01 


+1.16to+1.36 +1.17 
t1.1610 t1.36 +1.17 
f1.16 to+l.36 +1.17 
f1.58 to +1.73 $1.65 


+3.40 +3.40 
+3.40 +3.40 
+0.28 +0.28 


+0.85 to t0.98 +0.89 
t0.85 to +0.98 +0.89 
t2.04 to t 2 . 1  I +2.04 
+ I  .87 to +2.03 +2.03 


+1.56 +1.56 
+1.10 +1.10 


+3.16 to+4.17 +4.09 
+2.29 t2.29 
+2.29 +2.29 


+2.05 to +2.26 +2.05 
+2.05 to +2.26 +2.05 


+2.99 +2.99 
+2.59 to +2.74 +2.59 


+1.83 +1.83 
t2.18 to +2.84 +2.84 
+2. I8 to +2.84 +2.84 
+2.35 to f2.53 +2.39 


+0.36 t0.36 
f0.36 +0.36 
+0.46 +0.46 
+3.64 +3.64 


+3.37 to +3.38 +3.37 
+0.84 to +1.01 +0.92 
+2.30 to +2.42 +2.42 
+3.22 to +3.72 +3.72 


+3.13 +3.13 
+2.26 to 2.58 +2.58 


+1.30 +1.30 
+5.75 +5.75 
+5.75 +5.75 


+2.00 to 2.25 +2. I4 
+3.25 +3.25 
+3.25 +3.25 


+0.78 to 0.95 +0.86 
+ IS8  +1.58 


+1.39to+1.41 +1.41 
+1.92to+1.99 +1.92 
+3.01 to +3.59 +3.45 
+2.31 to +2.98 +2.98 
+2.31 to +2.98 +2.98 
+1.79 to +1.88 + I 3 3  + 1.38 to +2.08 + I  .9l 
+5.01 to +5.12 +5.12 


+2.84 +2.84 
+1.46to+1.51 +1.46 
+3.78 to +4.15 +4. I5 


+0.73 +0.73 
+0.64 to +0.66 +0.66 
+Oh4 to +0.66 +0.66 
+0.64 to +0.66 +0.66 
+Oh4 to +0.66 + O h 6  
t2.02 to +2.06 f2.02 
+2.21 to +2.26 +2.21 
+2.11 to +2.80 +2.69 
+3.96 to +4.23 +4.10 
t3.96 to t4.23 +4.10 
t2.95 to +3.17 +2.95 


+2.77 to +3.12 +3.12 
+3.20 +3.20 


~ ~~ 


See footnote 1 I (in text) for definitions. 


correlate acidic and basic chemicals has been previously reported (24.25). 
However, conditions, in which reverse-phase columns offer a single linear 
correlation between log P(o/w) and HPLC data have not yet been elucidated. 
Hexabromobiphenyl afforded an ALPM log P(o/w) value of 7.8. the highest 
value yet measured (14). For neutral compounds, log P(o/w) measurement 
could be made under either acid- or base-elution conditions. Comparison of 
acid and base conditions for several neutral chemicals suggests occasional 
differences can occur (14). Base conditions seem favored for the measurement 


of the log P(o/w) of neutral compounds due to the substantial linearity already 
observed under these conditions, but this is currently under investigation. 


ALPM reproducibility averages I .06 f 0.46% (SD) of the average HPLC 
measured value over 54 runs (Table IV). Errors in these measurements appear 
related to the slope of the individual log ( t  - t o )  uersus percent methanol lines. 
Although they increase a5 the log P(o/w) increases, they change little as a 
percentage of the log P(o/w) value. Reproducibility of the literature shake- 
flask values for virtually the same compounds averages 6. I3 f 2.76% (SD) 
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Table IV-Reproducibility of Log P(o/w) Measurements ’ 
A 1. PM Measure- Shake- Flask 


Compound Runs Average f SD ments Averagc f SD 


Acetanilide 
Acetophcnone 
Biphenyl 
4-Bromoaniline 
4-Bromophenol 
3-Chlorophenol 
4-C hlorophenol 
Naphthalene 
I-Naphthol 
Pentac hlorobenzene 
Pentachlorophenol 
ALPM log P(o/w) 


Shake-flask log P(o/ 


15 1.18 f 0.01 3 1.23 f 0.1 1 
2 1.67 f 0.01 2 I .66 f 0.08 
2 4.12 f 0.01 2 3.88 f 0.41 
8 2.07 f 0.02 8 2.15 f 0.15 
7 2.52 f 0.04 7 2.60 f 0. I3 
3 2.37 f 0.02 3 2.49 f 0.02 
3 2.39 f 0.06 3 2.42 f 0.07 
9 3.42 f 0.03 9 3.35 f 0.19 
2 3.01 f 0.04 2 2.71 f 0.35 
3 5.18 f0 .06 3 4.94h - 
I S . I l * - -  I 5.33 f 0.46 


average error = 1.06% ( f0 .464)  for 54 
values 
average error = 6.13% (f2.76%) for 40 
values 


‘w) 


The error in ALPM increases as the slope of log ( I  - 10) tierms percent methdnol 
becomes more negative. The average error is expressed as a percent of the log P(o/w) 
value for b o t h  the AI.PM and shake-flabk results. The shake-flask data are from Refs. 
2. 3, and 26. 


of the measured value. Table I I I  summarizes typical information obtained 
by ALPM for the standards used in Figs. 4 and 5. 


I n  addition to high accuracy and excellent reproducibility, measurement 
of log P(o/w) by this procedure is less expensive and safer than by other 
methods. The shorter columns required for the majority of agents are 10-50% 
as expensive as 25-cm columns and generate much lower back-pressures. 
Neglecting the instrumentation cost. samples can be processed for -$10.00 
(which compares well with the cost ofcalculated values), yet the results provide 
as good or better a correlation with biological data (14). Even differences 
between isomers can bedetermined. All HPLC methods avoid the cumber- 
some use of often leaky separatory funnels and traditional UV-visible spec- 
trophotometric analysis, with its manipulation of standards and analysis so- 
lutions; but ALPM also avoids exposure to toxicants. Samples can be prepared 
in a glove box and automatically injected under computer control, with wastes 
delivered directly into approved waste containers. 


For maximal statistical validity and accuracy. ALPM requires numerous 
elution-time measurements. The error in ALPM log P(o/w) generally de- 
creases as the number of measurements increase, so the needed number of 
determinations must be based on user requirements. An entire computer- 
operated run can generally be completed within I h for six measurements from 
-55 to 30% methanol (5% increments) in  descending order or within -1.5 
h for duplicate data measured first in descending, and then ascending, order. 
Facts pertinent to the choice of the methanol percentage range are presented 
in the following paper (14). Although somewhat more time is required for 
ALPM than for single-measurement HPLC procedures. labor expenses can 
be virtually eliminated by this computer-controlled analysis; it can auto- 
matically process up to 24 single or 12 duplicate runs while operating day and 
night. 


The chemical need not be pure to use computer-data acquisition, but other 
components must provide smaller peak areas than either the void volume 
marker or the compound of interest. This purity limitation involves only the 
computer assignment of r and ro. I f  the compound does not meet that re- 
quirement, log P(o/w) may still be measured, provided that the component 
peaks and times can be manually identified, but elution times must be entered 
into the computer uia the keyboard. Less-obvious advantages of this desk- 
top-computer control include: routines for the unattended monitoring and 
response to HPLC-operational problems; recovery from power outages; ver- 
satile alphabetical data file listing (e.g. Table I ) ;  and a data format usable 
with commercial statistical and graphics packages. 


Greater detection selectivity can be achieved for certain chemical by using 
variable-wavelength or fluorescence detectors. Refractive index (RI) or 
conductivity detectors should work. but as they measure changes instead of 
actual valucs, a given peak can be positivc or negative. As a result, automated 
computer-data acquisition can become troublesome. Moreover. because of 
their cnhanccd sensitivity, these detectors also raise more questions about the 
idcntity of the eluting agent than do variable-wavelength detcctors. 


ALPM represents a major improvcinent in  log P(o/w) measurement 
technology. especially for those requiring value$ for many compounds. I t  is 
not. however, without some problems. Other than the obvious rcquirernents 
that the substance be stable in the injection solvent under the measurement 
conditions for the period of detection, only log P(o/w) values above zero may 
be measured currently. Second, log P(o/w) standards must be run  externally 
before and/or after the compound of interest because no method is available 
to elucidate the peak of interest or a simultaneously measured standard. Third, 


Not included in error determination. 


ALPM fails for zwitterionic compounds which elute immediately in either 
acid or base and could afford incorrect values for compounds uith complex, 
multiple pK values. Fourth, HPLC measurement of log P(o/w) values >-8 
units becomes increasingly difficult. These compounds often have poor soh- 
bility cvcn in tetrahydrofuran. and the high negative slopes encountered with 
these agents leads to peak broadening when higher percentages of aqueous 
buffer are used. This broadening diminishes the accuracy of HPLC-computed 
elution times and can even affect peak detection. As a result. high log P(o/w) 
compounds limit the range of percentages over which good data can be ob- 
tained and raise the absolute log P(o/w) error accordingly. The necessary use 
of the shortest columns and high flow rates for compunds’with high log 
P(o/w) valuesalso hastenselution of thevoid volume marker peak. Thiscan 
cause computer-processing difficulties i f  that critical peak is missed or in- 
correctly assigned. Such problems are readily evident and. since the HPLC 
output is available. the data can be manually corrccted often uith no loss of 
information. 


During the course of this study, several alternative uses of ALPM became 
apparent. Because elution times of organic acids are essentially independent 
of acid concentration, and 0.004 M trifluoroacetic acid has minimal effect 
on column life, this procedure should provide an excellent, reproducible, and 
automated method for quality control of RP-8, and likely all reverse-phase 
HPLC columns, once the necessary constants m, b, and C,r are deter- 
mined. 


ALPM may also become a valuable addition to qualitative -quantitative 
analysis and structure assignment. For example, reaction of phenylmagnesium 
bromide with 3-cyanofuran gave two products after acid hydrolysis, which 
were not separable by simple vacuum distillation. We have found that treat- 
rncnt of other simple Grignard reagents with 3-cyanofuran gives no such 
problem. ALPM log P(o/w) analysis confirmed the suspected identity of the 
unwanted component as  biphenyl, a well-known phenylmagncsium bromide 
degradation product. 


Yet another use of ALPM technology may be automated method devel- 
opment and analysis. Specifically, overlap plotting of individual log ( t  - ro )  
oersus percent solvent data for each compound can indicate the single per- 
centage of solvent that allows easy separation of the compounds. Furthermore. 
once the log P(o/w) of a cornpound, the elution time ( 1 0 )  of the void volume 
marker, and the column correction factor (C,r) are known, the elution time 
for a given agent may be computed for various aqueous-buffer methanol 
compositions. 
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Accurate, Wide-Range, Automated, High-Performance Liquid 
Chromatographic Method for the Estimation of 
Octanol/ Water Partition Coefficients 11: Equilibrium in 
Partition Coefficient Measurements, Additivity of Substituent 
Constants, and Correlation of Biological Data 
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Abstract 0 Occasionally, results from the highly reproducible automated log 
P(o/w) measurement (ALPM) differ from those determined by shake-flask 
methods. Several specific examples affording different values are presented. 
One source of these differences may be curvilincarity in plots of log ( t  - f o )  
oersus percent methanol. which complicate accurate intercept dcterminations 
and, thus, estimates of log P(o/w). Other sources of these differences are 
presented and discussed. although their cause remains unclear. Equilibrium 
ALPM log P(o/w) measurements of various phenyl-, methyl-, fluoro-, chloro-, 
and bromobenzenes, suggest substituent constants are not strictly additive. 
Moreover, the higher values indicate that calculated values may not be ac- 
curate for those compounds having multiple substituents or high log P(o/w) 
values. ALPM gives better predictability of the in oivo concentration process 
of 8 or 12 toxicants in fish than the shake-flask method. another HPLC 
method, or even ca!cukited log P(o/w) values. However, it equally correlates 
the binding to bovine serum albumin by 34 chemicals as predicted by a com- 
bination of shake-flask and calculated log P(o/w) values reported else- 
where. 


Keyphrases 0 HPLC-octanol/water partition coefficient, equilibrium 0 
Partition coefficients--octanol/water, HP1.C. equilibrium, biological cor- 
relation 


An automated log P(o/w) measurement (ALPM) has been 
developed that utilizes high-performance liquid chromatog- 
raphy (HPLC) to accurately and reproducibly estimate the 
logarithm of the octanol/water partition coefficient at costs 
comparable with computation ( I ) .  ALPM differs from earlier 
HPLC procedures in that variable column lengths, flow rates, 
and temperatures have enabled determinations over the 0-8 
log P(o/w) range (1). Most previous HPLC log P(o/w) pro- 
cedures have involved measurement of the capacity factor, k’, 
using a single determination at a fixed composition of water, 
buffer, or a low percentage of alcohol in water or buffer (2, 
3): 


k’ = ( r  - ro)/ro (Eq. 1)  


where t and to refer to the elution time of the compound of 
interest and void volume marker, respectively. From that data 
log P(o/w) has been calculated by: 


log P(o/w) = (m X log k ‘ )  + b (Eq. 2) 
Determination of log P(o/w) by shake-flask techniques 


requires that equilibrium be established between the aqueous 
and octanol phases for the single component being measured 
(1) .  Equilibrium is essential even when partitioning occurs 
between HPLC phases. To date, no HPLC log P(o/w) method 
has provided solid evidence that equilibrium is attained during 
the elution process. Theoretically, i f  HPLC equilibrium is 
attained at each percentage of mobile phase during such 
measurements, a linear relationship between percent mobile 
phase and log k’ or log ( t  - t o )  should be apparent. Yamana 
et al. did demonstrate a linear dependence of log k’ on the 
percentage of methanol used for elution (3). However, despite 
lower error and a better correlation using the extrapolated 
intercept at  0% methanol, they opted to use data measured at 
30% methanol for procedural uniformity. Unfortunately, they 
failed to consider fully the significance of linearity. Deviations 
from linearity suggest a departure from HPLC equilibrium 
caused by changing interactions between the chemical and 
either the mobile or stationary phase. Although linearity of 
such plots over a limited solvent range can not prove that 
HPLC equilibrium is attained, curvilinearity is contrary evi- 
dence. 


Unlike most procedures, ALPM utilizes the extrapolated 
linear intercept from computer-assisted log ( t  - t o )  uersus 
solvent composition measurements. As such, ALPM not only 
makes many more measurements, but in doing so better es- 
tablishes equilibrium HPLC behavior for the agent being 
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Abstract 0 Solutions of each of 10 amino acids or ascorbic acid were mixed 
with iron and orally administered to rats. Iron was absorbcd to a statistically 
significantly greater extent (p < 0.05) when mixed with asparagine, glycine, 
serine, or ascorbic acid as compared with a control solution of iron. The largest 
effects were for asparagine and glycine, which also increased iron absorption 
to a significantly greater extent (p < 0.001) than did serine or ascorbic acid. 
N o  statistically significant increase in iron absorption occurred when any of 
the other amino acids was mixed with iron. Thc extent of iron absorption from 
each test solution, as measurcd by area under the concentration of iron-59 in 
the blood-time curve (r? = 0.0002), and the initial rate of iron absorption for 
each test solution ( rZ = 0.01) showed no correlation with the stability constant 
of the amino acid-iron complex. 


Keyphrases 0 Absorption-iron, effects of divalent amino acids 0 Iron-- 
absorption, effects of divalent amino acids 0 Amino acids-divalent, effects 
on iron absorption 0 Complexes-iron-divalent amino acids, effect on iron 
absorption 


Some products are available on the market in which amino 
acids or protein are combined with iron' in the hope of pro- 
moting iron absorption. Amino acids chelate with iron (1 -3), 
and under certain circumstances, the resultant chelate en- 
hances iron absorption from the G1 tract (4-9). Low molecular 
weight chelates have been postulated to be essential for iron 
absorption by keeping iron in solution and preventing hy- 
drolysis or precipitation of iron (10-12). 


It has been proposed (8,9) that amino acids which form the 
most stable complexes with iron are the most effective in in- 
creasing iron absorption from the GI tract, and failure of 
certain amino acids to promote iron absorption in uiuo is due 
to their inability to chelate iron strongly enough to compete 
with water. Thus, they do not prevent hydrolysis and subse- 
quent precipitation of iron. These data also suggest that amino 
acids with high stability constants should enhance iron ab- 
sorption better than amino acids with lower stability con- 
stants. 


These conclusions were reached based on data obtained for 
trivalent amino acids only (8). In  some previous experiments 
conducted to study the effects of amino'acids on iron absorp- 
tion (4-9). phosphate buffers were used which have been re- 
ported to decrease iron absorption both in uiuo and in uitro ( 13, 
14). The conclusion of these reports that amino acid-iron 
complexes administered in phosphate buffer increase iron 
absorption may not be quantitatively correct since iron is 
known to form insoluble phosphate salts which might result 
in decreased iron absorption. Also, Monsen and Page (1 5 )  have 
studied some "iron absorption promoting agents," including 
aspartic acid which is an amino acid that forms a high-affinity 
iron chelate, and reported no increase in iron absorption. 


This study was initiated to define the effect of selected di- 
valent amino acids on iron absorption and to determine 
whether increased iron absorption with amino acids is related 
to the stability constant of the amino acid-iron complex. 
Ascorbic acid, an agent which is reported to enhance iron ab- 
sorption ( 16, 17), was also tested to compare its effect on en- 
hancing iron absorption with that of amino acids. 


' Fe-Plus. a soy-protein iron complex; Miller, Inc.; and Ronium capsules. an amino 
acid--iron complcx; Pasadena, Inc. 


EXPERIMENTAL SECTION 


Determination of Stability Constants of 10 Amino Acid Complexes with 
Iron-Glycine, 1.-prohe, D.1.-tryptophan, I.-asparagine, D.L-alanine, D.L- 
phenylalanine. D-serine, D.L-methionhe, D.L-leucine, and L-isolewine were 
obtained commercially. Stability constants were determined by using a 
standard method for the determination of chelation between amino acids and 
metals (1 -3). The amino acids described above were all dried at 6OoC under 
reduced pressure for 1 h. Each amino acid (50 mL of a 0.01 M aqueous solu- 
tion) was titrated with 0.1 M KOH first in the absence of metals and then in 
the presence of one equivalent of the ferrous sulfate salt (0.005 M). Thus, the 
molar ratio of the complex-forming agent to metal was 2:l for all bivalent ions. 
The amount of alkali used in each titration was 5 mid (i.e.,  the equivalent of 
the amount of complex-forming agent), and this was added in 10 equal portions 
of 0.5 mL each. 


Experiments were conducted by using a water bath maintained at 37OC, 
and the amino acid solution was stirred continuously with nitrogen to maintain 
an inert atmosphere above the solutions. Boiled water was used since air must 
be removed from the system to avoid change in base concentration. The pH 
was recorded after each addition. 


Preparation of the Buffer-.-A potassium hydrogen phthalate-sodium hy- 
droxide buffer solution was prepared with a final pH of 6.0. Such a buffer 
contained 50 mL of 0.1 M potassium hydrogen phthalate and 43.7 mL of 0.1 
M NaOH diluted to 100 mL. This buffer system was used because it did not 
precipitate iron from solution as did the phosphate buffer. 


The ferrous ion was the important ion, and the potassium hydrogen 
phthalate buffer system maintained the iron in the ferrous state. This was 
determined throughout the study by taking a small portion of the solution, 
filtering it, and counting the radioactivity (iron-59) in solution. The ferric ion 
eventually forms and precipitates a t  pH 6.0 and does not stay in  solution. The 
iron never precipitated in potassium hydrogen phthalate buffer throughout 
the study. The ferrous ion did not hydrolyze to form the ferric ion in potassium 
hydrogen phthalate buffer, and the iron was administered as the ferrous 
ion. 


Procedure with Rats-Sprague-Dawley rats were bred and raised at  the 
Oregon State University Animal Resource Center. The rats were housed in 
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Figure 1-Comparison of blood iron-59 concentrations- rime curces when 
0.2 M ferrous suljate was given as control (A) and with amino acids and 
ascorbic acid added. Key: (m) asparagine; (0) glycine; (4) serine; (A) alanine; 
(e) proline; (v) isoleucine; (0) leucine; (x) merhionine; (0) ascorbic acid; 
(a) phenylalanine; (0) tryptophan; (A) control. 
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Table I-Formula of (he Raf Feed 


Ingredient Pounds/Ton of Feed 


5.4 T 


Alfalfa (ground) 
Bentonite (as a binder) 
Corn (ground) 
Barley (ground) 
Soybean meal (44% crude protein) 
Fish meal 
Feather meal 
Whey (dried) 
Trace mineralbed salt 
Tricalcium phosphate 
Vitamin A (l,000,000 I l i /g)  
Vitamin D (36,000 IU/g) 


200 
50 


546 
600 
240 
I00 
40 


200 
10 
14 
3 g  


13.6 g 


pairs in  metal cages (-25.4 X 20.3 cm) for 3 months before use, with a 12-h 
light/l2-h dark cycle. The rats were allowed food and water ad libitum prior 
to fasting. The rat food was a special feed developed at Oregon State Uni- 
versity. The formula for the food is presented in  Table I .  


Solutions of iron (as 5gleS04)2 as a control solution and complexed with 
each of 10 amino acids or ascorbic acid were administered orally to groups 
of six rats each. Male albino rats (weight, 250 270 g each) were used. Rats 
were fasted for 24 h before the start of the experiment to minimize the oc- 
currence of extraneous complexing agents, present as food constituents in the 
intestinal lumen, which may affect iron absorption (4). All test solutions were 
prepared by adding an amino acid and 59FeS04 to aliquots of the buffer so 
that the resulting iron-59 activity was 10 pCi/ml.. The amino acid concen- 
tration was 0.4 M. The ascorbic acid concentration was 0.5 M, and the ferrous 
sulfate concentration was 0.2 M (10 pCi/mL). A control solution was pre- 
pared by the same procedure. but i t  did not contain amino acid or ascorbic 
acid. 


An oral intubation tube'was used todeliver I mL of test or control solution 
into the stomach. The tube  was then removed, and the rat was kept under 
anesthesia (ether) during the entire experiment. 


At 5. 10, 20,30,45,60,90, 120, 150. 180, 2 10, and 240 min after admin- 
istration of the solution, 20-pL samples of blood were collected from a toe of 
the rat by clipping the skin and collecting blood in  capillary tubes. The cap- 
illary tubes were then placed into counting vials. Each sample was counted 
for 10 min in a solid scintillation counter chamber"'. 


At the end of 4 h, the animals werc sacrificed by overdose of ether. Liver. 
kidney, heart, brain. and muscle samples were collected from the animals, 
weighed, and then counted for 10 min4. 


RESULTS A N D  DISCCISSION 


The concentration of iron-59 in blood rersus time curves of iron-59 absorbed 
from all amino acid iron. ascorbic acid- iron. and control solutions are shown 
in Fig. 1. All test solutions of amino acid and ascorbic acid with iron produced 
concentrationsof iron-59 in blood higher than that i n  the control solution. It 
is known that blood or serum iron uersus time curves cannot be used alone for 
quantitative and reliable iron absorption measurements ( 1  5.- 17). Othcr tissue 
iron concentrations should be included with concentrations of iron-59 in blood 
so that the total iron absorbed can be measured or estimated from the tissues 
sampled. The concentration and aniount of iron-59 in tissues sampled 4 h after 
administration of all the amino acid -iron solutions, the ascorbic acid solution, 
and the control solution are shown in  Table I I .  


The concentration of iron-59 was highest in tissues of animals receiving 
asparagine-iron and glycine-iron solutions, whereas it was lower in the tissues 
of animals receiving the other amino acid-iron solutions or the ascorbic 
acid-iron solution. The fact that the concentrations of iron-59 in blood and 
tissueat theend of theexperiment were higher in the animals receiving amino 
acid--iron solutions than control solutions indicates that the elevated con- 
centrations of iron-59 in blood in these animals is an accurate reflection of 
increased absorption from the GI tract. 


I n  the tissues, the iron-59 concentration was highest in  the heart, and the 
largest amount was found in muscle (due to large muscle mass in the body). 
High concentrations of iron-59 werc also found in the liver and kidney, and 
generally, there were very small concentrations in the muscle and brain. This 
was consistent for the control experiments as well as for all 10 aminoacid-iron 
complexes and the ascorbic acid iron solution. Stores of iron are mainly in 
reticuloendothelial cells and, thus. are found in organs rich in such cells, 
especially the liver ( I  8, 19). The heart is also an organ that has been reported 
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Figure 2 --Initial rate of absorption versus log K for each of the amino 
acids. 


(20.21) to be high in iron content, which is most likely due to the heart being 
an organ high in iron sulfur proteins and cytochrome enzymes. Cytochrome 
c, for example, contains 1 g of iron/mol (20). The amount of stored iron varies 
with sources and also with demands made on it for hemoglobin formation. 
Glyeine and asparagine increased iron-59 absorption to the greatest extent 
(p < 0.001) as  compared with the control solution. Although the increase of 
iron-59 absorption over that of the control by serine and ascorbic acid was 
statislically significant (by ANOVA, p < 0.05). the increase was minimal, 
only 72.7 and 54.5%. respectively, compared with 309% for glyeine and 345% 
for asparagine. These data areconsistent with the data of Forth and Rummel, 
who observed a 300% increase in  the amount of iron absorbed from the gut 
in situ in rats with glycine-phosphate buffer compared with iron-phosphate 
buffer (9) alone. Diets for chicks that werc low in glyeine but adequate in iron 
caused a marked reduction in  the amount of iron absorbed uersus diets in 
which glycine and iron were present in adequate amounts (22). 


The concentration of iron-59 in tissues of animals receiving amino acid-iron 
solutions, control solution, or the ascorbic acid-iron solution was consistent 
with concentrations of iron-59 in the blood obtained from each test or control 
solution. Therefore, the Concentration of iron-59 in  blood uersus time curves 
were used to compare the chelating affinity of the amino acid to iron (stability 
constant) with the ability of the amino acid to increase the rate or an ap- 
proximated relative extent of iron absorption. This was done by comparing 
the initial rate of absorption with the stability constant of the amino acid-iron 
complex or by comparing the area under theconcentration of iron-59 in blood 
uersus time curve (0-4 h) with the stability constant of the amino acid com- 
plex. For all amino acid-iron complexes, the concentration of iron-59 in the 
blood ttersus time (Fig. I )  was fit to a trinomial equation ( r2  range, 
0.9857-0.9991). Figure 1 shows the plot of the experimentally observed uersus 
calculated Concentrations of iron-59 in blood for each test solution. An em- 
pirical equation which describes the concentrations of iron-59 in blood curves, 
t herefore, is: 


y = BO t Blr  t B2r2 + B3r3 (Eq. 1) 


where t is time. This equation was used to fit the data so that the initial rate 
of absorption could be estimated. 


The initial rate of absorption is approximated by the tangent to the con- 
centration of iron-59 in blood curve at time zero and is equal to B I  after dif- 
ferentiating dy/dt. The initial rates of iron-59 absorption, in decreasing order 
starting with the amino acid that increased the initial rateof absorption most, 
were: asparagine. glyeine, serine, leucine, methionine, isoleucine. tryptophan, 
alanine. phenylalanine, and proline (Table I l l ) .  


The effects of different amino acids on iron-59 absorption from time zero 
to 4 h were compared with the control by comparing the area under the con- 
centration of iron-59 in blood uersus time curve (AUC) for each amino 
acid-iron complex from time zero to 4 h. When integrating the above equation 
over the experimental period of 4 h, the area under the concentrations of 
iron-59 in  blood time curve (AUCo 240 ,,,in) for each amino acid iron complex 
can be obtained as: 


= 240 Bo t 28,800B1 + 4608 X 103B2 t 82,944 X IO4B3 


The values of Bo. B I ,  B2 and B3 for each amino acid were obtained by curve 
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l ab le  11-Iron in Tissues Sampled 4 h after Oral Administration of Test Solution to Rats 


Conc. of Iron 
Remaininr! in Total Amount 


L 


Average Concentration of Iron, p g / g  of tissue GI Tract. of Iron 
Test Solution Liver Heart Kidney Muscle Brain p g / g  of tissue“ Absorbed, mg* 


Iron alone 3.4 f 0.3 4.5 f 1.0 0.81 f 0.15 0.81 f 0.06 0.29 f 0.05 .. 1.1 f 0.1 
Glycine-iron 16.4 f 2.0 14.0 f 2.4 3.58 f 1.45 2.02 f 0.44 0.68 f 0.10 -. 3.4 f 0.2‘ 
Leucine-iron 3.7 f 0.1 5.2 f 0. I 0.59 f 0. I 1 0.96 f 0.08 0.21 f 0.17 - 1.3 f 0.1 


1.1 f 0.1 Tryptophan-iron 4.5 f 1.2 5.2 f 0.6 1.41 f 0.38 1.01 f 0.17 0.33 f 0.04 - 


Asparagine-iron 21.7 f 2.1 23.1 f 0.9 13.19 f 1.66 2.54 f 0.22 0.36 f 0.15 I .02 f 2.6 3.8 f O.Zc 
1.9 f O . l d  4.9 f 0.3 6.9 f 0.2 1.44 f 0.17 1.25 f 0.18 0.45 f 0.08 - Serine-iron 
1.4 f 0.1 Proline-iron 3.8 f 0.3 5.6 f 0.3 0.94 f 0.19 0.98 f 0. I6 0.30 f 0.07 - 


Methionine-iron 3.6 f 0.2 5.1 f 0.2 0.90 f 0. I 2  0.84 f 0.1 1 0.32 f 0.04 45.2 f 2.4 1.2 f 0.1 
Alanine-iron 3.9 f 0.3 6.3 f 0.8 0.93 f 0.1 I 1.01 f 0.17 0.33 f 0.06 - 1.6 f 0.1 
Isoleucine-iron 3.8 f 0.1 5.2 f 0.4 0.78 f 0.08 0.94 f 0.10 0.37 f 0.07 - 1.3 f 0.1 


Ascorbic Acid-iron 4.3 f 0.2 5.2 f 0.2 1.27 f 0.18 I .08 f 0.18 0.40 f 0.07 - 
Phenylalanine-iron 3.6 f 0.2 4.9 f 0.2 0.85 f 0.13 0.84 f 0.15 0.32 f 0.02 46.8 f 5.1 1.1 f 0.1 


1.7 f 0 . I d  


a After 4 h. b After 4 h .  Calculations assume homogenous iron content throughout the tissues sampled. Also, the skeletal and adipose tissues are assumed to have the same iron 
content as the muscle tissue. Tissue mass was not determined in this study, but publishcd (23) averages values for specific tissue masses, corrected for rat weights. were used in these 
estimations. Although these assumptions may not be totally accurate for estimating total iron absorbed, they are adequate because the actual values of iron absorbed would only 
be a l l  scaled-up or -down in proportion to the relative values listed. The dose of iron administered was I I .2 mg.‘p < 0.001. dp < 0.005. 


fitting5, and the area (Table 111) under the concentrations of iron-59 i n  
blood-time curve (0-4 h) was then calculated for each test solution. 


Table I I I  lists stability constants determined experimentally for each amino 
acid-iron complex, as well as the initial rate of iron absorption and the area 
under the concentration of iron-59 in blood uersus time curves. 


Figure 2 is a plot of the initial rate of iron absorption uersus stability con- 
stant for each amino acid-iron complex, and Fig. 3 is a plot of AUC uersus 
stability constant for each amino acid-iron complex. No useful correlation 
between either the initial rate of absorption ( r *  = 0.01) or area under the 
concentration of iron-59 in blood uersus time curve ( r Z  = 0.000208) (Fig. 2) 
and the stability constants of the appropriate amino acid iron complex was 
observed (Fig. 3). This is contrary to the earlier hypothesis that amino acids 
which have larger amino acid-iron complex stability constants should increase 
iron absorption (8, 9). Although the amino acids reported to increase iron 
absorption had high stability constants, neither glycine nor asparagine have 
high stability constants, but both were effective in increasing iron absorption 
from the GI tract. What may have been measured in the earlier experiments 
was the ability of thosc amino acids that have large iron-complex stability 
constants to protect iron from precipitating with phosphates. I t  is interesting 
to note that EDTA forms a more stable complex than any of the amino acids 
tested. yet it does not facilitate increased iron absorption (9, 16, 17) and is even 
reported to negate any iron absorption enhancement produced by an iron 
absorption-promoting agent. 


As another measure of the ability of the amino acid to increase iron ab- 
sorption, the amount of iron-59 in gut tissue was determined after adminis- 
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Figure 3--AUC/rom time zero to 4 h of blood iron-59 concentration-time 
profile versus log K for each of the amino acids tested. 


The organization and analysis of the data base associated with this investigation were 
carried out in part using the PROPHET system. a unique national resource sponsored 
by the National Institutes of Health. Information about PROPHET, including how to 
apply for access, can be obtained from the Director. Chemical/Biological Information- 
Handling Program, Division of Research Resources. National Institutes of Health, 
Bethesda, MD 20205. 


tration of phenylalanine--iron and methionine-iron complexes, in which the 
increase in iron absorption was lowest, and asparagine-iron complexes, in 
which it was highest. The amount of iron-59 in gut tissue (Table 11) was much 
higher in the case of the phenylalanine- iron and methionine-iron complexes. 
This, too, is an indication that the elevated concentration of iron-59 in  blood 
in the rats is a reflection of increased absorption from the GI tract. Conversely, 
when iron absorption is lower, the iron is retained in the gut tissue. 


Protein repeatedly has been reported to promote iron absorption (4-8, 
24-26). This effect may account for the high fraction of iron in meat that is 
absorbed and for the enhancement of iron absorption from vegetables with 
simultaneous ingestion of meat (24-27). However, protein has also been re- 
ported to have a negative effect on iron absorption. Egg protein retards the 
absorption of iron (23.27); it is not known whether the effect is related to its 
content of conalbumin. Conalbumin forms a stable complex with iron in uitro 
that drastically reduces the transfer of iron in jejunal segments of anemic rats 
(10). Egg yolk alsocontains phosphoproteins that form stable complexes with 
iron and prevent iron absorption ( 1  3, 23). The differential effects of proteins 
on absorption of iron may be attributed to the degree of proteolysis that occurs 
in the different experiments (23). All the data suggest that iron chelation does 
not always promote iron absorption. 


Several products on the market have iron-chelating agents that are reported 
to promote iron absorption. These products. which contain agents reported 
to promote iron absorption, vary from protein hydrolysate to combinations 
of amino acids to a single amino acid. The iron absorption-promoting ability 
of these mixtures of agents needs to be investigated and compared with the 
ability of each one to promote iron absorption. It may be that only certain 
amino acids are responsible for enhanced iron absorption, and others can be 
omitted from iron product formulations; the result may be further increased 
iron absorption. A product containing only glycine and/or asparagine with 
iron may be sufficient to produce significantly increased iron absorption 
compared with other mixtures. 


The amount of amino acids used in this study (or what would be used for 
an iron preparation for adult human use) is far too little to maintain a good 
nitrogen balance. Also, use of a single or a few selected amino acids as dietary 
supplements has caused significant shifts toward a negative nitrogen balance 


Table Ill-Stability Constants, Initial Absorption Rates, and AUC for 
Each Amino Acid Tested 


Initial 
Absorption 


log K Stability Rate, AUC, 
Experimental 1,iteratureO pglmin” mg.min/mLC 


Asparagine 6.4 
Glycine 7.6 
Serine 7.0 
Leucine 7 .O 
Methionine 6.6 
lsoleucine 6.9 


Alanine 7.1 
Phenylalanine 6.2 
Proline 8.2 


Tryptophan 7.4 


6.5 5.21 63.59 
7.8 4.57 56.51 
7.0 2.10 37.3 I 
6.9 2.02 22.60 
6.7 I .99 21.71 
7. I I .93 23.48 
7.6 I .9 21.05 
7.3 1.87 28.64 
6.3 I .70 20.24 
8 . 1  1.62 25.22 


* Values are from Refs. 1-3. b Calculated from Eq. 1 .  Calculated from FA. 2; time, 
0-4 h. 
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in individuals (29). Therefore. individuals taking amino acid -iron complexes 
should be made aware that such products do not have value as protein sup- 
plements or replace the need for dietary protein. In  addition, depending on 
the quantity and essentiality of the amino acids ingested from the supplement, 
protein metabolism may be advcrsely affcctcd. 


A consensus has been reached that amino acids considered to be essential 
are iwleucine, leucine. lysine, methionine, phenylalanine. thrconine, tryptophan, 
and valine for children and adults. tiistidine is an essential amino acid for 
infants, but it is not considercd essential for children or adults (30).  It is im- 
portant to note that the amino acids that appear to increase the absorption 
of iron are not considered to be essential amino acids. Nitrogen balance is 
maintained by an adequate diet of protein and not by an iron supplement 
containing one or two amino acids in  very low quantities (29, 30). Likewise, 
increasing the dosage of the amino acid by taking more tablets of an amino 
acid-iron preparation could cause iron toxicity. 
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Abstract 0 A rapid and sensitive high-performance liquid chromatographic 
(HPLC) procedure is described for the analysis of the antitussive dextro- 
methorphan hydrobromide in several cough-cold syrup preparations and 
compared wi th  a gas chromatographic (GC) procedure. I n  the HPLC pro- 
cedure. the active ingredient is analyzed as the hydrobromide salt by dilution 


<;c method, the active ingredient is analyzed as the free base, i n  which an  
aqueous solution of the antitussive is made alkaline and extracted with di- 


chloromethane before injection onto the GC column. Excellent resolution of 
the antitussivc agent was obtained by both systems; however, the HPLC assay 
is preferred for routine analysis (RSD la), as  compared with the GC assay 
(HSD 4%). 


agents-dextromethorphan hydrobromide. HPLC, GC Formulations- 
cough- “Id syrup. analyses by HPLC and ‘‘ in the mobile phase and separation on a reverse-phase cyano column, the Keyphrases 0 DextromethorPhan hydrobromide- -HPLC* GC 0 Antitussive 


Dextromethorphan hydrobromide [ (+)-3-methoxy- 17 piratory-depressant characteristics (1).  However, the side 
effects of some morphinans are not as severe as those of mor- 
phine. As a result, dextromethorphan hydrobromide has 
gained wide acceptance as a nonaddictive antitussive agent 
because it is nearly devoid of any analgesic activity (2). 


Dextromethorphan hydrobromide has been separated by 


methyl-9a,l3n, 14a-morphinan hydrobromide monohydrate 
( I ) ]  is commonly used an an antitussive agent in many com- 
mercial cough-cold syrup preparations. There are several 
clinically active compounds classified as morphinans. All have 
the drawbacks of morphine: its dependence liability and res- 
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The choice of Dr. Brossi as editor of The Alkaloids is particularly felicitous 
since he brings to his position an extensive and impressive background in 
natural products chemistry as well as pharmacology. 


To minimize costs, the publishers have seen fit to let each group of authors 
draw their own chemical diagrams. This has worked out very satisfactorily, 
since the structures are well drawn and clearly layed out. The result is lhat 
this book of almost 400 pages, with a very large number of tables, charts and 
structures, is offered for a relatively modest $49.50. Not a bad deal! 


Reciewed by Maurice Shammd 
Deparlmenl of Chemistry 
The Pennsyltiania State University 
Unioersiiy Park, PA 16802 


Compartmental Models and Their Application. By KEITH GODFREY. 
Academic Press Inc., 24-28 Oval Road, London NWI 7Dx. England. 1983. 
293 pp. 15.5 X 23.5 Price $50.00 (€32.00). 
The use of compartmental models to describe the disposition of drugs in 


vioo is a widely practiced art in the pharmaceutical sciences. These models 
very often provide a reasonable phenomenological description of the complex 
set of events and processes that determine the pharmacokinetics of a drug in 
mammalian systems. Less often, they also provide a means to interpret or 
discern what mechanisms are responsible for the observed performance. It 
is surprising, then, that the current texts on pharmacokinetics do not address 
the properties and problems associated with the models themselves. Godfsy’s 
text attempts to do just that. 


This book provides a comprehensive overview of compartmental models. 
The subjects can be roughly divided into three general areas (not corresponding 
to the individual chapters): the performance of linear systems; the problem 
of identifiability and parameter estimation; and the properties of more complex 
systems which display nonlinear, time variant, and stochastic behavior. The 
general layout includes a mathematical description of the various systems, 
comments concerning their performances, and many examples to illustrate 
applications. Two cautions must be voiced. First, while proofs have been 
eliminated, the vocabulary and notation are that of an applied mathemat- 
ics-engineering approach. This, however. should not be a problem since the 
author carefully provides good descriptions throughout the text. Second. this 
is definitely not a pharmacokinetics text. While many of the examples are 
taken from that area, the emphasis is on the mathematical system and not on 
thc phcnomcna bcing modeled. In  this respect, the author provides a welcome 
scrvice to the pharmacokinetics community. 


In the first four chapters many lincar compartmental systems are presented. 
The descriptions are straightforward and present an excellent overview. The 
various models are shown mathematically. their performances are illustrated 
by numerous calculations and graphical illustrations, and literature examples 
of actual applications are provided. The third section on nonlinear and time 
variant systems is similarly well described, to a depth not found elsewhere. 
The second section on identifiability and parameter estimation is by far the 
most important contribution of this book. Here, Dr. Godfrey provides an ex- 
cellent analysis of whether particular models actually can be used to describe 
real data. Often we decide that a particular model effectively represents a set 
of data. Is the model unique? In most cases the answer is a resounding no. That 
fact is amply demonstrated by the use of Laplacian analysis as well as con- 
sideration of numerical problems. My only complaint is that the author does 
not go far enough; the emphasis is on the estimation of microconstants, not 
on integrated parameter estimation. The problem of correlation between 
parameters is barely considered; no mention of reparameteri7ation is provided. 
Yet, this is a minor Fault compared with the large assortment of warnings 
provided. 


In summary, this book is an excellent refcrence document concerning the 
power and problems of lumped parameter systems composed of first-order 
differential equations. It is probably the best bookon that subject available. 
The appropriateness of these models is up to us. 


Reoiewed by Kenneth J .  Himmelstein 
Inter, Research Corporaiion 
2201 West 21.~1 Sireei 
Lawrence. KS 66044 


Formaldehyde: Toxicology-Epidemiology-Mechanisms. Edited by JOHN 
J. CLARY. JAMES E.GIBSON, and RICHARDS. WARITZ. Marcel 
Dekker, 270 Madison Avcnuc, New York. NY 10016. 1983.296 pp. 15 X 
23 cm. Price $45.00 (20% higher outside the U S .  and Canada). 
The Chemical Industry Institute of Toxicology (CIIT), Research Triangle 


Park, NC. sponsored conferences on formaldehyde toxicity in November 1980 
and, with funding from the Formaldehyde Institute, on November 3, 1982. 
The papers and discussions of the latter conference are presented in this 
book. 


There are eleven chapters by 26 contributors. of which half are from CIIT. 
Chapter titles are as follows: “Occupational Exposure to Formaldehyde- 
Recent N IOSH Involvement,” “Mathematical Cancer Risk Assessment for 
Formaldehyde,” “Case Control Study of Cancer Deaths in DuPont Workers 
with Potential Exposure to Formaldehyde,” “Mortality of Ontario Under- 
takers: A First Report,” “Skin Initiation/Promotion Study with Formaldehyde 
in  Sencar Mice,” “Skin Initiation/Promotion Study with Formaldehyde in 
CD- I Mice,” “Mutagenic Effects of Formaldehyde in Bacterial and Human 
Cells,’’ “Formaldehyde and thc Nasal Mucociliary Apparatus,” “Reaction 
of Formaldehyde in the Rat Nasal Mucosa,” “The Effect of Formaldehyde 
Exposure in Cytotoxicity and Cell Proliferation,” and “Mechanisms of 
Formaldehyde Toxicity and Risk Evaluation.” 


I n  general these topics are well written, and the summaries of the discussions 
that follow the actual presentations are of interest. Literature is cited up to 
thc time of publication including 1983 references and citations to manuscripts 
in press. 


In summary of the information presented at this second Cl lT  conferenceit 
is now well accepted that airborne formaldehyde leads to cancer in  rats and 
mice, that formaldehyde has the potential to cause genetic toxicity, and that 
formaldehyde will bind to DNA in uirro. Clarification, however, is still re- 
quired regarding the importance of binding in vitro, especially as related to 
detoxification pathways and repair mechanisms. Of prime importance was 
the need for the results of additional epidemiological studies. While this volume 
is of restricted interest in  the pharmaceutical sciences, it should be of value 
to those in contact with formaldehyde and its products as  well as to toxicolo- 
gists. 


Reviewed by Joseph E. Sinsheimer 
College of Pharmacy 
The Unicersity of Michigan 
Ann Arbor. MI 48109 


Methods in Industrial Microbiology. By B. SIKYTA. John Wiley & Sons, 
Inc. One Wiley Drive, Somerset, NJ 08873. 1983.349 pp. 16 X 24 cm. Price 
$79.95. 
This short textbook is aimed primarily at the microbiologist who is seeking 


a very broad and simplified introduction to industrial fermentation processes. 
The chapter headings: “Introduction,” “Culture Equipment,” “Sterilization 
of Media and Air,” “Aeration and Mixing,” “Substrates for Microbial Pro- 
ccsses.” “Kinetics of Microbial Processes,” “Genetics of Industrial Micro- 
organisms,” “Development of Microbial Processes,’’ “Measurement and 
Control of Microbial Processes,” and “Isolation of Microbial Products” in-  
dicate that the author has attempted to condense a broad spectrum of 
biotcchnology in a limited space. As a result, the subject matter is treated too 
superficially to make this a truly valuable reference source (e.g.. mass transfer 
scale-up in  two and one-half pages). 


The potentially useful aspects of this book might be the listing of the com- 
position of various natural substances (e.g. cornsteep liquor) for material 
balance purposes and, possibly, the reference sources for their historical sig- 
nificance. Otherwise. the book should be of value to the layman interested in 
ii broad view of the fermentation industry. 


Reciewed by: H. Michael Koplove 
Hoffrnunn-La Hoche 
Nutley. NJ 07/10 
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and: 
k,,, = const-exp(-G+k,,/RT) (Eq. 7) 


koH = const .exp(-G+k,,/RT) (Eq. 8) 
where G#kw and GZko, are free energies of activation for k,,, and koH, 
respectively, const is a constant, R is the gas constant. and T is the absolute 
temperature. Taking the common logarithm of both sides of Eqs. 7 and 8 
gives: 


log k,,, = const - Gfk,/2.303RT 


log koH = const - G*ko,/2.303RT 
0%. 9) 


(Es. 10) 
Substitution of Eqs. 9 and 10 for G#k,,,,, and G#kOn into Eq. 6, followed by 
rearrangement, yields: 


log k,,, = const * log koH t const (Q. 11) 
Equation 1 1  indicates a linear relationship between log kmaX and log koH. 


The k,,, values for E. coli NIHJ JC-2 and koH values for cephalosporins 
are listed in  Table 11, and log k,,, is plotted against log koH in Fig. 8 (good 
linearity was obtained). The regression equation obtained is: 


log k,,, = 0.513.lOg koH t 0.902 (Eq. 12) 
with a regression coefficient of 0.951. This relationship suggests that 0-lactam 
antibiotics possessing high reactivity of the C-0 bond in alkaline solution 
will show high bactericidal activity. 


Orgmism Resistant to Drug Actioo-Garrett and Won (4) have suggested 
the following possible explanations in connection with the regrowth of or- 
ganisms after the first-order decrease of viable cells in drug-affected cultures 
(Figs. 1-3): (a)  the consumption or degradation of the drug. (6) the production 
of an inhibitor or inactivator of antibiotic action, and ( c )  the presence of 
bacteria able to resist the drug action. This study on the microbial kinetics 
of various @-lactam antibiotics was conducted at constant drug concentrations 
(achieved by the dialysis membrane tube method); therefore, possibility a can 
bc ruled out, but possibilities 6 and c still remain. 
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Abstract OThe generation curves of Escherichia coli B/r and E. coli NIHJ 
JC-2 in the presence of several &lactam antibiotics were studied from the 
kinetic point of view. Apparent first-order regrowth of resistant organisms 
was observed -6 h after addition of these antibiotics. The time courses of 


production, selection in terms of membrane permeability, and mutation to 
acquire drug resistance. A selection process or a modification of membrane 
permeability caused by contact with the drug seems to be the most probable 
reason for the regrowth of the organisms. 


apparent viable counts could be interpreted in terms of the sum of the viable 
counts of sensitive and resistant organisms. T~ clarify the nature of the re- Keyphnses 0 Kinetics-microbial, analysis and characterization of bacterial 
growth, experiments involving a second addition of antibiotic, single coloni- regrowth after treatment of Escherichio coli with @lactam antibiotics 
zation by and synchronous cell were Several &Lactam antibiotics-kinetic analysis and characterization of bacterial re- 
possible explanations for the results are discussed, including B-lactamase growth efter treatment Of Escherichia 


In the previous paper ( I ) ,  we described the microbial ki- 
netics of Escherichia coli treated with several P-lactam anti- 
biotics. We also mentioned that, once treated with &lactam 
antibiotics, the organisms showed an apparent regrowth in 


spite of the maintenance of a constant drug concentration by 
the use of a dialysis membrane tube containing the antibiotic 
solution (1). This regrowth is a well-recognized phenomenon 
in drugaffected cultures (2-6). Much work has been done on 
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Figure I-Generation curves of E. coli B/r in antibiotic medium) at pH 7.0 
and 37°C in the absence and presence of 0.5 p g  of ampicillin/mL, based on 
viable counts. Key: (@) bonirol generation curves; (0)  drug-affected viable 
counts in drug-free agar plates; (A) drug-affected viable counts in drug- 
containingagar plates. The dotted line was generatedfrom Eqs. I and 2 by 
using the appropriate kinetic parameters (Table I.) 


drug-resistant mechanisms of organisms (7); however, very 
few reports (2,6) have focused on the mechanism of regrowth 
after addition of antibacterial agents to the culture, even 
though it  is very important to prevent the regrowth of organ- 
isms in chemotherapy. 


The purposes of this study were to establish a mathematical 
model to describe the entire generation curve of organisms as 
a function of time and to clarify the nature of regrowth after 
the bactericidal action of fl-lactam antibiotics. 


- 


EXPERIMENTAL SECTION 


Microorganism-Replicate slants of E. coli NIHJ JC-2' and E. coli B/r2 
[the same strains as used previously ( 2 ) )  were used. The slants were prepared 
from a single isolated colony of the appropriate organism and stored at  
4oc. 


Culture Medium-Antibiotic medium3 was rehydrated according to the 
specifications of the manufacturer and filtered twice through a 0.45-pm f i l td .  
The medium was autoclaved at 120OC for 20 min. This pH 7.0 medium was 
used for all expedments. 


Materials-Ampicillin sodium' (955 pg/mg), penicillin G potassium6 
(1600 U/mg). and cefazolin sodium7 (958 pg/mg) were used as received. All 
other chemicals were of reagent grade and were used without further purifi- 
cation. 
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' Antibiotic Medium 3; Difco Laboratories, Detroit, Mich. ' Sartonus-Membranfilter GmbH, Gbttingen, Federal Republic of Germany. 
Takcda Chemical Industries. Osaka. Japan. 
Meiji Scika Kaisha, Tokyo, Japan. ' Fujisawa Pharmaceutical Co.. Osaka, Japan. 


F-57; Institute for Fermentation. 
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* Scamless cellulose tubing 20/32; Visking Co. 


Journal of Pharmaceutical Sclences I 1423 
Vol. 73. No. 10, October 1984 







Table I-Microbial Kinetic Parameters of E. coli B/r and E. coli NIHJ JC-2 in Antibiotic Medium3 


Nso, Nro, k"Pp' k,* LI, LZ, 
Organism cells/mL cells/mL S- s- I min min 


E. coli B r 8.0 x 105 3.2 x 103 -7.01 x 10-4 4.67 X 53 322 
E.  coli d H J  JC-2 1.0 x 106 1.2 x 10' -1.04 x 10-3 4.95 x 10-4 55 326 


0 At pH 7.0 and 3 7 T  in the presenceof 0.5 and 1.5 pg of ampicillin/mL for E.  coli B/r and E .  coli NlHJ JC-2, respectively. 


At appropriate time intervals, aliquots (0.5 mL) were withdrawn, and the 
penicillin G concentration was determined by the usual.microbiologica1 paper 
disk method, employing Siaphylococcus aureus 209P9 as the test or- 
ganism. 


Viable Count Metbod-Samples (0.5 mL) were withdrawn from the cul- 
tures and serially diluted into sterilized 0970 NaCl solution in accordance with 
a preplanned dilution scheme so that 50-150 colonies per plate would result. 
From thesedilutions, aliquots (0.2 mL) were transferrd onto each of three 
replicate peptone agar plates. The plates were incubated for 20 h at 37'C. and 
the resulting colonies were counted with an electronic colony counter. 


T o  obtain the viable count of drug-resistant organisms shown in Figs. 1-5, 
the procedure was the same as that described above, except fot the use of 
peptone agar plates which contained the drug at the desired concentration. 


Effect of Second Addition of Antibiotics-Aliquots (0.5 mL) of penicillin 
G and cefazolin solutions were added to E.  coli B/r and E.  coli NIHJ JC-2 
cultures, respectively, in the logarithmic growth phase of the culture to give 
final mwntrations of 8.0 pg/mL for penicillin G (culture A) and 1 .O pg/mL 
for cefazolin (culture B). The drug-affected cultures A and B were allowed 
to generate for -10 h at 37OC in an incubator. Portions of these solutions were 
then diluted 100-fold with fresh medium. Aliquots of the E. coli B/r  culture 
were then treated with penicillin G concentrations of 5.0.6.0, and 8.0pg/mL, 
and an aliquot of the E.  coli NIHJ JC-2 culture was treated with 1.0 pg of 
cefazolin/mL. One colony of E. coli NIHJ JC-2 harvested from culture B 
in the logarithmic growth phase 'of regrowth was subcultured, and then the 
subcultured organism was used as a test organism. The effect of the second 
addition of cefazolin on this subcultured resistant organism was studied in 
the same manner as described above. 


Population Distribution of Drug-Resistant Ckganisms-Replicate agar 
plates conthining ampicillin concentrations of 0.1,0.2,0.3,0.4,0.5,0.55,0.6, 
0.65, and 0.7 pg/mL were prepared. Samples (0.5 mL) were withdrawn from 
E. coli NIHJ JC-2 culture at an organism concentration of 2 X 106 cells/mL 
in  the logarithmic growth phase and serially diluted. From these dilutions, 


10' P 


samples (0.2 mL) were transferred onto the replicate agar plates containing 
drug. The plates were incubated for 20 h at 37OC. and the number of colonies 
was counted. 


Single Colonization-E. coli NIHJ JC-2 obtained from a fresh slant was 
suspended in 2 mL of 0.9% NaCI. A portion of this solution was transferred 
onto peptone agar plates with a standard platinum loop and cultured for 20 
h at 37OC. One colony from this agar plate was again treated in the same way; 
the colony that appeared the next day was used as the test organism. 


Drug-Affecied Growih and Effect ofSecond Addition-The experimental 
procbdure for drug-affected growth and the effect of the second addition of 
antibiotic was the same as that described previously (1). 


Minimal Inhibitory Conceniration of Subcultured Drug-Resisiani Or- 
ganisms-The organism obtained from the regrowth of E. coli NIHJ JC-2 
after ampicillin treatment (1.5 pg/mL) was purified by single colonization 
and subcultured up to 29 times on peptone agar plates. The minimal inhibitory 
concentration (MIC) was determined periodically. 


The MIC values were determined by the agar dilution method. Overnight 
cultures of E.  coli NIHJ JC-2 were diluted to final concentrations of -106 
and 108 cells/mL. and 5-pL aliquots of each culture were inoculated and in- 
cubated on antibiotic medium3 agar plates containing serial twofold dilutions 
of ampicillin. The MIC values were recorded after 18 h of incubation at 
37OC. 


Effeci of Ampicillin Concenirations on Regrowth Raies-Aliquots (0.5 
mL) of aqueous solufions of ampicillin were aseptically added to replicate 
49.5-mL volumes of E.  coli NIHJ JC-2 cultures to yield concentrations of 
0.55.0.6,0.7, and 1.1  pg/mL. 


Preparation of S y k m  Cell Cultures-Aliquots (0.5 mL) of phenethyl 
alcohol solutions were aseptically added to replicate 49.5-mL volumes of E.  
coli NIHJ JC-2 culture in the logarithmic growth phase to yield desired 
concentrations. The cell concentration at the time of drug addition was -18 
cells/mL. A portion of the culture wa5 diluted 1000-fold with fresh medium 
at 90 min so that the effect of phenethyl alcohol became negligible. A syn- 
chronized cell culture was generated from the medium containing lo5 cells/ 
mL. Aliquots (0.5 mL) of ampicillin solution were added to the synchronized 
cell culture at an organism concentration of -2 x I @  cells/mL to achieve 
final concentrations of 1.25 and I .5 pg/mL. The viable counts were monitored 
with an electronic colony counter. 


10 '1  
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Figure 4-Semilogarithmic plois of E. coli NIHJ JC-2 obiainedfrom the 
logarithmic regrowth phase a/er rhejirsi addiiion of cefazolin (1.0 pg/mLJ 
ai p H  7.0 and 37°C. The experimeni was effected 24 h afier dewlopmeni and 
isolation oJresistani organisms. 
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Figure 5-Population diagram of ampicillin-resistant E. coli NIHJ JC-2. 
The viable counis were performed in agar plaies wiih drug wiih various 
ampicillin concentraiions afier isoliiiion of organisms from drug-free cul- 
ture. 


1424 I Jwmal of Phamceutical Sciences 
Vol. 73, No. 10, October 1984 







1 0 7  I 


0 2 4 6 8 10 12 14 16 
TIME, h 


Figure 7-Generation curves of thepurified E. coli NIHJ JC-2 in antibiotic 
medium3 at pH 7.0 and 37°C in the absence and presence of 1.5 pgof am- 
picillin/mL. After the first addition (I) of ampicillin, the generating culture 
was diluted 100-fold with fresh medium at the secondadditions (') o/various 
ampicillin concentralions. Key: (0) 1.5 pg/tnL; (A) 1.2 pg/mL; ( A )  1.0 
PglmL. 


model leads to the following equations (see below for the derivation) after a 
lag period t > L I  (when L I  5 t 5 L2): 


Napp = N S O .  e k w ( l - L ~ )  + Nro (Eq. 1) 


when t > L2: 


(Es. 2) 


where Napp is the apparent number of organisms present at  time t and kapp 
and k ,  are the apparent generation rate constants for the susceptible and re- 
sistant organisms, respectively. The relationship between the obserLed number 
of viable counts and the simulation based on Eqs. 1 and 2 with the appropriate 
parameters listed in Table I seems to support the model depicted in Fig. 6. 


Effect of second Addition of Antibiotics-The effects of the second addition 
of penicillin G and cefazolin in the case of resistant organisms are shown in 
Figs. 2 and 3, respectively. In these experiments, the membrane tube con- 
taining the drug solution was used. 


In a typical case shown in Fig. 2, a penicillin G concentration of 8 pg/mL 


Napp = Nso - ek*vd~-Ll) + N r o .  ekdI-LZ) 


t 
8 


TIME 0 


Figure 6-Generation model for drug-affected organism. Key: (A) control 
generation curve; (B) generation curve of sensitive organisms; (C) generarion 
curve oiresistant organisms; (L, and L 3  lag times for sensitive and resistant 
organisms, respectively; (Nso and Nro) initial organism concentrations for 
sensitive and resistant organisms, respectively; (time 0) time of drug addi- 
tion. 


h y  d&Lactamase-Antibiotic medium3 in a 1.0-L flask was inoculated 
with 25 mL of an overnight culture of E. coli NIHJ JC-2 in the presence of 
8 p g  of penicillin G/mL at 37OC. After 4 h, the bacteria at a concentration 
of -5 X 108 cells/mL in the logarithmic growth phase were harvested by 
centrifugation and washed once with 0.05 M phosphate buffer (pH 7.0). The 
packed cells were resuspended in 50 mL of 0.05 M phosphate buffer (pH 7.0). 
and the suspensions were. intermittently treated in an ultrasonic disintegrator10 
for 3 min. The disrupted suspensions were centrifuged at 12,000 rpm for 30 
min at SoC to remove broken cells and cell debris; the cell-free extract was 
retained as the crude enzyme preparation. Activity of P-lactamase was then 
assayed spectrophotometrically (8) by measuring the decrease in the a b  
sorbance at the substrate-specific wavelengths of 233 and 260 nm for penicillin 
G and cephaloridine, respectively. 


RESULTS 


Development of Drug-Resistant Organisms-A typical semilogarithmic 
plot of the viable counts against time is shown (Fig. I )  for the action of 0.5 
pg of ampicillin/mL on E. coli B/r. After a certain lag period following drug 
addition, the logarithm of the viable count against time decreased exponen- 
tially with time. After a definite period of organism killing, there is a subse- 
quent generation of viable organisms. The slope of the regrowth phase in the 
presence of drug was found to be very similar to that for the plot in the absence 
of ampicillin. This result indicates a negligible drug effect in the terminal 
segments, even though the drug concentration was kept constant by the use 
of the dialysis membrane tube. A similar result was obtained for the E. co1i 
NIHJ JC-2 culture treated with 1.5 pg of ampicillin/mL. 


These observations indicate that the apparent generation curves in  the 
presence of drugs (Fig. 1) consist of a first-order decrease of susceptible or- 
ganisms and a first-order increase of resistant organisms, both of which occur 
after certain lag times. The lag time is the elapsed time from the time of drug 
addition to the time at which a decrease or an increase of the viable count 
begins. Therefore, the apparent generation curves may be expressed by the 
generation model depicted in Fig. 6, in which f is the time after addition 
of drug: NSO is the number of susceptible organisms present at time L I ;  Nro 
is the number of resistant organisms at time Lz; L I  and L2 are the lag times 
for the appearances of the first-order decrease of susceptible organisms and 
the first-order increase of resistant organisms, respectively. This generation 


lo Ultrasonic Disruptor model UR-2DOP; Tomy Seiko Co. Lrd., Tokyo, Japan. 
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Figure %-Generation curves of the purified E .  coli NIHJ JC-2 in antibiotic 
medium' at pH 7.0 and 37°C in the absence and presence o/various con- 
centrations of ampicillin. The curves are labeled according to drug concen- 
trations in micrograms per milliliter. 
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Figure 9-Generation curves of E. coli NIHJ JC-2 in antibiotic medium' 
at pH 7.0 and 37°C in the absence and presence of phenethyl alcohol. The 
curves are labeled according to percent concentrations of phenethyl al- 
cohol. 


was confirmed to be maintained essentially constant. At about 10 h after the 
first drug addition, when the drug-resistant organisms were in a logarithmic 
growth phase, the membrane tube was removed, and a 100-fold dilution was 
made with fresh medium to make the original drug action negligible. The 
second additions of penicillin G did not greatly affect the generation rate at 
the concentrations of 5.0 and 6.0 pg/mL (Fig. 2). Even though the first ad- 
dition of penicillin G at these concentrations markedly reduced the viable 
counts, the generation rate constants for these concentrations were found to 
be similar to those of the drug-resistant organism at the first addition, although 
a slight lag time was observed at 8.0 pg/mL. The result indicates that once 
the organism has acquired resistance (after the first addition), it is resistant 
to all drug concentrations lower than that of the first addition. The same result 
was obtained for cefazolin with E. coli NIHJ JC-2 (Fig. 3). 


The organism which was made resistant by the addition of 1 .O pg of cefa- 
zolin/ml was subcultured and again treated with cefazolin ( 1  .O pg/mL) on 
the next day. This drug-affected culture exhibited a generation rate similar 
to that of the drug-free culture (Fig. 4). This result shows that, once acquired, 
drug resistance is retained 48 h later. 


Population Distribution of Drug-Resistant Organisms-To obtain a pop- 
ulation diagram of ampicillin-resistant E. coli NlHJ JC-2, viable counts were 
performed in the agar plates with drug after isolation of organisms from 
drug-free culture. In Fig. 5 are plotted the resultant viable counts against 
ampicillin concentrations in the agar plates. A sharp decrease of viable counts 
was observed when the ampicillin concentration was increased from 0.4 to 
0.5 pg/mL. This result suggests that the number of drug-resistant organisms 
depends on the drug concentration used. 


!3ingle Colony Subcultures-Drug-Affected Generation Curve-When the 
organism was purified by repeated subcultures of a single colony and then 
employed in the drug-affected generation experiment, the drug-resistant or- 
ganisms increased again after about a 5-h lag period (Fig. 7). This result raises 
the possibility that some population among the presumably genetically 
identical organisms may have acquired drug resistance by contact with the 
drug. If some organisms such as these were originally insensitive to the am- 
picillin concentration of 1.5 pg/mL, they would not have shown a decrease 
of viable count after the first addition. 


A second addition of antibiotic was also tested. Treatment with concen- 
trations below that of the first addition also did not affect the generation rate 
of the resistant organisms. 


Minimal Inhibitory Concentration for Subcultured Organisms-The MIC 
of ampicillin for the original strain of E. coli NIHJ JC-2 was 3.13 pg/mL at 
organism concentrationsof both 106and 108 cells/mL. The resistant organ- 
isms obtained after the first addition of ampicillin at I .5 pg/mL were sub- 
cultured serially. The MIC values were in the ranges of 12.5-25 pg/mL at 
an organism concentration of 106 cells/mL and 25-50 pg/mL at 108 cells/mL. 
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Figure 10-Generation curves of the synchronized E. coli NIHJ JC-2 culture 
in antibiotic medium' at pH 7.0 and 37°C in the absence and presence of 
ampicillin. The curves are labeled according to ampicillin concentrations 
in micrograms per milliliter. 


The MIC values remained essentially unchanged during 29 serial subcultures. 
This means that the resistance, once acquired, was persistent. 


Effect of Drug Concentration on Generation Rate of the Purified Organ- 
ism-Semilogarithmic plots of viable counts uersus time for the E. coli NIHJ 
JC-2 culture treated with various concentrations of ampicillin are shown in 
Fig. 8. The generation curves are clearly concentration dependent, suggesting 
that the degree of resistance caused by contact with the drug might depend 
on the drug concentration. 


Effect of Cell Cycle at the Time of Drug Addition-Effect of Phenethyl 
Alcohpl on Bacterial Generation-The effect of phenethyl alcohol on the 
generation of E. coli NlHJ JC-2 was measured to ascertain the concentration 
which wdbld effectively retard bacterial generation by the inhibition of DNA 
synthesis (9). The results (Fig. 9) indicate that 0.25% phenethyl alcohol 
treatment is suitable for the inhibition of DNA synthesis. Treatment with 0.1% 
phenethfl alcohol failed to inhibit DNA replication, whereas 0.3% phenethyl 
alcohol treatment killed the organisms. 


Effect of Ampicillin Concentration on Generation Rate-The station- 
ary-phase cells of E. coli NlHJ JC-2 were exposed to 0.25% phenethyl alcohol 
for 90 min. The inhibition was then released by 1000-fold dilution of the in- 
hibitor with fresh medium, so that the effect of phenethyl alcahol became 
negligible. After this dilution, the synchronous culture started to grow again. 
Aliquots of ampicillin solution were added to yield concentrations of 1.25 and 
1.5 pg/rnL when the viable count had doubled. Generation curves similar to 
that of the nonsynchronous culture were observed (Fig. 10). 


DISCUSSION 


THC apparent drug-affected generation curves for E. coli treated with 
fl-lactarn antibiotics seem to be the summation of the viable counts for drug- 
susceptible and drug-resistant organisms (Fig. 1). Based on this hypothesis, 
a mathematical model for the generation curve is presented in Fig. 6. The 
apparent number of viable counts can be expressed by: 


Nnpp = Ns + Nr (Eq. 3) 


where Ns and Nr are the numbers of susceptible and resistant organisms, 
respectively. When I is in the range of LI  s t 5 Lz: 


Ns = Nso .  ekapp(r--LI) (Eq. 4) 


Nr = Nro (Eq. 5 )  


Here, I = 0 when the drug is added. Substitution of Eqs. 4 and 5 into Eq. 3 
yields Eq. I (when t is t > L2): 
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Ns = N s o .  ek.pp(l-L~) 


Nr = Nro.  eks(t-Ld 
(Eq. 6) 


0%. 7) 


Replacement of Ns and ,Vr i n  Eq. 3 by Eqs. 6 and 7 gives Eq. 2. 
Although the observed points were scattered around the simulation curve 


generated from Eq. 1 by incorporating the appropriate parameters (Table I ) ,  
it appears that the apparent generation curves can be reasonably well described 
by the present mathematical model. 


Garrett and Won (2) have reported the development of penicillin-resistant 
organisms and proposed the following possible explanation for the regrowth 
phenomenon: (a) the consumption or degradation of drugs, ( b )  production 
of an inhibitor or inactivator of antibiotic action, ( c )  preexistence of drug- 
resistant bacteria, and (d) acquisition of drug resistance through mutation 
and/or adaptation by exposure to the drug. Besides these factors, the cell cycle 
( e )  may be an important factor in regrowth after the first addition of drug. 


In  the present study, the drug concentration was kept constant during the 
experiment by using a dialysis membrane tube containing drug solution. 
Therefore, possibility a is ruled out. 


The regrowth pattern appears to depend on the drug concentration (Figs. 
2 and 3). The organism, once it acquired resistance after the first drug addition, 
retained resistance to concentrations below that of the first addition (Figs. 
2 and 3). and this persisted for at least 48 h during subculture (Fig. 4). These 
observations and the population diagram of the resistant organisms (Fig. 5) 
seem to support the preexistence of insensitive bacteria with different degrees 
of resistance, although possibilities b,  d, and e cannot be excluded completely 
on the basis of the results shown in Figs. 2-4 and 7. 


The subcultured organism from a single colony showed similar apparent 
regrowth (Fig. 8). The possibility of picking up an organism originally resistant 
to the ampiallin concentration of 1.5 gg/mL is very small, because the number 
of organisms which may manifest resistance to 1.5 pg of ampicillin/mL is 
expected to be <lo, judging from the population diagram (Fig. 7). 


The possibility of mutation and/or adaptation may be ruled out by the MIC 
determinations on subcultured organisms. If the resistance was acquired by 
mutation and/or adaptation, the MIC should increase gradually during re- 
peated subcultures, but in fact it did not change. Furthermore, when the drug 
was added just at the doubling time (DNA synthesis stage) of the synchronous 
culture, a similar generation curve was obtained (Fig. 10); so, possibility e 
was ruled out. 


The possibility of 8-lactamase production still remains; therefore, we as- 
sayed p-lactamase activity by using resistant organisms generated with 8 pg 
of penicillin G/mL, but 8-lactamase activity was not detected in the crude 


preparation. This result excludes the possibility that j3-lactamase may have 
been induced by contact with the drug, leading to the acquisition of resis- 
tance. 


The remaining and most probable explanation for the bacterial regrowth 
after the addition of the drug is a selection process and/or change of membrane 
permeability caused by contact with the drug at various concentrations. 


Zimmermann (10) and Sawai el al. ( I  I ,  12) have reported an indirect 
method for measuring the outer membrane permeability of 8-lactam antibi- 
otics, but it is necessary to use 8-lactamase-producing organisms. To confirm 
the difference in  degree of permeability between sensitive and resistant or- 
ganisms, a direct measurement of membrane permeability is desirable; 
however, a direct method for such measurement is not available at present. 
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Abstract 0 Captopril disulfides and the drug covalently bound to proteins 
were reduced with tri-n-butylphosphine. After sample purification on an 
XAD-2 column, captopril was treated with 1 -(7-dimethylamino)-4-methyl- 
2-oxo-2H- I -benzopyran-3-yl)- 1 H-pyrrole-2.5-dione to form a fluorescent 
derivative. After acidification, the fluorescent derivative was extracted into 
toluene and purified on a CIS  cartridge. The fluorescence of the dimethyl- 
formamidc eluate was measured at an excitation wavelength of 380 nm and 
a fluorescence wavelength of 440 nm. 


Keypbrases 0 Captopril-spectrofluorometric analysis, plasma Angio- 
tensin-converting enzyme inhibitors-captopril, spectrofluorometric analysis, 
plasma 


Captopril (1 -[(2S)-3-mercapto-2-methylpropionyl]-~- 
proline; I) a potent, specific, and orally active inhibitor of 
angiotensin-converting enzyme, has been shown (1) by in uitro 
and in uiuo metabolism studies to exist in blood as unchanged 


drug, symmetrical disulfide, captopril-cysteine and capto- 
pril-glutathione mixed disulfides, and as captopril covalently 
bound to plasma albumin by S-S linkages. It has been re- 
ported that the plasma proteins and mixed disulfides with 
endogenous thiol compounds may act as a reservoir from which 
captopril is liberated over time to exert pharmacological effects 
(2.3). 


Several methods for determining captopril have been re- 
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Accurate, Wide-Range, Automated, High-Performance Liquid 
Chromatographic Method for the Estimation of 
Octanol/ Water Partition Coefficients 11: Equilibrium in 
Partition Coefficient Measurements, Additivity of Substituent 
Constants, and Correlation of Biological Data 
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Abstract 0 Occasionally, results from the highly reproducible automated log 
P(o/w) measurement (ALPM) differ from those determined by shake-flask 
methods. Several specific examples affording different values are presented. 
One source of these differences may be curvilincarity in plots of log ( t  - f o )  
oersus percent methanol. which complicate accurate intercept dcterminations 
and, thus, estimates of log P(o/w). Other sources of these differences are 
presented and discussed. although their cause remains unclear. Equilibrium 
ALPM log P(o/w) measurements of various phenyl-, methyl-, fluoro-, chloro-, 
and bromobenzenes, suggest substituent constants are not strictly additive. 
Moreover, the higher values indicate that calculated values may not be ac- 
curate for those compounds having multiple substituents or high log P(o/w) 
values. ALPM gives better predictability of the in oivo concentration process 
of 8 or 12 toxicants in fish than the shake-flask method. another HPLC 
method, or even ca!cukited log P(o/w) values. However, it equally correlates 
the binding to bovine serum albumin by 34 chemicals as predicted by a com- 
bination of shake-flask and calculated log P(o/w) values reported else- 
where. 


Keyphrases 0 HPLC-octanol/water partition coefficient, equilibrium 0 
Partition coefficients--octanol/water, HP1.C. equilibrium, biological cor- 
relation 


An automated log P(o/w) measurement (ALPM) has been 
developed that utilizes high-performance liquid chromatog- 
raphy (HPLC) to accurately and reproducibly estimate the 
logarithm of the octanol/water partition coefficient at costs 
comparable with computation ( I ) .  ALPM differs from earlier 
HPLC procedures in that variable column lengths, flow rates, 
and temperatures have enabled determinations over the 0-8 
log P(o/w) range (1). Most previous HPLC log P(o/w) pro- 
cedures have involved measurement of the capacity factor, k’, 
using a single determination at a fixed composition of water, 
buffer, or a low percentage of alcohol in water or buffer (2, 
3): 


k’ = ( r  - ro)/ro (Eq. 1)  


where t and to refer to the elution time of the compound of 
interest and void volume marker, respectively. From that data 
log P(o/w) has been calculated by: 


log P(o/w) = (m X log k ‘ )  + b (Eq. 2) 
Determination of log P(o/w) by shake-flask techniques 


requires that equilibrium be established between the aqueous 
and octanol phases for the single component being measured 
(1) .  Equilibrium is essential even when partitioning occurs 
between HPLC phases. To date, no HPLC log P(o/w) method 
has provided solid evidence that equilibrium is attained during 
the elution process. Theoretically, i f  HPLC equilibrium is 
attained at each percentage of mobile phase during such 
measurements, a linear relationship between percent mobile 
phase and log k’ or log ( t  - t o )  should be apparent. Yamana 
et al. did demonstrate a linear dependence of log k’ on the 
percentage of methanol used for elution (3). However, despite 
lower error and a better correlation using the extrapolated 
intercept at  0% methanol, they opted to use data measured at 
30% methanol for procedural uniformity. Unfortunately, they 
failed to consider fully the significance of linearity. Deviations 
from linearity suggest a departure from HPLC equilibrium 
caused by changing interactions between the chemical and 
either the mobile or stationary phase. Although linearity of 
such plots over a limited solvent range can not prove that 
HPLC equilibrium is attained, curvilinearity is contrary evi- 
dence. 


Unlike most procedures, ALPM utilizes the extrapolated 
linear intercept from computer-assisted log ( t  - t o )  uersus 
solvent composition measurements. As such, ALPM not only 
makes many more measurements, but in doing so better es- 
tablishes equilibrium HPLC behavior for the agent being 
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Table I-Acid-Base Dependency of Certain ALPM Results with Methanol as  the Organic Cosolvent 
~~ ~ 


Column Condition* Oven Solvent 
Rate, Length, Serial Solvcnt Temp,  Percentage 


Comwund Obs. nn mL/min cm Number Perccntaac OC Low Hiah n r Ccr' ALPM log P loaP Ranae 


Acetanilide I 12 2 10 1516 1 35 15 50 12 0.9999 +O.W +1.56 f 0.01 +1.16 to +1.36 
2 19 2 10 1516 3 35 10 50 14 0.9998 tO.00 +1.18f0.01 +1.16to+1.36 
3 9  2 10 7172 3 32 15 55 9 0.9993 +0.09 +1 .17f0 .03  +1.16to+1.36 
4 8  2 10 9412 I 37 25 50 7 0.9995 +0.00 f1.66 f 0.05 +1.16 to +1.36 
5 8  2 10 9412 I 37 30 50 5 0.9996 -60.00 +1.65 f 0.08 +1.16 to +l.36 
6 8  2 10 9412 3 34 20 55 8 0.9998 t0 .00  + ] . I 9  f 0.02 + l . I 6  to +1.36 
7 7  2 10 9412 4 37 30 50 5 0.9997 +O.OO +1.67 f 0.07 +1.16 to +1.36 


Benzene 8 17 2 10 1516 I 35 40 60 9 0.9998 +O.OO +2.15 f 0.03 +l.56 to +2.15 
9 22 2 10 1516 3 35 30 60 10 0.9992 t0 .00  f2.01 f 0 . 0 4  f1.56 to f 2 . 1 5  


10 16 2 10 7172 3 35 35 60 9 0.9999 +0.09 +2.06 f 0.02 +IS610 +2.15 
1 1  14 3 10 1361 3 35 35 60 12 0.9996 +0.10 +1.93 f 0.02 +1.56 to +2.15 


lodobenzene I2 13 3 1 0101 3 35 30 50 9 0.9999 -0.10 +3.29 f 0.03 +3.25 
13 6 3 3 000 I 3 35 25 50 6 0.9996 +O.OO +3.27 f 0.06 +3.26 
14 6 4 3 0000 I 37 30 50 5 0.9997 +O.OO +3.48 f 0.08 t3 .25  


a See Ref. I .  bKey: ( I )  0.004 M trifluoroacetic acid: ( 2 )  0.015 M triethylamine; (3) 0.035 M triethylamine; (4) 0.004 M acetic acid. Column correction factor. 


measured. The logarithm of the corrected retention volume, 
log Vcr, is converted by linear regression to the ALPM log 
P(o/w) (1). This paper describes the nature of this linearity 
and the ALPM linear extrapolation process. Several inter- 
esting discrepancies between ALPM and shake-flask log 
P(o/w) values are reported and discussed, and the ALPM- 
measured log P(o/w) values for certain phenylated, methyl- 
ated, and halogenated benzenes are examined. This paper also 
compares equilibrium ALPM results with shake-flask and 
calculated log P(o/w) values used by Veith et a/. to estimate 
the in oico concentration process of chemicals in fish and by 
Helmer et al. to estimate the binding of chemicals to bovine 
serum albumin (4,5). 


EXPERIMENTAL SECTION 


Definitions of terms, the equations for the calculation of ALPM log P(o/w), 
and a description of instrumentation. columns. conditions, and procedures 
are reported in  the preceding paper ( I ) .  


RFSULTS 


Figure 1 illustrates that t1PL.C equilibrium [i.e..  linearity of log (t - t o )  
uersus percent methanol] depends on the compound and not necessarily on 
the mechanical aspects of measurement. For instance, acetanilide, like the 
majority of compounds. gives a linear relationship between log ( t  - to) and 
methanol percentage. Unlike acetanilide. but when run simultaneously, 
benzene seemingly interacts with the mobile phase, as demonstrated by the 
concave curvilinearity apparent at low percentages of methanol (Fig. I). This 
increasingly rapid elution by water is pH independent; measurement using 
0.004 M trifluoroacetic acid also affords a concave curvilinearity'. The ben- 
zene curve from -60 to 35% MeOH is linear ( i .e . .  statistically, this region is 
not curved). Between these percentages, HPLC equilibrium is evidently 
maintained*. Extrapolation of the linear segment to 0% methanol and cor- 
rection for conditions of measurement, as reported in the preceding paper for 
three separate determinations using 0.035 M triethylamine, indicates that 
the log P(o/w) for benzene is 2.00 0.06 ( S D ) ;  the relatively high standard 
deviation probably reflects the error in intercept measurement caused by 
curvilinearity. Although measurement using 0.004 M trifluoroacetic acid 


I Unpublihhed results. 
Generally in ALPM, log ( r  - t o )  values for methanol percentages of <25-30% are 


rarely measured. Not only do such measurements substantially increase the determination 
time. but thedata often show greater statistical scatter (e.g.. Fig. I .  acetanilide between 
8 and 15% methanol) or curvature (e.g.. Fig. I .  benzene and methylisobutylxanthine). 
Either condition requires that these points ultimately be excluded from the linear (i.e:, 
equilibrium) extrapolation. The results in Fig. I have been reproduced using several 
columns. Although not shown, high methanol percentages could also lead to curvature 
of log (I - 10) .  To maintain the greatest accuracy when measuring compounds with high 
partition coefficients, alcohol percentages of >60-65% should be used cautiously, and 
preferably with several points at and below 50% alcohol. Actually, use of these high 
percentages should be restricted to extremely high log P(o/w) compounds for which the 
lower values are difficult to obtain even on short columns. The difference ( r  - fo )  should 
also exceed 0 3 min for greatest accuracy. although this empirical value actually depends 
on the accuracy of the elution-time measurements. 


affords a concave curvilinearity, i t  yields a log P(o/w) of 2. I5 f 0.03 (SE).  
which is statistically identical to the ben7ene shake-flask value of 2.13. Re- 
gardless of the pH difference. either benzene curvilinear ( i .e . ,  quadratic) in- 
tercept affords a log P(o/w) value substantially lower than that measured by 
extrapolation of the linear segment. This supports the midrange linear ex- 
trapolation approach. 


In contrast with benzene. methylisobutylxanthinc increasingly interacts 
with the stationary phase (indicatcd by the convex curvature i n  Fig. I ) ,  but 
the cause for this phenomenon is not clear. Evaluation of this convex rela- 
tionship is complicated by the unavailability of shake-flask results for 
methylisobutylxanthine. Future studies may be directed toward understanding 
these apparent disequilibria. For now, the results indicate that measurement 
of log ( t  - to). particularly a t  a single, low alcoholic percentage (as is com- 
monly practiced), could introduce substantial measurement error if HPLC 
equilibrium (i.e.,  linearity) is not attained. This may havc had considerable 
bearing on previous attempts to measure log P(o/w) by HPLC methods, re- 
gardless of column adsorbent. 


While acids or bases can best be determined under acidic or basic conditions, 
respectively, ALPM measurement of neutral compounds can be performed 
in either acid or base ( I ) .  The data in Table I indicate that the extrapolated 
intercepts and log P(o/w) results for neutral compounds can be statistically 
the same (e.g., iodobenzene) or they can differ (e.g., benzene and acetanilide) 
depending on the measurement pH. These data are grouped primarily by 
compound name and secondarily by column serial number, but the results 
indicate column independence. 


Figure 2 graphically illustrates results of ALPM log P(o/w) determinations 
of several benzene derivatives with phenyl, methyl, fluoro, chloro, and bromo 
substituents. Individual data for these compounds are listed in Table 11. Figure 
2 demonstrates that substituent additivity is generally invalid. Each substituent 
group appears to afford a concave relationship, although insufficient data are 
available for the fluoro and phenyl substituents tojustify more than a linear 


-0.4 -0.2 O.O L_ 
0 5 10 15 20 25 30 35 40 45 50 55 60 


PERCENT METHANOL. vlv 
Figure 1 --Linearity of log 't - to) data. Log (t - to) versus percent methanol 
plots for  acetanilide [A/ and benzene (B) run simuitaneously using 0.035 M 
triethylamine indicate that curtiature depends on the compound. Methyl- 
isobutylxanthine (MI measured using 0.004 M trifluoroacetic acid gices a 
curvature opposite to that of benzene. 
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Table 11-Partition Coefficient Summary for Various Substituted Benzenes 


Compound Obs. ALPM log P log P Range Best" 


Benzene 


Biphenyl 


Bromobenzene 


Chlorobenzene 


I .2-Dibromobenzenc 


I ,2-Dichlorobenzene 
1,3-Dichlorobenzene 
1,4-Dichlorobenzene 
Fluorobenzene 


Hexa bromobenzene 


Hexachlorobenzene 


Hcxafluorobenzene 
Hexamethylbenzene 
Mesitylene 


Pentachlorobenzene 


Pentamet hylbenzene 


4-Terphen yl 


I .2.4,5-Tetra bromobenzene 
1.2.3.5-Tetrachlorobenzene 


1.2.4.5-Tetramethvlbcnzene 


I 
2 
3 
4 
5 
6 
7 
8 
9 


10 
I I  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 


+2.01 f 0.04 + 1.56 to f2 .15 + 1.99 
+2.06 f 0.02 +I .56 to +2. I5 +I .99 
+ I  .93 f 0.02 + I  .56 to +2.15 + I  .99 
t 4 . 1  I f 0.1 I +3.16 to t4 .17  +4.09 
+4.13 f 0.07 +3.16 to +4.17 +4.09 
+3.02 f 0.01 +2.99 +2.99 
+3.01 f 0.02 +2.99 +2.99 
+3.06 f 0.04 +2.99 +2.99 
+3.01 f 0 . 0 6  +2.99 +2.99 
+2.79 f 0.09 +2.18 to +2.84 +2.84 
+2.84 f 0.06 +2.18 to +2.84 +2.84 
+2.8 I f 0.08 +2.18 to +2.84 +2.84 
f3.77 f 0.06 +3.64 +3.64 
+3.68 f 0.12 +3.64 +3.64 
+3.78 f 0.02 t 3 . 6 4  +3.64 
+3.56 f 0.07 t 3 . 3 7  to +3.40 +3.40 
+3.57 f 0.04 f3 .24  to +3.44 +3.44 
+3.37 f 0.05 +3.37 to +3.38 +3.37 
+2.14 0.07 
+2.20 f 0.04 
+2.22 f 0.05 
+2.20 f 0.07 
f6 .15  * 0.14 
+6.oi  Z 0.22 
+5.70 f 0.17 
t 5 . 7 9  f 0.08 
+2.80 f 0.09 
+5.00 f 0.04 
+3.86 f 0.03 
+3.87 f 0.02 
+3.86 f 0.02 
+3.87 f 0.02 
f3 .94  f 0.01 
t5.21 f 0.08 
+5.11 f 0.06 
+5.21 f 0.15 
+4.57 f 0.02 
+4.55 f 0.03 
+6.03 f 0.07 
+5.88 f 0.17 
+5.25 f 0.05 
+4.61 f 0.04 
+4.73 f 0.02 
+4.24 * 0.02 . .  


Toluene 45 + 2 . 7 0 z  0.04 +2 
46 t 2 . 7 2  f 0.02 +2 
47 +2.66 f 0.09 +2 


I ,3,5-Tribromobenzene 48 +4.60 f 0.05 
49 t4 .63 f 0.05 


1.3.5-Trichlorobenzene 50 +4.18 f 0.03 
I ,2.4-Trifluorobenzene 51 +2.52 f 0.07 
2-Xylene 52 +3.18 f 0.02 +2. 
3-Xvlene 53 +3.28 f 0.01 


+2.27 
+2.27 
+2.27 
+2.27 
- 
- 


+5.75 
+5.75 
+2.22 
+4.31 
+3.42 
+3.42 
+3.42 
+3.42 
+3.42 
+4.94 
+4.94 
+4.94 


-. 


- 
- 
. .  


- 


t4 .46 
f4 .46  
- 


+2.27 
+2.27 
+2.?7 
+2.27 
- 
. .  


+5.75 
+5.75 
+2.22 
+4.3 I 
+3.42 
+3.42 
+3.42 
+3.42 
+3.42 
+4.94 
+4.94 
+4.94 
- 
__ 
- 
- 
.- 


+4.46 
+4.46 
- 


I to +2.80 +2.69 
I to +2.80 2.69 
1 to+2.80 +2.69 
- - 
- - 


.. - 


7 to +).I2 +3.12 
f3.20 +3.20 


4-xj.lene 54 +3.29 f 0.01 +).I5 +3.15 


.S Single literature value closest to ALPM log P. 


fit. Table I l l  lists ALPM-derived substituent constants, obtained by two 
different procedures, and shake-flask litcrature values (6). If the 0.035 M 
triethylamine value for benzcne is used in the substituent constant calculation, 
the ALPM-derived constants are higher than those obtained by the octa- 
nol/water shake-flask method. These values closely resemble those obtained 
with the "hyperdiscriminating" solvents benzene or chloroform (7). I f  the 
monosubstituted benzene is used instead of benzene for the substituent con- 
stant calculation, the ALPM-derived value is lower and is closer to the 
shake-flask result. However, an average of these ALPM-derived values affords 
results close to the shake-flask substituent constant. 


DlSCUSSfON 


As a result of the potentially high error when using a single capacity factor 
measurement, many workers have begun to use the logarithm of the extrap 
olated intercept a t  100% aqueous solvent in correlation work. For example, 
Butte et a / .  extrapolated data measured from 75-9070 methanol to 0% 
methanol in their studies of various phenolic compounds eluting from an 
10-pm octadecylsilane LiChrosorb RP-I 8 column (8). Bieganowska ex- 
trapolated values from 60-80% methanol (obtained using a 10-pm RP-18 
column) in her investigation of the elution properties of N-phenylamides of 
benzoylacetic acid (9). In more extensive studies, Hafkenscheid and Tomlinson 
have examined 32 simple, but diverse, compounds over the range from 30 to 


7 - 
3 


1 
0 1 2 3 4 5 6 


NUMBER OF BENZENE SUBSTITUENTS 
Figure 2-ALPM log P(v/w, versus the benzene substituent number. This 
plot of A L P M  log P(o/w) for carious substituted benzenes versus the number 
of groups on the henzene ring reveals that strict subsrituent addirioity is not 
the rule. 


90% methanol and extrapolated the RP-I 8 elution results to zero. generally 
obtaining a correlation coefficient of >0.999 (10). Braumann and Grimme 
used an extrapolated 0% methanol result obtained from 55 to 80% methanol 
with pyridazinones eluting over an RP-18 column (1 I ) .  Close examination 
of the lattcr study reveals that correlation coefficients between 0.995 and 0.999 
were often obtained, in contrast to the 0.999 minimum for ALPM ( I ) ,  
suggesting that curvature was perhaps unrecognized. Hanai and Hubert used 
acetonitrile/water from 2 3 0  to 90% in their study of urinary aromatic acids 
( 1  2). 


Questions arise as to the proper choiceof solvent, solvent percentage range, 
and the extent of log ( I  - t o )  cersus percent solvent linearity for obtaining 
these extrapolated results. In  this regard, an understanding of the way these 
factors can influence the log ( I  - t o )  cersus percent solvent relationship is 
pertinent. Acetonitrile, but not the alcoholic solvents, gave a curved plot of log 
(I - to) as  ordinate versus the percent of nonaqueous solvent for ALPM work 
with 1-(3-furyI)-4-methylpentan-I-one ( I ) .  The present study reveals, how- 
ever, that curved plots can be obtained even in  methanol. In their detailed 
studies. Schocnmakers et al. examined the elution behavior of 32 compounds 
from an RP-I 8 column using methanol, acetonitrile. or tetrahydrofuran; they 
also found plots of solvent fraction cersus the logarithm of the capacity factor 
(as ordinate) were often curved, irrespective of the solvent ( I  3). Although 
methanol afforded the greatest separation potential, it required such a long 
time for elution of highly nonpolar agents that it was useless. While other 
researchers have used higher methanol percentages to solve this problem, 
ALPM utilizes different column lengths for the less polar agents. 


Hanai and Hubert, in their studies using an octadecylsilica column, found 
that curvature can occur at either high or low acetonitrile levels (1 2). Results 
obtained using methanol (Fig. I )  reveal that curvature can be either concave 
or convex. depending on the compound. A comparison of RP-8 ALPM findings 
for specific compounds with the results of Schoenmakers et al. using RP-18 
columns reveals that compounds need not have the same concave or convex 
curvature; thus, curvature is also column dependent. Overall, HPLC equi- 
librium can depend on the organic solvcnt(s), the chemical, and/or the column, 
among other factors. Indeed, so many factors become important that one 
wonders if these relationships are ever really linear. In this regard, Schoen- 
makers el al. have theorized that these relationships should actually be qua- 


Table 111-Aromatic Substituent Constants' 


ALPM Constant 
Mono- Di- Shake-Flask 


Substituent substituted* substituicdC M a n d  ConstantP 


Phenyl 2.12 1.84 I .98 I .96 
Methyl 0.69 0.56 0.63 0.56 
Fluoro 0.19 - 0.14 
Chloro 0.81 0.69 0.75 0.7 I 
Bromo I .03 0.72 0.88 0.86 


a Al l  A L P M  values determined using 0.035 M triethylamine (I). ALPM constant 
computed from the difference betwecn ALPM values for the log P(o/w) of the mono- 
substituted benrene and benzene. < A L P M  constant computed from the difference bc- 
tween A L P M  values for the log P(o/w) of the disubhtituled benzene and that of the 
monosubstituted benzene. Average of mono- dnd disubstiwted values. e Derived from 
octanol/water daLa (6). 
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Table IV-“Bioconcentration Factor” (Log BCF) Predicted from Various Log P(o/w) Measurements a 


Acenapht hene 
Butyl benzyl phthalate 
2-Chlorophenol 
I .2-Dichlorobenzene 
1.3-Dichlorobenzene 
1,4-Dichlorobenzenc 
Diethyl phthalate 
Dimethyl phthalate 
2.4-Dimethylphenol 
N-Nitrosodiphenylamine 
1.2,3,4-Tetrachlorobenzene 
Pentachlorobenzene 


Measurcd log BCF 


2.58 
2.89h 
2.33 
I .95 
1 .82b 
I .78 
2.07 
I .76 
2. I 8h 
2.34b 
3.26 
3.53 


Other HPLC 


3. I8 (4.49) 
3.38 (4.75) 
0.40 (0.83) 
2.62 (3.75) 
2.77 (3.95) 
2.64 (3.78) 
1 .80 (2.67) 


1.28 ( I  .99) 
2.47 (3.55) 
3.57 (5.00) 
3.79 (5.29) 


- 


Calculated log BCF 
ALPM Calculated 


2.83 (4.02) 3. I5 (4.45) 


I .42 (2.17) 1.53 (2.32) 
2.47 (3.56) 2.47 (3.55) 
2.48 (3.57) 2.41 (3.551 


3.64 (5.09) - 


2.33 (3.37j 2.47 (3.55j 
2.02 (2.96) - 
1.19(1.87) 0.96 ( I  S 6 )  
1.64 (2.46) 1.70 (2.54) 


. I  


2.19 (3.18j - 
3.32 (4.67) 3.55 (4.97) 
3.69 (5.16) 4.09 (5.68)= 


Numbers in parentheses are log P(o/w) values used to calculate log BCF by the formula of Veith er a / ,  (4): log BCF = 0.76 X [log P(o/w)] - 0.23. 
better approximated using “Other HPLC” or “Calculated” values than by “ALPM” log P(o/w) values. C Calculated from values determined by this study. 


Measured log BCF was 


dratic ( I  3). While it is difficult to explain why results are so often linear, it 
is clear that equilibrium (i.e.,  state of linearity) must now be considered in 
HPLC methods for hydrophobicity determination, if more meaningful data 
are to be obtained. 


Unfortunately, it is difficult to know the status of such equilibria without 
a time-consuming measurement of all significant log ( f  - to)  results a t  in- 
cremental percentages from 0 to 100% solvent. Although ALPM software 
can achieve this, once these data are obtained, they are often of little use2. I f  
they are linear, only a few points would be needed, and the time required could 
be greatly reduced. I f  they are curved. i t  may be unclear a t  which end or over 
which region the curvature occurs. The only answer is to understand the real 
cause of this curvilinear behavior. However, the use by ALPM of statistically 
valid log ( t  - to) oersus 55-35% methanol percentage data with linearity (or 
eurvilinearity) testing, as for benzene. seems to afford the fastest and, by 
covering the range of maximum solvent independence, the best assurance of 
the actual equilibrium condition. 


HPLC-determined hydrophobicity is generally considered to be a composite 
of partition and absorption processes (14). If absorption events could be 
eliminated from HPLC measurements, then data from the HPLC partition 
process could be compared with that from the shake-flask method to discern 
discrepancies. However, absorption processes probably cannot be prevented 
using octadecylsilane columns because of a structured methanol layer on the 
column packing surface (14). ALPM utilizes CS or octylsilylated columns, 
which are less likely to bind methanol. In this regard, the high correlations 
of ALPM data with the shake-flask results over such a wide range, as reported 
in the first paper ( I )  and in Table IV herein, suggest absorption processes are 
of minimal importance. As a result, unexplainable differences between ALPM 
and shake-flask log P(o/w) results should be rare. However, discrepancies 
warrant attention. In general, they could signify an absorption process with 
the ALPM partition column, another ALPM anomaly, or perhaps even 
shake-flask irregularities. ALPM discrepancies could indicate how the pro- 
cesses unique to individual chemicals alter simple partitioning phenomena. 
While such deviations could have considerable relevance to predicting bio- 
logical activities, they affect only that isolated value. On the other hand, 
shake-flask irregularities could also identify improperly computed substituent 
constants and errors in calculated values. 


One inconsistency between the ALPM and shake-flask log P(o/w) values 
occurs for benzene, a primary standard for the calculation of log P(o/w). 
ALPM measurement using the established 0.035 M triethylamine conditions 
does not give the reproducible and accepted shake-flask value of 2.13, but 
affords a mean of 2.00 f 0.06 for three determinations. ALPM measurement 
in 0.004 M trifluoroacetic acid yields 2.15 f 0.03, which is statistically the 
same as the shake-flask result. The data indicate a possible pH dependency 
of log P(o/w); however, no significant variation of shake-flask log P(o/w) with 
pH is evident with benzene3. 


ALPM estimates of log P(o/w) reflect the ratio of chemical on the sta- 
tionary phase (SP) to that in the mobile phase (MP) (Eq. 3). I f  the ALPM 
result has the same value as the shake-flask approach, pure partitioning would 
be indicated. I f  not, the ALPM result can be evaluated to determine which 
changes would give the altered ratio ( I ) :  


log P(O/W)ALPM = m x log ([X]SP,”X]MP) -k b (Eq. 3) 


where [X]SP/[XlMP = Vmr. 
Assuming the ALPM acid result and the reproducible 2.1 3 literature 


shake-flask log P(o/w) for benzene are correct, the lower ALPM value in base 


suggests that benzene is eluting earlier in base than in acid. This could result 
from a reduced interaction between benzene and the stationary phase or an 
increased interaction between benzene and the mobile phase. Four facts argue 
against the former possibility and suppr t  the latter: (a) cxcellent correlations 
are obtained under basic conditions for many agents having higher or lower 
log P(o/w) values; ( b )  benzene is chemically unlikely to combine with column 
functionalities; (c) it has no substituents to hindcr column interactions; (d) 
the log (t - f o )  oersus percent methanol plot is curved regardless of pH for 
benzene, but not for acetanilide. The well-known benzene- water azeotrope 
also supports occurrence of such an interaction. 


The lower base log P(o/w) observation has some generality. Base-deter- 
mined ALPM values for the smaller. more water-soluble, heterocyclic com- 
pounds pyrrole, furan, and thiophcne. are similarly lower than their shake-flask 
counterparts (Table V, obs. 21.45, and 46) (6, 15. 16). Increasing compound 
size appears to diminish the differences between ALPM and the shake-flask 
results. The 2.20 average ALPM value for fluorobenzene is lower than the 
2.27 shake-flask result. Fluorobenzene, like benzene. affords a curvilinear 
relationship between log ( t  - ro) and percent methanol. However, no curvil- 
inearity or deviation was apparent with chlorobenzene (Table I I ,  obs. 10- 12 
and 19-22). Similarly, the ALPM value for the larger aromatics naphthalene 
and anthracene are statistically the same as  their shake-flask values. 


These data could support the existence of a hydrogen-bonded solvation shell 
about the smaller aromatic agent. Masking of lipophilic aromatics by a hy- 
drophilic shell could impede their column binding; it would, however, decrease 
as the size of the aromatic chemical increases. Knowledge of whether the 
complete log (t - to) uersus percent methanol relationship for these hetero- 
aromatic agents is curvilinear would be useful in cvaluating this proposal, but 
their weak UV absorption (when compared with baseline triethylamine- 
methanol solutions) has precluded obtaining that information. The lower 
ALPM value for benzene in base, as  opposed to acid, could arise from stronger 
hydrogen bonding caused by a greater electron density on the hydroxyl ion. 
Such a solvation shell, if formed, could also reduce penetration of these smallcr 
*-excessive aromatic agents through lipid-like biomembranes, suggesting that 
the ALPM result may be more relevant than the shake-flask result in  pre- 
dicting biological properties. However. no comparative biological data are 
presently available to support that suggestion. 


Different values for ALPM and shake-flask results can occur even when 
a linear relationship is evident, regardless of measurement pH. The 1.17 value 
for acetanilide obtained in base using ALPM is consistent with the pH-inde- 
pendent literature shake-flask result4, requiring the higher ALPM value ob- 
tained in acid to be explained (Table I ) .  The possibility of a fast trifluoro- 
acetylation reaction was discounted by substitution of acetic acid (Table I, 
obs. 7). Since the acid plot of log ( f  - to) cersus percent methanol is also linear. 
the higher value can only be explained by increased column binding by acet- 
anilide under acid conditions. In this regard, reversible Michael addition of 
a silanol residue to a multisubstituted and benzene-stabilized imine by the 
process in Scheme 1 is proposed. While occurrence of this base-catalyzed 
process in dilute acid may secm strange, the acid could represent a compromise 
between the needed tautomerimtion and sorbant-imine-catalyzed Michael 
reaction. The Michael reaction is a highly reversible process ( I  7); its occur- 
rence would statistically delay departure of the compound from the column. 
The present data are insufficient to determine that this reaction actually occurs 
on the column. Theoretically, it would be prevented if no free, unalkylated 
silanol residues were present. Future studies using spherical, extensively capped 
packing materials could conceivably eliminate this process. If such a chemical 
event could alsooccur with nucleophiles in membranes, the AI.PM determi- 


J. E. Garst and A. Leo. unpublished results. Albert Leo, personal communication 
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IMINE - -_ Table VI-Prediction of Log Bovine Serum Albumin Binding (l/C) 


Calculatcd log I /C”  
Literaturc 


Compound loe I lC  Value ALPM \ 
CH3 


Phenol 3.32 3.40 (1.46) 3.46 (1.54) 
3-Fluorophenol 3.86 3.75 (1.93) 3.71 (1.88) 
4-Fluorophenol 3.52 3.63 (1.77) 3.66 (1.81) 
3-C hlorophenol 4.30 4.18 (2.50) 4.08 (2.37) 
4-Chlorophenol 4.00 4.10 (2.39) 4.12 (2.42) 
4- Bromophenol 4.22 4.25 (2.59) 4.20 (2.53) 
4-lodophenol 4.40 4.49 (2.91) 4.38 (2.76) 
4-Methylphenol 3.70 3.76 (1.94) 3.79 (1.98) 
3-Ethylphenol 4.22 4.10 (2.40) 4.21 (2.54) 
3-Trifluoromethy lphenol 4.52 4.51 (2.95) 4.49 (2.91) 
3-Cyanophenol 3.26 3.22 ( I  .22) 3.68 (1.84p 
3-Hydroxyphenol 3.15 2.90 (0.80) 2.93 (0.84) 
3-Methoxyphenol 3.54 3.49 ( I .58) 3.57 ( I  .69) 
4-Methoxyphenol 3.40 3.31 (1.34) 3.45 (1.53) 
3-Nitrobenzyl alcohol 2.94 3.18 (1.17) 3.34(1.3R)C 
4-Methoxybedzyl alcohol 2.94 3.13 (1.10) 3.25 (1.27)‘ 
Benzonitrile 3.23 3.47 (1.56) 3.53 (1.63) 
Acetophenone 3.3 I 3.49 (1.58) 3.56 (1.67) 
Nitrobenzene 3.58 3.69 (1.85) 3.68 (1.83) 
4-Bromoacetanilide 4.00 3.94 (2 .18 )b  4.05 (2.33) 
4-Nitroanisole 4.00 3.82 (2.03)b 3.97 (2.22) 
4-Chloroni trobenzene 4.07 4.10 (2.39) 3.97 (2.23) 
2,4-Dichloroni trobenzene 4.59 4.50 (2.93)h 4.39 (2.78) 
Naphthalene 4.9 1 4.83 (3.37) 4.90 (3.47) 
Azobenzene 5.29 5.17 (3.82) 5.61 (4.40)c 
Anisole 4.00 3.89(2.11) 3.80(1.99) 
3-Fluoroaniline 3.09 3.28 (1.30) 3.35 (1.41) 
4-Chloroaniline 3.68 3.68 ( I .83)b 3.7 I ( I  .87) 
4-Methoxyaniline 2.92 2.89 (0.78)* 1.94 (0.85) 
4-Bromoaniline 4.06 3.83 (2.03)h 3.86 (2.07) 
4-Methylaniline 3.30 3.34 (1.39) 3.38 (1.44) 
I -Naphthylamine 3.94 3.98 (2.23)’’ 3.87 (2.09) 
Indole 4.07 3.91 (2.14) 3.92 (2.15) 
Thymol 4.66 4.78 (3.30) 5.00 (3.59) 


0 Determined using the regression constants reported by Helmer ef a/. (5) .  the value 
of lo P(o/w) given in parentheses, and: log (I/C) = 0.751 X log P(o/w) + 2.301. 


Cakulated lo P(o/w) used by Helmer ef a/ .  (5). ALPM log P(o/w) and Hclmer 
ef a/. ( 5 )  data hfer  by more than f 3  SD based on thc shake-flask error (i .e..  6.13 f 
2.76%) reported i n  the preceding paper ( I ) .  


nation in acid might more adequately reflect biological activities than would 
either the pure solvent/water partition measurement or the new. improved 
end-capped, partition column packings. 


Several other compounds have also given ALPM estimates of log P(o/w) 
that differ from the shake-flask result. In principle, if triethylamine (pK, = 
11.01) forms an ion-pair with silanol residues, as suggested in the preceding 
paper ( I  ) $  an amine of comparable basicity would do the same, delaying its 
elution and raising its apparent log P(o/w) value. Amines of lower basicity 
would not be affected. Thus, little difference between shake-flask and ALPM 
values has been found for diphenylamine (pK, = 0.79). 3-bromoquinoline 
(pK, = 2.69). 4-bromoanilinc (pK, = 3.86). pyridine (pK, = 5.25). and ac- 
ridine (pK, = 5.58) ( I ) .  Although the ALPM value of 4-aminopyridine (pK, 
= 9. I I )  appears unaffected, phenethylamine (pK, = 9.84) affords an ALPM 
value of 2.84, 4 . 4  units higher than the shake-flask result (6). This dis- 
crepancy for phenethylamine could prove advantageous in studies of new 
column packings. The absence of unalkylated silanol groups on a‘particular 
packing should theoretically result in  no deviation for this agent and provide 
an excellent experimental tool to examine silica gel alkylation. 


TWO other compounds studied appcar inconsistent with shake-flask data. 
Both the reproducible shake-flask method and the octanol-saturated, kiesel- 
guhr-packed column of Mirrlees ef (I/. indicate that the log P(o/w) fdt caffeine 
ranges from -0.07 to 0.01 (2, 6). These values differ considerably from the 
reproducible ALPM value of -0.63 (Table V). A base-related explanation 
for the high ALPM value ofcaffeine is unlikely; however, literature shake-flask 
data alsosuggest inconsistencies in the xanthine series. While the -0.07 value 
of Anderson, cited by Hanseh and Leo, is consistent with the findings ofothers, 
his report of -0.02 for theophylline and -0.80 for theobromine. two di- 
methylated xanthines which should have similar values, complicate evaluation 
of this matter (6). 


ALPM also docs not afford a result similar to the shake-flask literature for 
a-tropolone (Table V). Although some enhanced column-binding process 
cannot be discounted, the 1.54 f 0.04 ALPM value is close to the 1.45 
shake-flask value of the similar p-hydroxyacetophenone (6). Likewise, a value 
of I .61, estimated from that of catechol (Table V )  and the ALPM substituent 
constant for a methyl group, is closer to the 1.54 ALPM value than to the 


It 


AMIDE PROPOSEDSORBANTADDUCT 
Scheme I 


Table V-Partition Coefficients of Miscellaneous Compounds 


ALPM log P log P Range Best’ Compound 


Acridine 
4-Aminopyridine 
Anisole 
Anthracene 


2-Benzofuroic acid 
3-Bromcquinoline 
3-Bromothiophene 
Caffeine 


3 -C y a nopy r id i ne 
I ,  1, I-Trichloro-2.2- 


bis(p-chloropheny1)- 
ethane (DDT) 


4,4’-Dibromobiphenyl 
2.3-Dibromothio hene 
Diet h ylstilbcstrof 
1.2-Dihydroxybenzene 


2,4-Dinitrophenol 
Phenylphosphono- 


thioic acid 
0-ethyl O-p- 
ni trophenyl 
ester (EPN) 


Ferulic acid 
Furan 
Hexabromobiphen y I 
4-Hydroxycinnamic 


Obs. 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
I I  
12  


+3.31 f 0.03 
+0.33 f 0.04 
t 1.97 f 0.08 
+4.66 f 0.09 
+4.67 f 0.09 
+2.51 f 0.04 
+2.90 f 0.02 
+2.59 i 0.03 
+0.65 f 0.03 
+0.61 f 0.04 
+0.54 f 0.01 
+6.40 f 0. I I 


+3.40 
+0.28 


+2.04 to +2.1 I 
+4.45 
+4.45 


+3.03 


-0.07 to tO.01 
-0.07 to +0.01 


+0.36 
+3.98 to t6.19 


- 


- 


+3.40 
t0 .28  
+2.04 
t4.45 
+4.45 


+3.03 
- 


- 


-0.07 
-0.07 
+0.36 
+6.19 


13 
14 
15 
16 
17 
18 
19 


+5.66 f 0.07 
+3.53 f 0.06 
+5.46 f 0.1 I 
+0.95 f 0.06 
+0.90 f 0.1 1 + I .79 f 0.06 
+5.34 f 0.08 


- 
+5.07 


+0.84 to +1.01 
+0.84 to +1.01 
4-1.50 to +l.54 


+3.49 


- 


+5.07 
+0.92 
+0.92 
+1.54 
+3.49 


20 
21 
22 
23 


24 


25 
26 
27 
28 
29 
30 


t2.37 f 0.03 
+1.13 f 0.02 
+7.80 f 0.1 5 
+2.20 f 0.05 


+2.29 f 0.08 


+2.24 f 0.08 
+2.50 f 0.09 
+1.18 fO.O1 
+4.82 f 0.1 2 
+4.94 f 0.08 
t3.36 f 0.02 
+3.43 f 0.02 + I .66 f 0.02 
+2.88 f 0.04 


t 1.96 f 0.08 
+4.74 f 0.1 1 
+4.47 f 0.04 
t I .53 f 0.09 
t I .95 f 0.04 + 1.96 f 0.05 
+3.63 f 0.03 
+3.54 f 0.03 
+0.77 f 0.03 
+5.01 f 0.17 
+4.89 f 0. I0 


__ 
+ 1.34 - 


- 
t I .34 
- 
- 


acid 
Methylisobutvl- 


xanthine 


3-Methylindole 
3-Methylpyridine 
a-Naphthoflavone 
8-Naphthoflavone 
1 -Naphthoic acid 


a-Naphthylthiourea 
4-(4-Nitrobenzyl)- 


pyridine 
4-Nitrophenol 
Ochratoxin A 
[ 2.2JParacyclophane 
Phenol 
Phenylacetic acid 


4-Phenylphenol 


Phen ylthiourea 
Progesterone 


Pyrrole 
Thiophene 
4-Toluic acid 


Trifluoromethyl- 


2.4.6-Trinitrophenol 
a-Tropolone 


benzene 


- 


+2.60 
t 1.20 
- 
- 


+2.60 + 1.20 to + I .24 


- 
+3.10 
+3.10 
- 


+3.10 
t3.10 3i 


32 
33 


34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 


50 


+ I  .38 to +2.08 +1.91 


+2.33 
t I .49 
$1.51 
+ 1 . 5 1  
+3.20 
+3.20 
+0.73 
+3.87 
+3.87 
+0.75 
+1.81 
+2.27 
t2.27 
+3.01 


+3.01 
+2.03 
+0.75 


- 
+2.33 


+l.46to t1.51 
t1.41 to $1.51 
+1.41 to + I S 1  


i-3.20 
+3.20 
+0.73 


+3.70 to +3.87 
+3.70 to +3.87 


+Oh2 & 0.04 
~ +0.75 


+ I  .74 f 0.02 + I 3 1  
+2.67 f 0.02 i-2.27 
+2.66 f 0.03 
+3.37 f 0.02 


+3.35 f 0.02 
+ I  .46 f 0.02 
+1.54 f 0.04 


-I-2.27 
+2.79 to +3.01 


+2.79 to +3.01 
t2.03 


+0.53 to +0.75 
51 
52 


Single literature value closest to ALPM log P 


Journal of Pharmaceutical Sciences I 1627 
Vol. 73. No. 11,  November 1984 







Table VII-Comparison of Results in Table VI 


No. of 
Source Regression Equations Compounds 


Helmer et a/. (5) 
Helmer et a/. (5) 
ALPM 


log (I/C) = 0.751 (f0.070) X log P(o/w) + 2.301 (f0.150) 
log ( 1  /C) = 0.785 (f0.064) X log P(o/w) + 2.234 (fO. 138) 
log (I/C) = 0.752 (f0.092) X log P(o/w) + 2.246 (f0.204)  


r 
SE of estimate 
n 


tlelmcr et a/.  (5) 
0.960 
0.159 


42 
Calculated log ( I / C )  values differ <O. I : 
Observed log ( I / < ’ )  values closer to Hclmer et a/.  (5): 
Observed lop. ( I  /<I values closcr to ALPM: 


0.53-0.75 range reportedly obtained by shake-flask (6). a-Tropoione shows 
no evidence of curvilincarity in  its log ( t  - to )  uersus percent methanol plot. 
Furthermore. this deviation occurs at a log P(o/w) value where other com- 
pounds give virtually identical shakc-flask and ALPM results (Table V). The 
fact that a-hydroxy ketones in general, and a-tropolone specifically, readily 
hydrate and dimerize may be relevant to these discrepancies ( I S ) .  Perhaps 
biological properties may be better predicted by the higher ALPM result, 
especially ifthe highcr ALPM log P(o/w) value reflects partitioning of a stable 
dimer or unhydrated species. 


In the course of these determinations various substituted benzencs were 
cxamined (Fig. 2). Concave curvature of their ALPM log P(o/w) values 
continues from 0 to 6 substituents seemingly without rcgard to the electron- 
donating or electron-withdrawing character of the substituent. Figure 2 also 
indicates that values for the various fluorobenzenes deviate the least from 
linearity when compared to methyl, phenyl. chloro, or bromo substituents. 
This near linearity for the smallcr fluorine groups suggests that spatial rather 
than electronic factors influence ALPM log P(o/w). Other correlation pa- 
rameters, such as molar refractivity, are known to have a major spatial com- 
ponent (6). Such factors may also explain results with [2.2]paracyclophane. 
which has a reported shake-flask log P(o/w) of 2.33 (6). ALPM yields the 
much highcr value of 4.47 (Table V), yet even this value is significantly lower 
than that expected based on double the 3.29 ALPM value forp-xylenc (Table 
11). 


Since ALPM affords a continuous, widc-range estimation of log P(o/w) 
by a column-binding method and since considerable shake-flask data also 
indicate that these groups are not truly additive ( 6 ) ,  perhaps strict additivity 
is simply fallacious. This would suggest clear limitations on the calculation 
of log P(o/w) values using various additivity schemes. However, even calcu- 
lations should afford minimal error when one or two benzene substituents are 
prcsent. In this case, ALPM often gives values very close to the calculated 
value (using benzene = 2.13). ALPM gives 3.56 and 3.57 for both the l,2- 
and I .3-dichlorobenzenes. respectively, but only 3.37 for I ,4-dichlorobenzene. 
The shake-flask procedure gives 3.40 and 3.44 for the I ,2- and I ,3-dichloro- 
benzencs. respectively. but 3.37 for 1.4-dichlorobenzene. Veith et a/. reported 
3.55 as the calculated value for all the dichlorobenzenes (4). Since ALPM 
gave that value for I,2- and I .3-dichlorobenzenes, but afforded the noticeably 
lower 3.37 shake-flask value for the para isomer, perhaps ALPM can detect 
real differences between isomers which are not evident in calculations. Oc- 
casionally, ALPM better supports the calculated value for compounds with 
sterically nonintcracting substituents. For instance, the shake-flask log P(o/w) 
of mesitylene is 3.42 (6) and the calculated value is 3.81 (6), yet ALPM yields 
3.87. 


Attempts to calculate log P(o/w) values using various additivity schemes 
may lead to inaccurate values for interacting. multiply substituted, and high 
log P(o/w) compounds; these compounds have log P(o/w) values which are 
otherwise difficult to measure directly and, in part, prompted development 
of the additivity concept. Thus, ALPM gives interesting differences between 
shake-flask and/or calculated values for such compounds as 1.2.3.4-tetra- 
chlorobenzene or pentachlorobenzene (Table IV), and hexamethylben7ene 
[ALPM, 5.00; shake-flask, 4.31 (6); calculated, 5.49 (6)]. These findings and 
interesting discrepancies for phcnylphosphothioic acid 0-ethyl O-p-nitro- 
phenyl ester (EPN) and progesterone in Table V could suggest that the best 
way to determine log P(o/w) is ALPM measurement. 


One clear comparison of method is the prediction of biological data. In this 
regard. ALPM log P(o/w) values seem to afford equal or better predictions. 
Table IV compares ALPM log P(o/w) data with those obtained from calcu- 
lated values and another HPLC method in  predicting the measured in uiuo 
concentration process of various compounds in blucgill sunfish (4, 19). For 
8 of I2 compounds having sufficient UV absorption to allow evaluation with 
the current detector system, ALPM measurement gave equal or better ap- 


42 
34 
34 


Hclmer et al. (5) ALPM 
0.976 0.949 
0. I30 0. I89 


34 34 
2 I of 34 compounds 
7 of 13 compounds 
6 of I3 compounds 


proximation of the “bioconcentration” factor (as log BCF) than did either 
the calculated or HP1.C-determined values reported by Veith et a/. (4. 19). 
Since. in uiuo measurement of the concentration process may cost from 53000 
to $10.000 (depending on the need for radiolabeled agents), this represents 
a significant savings (4). 


Log P(o/w) data for 34 compounds. having sufficient availability and UV 
absorption to enable ALPM measurement, wcrc compared with the combi- 
nation of shake-flask and calculated log P(o/w) values reported by Helmcr 
et a/. with regard to prediction of bovine serum albumin binding (Table VI)  
(5). Correlation coefficients, standard errors, and other measures of similarity 
are shown in Table VII. Several major discrepancies occur between shake-flask 
and ALPM values. Although Helmcr el a/. measured a value of 1.22 ( 5 )  and 
Hansch and Leo cite I .70 as the shake-flask value of 3-cyanophenol (6), 
ALPM measured an even higher I .84. Calculations would suggest a value near 
0.89; however, electron-withdrawing groups tend to greatly increase this value. 
Thus, the ALPM value for 3-cyanophenol is similar to both the ALPM and 
shake-flask result for 4-nitrophenol (Table V). I n  view of the measurement 
error in the binding term, log (1 / C ) .  and the wide range of literature shake- 
flask log P(o/w) values cited for these compounds, these methods are judged 
indistinguishable. 


In summary. any direct HPLC method is quicker and can ensure mea- 
surement of the correct component better than shake-flask techniques. But 
only ALPM, which measures considerable elution data, can easily offer 
considerable insight into whether equilibrium is obtained between the mobile 
and stationary HPLC phases. Examination of benzene suggests that if linearity 
(i.e..  equilibrium) is not attained, altered physical interactions between the 
chemical and the mobile or stationary phases may be responsible for deviations 
betwecn ALPM and the shake-flask result. I f  linearity is attained. acetanilide 
data suggest that altered column-binding interactions may mare satisfactorily 
explain deviations between these measurement methods. Full understanding 
of chemical-mobile phase and chemical-stationary phasc interactions is re- 
quired to elucidate chemical factors which could change the partition coef- 
ficient apparent in biological situations. I n  addition to providing a com- 
puter-operated method to expedite this data acquisition, ALPM estimation 
of log P(o/w) and of biological activities can offer improved or equal accuracy, 
a major cost reduction, and a speed greater than existing HPLC and shake- 
flask log P(o/w) determinations. In the few cases where ALPM and shake- 
flask results differ, more research is necessary to establish the exact nature 
of the discrepancy, with biologi,:al data affording the ultimate tool to deter- 
mine the m a t  suitable parameter. Future ALPM developments should further 
enhance accuracy by enabling the simultaneous measurement of the void 
volume marker. the compound of interest, and internal log P(o/w) standard. 
all under computer control. 
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Abstract 0 Dissolution profiles for 62 lots of tolbutamide tablets from six 
manufacturers have bcen characterized using the USP paddle-stirrer appa- 
ratus. Results of paddle-stirrer dissolution for percent drug dissolved at 10. 
20. and 30 min correlated well ( r 2  = 0.7444) with results from the USP ro- 
tating-basket test for 39 lots of tolbutamidc. Interlot and intralot variability 
i n  tolbutamide dissolution was highly dependent on the manufacturer. For 
one product. the intralot range (for six paddlc-stirred tablets) of percent drug 
dissolved after 30 min was 50--68% while the maximum interlot range for mean 
dissolution was 58- 104%. One lot failed to meet both the rotating-basket and 
the paddle-stirrer dissolution specifications. Tablet response to aging at 60, 
75. and 98% relative humidity over time was also highly manufacturer specific. 
The innovator’s product repeatedly dissolved well when fresh or aged at all 
humidities. Dissolution from some generic tablets was dramatically depressed 
by humidity aging. even after only 3 d. Pretreatment of tablets with simulated 
gastric nuid modified the dissolution profile of one poorly dissolving lot of 
tablets. Results indicate that manufacturing quality control is highly variable 
among tolbutamide tablets. 


Keyphrases o Tolbutamide-dissolution, intra- and interlot variation, effect 
of humidity aging 0 Dissolution studies-tolbutamide, intra- and interlot 
variation. effect of humidity aging 


Tolbutamide tablets must meet United States Pharmaco- 
peia (USP) dissolution requirements which are established 
because “. . . in many cases it is possible to correlate dissolution 
rates with biological availability of the active ingredient” (1). 
Dissolution testing is also recognized (2) as useful for quality 
control purposes. 


Tolbutamide exhibits only limited solubility and the United 
States Food and Drug Administration (FDA) recognizes that 
tolbutamide products are prone to bioavailability problems. 
Currently, the FDA lists 12 manufacturers’ products as 
“therapeutically equivalent to each other” (3) .  Large varia- 
tions in lot-to-lot dissolution of tolbutamide products indicate 
variations in quality and possible variations in bioavailability 
since low tolbutamide bioavailability is sometimes related to 
poor tolbutamide tablet dissolution (4-6). I f  such variations 
occur for different lots of products which have bcen ruled 
“therapeutically cquivalcnt” by the FDA, then satisfaction 
of current FDA regulations may not assure lot-to-lot equiva- 
lence of products on the FDA list. 


Previous work has shown extensive lot-to-lot variation in 
dissolution of tolbutamide tablets for six lots of one manu- 
facturer (7),  while there was uniformity for the originator’s 
product. Others have demonstrated that humidity “aging” of 
tolbutamide tablets differentially affected dissolution for two 
different brands of products (8).  Also, the physiological ex- 
posure to acid of ingested tablets is not mimicked by the cur- 
rent USP dissolution test although exposure of tolbutamide 
tablets to gastric acid has been reported to be necessary for 
disintegration and dissolution of some formulations (9). 


Therefore, the purposes of this study were: ( a )  to evaluate 
the dissolution characteristics of several fresh lots of tolbuta- 
mide listed as therapeutically equivalent by the FDA; ( b )  to 
evaluate many of the same lots after humidity “aging” of the 
tablets; ( c )  to determine the effect of tablet exposure to gastric 
acid on tolbutamide dissolution for both fresh and humidity- 
aged tablets. 


EXPERIMENTAL SECTION 


Products were obtained commercially. stored in tightly closed, opaque 
containers in  the dark at room temperature for 1-3 months, and tested using 
the USP rotating-basket (10) or paddle-stirrer dissolution test ( I ) .  Samples 
(3  mL) werc collected with a continuous now (set at 5-10 mL/min) eight- 
channel peristaltic pumpt fitted with stainless steel 20-30 pm id-line filters. 
Samples were collected for 6 tablets for 10.20.30. and 45 min for the rotat- 
ing-basket test ( 1  50 rpm) and at 10.20. and 30 min for the paddle-stirrer test 
(75 rpm) in  order to establish a dissolution uersus time profile (rather than 
single time point dissolution values). All samples were replaced with tcm- 
perature-equilibrated dissolution medium. 


Filtered samples were diluted, the UV absorbance was measured at 226 
nm ( I ) ,  and theconcentration of tolbutamide was calculated based on a scven 
point standard curve prepared the same day as unknowns were collected. 
Standard curves were generated by preparing known concentrations of either 
USP reference standard or company-provided tolbutamide. The UV spectra 
from these sources were superimposable and the standard curves considered 
equivalent as the null hypothesis of equal slopes and intercepts could not be 
rejected (a = 0.05). Standard curves were fit with parabolic regression and 
had coefficients of variation of <4%. The average inversely estimated percent 


I Gilson minipuls 2, eight channel peristaltic pump; Gilson Medical Electronics. 
Middleton. Wis. 
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in individuals (29). Therefore. individuals taking amino acid -iron complexes 
should be made aware that such products do not have value as protein sup- 
plements or replace the need for dietary protein. In  addition, depending on 
the quantity and essentiality of the amino acids ingested from the supplement, 
protein metabolism may be advcrsely affcctcd. 


A consensus has been reached that amino acids considered to be essential 
are iwleucine, leucine. lysine, methionine, phenylalanine. thrconine, tryptophan, 
and valine for children and adults. tiistidine is an essential amino acid for 
infants, but it is not considercd essential for children or adults (30).  It is im- 
portant to note that the amino acids that appear to increase the absorption 
of iron are not considered to be essential amino acids. Nitrogen balance is 
maintained by an adequate diet of protein and not by an iron supplement 
containing one or two amino acids in  very low quantities (29, 30). Likewise, 
increasing the dosage of the amino acid by taking more tablets of an amino 
acid-iron preparation could cause iron toxicity. 
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Abstract 0 A rapid and sensitive high-performance liquid chromatographic 
(HPLC) procedure is described for the analysis of the antitussive dextro- 
methorphan hydrobromide in several cough-cold syrup preparations and 
compared wi th  a gas chromatographic (GC) procedure. I n  the HPLC pro- 
cedure. the active ingredient is analyzed as the hydrobromide salt by dilution 


<;c method, the active ingredient is analyzed as the free base, i n  which an  
aqueous solution of the antitussive is made alkaline and extracted with di- 


chloromethane before injection onto the GC column. Excellent resolution of 
the antitussivc agent was obtained by both systems; however, the HPLC assay 
is preferred for routine analysis (RSD la), as  compared with the GC assay 
(HSD 4%). 


agents-dextromethorphan hydrobromide. HPLC, GC Formulations- 
cough- “Id syrup. analyses by HPLC and ‘‘ in the mobile phase and separation on a reverse-phase cyano column, the Keyphrases 0 DextromethorPhan hydrobromide- -HPLC* GC 0 Antitussive 


Dextromethorphan hydrobromide [ (+)-3-methoxy- 17 piratory-depressant characteristics (1).  However, the side 
effects of some morphinans are not as severe as those of mor- 
phine. As a result, dextromethorphan hydrobromide has 
gained wide acceptance as a nonaddictive antitussive agent 
because it is nearly devoid of any analgesic activity (2). 


Dextromethorphan hydrobromide has been separated by 


methyl-9a,l3n, 14a-morphinan hydrobromide monohydrate 
( I ) ]  is commonly used an an antitussive agent in many com- 
mercial cough-cold syrup preparations. There are several 
clinically active compounds classified as morphinans. All have 
the drawbacks of morphine: its dependence liability and res- 
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Figure 1-Chromatograms of a typical HPLC run of placebo (A). sample 
syrup (B). and standard (C). Key: ( I )  dextromethorphan hydrobromide. 


use of various Chromatographic procedures when present alone 
(3) and in combination (4-10) with other active ingredients. 
Foremost in this category is high-performance liquid chro- 
matography (HPLC), employing either ion-pair (6, 9) or 
buffer systems (8.10). Since cough-cold syrups usually con- 
tain a combination of many active ingredients, the ability to 
analyze a full range of amine ingredients in cough-cold syrups 
by a single assay has been emphasized by most of these 
methods, as opposed to one single active ingredient in a range 
of multicornponent cough-cold syrup preparations. In our 
laboratory, the application of several of these HPLC proce- 
dures to various marketed cough-cold syrups containing 
dextromethorphan hydrobromide was unsuccessful in sepa- 
rating the active ingredient each time. In addition, excessive 
retention times and peak tailing were also experienced in some 
cases. To our knowledge, we are unaware of any reported 
chromatographic procedure which is broadly applicable to the 
analysis of dextrornethorphan hydrobromide in a variety of 
cough-cold syrups containing several active ingredients, as well 
as various excipients, dyes, and/or sugar bases. Reported gas 
chromatographic (GC) methods usually involve an extraction 
step and prove to be better at  resolving dextromethorphan 
hydrobromide from various excipients present in cough-cold 
syrups. However, sufficient recovery data have not been re- 
ported (4, 5 ) .  


The purpose of this study was to develop a rapid and sensi- 
tive method for analyzing dextromethorphan hydrobromide 
in several cough-cold syrup preparations, regardless of formula 
subtleties and, subsequently, to compare the efficiency of GC 
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Figure 2-Chromatograms of a typical GC run for placebo with internal 
standard (A), spike placebo (B), and standard (C). Key: (1) 0-mefhoxyphenyl 
benzoate; (2) dextromethorphan hydrobromide. 


Table I-Recoveries by High-Performance Liquid Chromatography 


Formulation la  Formulation I l *  
Amount Amount Amount Amount 
Added, Found, Recovery, Added, Found, Recovery, 


mp. me. % mp. mp % 


1.01 1.02 100.9 1.01 1.01 100.0 
3.03 3.00 99.0 3.03 3.04 100.3 
5.04 5.06 100.4 5.04 4.99 99.0 


7.24 7.29 100.7 
8.28 8.36 100.9 


10.35 10.37 100.2 
15.52 15.63 100.7 


Mean 100.1 100.2 
RSD, % 0.98 0.64 


10 mL of placebo was spiked with the added amount of standard; I ,  contained no 
5 mL of placebo was spiked with the added amount of standard; other active ingredients. 


I I .  contained 12.5 rng of phenylpropanolamine hydrochloride and 20% alcohol. 


and HPLC for completing this task. In this paper, the appli- 
cation of HPLC and GC to several different cough syrups 
containing dextromethorphan hydrobromide as an active in- 
gredien t is described. 


EXPERIMENTAL SECTION 


Chemicals and Reagents-Methanol, acetonitrile, and dichloromethane 
were distilled in glass' (HPLC grade). Perchloric acid (60% v/v), potassium 
nitrate, and anhydrous sodium sulfate were either ACS or analytical reagent 
grade2. 


Higb-Performance Liquid Chromatography-The liquid chromatograph3 
was fitted with an automatic injector4 and a variable-wavelength UV detector' 
set at 280 nm. A microparticulate cyano column6 (25 cm X 4.6 mm i.d.). 
containing 5-pm particles, was used. 


Chromatographic Condirions-The mobile phase was 0.05 M potassium 
nitrate in acetonitrile-water (25:75), with the pH adjusted to 3.0 f 0.1 with 
60% v/v perchloric acid; the flow rate was 1.5 mL/min. The mobile phase was 
filtered' and deaerated before use. The inlet pressure was approximately 2900 
psi. Detector sensitivity was 0.2 AUFS, the chart speed was 0.25 cm/min, and 
the injection volume was 10 pL. 


Standard Preparation-Three working standard solutions were prepared 
by diluting 3.5, and 8 mL of dextromethorphan hydrobromides stock standard 
solution ( I  mg/mL), respectively, to 100 mL with the mobile phase in volu- 
metric flasks. Solutions were mixed and filtered'. 


Sample Preparation-Samples (2- 10 mL. depending on label claim) were 
accurately transferred to 100-mL volumetric flasks and diluted to volume with 
the mobile phase. Solutions were mixed and filtered. 


Gas Chromatography-The gas chromatograph9 was a dual column 
modular system equipped with I-10-mV recorderlo. 
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Figure 3-HPLC analysis of four different commercial cough-cold syrups 
containing dextromethorphan hydrobromide. Key: ( I )  dextromethorphan 
hydrobromide. 


I MCB Manufacturing Chemists, Cincinnati. Ohio. 
J. T. Baker Chemical Co.. Phillipsburg. N.J. 
Model S P  8ooO equipped with a printer/plotter; Spectra Physics, Santa Clara, railr _".... ' Auto Injector model 725; Micromcritics Instruments, Norcross, Ga. 


' H drophilic type HV filter, 0.45-pm pore size; Millipore Corp.. Bedford. Mass. 


troflow Monitor SF  770; Schoeffel Instruments, Westwood, N.J. % Instruments, Danbury, Conn. 


VgP reference standard or house-calibrated standard. 
Aerograph model 3700 TC-FID gas chromatograph; Varian Instruments Associates, 


Walnut Creek, Calif. 
l o  Omniscribe Linear Recorder; Houston Instruments, Austin, Tex. 
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Table 11-Recoveries by Gas Chromatography 


Formulation I I a  Formulation I l l o  
Amount Amount Amount Amount 
Added, Found, Recovery. Added, Found. Recovery, 


mg mg % mg mg % 


3.05 3.32 108.8 3.59 3.62 100.8 .. . 


5.08 5.18 101.9 5.59 5.80 103.7 
5.19 5.15 99.32 8.39 9.05 107.8 
7.1 1 7.72 104.8 10.68 10.92 102.2 


15.48 16.13 104.2 1 1.68 12.66 108.4 
16.28 16.95 104.1 


Mean 103.8 104.5 
RSD. % 3.4 2.9 


5 mL of placebo was spiked with the added amount of standard; I I .  contained 12.5 
m of phenylpropanolamine hydrochloride and 20% alcohol; 111. contained 2Wo al- 
coflol. 


Chromotogrophic Conditions-A glass columnll (-1.8 m X 2 mm i.d.) 
packed with 3%OV-I7on ChromasorbQI* (100--120mesh) wasused.The 
column temperature was maintained at  1 10°C for 2 min and programmed 
to 2 3 0 T  for 4 min at  30°C/min. The flow rate of the helium carrier gas was 
25 mL/min. with an inlet pressure of 30 psi. The injector port temperature 
was 220'C. The detector temperature was 260'C. with a hydrogen flow rate 
of 30 mL/min and an air flow rate of 300 ml./min. Detector sensitivity was 


with a chart speed o f 4 . 5  cm/min. The temperature program was ini- 
tiated with each 5-pL in j~c t ion '~ .  The column was allowed to condition 
overnight at 2 4 0 T  before use. 


Standard Preparations-Standard solutions of dextromethorphan hy- 
drobromide were prepared by accurately weighing I - 15 mg of dextrometh- 
orphan hydrobromide standard into a 60-mL separatory funnel containing 
25 mL of 0.1 M NaOH. The separatory funnel was stoppered and shaken 
gently to dissolve the solid, and the free base was extracted with three IS-mL 
portions of dichloromethane. After each addition of the organic solvent. the 
separatory funnel was stoppered and shaken vigorously for 15 min. The organic 
layer was transferred to a 50-mL volumetric flask oia a funnel containing 200 
mg of sodium sulfate supported by glass wool. Two milliliters of a 2.5-mg/mL 
solution of 0-methoxyphenyl benzoateI4 in chloroform was added as internal 
standard to each flask before diluting to volume with dichloromethane. 


Sample Prepurations-Samples (5 -  10 rnL, depending on label claim) were 
accurately transferred to 60-mL separatory funnels and extracted in the same 
manner as described above for the standards. 


Assay Procedure and Quantitation-Under the chromatographic conditions 
described for HPLC and GC, injections of the sample and standard solutions 
were made. Results were calculated from the linear regression of the three 
standards, relating peak height ratios (standard-internal standard) and 
concentration. 


1- 
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Figure 4-Chromatograms of a typical GCrun of four dqferent commercial 
cough-cold svrups. Key: (I) 0-methoxyphenyl benzoate; (2) dextrometh- 
orphan hydn bromide; (3) guaqenesin; (4)  pseudoephredine hydrochlo- 
ride. 


Table 111-Comparative Analysis of Dextromethorphan Hydrobromide by 
HPLC and GC 


Precision Data 
HPLC" GCO 


Sample I I 1  I l l  I 111 


2.46 5.17 15.52 2.57 16.73 
2.43 5.19 15.50 2.61 16.26 
2.42 5.18 15.57 2.65 16.61 
2.38 5.26 15.52 2.49 14.99 
2.47 5.29 15.59 2.66 16.52 
2.42 5.31 15.43 2.61 16.87 
2.42 5.22 15.59 2.17 16.77 
2.46 5.21 15.43 2.76 17.10 


9 2.42 5.28 15.61 2.75 16.06 
Mean 2.43 5.24 15.53 2.65 16.43 
RSD,% 1.15 0.90 0.43 3 .5  3.8 


Formulation I, contains noother active in redicnts; formulation I I .  contains 12.5 
mg of phenylpropanolamine hydrcxhloridc ancf20% alcohol; formulation 111. contains 
20% alcohol. 


RESULTS AND DISCUSSION 


Preliminary studies involved testing of several mobile phase compositions 
for effective separation of dextromethorphan hydrobromide in a cough-cold 
syrup base. A 2575 ratio of acetonitrile-water was finally found to be suitable 
for all the products analyzed. Peak tailing was minimized by using 0.05 M 
potassium nitrate and adjusting to pH 3.0. Several microparticulate re- 
verse-phase columns with octadecylsilane (Cl,) and cyano (CN) packings 
were tried from various manufacturers. In the past. C I S  columns have been 
widely used by other workers for the separation of amines in cough-cold syrup 
preparations. In our experience, these columns (30 cm X 3.9 mm i.d. of 10-pm 
particle size) did not give suitable separation of dextromethorphan hydro- 
bromide in some of the products analyzed. Finally, a cyano column (5-pm 
particle size; 25 cm X 4.6 mm i.d.) was used and was found to bc more selective 
for the antitussive agent and, hence, provided better separation of the active 
ingredient from other excipients. Since the ultimate objective was to develop 
a method which would work for other commercially available products as well, 
column selection was considered to be an important factor. 


Typical chromatograms of a placebo and sample run by HPLC are shown 
in Fig. 1. Construction of a standard curve from injections of dextromethor- 
phan hydrobromide standard solutions ranging from I to 10 mg demonstrated 
the linearity of the HPLC procedure. The average peak height response was 
8.98 cm for a 5-mg standard solution (KSD 1.6%). The limit of detection was 
0.005 mg/mL for a steady baseline at 280 nm. The GC procedure offered 
comparable detection. and thestandard curve was also found to be linear for 
solutions ranging from 1 to 15 mg. The average peak height response was 8.56 
cm for a 5-mg standard solution (KSD 3.5%). Chromatograms of a GC run 
are  shown in Fig. 2. 


Data generated from the recovery studies by HPLC and G C  are outlined 
in Tables 1 and 11, respectively. The recoveries were performed by an external 
standard addition method. To evaluate the precision of the two methods, 
multiple injectionsof a single lot ofcough syrup were made (Table I l l ) .  For 
each formulation under investigation, the KSD was < I . %  for the HPLC 
assay and <4.0% for the G C  assay. Although the HPLC assay is an external 
standard method, it was believed that the addition of an internal standard 
would not significantly improve the precision of the assay procedure. However, 
i f  an internal standard is desired, methaphenilene hydrochloride and pro- 
methazine can be used for this purpose. The retention times are 14.0 and 20.0 
min, respcctively. relative to dextromethorphan hydrobromide, which has a 
retention time of 10.0 min. 


The second phase of the study involved the evaluation of both assay pro- 


Table IV-Comparative Analysis of Dextromethorphan Hydrobromide in 
Commercial Products 


HPLC GC 
Claim, Found, Percent Labcl Found, Percent Label 


Product0 mg mgb Claim mg Claim 


A 15 14.95 99.6 14.82 98.8 
B 10 10.18 101.8 l O . 9 2  109.2 
C 10 9.99 99.9 10.82 108.2 
D 30 29.08 96.9 30.3 1 101.0 


I i  Supelco, Bellefonte. Pa. 
I *  Applied Science Laboratories, College Park, Pa. 


I' Pfaltz and Bauer Chemical Co.. Stamford, Conn. 
Microliter syringe, 701N; Hamilton Co., Reno, Nev 


A. contained I 0 0  mg of guaifenesin 5 mL and I .1% alcohol: 9. contained 5%alcohol; 
C. contained 100 mg of guaifenesin am430 mg of pseudoephedrine hydrochloride/5 mL 
and 2.4%alcohoI; D. contained 9.5% alcohol. * Results are the averagc of duplicate de- 
terminations. 


I250 I Journal of Pharmaceutical Sciences 
Vol. 73, No. 9. September 1984 







cedures (HPLC and GC) for determining dextromethorphan hydrobromide 
from other commercially available cough syrups. Chromatograms obtained 
for these products were representative of the assay procedure and gave reso- 
lution and/or separation similar to that of dextromethorphan hydrobromide 
in the products under investigation. Typical chromatograms are shown in Figs. 
3 and 4 for HPLC and GC. respectively, and the results arecompared in Table 
1v. 


The results obtained by the GC procedure were higher for all the products 
analyzed and, hence, reflected the difficulty in extracting the free base with 
organic solvents (10). This difficulty was experienced with the standard and 
sample solutions as well. I t  is believed that the partitioning behavior (I 1) of 
the antitussive agent is the major cause for this problem rather than the 
complexity of the cough syrup formulations. The GC procedure involved a 
lengthy sample preparation and required more analysis time as compared with 
the HPLC procedure. Finally, the HPLC procedure gave results that were 
in better agreement with label claims for all the products evaluated and was 
a more precise assay procedure. 


CONCLUSION 


Although excellent resolution of the antitussive agent was obtained by both 
the HPLC and GC systems, further examination of the applicability of either 
method for routine analysis of dextromethorphan hydrobromide revealed that 
the HPLC procedure described is simple. rapid, and precise for the quanti- 


tation of the antitussive agent in several commercially available cough-cold 
syrups. The G C  procedure docs not seem to be the method of choice for 
quantitation of dextromethorphan hydrobromide in cough syrups due to the 
difficulty in  extracting the free base and the time involved in sample prepa- 
ration. 


REFERENCES 


( I )  Alfred Burger. “Medicinal Chemistry,” part I I ,  3rd ed., Wiley-ln- 


(2) R. Grewe and A. Mondon, Chem. Ber., 91,279 (1948). 
(3) E. J. Kubiak and J. W. Munson, J .  Phorm. Sci.,  69, 1380 (1980). 
(4) J. L. Fabregas and A. Margalct, J .  Pharm. Sci.,  64, 1005 (1975). 
(5) E. R. Kaplan and A. A. Spark, So. African J .  Sci., 71,241 (1975). 
(6) G. W. Halstead. J .  Pharm. Sci.,  71, 1108 (1982). 
(7) G. W.  Schieffer and D. E. Hughes, J .  Pharm. Sci., 72,55 (1983). 
(8) W. 0. McSharry and 1. V. E. Savage, J .  Pharm. Sci . ,  69, 212 


(9) M. K. Chao, 1. J. Holcomb, and S. A. Fusari, J .  Pharm. Sci.. 68,1463 


(10) A. Menyhareth, F. P. Mahn, and J. E. Heveran. J .  Pharm. Sci.. 63, 


( 1  I) T. Higuchi e l  a / . ,  Anal. Cheni., 39,974 (1967). 
(12) P. Mukerjee, Anal. Chem., 28,870 (1956). 


tcrscience, New York, N.Y. 1970. 


(1980). 


(I 979). 


431 (1974). 


Nasal Drug Delivery System of a Quaternary Ammonium 
Compound: Clofilium Tosylate 


KENNETH S. E. S U x ,  KRISTINA M. CAMPANALE, and 
CHRISTIAN L. CRIES 
Received September 9. 1983, from the Pharmaceutical Rrsearch Department and Parholog-v Dicision, Lilly Research Laboratories, Eli Lilly and Co.. 
Indianapolis, IN 46.285. Accepted for publication October 12, 1983. 


Abstract 0 The blood levels of the [ i4C]clofilium ion in  rats after various 
routes of administration of clofilium tosylate were compared. The results in -  
dicate that the blood levels after nasal administration were not statistically 
diffcrcnt from levels after intravenous administration (JJ  > 0.05). Adminis- 
tration by the or i l  route resulted in  considerably lower blood levels. Fiasal 
administration of clofilium tosylate appeared to be superior to oral adminis- 
tration. Histological examinations of nasal mucosa were conductcd. At the 
lower concentration, mild necrosis was observed, and large areas of mucosa 
were unaffected. However, necrosis of large areas of mucosa occurred after 
exposure to the higher concentration. Levels of radioactivity in  heart. liver, 
lung. and kidney tissue, as a function of time, were also studied. bnlike the 
blood levels after nasal administration, the levels of radioactivity were per- 
sistent i n  heart tissue. The data suggest that thc [‘4C]clofilium ion and/or 
metabolite concentrate in the heart and that blood lcvels of radioactivity may 
not be an accurate index of cardiac levels or biological response. 


Keyphrases 0 Clofilium tosylatc- nasal drug delivery 0 Drug delivery 
systems--clofilium tosylatc, nasal administration 


Clofilium tosylate, [4-(p-~hlorophenyl)butyl]diethyl- 
heptylammonium tosylate, is a newly synthesized quaternary 
ammonium compound that has been shown to selectively in- 
crease refractoriness of cardiac tissue in  dogs and humans 
( 1  -3). It is known that oral administration of quaternary 
ammonium compounds results in low and varied blood levels 
(4). Predictably, the oral absorption of clofilium tosylate in 
rats was poor (5). A total of 0.35% of the dose was excreted in 
the urine and 79% was excreted in the feces within 72 h after 
oral administration. All tissues had extremely low levels of 
radioactivity and low rates of absorption after oral adminis- 
tration of clofilium tosylatc. The pharmacokinetics and 


bioavailabilities of quaternary ammonium compounds given 
by various routes have been studied previously (4- 7). However, 
nasal administration of a quaternary ammonium compound 
has not yet been evaluated. It was the object of this study to 
report the results on the nasal absorption of clofilium tosylate 
in rats. The tissue disposition of radioactivity after nasal ad- 
ministration of [’4C]clofilium tosylate is also reported. 


Synthesis of [‘%lClofilium Tosylate-- [ i4C]Clofilium tosylatc was preparcd 
in  this laboratory by Dr. F. J. Marshall. N-~14C)Acetyl-N-heptyl-(4-chlo- 
rophenyl)butylaminc was prepared as  follows: 104.4 mg (1.33 mmol) of 
[ ‘‘C]acctyl chloride was introduccd by vacuum transfer into a flask containing 
804.8 mg (2.86 mmol) of 4-(4-chlorophenyl)butylamine i n  13 mL of dry 
toluene. The mixture was then stirred for 3 hand warmed gently for I h in a 
stoppered flask. Thesolution was washed with 10 ml. of a 1 M HCI-water - 


saturated sodium chloride solution and then dried wi th  magnesium sulfate 
and the organic phase was evaporated to dryness under reduced pressure. The 
resulting material was dissolved in chloroform and purified by preparative 
TLC (ethyl acetate, silica gel’). A total of 277 mg (64% yicld) of the amide 
was obtained. This material was rcduccd to the tertiary aminc as follows. With 
cooling in ice water. a solution of 277 mg (0.855 mmol) of the aforcmeiitioned 
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The choice of Dr. Brossi as editor of The Alkaloids is particularly felicitous 
since he brings to his position an extensive and impressive background in 
natural products chemistry as well as pharmacology. 


To minimize costs, the publishers have seen fit to let each group of authors 
draw their own chemical diagrams. This has worked out very satisfactorily, 
since the structures are well drawn and clearly layed out. The result is lhat 
this book of almost 400 pages, with a very large number of tables, charts and 
structures, is offered for a relatively modest $49.50. Not a bad deal! 


Reciewed by Maurice Shammd 
Deparlmenl of Chemistry 
The Pennsyltiania State University 
Unioersiiy Park, PA 16802 


Compartmental Models and Their Application. By KEITH GODFREY. 
Academic Press Inc., 24-28 Oval Road, London NWI 7Dx. England. 1983. 
293 pp. 15.5 X 23.5 Price $50.00 (€32.00). 
The use of compartmental models to describe the disposition of drugs in 


vioo is a widely practiced art in the pharmaceutical sciences. These models 
very often provide a reasonable phenomenological description of the complex 
set of events and processes that determine the pharmacokinetics of a drug in 
mammalian systems. Less often, they also provide a means to interpret or 
discern what mechanisms are responsible for the observed performance. It 
is surprising, then, that the current texts on pharmacokinetics do not address 
the properties and problems associated with the models themselves. Godfsy’s 
text attempts to do just that. 


This book provides a comprehensive overview of compartmental models. 
The subjects can be roughly divided into three general areas (not corresponding 
to the individual chapters): the performance of linear systems; the problem 
of identifiability and parameter estimation; and the properties of more complex 
systems which display nonlinear, time variant, and stochastic behavior. The 
general layout includes a mathematical description of the various systems, 
comments concerning their performances, and many examples to illustrate 
applications. Two cautions must be voiced. First, while proofs have been 
eliminated, the vocabulary and notation are that of an applied mathemat- 
ics-engineering approach. This, however. should not be a problem since the 
author carefully provides good descriptions throughout the text. Second. this 
is definitely not a pharmacokinetics text. While many of the examples are 
taken from that area, the emphasis is on the mathematical system and not on 
thc phcnomcna bcing modeled. In  this respect, the author provides a welcome 
scrvice to the pharmacokinetics community. 


In the first four chapters many lincar compartmental systems are presented. 
The descriptions are straightforward and present an excellent overview. The 
various models are shown mathematically. their performances are illustrated 
by numerous calculations and graphical illustrations, and literature examples 
of actual applications are provided. The third section on nonlinear and time 
variant systems is similarly well described, to a depth not found elsewhere. 
The second section on identifiability and parameter estimation is by far the 
most important contribution of this book. Here, Dr. Godfrey provides an ex- 
cellent analysis of whether particular models actually can be used to describe 
real data. Often we decide that a particular model effectively represents a set 
of data. Is the model unique? In most cases the answer is a resounding no. That 
fact is amply demonstrated by the use of Laplacian analysis as well as con- 
sideration of numerical problems. My only complaint is that the author does 
not go far enough; the emphasis is on the estimation of microconstants, not 
on integrated parameter estimation. The problem of correlation between 
parameters is barely considered; no mention of reparameteri7ation is provided. 
Yet, this is a minor Fault compared with the large assortment of warnings 
provided. 


In summary, this book is an excellent refcrence document concerning the 
power and problems of lumped parameter systems composed of first-order 
differential equations. It is probably the best bookon that subject available. 
The appropriateness of these models is up to us. 


Reoiewed by Kenneth J .  Himmelstein 
Inter, Research Corporaiion 
2201 West 21.~1 Sireei 
Lawrence. KS 66044 


Formaldehyde: Toxicology-Epidemiology-Mechanisms. Edited by JOHN 
J. CLARY. JAMES E.GIBSON, and RICHARDS. WARITZ. Marcel 
Dekker, 270 Madison Avcnuc, New York. NY 10016. 1983.296 pp. 15 X 
23 cm. Price $45.00 (20% higher outside the U S .  and Canada). 
The Chemical Industry Institute of Toxicology (CIIT), Research Triangle 


Park, NC. sponsored conferences on formaldehyde toxicity in November 1980 
and, with funding from the Formaldehyde Institute, on November 3, 1982. 
The papers and discussions of the latter conference are presented in this 
book. 


There are eleven chapters by 26 contributors. of which half are from CIIT. 
Chapter titles are as follows: “Occupational Exposure to Formaldehyde- 
Recent N IOSH Involvement,” “Mathematical Cancer Risk Assessment for 
Formaldehyde,” “Case Control Study of Cancer Deaths in DuPont Workers 
with Potential Exposure to Formaldehyde,” “Mortality of Ontario Under- 
takers: A First Report,” “Skin Initiation/Promotion Study with Formaldehyde 
in  Sencar Mice,” “Skin Initiation/Promotion Study with Formaldehyde in 
CD- I Mice,” “Mutagenic Effects of Formaldehyde in Bacterial and Human 
Cells,’’ “Formaldehyde and thc Nasal Mucociliary Apparatus,” “Reaction 
of Formaldehyde in the Rat Nasal Mucosa,” “The Effect of Formaldehyde 
Exposure in Cytotoxicity and Cell Proliferation,” and “Mechanisms of 
Formaldehyde Toxicity and Risk Evaluation.” 


I n  general these topics are well written, and the summaries of the discussions 
that follow the actual presentations are of interest. Literature is cited up to 
thc time of publication including 1983 references and citations to manuscripts 
in press. 


In summary of the information presented at this second Cl lT  conferenceit 
is now well accepted that airborne formaldehyde leads to cancer in  rats and 
mice, that formaldehyde has the potential to cause genetic toxicity, and that 
formaldehyde will bind to DNA in uirro. Clarification, however, is still re- 
quired regarding the importance of binding in vitro, especially as related to 
detoxification pathways and repair mechanisms. Of prime importance was 
the need for the results of additional epidemiological studies. While this volume 
is of restricted interest in  the pharmaceutical sciences, it should be of value 
to those in contact with formaldehyde and its products as  well as to toxicolo- 
gists. 


Reviewed by Joseph E. Sinsheimer 
College of Pharmacy 
The Unicersity of Michigan 
Ann Arbor. MI 48109 


Methods in Industrial Microbiology. By B. SIKYTA. John Wiley & Sons, 
Inc. One Wiley Drive, Somerset, NJ 08873. 1983.349 pp. 16 X 24 cm. Price 
$79.95. 
This short textbook is aimed primarily at the microbiologist who is seeking 


a very broad and simplified introduction to industrial fermentation processes. 
The chapter headings: “Introduction,” “Culture Equipment,” “Sterilization 
of Media and Air,” “Aeration and Mixing,” “Substrates for Microbial Pro- 
ccsses.” “Kinetics of Microbial Processes,” “Genetics of Industrial Micro- 
organisms,” “Development of Microbial Processes,’’ “Measurement and 
Control of Microbial Processes,” and “Isolation of Microbial Products” in-  
dicate that the author has attempted to condense a broad spectrum of 
biotcchnology in a limited space. As a result, the subject matter is treated too 
superficially to make this a truly valuable reference source (e.g.. mass transfer 
scale-up in  two and one-half pages). 


The potentially useful aspects of this book might be the listing of the com- 
position of various natural substances (e.g. cornsteep liquor) for material 
balance purposes and, possibly, the reference sources for their historical sig- 
nificance. Otherwise. the book should be of value to the layman interested in 
ii broad view of the fermentation industry. 


Reciewed by: H. Michael Koplove 
Hoffrnunn-La Hoche 
Nutley. NJ 07/10 
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Ns = N s o .  ek.pp(l-L~) 


Nr = Nro.  eks(t-Ld 
(Eq. 6) 


0%. 7) 


Replacement of Ns and ,Vr i n  Eq. 3 by Eqs. 6 and 7 gives Eq. 2. 
Although the observed points were scattered around the simulation curve 


generated from Eq. 1 by incorporating the appropriate parameters (Table I ) ,  
it appears that the apparent generation curves can be reasonably well described 
by the present mathematical model. 


Garrett and Won (2) have reported the development of penicillin-resistant 
organisms and proposed the following possible explanation for the regrowth 
phenomenon: (a) the consumption or degradation of drugs, ( b )  production 
of an inhibitor or inactivator of antibiotic action, ( c )  preexistence of drug- 
resistant bacteria, and (d) acquisition of drug resistance through mutation 
and/or adaptation by exposure to the drug. Besides these factors, the cell cycle 
( e )  may be an important factor in regrowth after the first addition of drug. 


In  the present study, the drug concentration was kept constant during the 
experiment by using a dialysis membrane tube containing drug solution. 
Therefore, possibility a is ruled out. 


The regrowth pattern appears to depend on the drug concentration (Figs. 
2 and 3). The organism, once it acquired resistance after the first drug addition, 
retained resistance to concentrations below that of the first addition (Figs. 
2 and 3). and this persisted for at least 48 h during subculture (Fig. 4). These 
observations and the population diagram of the resistant organisms (Fig. 5) 
seem to support the preexistence of insensitive bacteria with different degrees 
of resistance, although possibilities b,  d, and e cannot be excluded completely 
on the basis of the results shown in Figs. 2-4 and 7. 


The subcultured organism from a single colony showed similar apparent 
regrowth (Fig. 8). The possibility of picking up an organism originally resistant 
to the ampiallin concentration of 1.5 gg/mL is very small, because the number 
of organisms which may manifest resistance to 1.5 pg of ampicillin/mL is 
expected to be <lo, judging from the population diagram (Fig. 7). 


The possibility of mutation and/or adaptation may be ruled out by the MIC 
determinations on subcultured organisms. If the resistance was acquired by 
mutation and/or adaptation, the MIC should increase gradually during re- 
peated subcultures, but in fact it did not change. Furthermore, when the drug 
was added just at the doubling time (DNA synthesis stage) of the synchronous 
culture, a similar generation curve was obtained (Fig. 10); so, possibility e 
was ruled out. 


The possibility of 8-lactamase production still remains; therefore, we as- 
sayed p-lactamase activity by using resistant organisms generated with 8 pg 
of penicillin G/mL, but 8-lactamase activity was not detected in the crude 


preparation. This result excludes the possibility that j3-lactamase may have 
been induced by contact with the drug, leading to the acquisition of resis- 
tance. 


The remaining and most probable explanation for the bacterial regrowth 
after the addition of the drug is a selection process and/or change of membrane 
permeability caused by contact with the drug at various concentrations. 


Zimmermann (10) and Sawai el al. ( I  I ,  12) have reported an indirect 
method for measuring the outer membrane permeability of 8-lactam antibi- 
otics, but it is necessary to use 8-lactamase-producing organisms. To confirm 
the difference in  degree of permeability between sensitive and resistant or- 
ganisms, a direct measurement of membrane permeability is desirable; 
however, a direct method for such measurement is not available at present. 
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Abstract 0 Captopril disulfides and the drug covalently bound to proteins 
were reduced with tri-n-butylphosphine. After sample purification on an 
XAD-2 column, captopril was treated with 1 -(7-dimethylamino)-4-methyl- 
2-oxo-2H- I -benzopyran-3-yl)- 1 H-pyrrole-2.5-dione to form a fluorescent 
derivative. After acidification, the fluorescent derivative was extracted into 
toluene and purified on a CIS  cartridge. The fluorescence of the dimethyl- 
formamidc eluate was measured at an excitation wavelength of 380 nm and 
a fluorescence wavelength of 440 nm. 


Keypbrases 0 Captopril-spectrofluorometric analysis, plasma Angio- 
tensin-converting enzyme inhibitors-captopril, spectrofluorometric analysis, 
plasma 


Captopril (1 -[(2S)-3-mercapto-2-methylpropionyl]-~- 
proline; I) a potent, specific, and orally active inhibitor of 
angiotensin-converting enzyme, has been shown (1) by in uitro 
and in uiuo metabolism studies to exist in blood as unchanged 


drug, symmetrical disulfide, captopril-cysteine and capto- 
pril-glutathione mixed disulfides, and as captopril covalently 
bound to plasma albumin by S-S linkages. It has been re- 
ported that the plasma proteins and mixed disulfides with 
endogenous thiol compounds may act as a reservoir from which 
captopril is liberated over time to exert pharmacological effects 
(2.3). 


Several methods for determining captopril have been re- 
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Table I-Fluorescence of Captopril-Reagent as a Function of 
Concen t n  t iw 


Captopril, Fluorescence 
at 380/440 nm 


10.0 110' 
8.0 88 
6.0 64 
4.0 46 


fig/mL of Plasma 


2.0 
0 
I .o 
0.8 
0.6 
0.4 
0.2 
0 


22 
0 


1 OOb 
81 
59 
40.5 
20.0 
0 


Sensitivit I .  for concentrations of 0-10 pg/mL. b Sensitivity 4, for concentrations 
of 0-1 pg/mE. 


ported, including GC-MS (4), GC (9, and HPLC (6-8). 
However, total captopril in plasma can be determined only 
after reduction of captopril disulfides and drug covalently 
bound to proteins. Tri-n-butylphosphine, used for reduction 
of captopril disulfides in urine (6), is also effective in plasma 
because it can penetrate the hydrophobic regions of proteins 
(9). 


A rapid and simple analytical method is needed for mea- 
suring microgram levels of captopril plus disulfide metabolites 
in the plasma of patients during prolonged therapy (8), when 
the drug accumulates. Since all published methods for deter- 
mination of captopril require expensive instrumentation not 
available to small hospital laboratories, a fluorometric method 
for measuring captopril plus disulfide metabolites in plasma 
has been developed. 


EXPERIMENTAL SEmION 


Apparatus-Fluorometric measurements were performed on a spectro- 
fluorometerl. Samples were shaken on a heavy-duty shaker2. A centrifuge3, 
150- and 200-mm test tubes and plastic screw caps with polytef-faced rubber 
liners*, 20-mL scintillation vials2. CIS cartridges4, 10-mL plastic syringes with 
21-gauge needles, XAD-2 columns5, and a water bath6 set at  5OoC were 
Used. 


Rengents-Acetone, toluene, hydrochloric acid, phosphoric acid, dimeth- 
ylformamide, Tris buffer, urea, dibasic sodium phosphate heptahydrate, 
EDTA, and diethylenetriaminepentaacetic acid were reagent grade. 1 - 
(7 - (Dimethylamino)-4-methyl-2-oxo- 2H -1-benzopyran-3-yl)- IH-pyr- 
role-2,S-dione reagent' (10 mg dissolved in 10 mL of acetone) was stable in 
a refrigerator for at least I year. A 2Wo v/v solution of tri-n-butylphosphine* 
was prepared in a fume hood by diluting 2 mL of the reagent with 8 mL of 
acetone. 


A 0.1 M. pH 8.2, buffer was made by dissolving 12.1 g of Tris in 980 mL 
of distilled water; the pH was adjusted with phosphoric acid, and the buffer 
was diluted to 1 L with distilled water. Urea buffer, for reduction. was prepared 
daily by dissolving 20 g of urea in 0.1 M, pH 8.2. Tris buffer and diluting to 
50 mL. HCI (0.1 M) with EDTA was prepared by adding 100 mg of the di- 
sodium salt per liter of acidic solution. A 0.05 M, pH 6.9, phosphate-di- 
methylformamide buffer was made by dissolving 20 g of dibasic sodium 
phosphate heptahydrate and 100 mg of diethylenetriaminepentaacetic acid 
in 650 mL of distilled water and adding 350 rnL of dimethylformamide; the 
pH was adjusted with phosphoric acid. Column activator concentrate5, 35 
mL, was diluted to 500 mL with distilled water and kept in a refrigerator. 
Plasma was prepared from whole blood using citric acid as anticoagulant. A 
captopril disulfide9 standard solution (20 pg/mL) was prepared in methanol 
and kept in a refrigerator no longer than 3 months. 


Model 204, Perkin-Elmer. 


International IEP.2741. 


Brinkmann Instruments. 
Organomation Associates. Inc. 


The Squibb Institute for Medical Research. 


2 Fisher Scientific. 


' SEP-PAK; Waters Associates. Inc. 


7 Polysciences. Inc. * Strem Chemicals. Inc. 


Table 11-Recovery of Captopril and Disulfides from Plasma 


Amount Amount 
Drug or Added, Found, Recovery, 


Metabolite fig/mL a / m L  Ta 


Captopril 5.0 4.90 98.0 
2.5 2.43 91.2 
1 .o 0.98 98.0 
0.5 0.48 96.0 
0.25 0.26 104.0 


Captopril Disulfide 5.00 4.96 99.2 
2.5 2.42 96.8 
1 .o 0.97 91.0 
0.5 0.49 98.0 
0.25 0.25 100.0 


6.0 5.70 95.0 
3.0 2.96 98.7 


Captopril-Glutathione 12.0 11.70 97.5 


Captopril-Cysteine 8.0 
4.0 
2.0 


7.80 97.5 
3.90 97.5 
1.93 96.5 


- Plasma Blank 0 0 


Preparation of Colums-The protective cotton was removed from an 
XAD-2 column, and the column was placed on a 200-rnm test tube. The di- 
luted column activator ( 5  mL) was passed through the column, and the column 
was washed with 5 mL of 0.1 M HCI containing EDTA. Before use. a 21- 
gauge syringe needle was placed on the tip of the column. Columns were 
prepared on the day used. 


Redwtion-Plasma samples and one plasma blank were thawed, and 1.0 
mL was transferred to a 20-mL scintillation vial. Urea buffer ( 5  mL) was 
added to each vial, followed by 0.1 mL of 2046 tri-n-butylphosphine solution. 
Captopril disulfide standard solution (0.10 mL) was added to the plasma 
blank. The scintillation vials were covered with tin-lined plastic caps, and the 
samples were mixed on a vortex mixer. The vials were placed in a 50 f 3OC 
water bath with the water level at half the height of the vials. The reduction 
was allowed to take place in the dark for 1 h. 


Isohtion, Puiticrtion, and Derivatization-The samples and standard were 
removed from the water bath and 5 mL of 0.66 M phosphoric acid was added 
immediately to each vial. The vials were capped and gently inverted four times 
to mix the acid. The solutions were decanted onto separate activated XAD-2 
columns. Five milliliters of 0.1 M HCI containing EDTA was added to each 
vial, and the vials were then gently inverted four times. 


After each sample passed through a column, the 0.1 M HCI wash was de- 
canted onto the appropriate column. After all the wash had passed through 
the columns, the syringe needles were removed. The columns were washed 
with 10 mL and then 20 mL of 0.1 M HCI, placed on 150-mm screw-cap 
culture tubes, centrifuged at -lo00 rpm for 4 min, and then placcd on clean 
150-mm screw-cap culture tubes containing 0.1 mL of the reagent. To each 
column, 10.0 mL of 0.05 M pH 6.9 buffer was added. From time to time, the 
duates were gently mixed with the reagent during elutionlo. The reagent blank 
was prepared in a 150-mm screw-cap culture tube by adding 10 pL of the 
regent solution to. 1.0 mL of 0.05 M pH 6.9 buffer and mixing. 


Extraction of Captopril Derivative-After 10 min, 1 .O mL of each sample 
and the standard were transferred to 150-mm screw-cap culture tubes. One 
milliliter of 1.98 M phosphoric acid and 10.0 mL of toluene were added to each 
sample, standard, and blank. The tubes were shaken on a shaker for 5 min and 
centrifuged at -1800 rpm for 5 min. 


Purification on CIS Cartridges-A CIS  cartridge was attached to a 10-mL 
syringe with the plunger removed. The syringe with the cartridge was placed 
on a 200-mm test tube, and 8.0 mL of toluene extract was transferred to it. 
The solution passed through the column by gravity; occasionally it was nec- 
essary to initiate flow through the cartridge with a plunger. After all the extract 
passed through the cartridge, 5 mL of toluene was added. At the end of the 
washing, the remaining toluene was forced out with the plunger and discarded. 
Each cartridge and syringe was placed on a fresh 200-mm test tube. Di- 
methylformamide (5.0 mL) was added to each syringe. The solvent was al- 
lowed to pass through thecolumn by gravity, and at the end of the elution, the 
remaining solvent was forced out with the plunger. The eluates were mixed 
on the vortex mixer. 


Fluorescence Measurement a d  Calculations-Fluortnce of the samples 
and standard was measured at  an excitation wavelength of 380 nm and a 
fluorescence wavelength of 440 nm using the reagent blank to set the instru- 


lo Sometimes it  is necessary to initiate flow through the columns by pressure from the 
palm of the band or a rubber bulb. 
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Table 111-Reproducibility of Results * 


Run Fluorescence at 380/440 nm 


I 
2 
3 
4 
5 
6 


Mean 
SD 
CY 


54.0 
53.5 
53.8 
55.0 
56.0 
54.2 
54.4 
0.93 
1.7% 


~~ 


0 Replica~e assay of 2 pg of captopril disulfide/mL of plasma 


ment to zero fluorescence. The concentration of captopril per milliliter of 
plasma was calculated from the concentration and fluorescence of a captopril 
disulfide standard with the same instrument settings used for the sample and 
standard measurements. 


RESULTS AND DISCUSSION 


Captopril has no native fluorescence and a very low absorbance in the UV 
region. Fluorescence c a n  be obtained by reacting captopril with maleimide 
derivatives such as N-@-2-bendmidazolyl)phenylmaleimide, W(3-pyrene)- 
maleimide, N-[p-(2-benzoxozolyl)phenylmaleimide, and I-(7-(dimethyl- 
amino)-4-methyl-2-0~0-2H-l-benzopyran-3-yI)- lH-pyrrole-2.5dione which 
react with the sulfhydryl group. Because of low water solubility, none of these 
reagents can be used for reaction of captopril in blood. 


Among fluorescent-labeling sulfhydryl reagents, 1 -(7-(dimethylamino)- 
4-methyl-2-0x0-2H-I -benzopyran-3-yl)-l H-pyrrole-2,5-dione was selected 
for analysis of captopril in serum. It provides good sensitivity and is stable 
during all steps of the procedure. The synthesis of this reagent was described 
by Machida el al. (10). 


Captopril reacts with the reagent on a mole per mole basis. Excess reagent 
was used to speed up the reaction and to account for some impurities in column 
eluates, which can consume the reagent. The reaction of captopril with the 
reagent under the assay conditions was complete in -I  5 min. The reaction 
product is stable in the mixture for at least 1 h. When solutions are acidified 
and stored in a refrigerator, the product is stable for at  least 24 h. 


The fluorescent adduct can be extracted from acidified solutions with many 
water-immiscible solvents such as ethyl acetate, toluene, and dichloromethane. 
Toluene was chosen because of its selectivity; it extracts very few impurities 
from aqueous reaction solutions. The captopril-reagent derivative is stable 
in toluene for at least 24 h, and the adduct can be absorbcd quantitatively from 
toluene onto CIS cartridges. The excitation and fluorescence maximum 
wavelengths of the captopril-reagent adduct vary with the solvent. In di- 
methylformamide it is 380/440 nm. 


Standard curves were prepared in  the ranges of 0-1 pg and 0-10 pg of 
captopril/mL of plasma. Concentrations in the ranges tested produced straight 
lines that passed through the origin. Data for the standard curves are given 
in Table I. 


The sulfhydryl group of captopril is very reactive. It can react with blood 
components or be oxidized to captopril disulfide and mixed disulfides. If the 
sulfhydryl group is not protected immediately after blood is drawn from the 
patient, the free captopril is oxidized to disulfides. A considerable amount of 
captopril is covalently bound to plasma proteins. 


In uitro experiments show that when 14C-labeled captopril, symmetrical 


disulfide, and captopril-cysteine mixed disulfide were added to plasma, after 
I week of storage at 5OC, 32% of captopril was covalently bound to plasma 
proteins and 68% remained as disulfides. In samples stored at -2OoC, 68% 
of the captopril was bound to plasma proteins and 32% remained as disulfides. 
After 4 weeks of storage, 62% of captopril was bound to plasma proteins at 
5OC and 87% at -2OOC. 


Interchange between the -SH groups of plasma proteins and captopril 
disulfides can occur. After 4 weeks of storage at 5OC and -2OOC. a complete 
interchange between captopril and captopril-cysteine occurred; 43% of cap 
topril was interchanged for symmetrical captopril disulfide. The S-methyl 
metabolite of captopril is stable in plasma. 


To determine total captopril in plasma with the reagent, samples have to 
be reduced. Tri-n-butylphosphine was chosen as the reducing agent because 
it is a potent agent for the cleavage of captopril disulfide, captopril mixed 
disulfides, and drug covalently bound to proteins. One mole of tri-n-butyl- 
phosphine reduces 1 mol of disulfide, and the reaction is relatively rapid and 
quantitative. 


The reduction of disulfides with tri-n-butylphosphine is pH and temperature 
dependent. Almost complete reduction of captopril disulfidc is obtained in 
solutions at pH >8. It takes -30 min to reduce captopril disulfide with 20 mg 
of tri-n-butylphosphine/mL of plasma at 50°C and -45 min to reduce cap 
topril bound to proteins. About 96% of the drug is reduced at  this conctntra- 
tion. With 2 mg of tri-n-butylphosphine/mL of plasma. only 50% reduction 
is obtained. At room temperature, only -85% of the plasma sample is reduad. 
Increasing the temperature to 7OoC does not have any effect on the reaction. 
The volume of urea-Tris buffer up to 10 mL has no effect on the reduction 
efficiency. However, volumes of plasma > 1 mL cause incomplete reduction 
of captopril disulfides. 


Captopril was isolated from the tri-n-butylphosphine mixture and purified 
on XAD-2 resin before it was treated with the reagent. Captopril was retained 
on XAD-2 resin, while other compounds containing the sulfhydryl group 
passed through the column. The optimum pH for adsorption of captopril on 
XAD-2 resin is 0.5-2.5. The adsorptive power of the resin is optimized by the 
incorporation of a column prewash using an activator solution. 


The unimpeded flow rate of the diluted sample through the column would 
be -5 mL/min. This is too fast for complete retention of the drug on the resin. 
The flow rate is reduced to -1 mL/min with a 21-gauge syringe needle. 


Captopril can be quantitatively eluted from XAD resin with dioxane, 
methanol, ethanol, ethyl acetate, acetonitrile, acetone, isopropyl alcohol, 
tetrahydrofuran, dichloromethane, chloroform, and other solvents. Some of 
them elute interfering compounds. However, captopril does not react with 
fluorescent labels in any of these solvents; it reacts only in aqueous solutions. 
Removal of organic solvents by evaporation, even under controlled conditions, 
results in the oxidation of captopril. A 0.05 M phosphate buffer containing 
dimethylformarnide proved to be a suitable eluant. It elutes captopril quan- 
titatively from XAD-2 resin and provides a proper pH and medium for the 
reaction with the reagent. Up to 35% dimethylformamide does not interfere 
with the reaction. About 10 mL of dimethylformamide-phosphate buffer, 
pH 6.9, is needed for complete elution of captopril; -2 mL of solvent is retained 
by the column. Therefore, before and after elution, columns must be centri- 
fuged. Captopril is eluted from columns into tubes containing -100 pg of 
reagent to prevent reoxidation of the drug. However, if needed, samples can 
be first eluted, gently mixed by four inversions, and 1 mL of eluate treated 
with 10 pg of the reagent. 


Samples have to be further purified by extraction of the captopril-reagent 
derivative from the acidic solution with toluene. For complete extraction of 
the adduct, the ratio of aqueous solution to toluene should be 1:lO. Exccss 
reagent and some remaining impurities are removed with CIS cartridges. The 


Table IV-Total Captopril in Human Plasma Measured by Fluorometric and CC-MS Metbods 


Patient 
Total Captopril, ng/ml 


Fluorometrv GC-MS A (GC-MS - Fluorometry) 
A - 


Mean X 100, % 


B439 096 
100 
124 
150 


769 
544 
213 
523 


738 
558 
217 
499 


20 1 715 702 -.. 


229 
262 
30 1 
312 


~. 


171 
539 
656 


157 
55 1 
658 


512 505 
313 650 673 
338 600 628 
380 560 554 


Mean absolute difference, % 


-3 1 
+I4 
+4 


-24 
-13 
-14 
+ I 2  


+2 
-7 


+23 
+28 
-6 


-4. I 
+2.5 
+1.9 
-4.7 
-1.8 
-8.5 
+2.2 
+0.3 
-1.4 
+3.5 
+4.6 
-1.1 
3.05 


a Patients received 100 mg of captopril orally 
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captopril-reagent derivative adsorbs onto the cartridge packing from toluene 
and can be eluted with dimethylformamide. 


A plasma sample with standard captopril disulfide (2 pg/mL) is run along 
with samples to compensate for incomplete reduction. If high (off scale) flu- 
orescence readings from the sample are obtained, eluates from the cartridges 
can be diluted to proper concentration with dimethylformamide. 


Recovery experiments were carried out by addition of various concentrations 
of captopril, captopril disulfide, captopril-cysteine disultide. or captopril- 
glutathione disulfide to plasma. These were kept a t  room temperature for 4 
h then stored at 5OC overnight. Results are shown in Table 11. Recoveries 
ranged from 95 to 104%. 


Reproducibility was checked by performing six assays of a plasma sample 
spiked with captopril disulfide at 2 pg/mL (Table 111). Precision at  this 
concentration is 1.7% (CV). 


Results obtained by the fluorometric method were compared with those 
obtained by the GC-MS method (Table IV) .  The data were correlated by 
linear regression analysis, which yielded an intercept of 5.6, a slope of 0.9914, 
and a correlation coefficient of 0.9949. Agreement between the methods is 
acceptable. 


Although the fluorometric method is very sensitive (because as little as 2 
ng of a pure captopril standard/mL of dimethylformamide solution can be 
accurately measured in a I-cm cell, without HPLC separation), the method 
can be used for measuring captopril in plasma containing >200 ng of the 
drug/mL. Therefore, it is suitable for patients who accumulate captopril 
during extended therapy and have microgram per milliliter levels of captopril 
plus disulfide metabolites in plasma. It can be especially useful to the small 
hospital laboratory which docs not have expensive instrumentation (such as 
GC-MS) available. 


REFERENCES 
( 1 )  H. Shindo, T. Komal, T. Ideka, W. Kawamata, and E. Kameyama, 


"Proceedings of the 1 Ith Symposium on Drug Metabolism and Action," 
Nagoya, Japan, November 1979. 


(2) B. K. Park, P. S. Grabowski, J. H. K. Yeung, and A. M. Brechenridge, 
Biochem. Pharmacol., 31, 1755 (1982). 


(3) K. L. Duchin, S. M. Singhvi, D. A. Willard, B. H.  Migdalof, and D. 
N. McKinstry, Clin. Pharmacol. and Ther., 31,452 (1982). 


(4) P. T. Funke, E. Ivashkiv, M. Malley, and A. I .  Cohen, Anal. Chem., 
52,1086 (1980). 


(5) Y. Matsuki, K. Fukuhara, T. Ito, H .  Ono, N.  Ohara, and T. Yui, J .  
Chromatogr. 188, 177 (1980). 


(6) Y. Kawahara, M. Hisaoka, Y. Yamazaki, A. Inage, and T. Morioka, 
Chem. Pharm. Bull., 29,150 (1 98 1 ). 


(7) B. Jarrott, A. Anderson, R. Hooper. and W. J. Louis, J .  Pharm. Sci., 
70,665 (1981). 


(8) K. Onoyama, H.  Hirakata, K. Iseki, S .  Fujimi, T. Omae, M. Ko- 
bayashi, and Y. Kawahara, Hyperfension. 3,456 (1981). 


(9) B. J. Sweetman and J .  A. Maclaren, Ausf. J .  Chem., 19, 2347 
(1966). 


(10) M. Machida, N. Ushijima, M. I. Machida, and Y. Kanaoka, Chem. 
Pharm. Bull., 23, 1385 (1975). 


ACKNOWLEDGMENTS 


The author thanks A. 1. Cohen for his technical advice and the GC-MS 
correlation results. The author also thanks P. Egli, Drug Metabolism, for a 
generous supply of radioactive captopril and its disulfides. 


Reverse-Phase High-Performance Liquid Chromatographic 
Determination of Halogenated 8-Hydroxyquinoline 
Compounds in Pharmaceuticals and Bulk Drugs 


EDWARD J. WOJTOWICZ 
Received August 23,1983, from the Food and Drug Adminisfrafion, 599 Delaware Auenue. Buffalo, NY 14202. 
6, 1983. 


Accepted for publication December 


Abstract 0 A reverse-phase high-performance liquid chromatographic 
(HPLC) method was developed for determining iodochlorhydroxyquin, 
5.7-dichloro-8-hydroxyquinoline, and 5,7-diiodo-8-hydroxyquinoline in 
creams, ointments, shampoos, tablets, and bulk drugs. A column packed with 
10-pm phenyl-silica and a mobile phase of 0.001 M NiC12 in acetonitrile- 
methanol-water (3020:50) was used to separate the nickel complexes of the 
three drugs, with detection a t  273 nm. Analysis of creams, ointments,sham- 
poos, and tablets gave results close to the label declarations. Recovery of 
standard material added to samples was 298%. Linearity df response was 
shown over a range of 30- 150% of label claim for standards of the three drug 
substances. Multiple analyses of iodochlorhydroxyquin and diiodohydroxy- 
quinoline bulk drugs showed purities of 99.96 and 98.77% with CV of 1 .I7 
and 0.73%, respectively. The HPLC method offers an alternative to current 
USP procedures, which lack stability-indicating and specificity characteris- 
tics. 


Keyphrases 0 HPLC-Halogenated 8-hydroxyquinoline compounds 0 8- 
Hydroxyquinoline-halogenated, HPLC 


The current USP XX IR spectrophotometric procedure (1)  
for determining iodochlorhydroxyquin (I) in creams and 
ointments has many deficiencies, as reported by Gruber et al. 
(2), who used GC to determine trimethylsilyl ether derivatives 
of related halogenated 8-hydroxyquinolines. A colorimetric 
procedure (3) complexed I with nickel ion. However, other 
8-hydroxyquinolines, present as impurities, would interfere 


to give high results. A normal-phase high-performance liquid 
chromatographic (HPLC) procedure (4) involved esterifica- 
tion of I using a mixture of pyridine-acetic anhydride, an 
evaporation step, and a reconstitution of the residue in the 
mobile phase. Procedures using anion-exchange HPLC ( 5 , 6 )  
and reverse-phase HPLC (7,8) failed to adequately separate 
I from other 8-hydroxyquinolines. 


In this study, a simple and specific reverse-phase HPLC 
method was developed to separate and quantitate iodochlo- 
rhydroxyquin (I), 5,7-dichloro-8-hydroxyquinoline (11), and 
5,7-diiodo-8-hydroxyquinoline (HI) as their nickel complexes 


I 
R* 


I, R* = I, R2 = CI 
11, R* = R2 = C1 


111. R' = R2 = I 
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Interlot Variation 
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Abstract 0 Dissolution profiles for 62 lots of tolbutamide tablets from six 
manufacturers have bcen characterized using the USP paddle-stirrer appa- 
ratus. Results of paddle-stirrer dissolution for percent drug dissolved at 10. 
20. and 30 min correlated well ( r 2  = 0.7444) with results from the USP ro- 
tating-basket test for 39 lots of tolbutamidc. Interlot and intralot variability 
i n  tolbutamide dissolution was highly dependent on the manufacturer. For 
one product. the intralot range (for six paddlc-stirred tablets) of percent drug 
dissolved after 30 min was 50--68% while the maximum interlot range for mean 
dissolution was 58- 104%. One lot failed to meet both the rotating-basket and 
the paddle-stirrer dissolution specifications. Tablet response to aging at 60, 
75. and 98% relative humidity over time was also highly manufacturer specific. 
The innovator’s product repeatedly dissolved well when fresh or aged at all 
humidities. Dissolution from some generic tablets was dramatically depressed 
by humidity aging. even after only 3 d. Pretreatment of tablets with simulated 
gastric nuid modified the dissolution profile of one poorly dissolving lot of 
tablets. Results indicate that manufacturing quality control is highly variable 
among tolbutamide tablets. 


Keyphrases o Tolbutamide-dissolution, intra- and interlot variation, effect 
of humidity aging 0 Dissolution studies-tolbutamide, intra- and interlot 
variation. effect of humidity aging 


Tolbutamide tablets must meet United States Pharmaco- 
peia (USP) dissolution requirements which are established 
because “. . . in many cases it is possible to correlate dissolution 
rates with biological availability of the active ingredient” (1). 
Dissolution testing is also recognized (2) as useful for quality 
control purposes. 


Tolbutamide exhibits only limited solubility and the United 
States Food and Drug Administration (FDA) recognizes that 
tolbutamide products are prone to bioavailability problems. 
Currently, the FDA lists 12 manufacturers’ products as 
“therapeutically equivalent to each other” (3) .  Large varia- 
tions in lot-to-lot dissolution of tolbutamide products indicate 
variations in quality and possible variations in bioavailability 
since low tolbutamide bioavailability is sometimes related to 
poor tolbutamide tablet dissolution (4-6). I f  such variations 
occur for different lots of products which have bcen ruled 
“therapeutically cquivalcnt” by the FDA, then satisfaction 
of current FDA regulations may not assure lot-to-lot equiva- 
lence of products on the FDA list. 


Previous work has shown extensive lot-to-lot variation in 
dissolution of tolbutamide tablets for six lots of one manu- 
facturer (7),  while there was uniformity for the originator’s 
product. Others have demonstrated that humidity “aging” of 
tolbutamide tablets differentially affected dissolution for two 
different brands of products (8).  Also, the physiological ex- 
posure to acid of ingested tablets is not mimicked by the cur- 
rent USP dissolution test although exposure of tolbutamide 
tablets to gastric acid has been reported to be necessary for 
disintegration and dissolution of some formulations (9). 


Therefore, the purposes of this study were: ( a )  to evaluate 
the dissolution characteristics of several fresh lots of tolbuta- 
mide listed as therapeutically equivalent by the FDA; ( b )  to 
evaluate many of the same lots after humidity “aging” of the 
tablets; ( c )  to determine the effect of tablet exposure to gastric 
acid on tolbutamide dissolution for both fresh and humidity- 
aged tablets. 


EXPERIMENTAL SECTION 


Products were obtained commercially. stored in tightly closed, opaque 
containers in  the dark at room temperature for 1-3 months, and tested using 
the USP rotating-basket (10) or paddle-stirrer dissolution test ( I ) .  Samples 
(3  mL) werc collected with a continuous now (set at 5-10 mL/min) eight- 
channel peristaltic pumpt fitted with stainless steel 20-30 pm id-line filters. 
Samples were collected for 6 tablets for 10.20.30. and 45 min for the rotat- 
ing-basket test ( 1  50 rpm) and at 10.20. and 30 min for the paddle-stirrer test 
(75 rpm) in  order to establish a dissolution uersus time profile (rather than 
single time point dissolution values). All samples were replaced with tcm- 
perature-equilibrated dissolution medium. 


Filtered samples were diluted, the UV absorbance was measured at 226 
nm ( I ) ,  and theconcentration of tolbutamide was calculated based on a scven 
point standard curve prepared the same day as unknowns were collected. 
Standard curves were generated by preparing known concentrations of either 
USP reference standard or company-provided tolbutamide. The UV spectra 
from these sources were superimposable and the standard curves considered 
equivalent as the null hypothesis of equal slopes and intercepts could not be 
rejected (a = 0.05). Standard curves were fit with parabolic regression and 
had coefficients of variation of <4%. The average inversely estimated percent 


I Gilson minipuls 2, eight channel peristaltic pump; Gilson Medical Electronics. 
Middleton. Wis. 
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Figure 1 -Average percent of labeled tolbutamide dissoloed from 500 mg 
of U tolbutamide tablets using the rotating-basket test (a) and thepaddle- 
stirrer test (6). MDR is minimum dissolution requirement. Each data point 
is the average of six tablets and each line is for a dgferent test (Table I ) .  Data 
variation bars show the range of observed valuesfor the slowest dissolving 
lots. 


of theory for standard concentrations was 100 f 0.5% and all individual 
concentrations were estimated within 3% of theoretical values. The use of UV 
absorbance as a measure of dissolved tolbutamide was considered appropriate 
as HPLC analysis ( I  I )  of 37 different lots of tolbutamide resulted in only one 
absorption peak with a retention time equal to that of standard tolbutamide. 
Content analysis of these lots by HPLC also gave the same results as U V  
analysis which indicates that the only UV-absorbing material released was 
tolbutamide. 


Humidity aging of tablets was accomplished by manipulating water vapor 
pressure in closed tanks using saturated salt solutions ( I  2). Standard all-glass 
aquariums (50 X 26 X 30 cm) with glass covers were used for constant hu- 
midity chambers. A saturated solution of potasbium sulfate was prepared in 
deionized. distilled water and placed in the bottom of the tank to a depth of 
2-3 cm (-2.6 L) to produce 98% relative humidity (rh). Solutions of sodium 
dichromate or potassium carbonate were used for 60% rh and sodium chloride 
was used for 75% rh. A galvanized rack was placed in the tank to hold alu- 
minum foil-lined petri dishes 7 cm above the surface of the liquid. Air circu- 
lation was maintained within the tank by a small electrical fan mounted inside 
the tank. Humidity was monitored daily with a wet and dry bulb hygrometer. 
No attempt was made to regulate temperature within thc chambers as tem- 
perature variability within the laboratory was small and temperature de- 
pendence of relative humidity using the salt solutions is small ( I  2). The average 
relative humidity chamber temperature during the experiments was 20. I 'C 
with a maximum range of I ,  I OC. The chamber was made airtight by the use 
of foam strips impregnated with petroleum as a seal between the glass cover 
and the aquarium. 


Tablets were subjected to the aging process by placing four tablets of each 
lot in aluminum foil-lined petri dishes without covers, taking care that no tablet 


2a 2b 


Figure 2 -Average percent of labeled tolbutamide dissolved from 500 mg 
of P tolbutamide tablets using the rotating-basket method (a) and the pad- 
dle-stirrer method (b). Each data point is the average of six tablets and each 
line is for a diyferent lot. except tablets which failed the test. The lots which 
failed (26) are the same lot number of the same manufacturer (P)  but dis- 
tributed under dgferent private labels. 


TIME (MINUTES) TIME (MINUTES) 


Figure 3-Average percent of labeled tolbutamide dissolved from 500 mg 
of M tolbutamide tablets using the rotating-basket test (a) and thepaddle- 
stirrer test (b). 


touched another. The chamber was then sealed and not opened until the end 
of the aging period. 


Dissolution tests whcrcin the products were exposed toenzyme-free simu- 
lated gastric fluid (acid pretreatment) utilized 9.6 mL of concentrated hy- 
drochloric acid per liter of water (pH - I .  I - 1.2). Tablets of each product were 
allowed to separately dissolve, each in 900 mL of the simulatedgastric fluid, 
in  a USP rotating-basket apparatus at 150 rpm for 30 min. After 30 min the 
baskets were raised and allowed to drain. The acid dissolution medium was 
filtered under vacuum and then the filter papcr with any retained solids was 
placed in a dissolution resin kettle (containing 900 mL of pH 7.4 phosphate 
buffer) fitted for paddle-stirrer dissolution. The contents of the basket were 
transferred to the phosphate buffer by gently dipping the basket (using for- 
ceps) into the buffer. Thcn the paddlc was lowered and stirred at 75 rpm and 
samples were collected over time to determine the amount of tolbutamide 
dissolved. 


RESULTS AND DISCUSSION 


,411 lots passed the disintegration, assay, content uniformity, and tablet 
weight variation tests. However. there was considerable variation in dissolution 
characteristics among and within some lots. 


Figure I shows that dissolution of tolbutamide from the innovators' ( U )  
tablets2 is relatively uniform within and among lots in both the rotating-basket 
and paddle-stirred apparatus. Figure 2 for the P product) shows wide interlot 
and intralot variation in  dissolution. One lot (Fig. 2a) failed the USP rotat- 
ing-basket test. The same lot number sold under a private label also failed the 
paddle-stirrer test (Fig. 2b) but passed the rotating-basket test. The cause of 
this dissolution variation is unknown. This lot is not the one reported earlier 
which also failcd USP requirements (7). Figures 3-4 show dissolution profiles 
for tolbutamide products of some other manufacturers4. 
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Figure 4- Acerage percent of labeled tolhutamide dissolved using paddle- 
stirrer dissolution from 500 mg of S. and P H  la); Z (b) tolbutamide tab- 
lets. 


2 Upjohn. 
3 Premo. ' Fig. 3, Mylan (M); Fig. 4. Pharmadyne (PH), Smith Kline & French (S),and Zenith 


(Z). 
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Figure 5- Percent of labeled amount of tolbutamide dissolved versus rime 
using the rotating basket for  6 tablets each of three dqferent lots of product 
P. Data variation bars are the standard deviation of the mean. These can be 
compared to  ranges shown in Figs. I and 2. 


It is clear that interlot and intralot variation is manufacturer specific. For 
example, generic product in Fig. 3b is more variable than product in Fig. I b, 
but some of the generic products in Fig. 4 produce dissolution profiles similar 
to t h w  shown in Fig. 1 b. Unfortunately, only a few product lots were available 
and these were only evaluated according to paddle-stirrer requirements ( I  ). 
More lots should be tested to fully define the dissolution profiles of these 
products. 


Figure 5 expands the information in  Fig. 2a regarding both interlot and 
intralot variation for product P dissolution. The amount of drug released is 
highly dependent on the bottle (lot) used and the tablet within a bottle (lot) 
tested. The time to 5oo/a dissolution was reported by Levy (6) to be related to 
clinical effectiveness for tolbutamide. The three lots in Fig. 5 required I .9 min. 
21.4 min, and 51.1 min. respectively. to average 50% dissolution in the USP 
rotating basket test. It must be noted that this test differs from the Levy (6) 
test, and the 51 .I-min dissolution time does not necessarily imply the product 
will fail clinically. However. slow dissolution with wide intralot and interlot 


Figure 7-Effect of I 2  weeks of 
humidity aging on dissolution of P, 
PH. and U tolbutamide tablets at 
room humidity and in the closed 
original container (a), 60% relative 
humidity (b). 75% relative hu- 
midity (c) and 98% relative hu- 
midity (d]. Key: (A) PI. (a) P2; 
(0) PH; (A) P3: (0) UI;  ( 0 )  U2. 
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Figure 6-Comparison of toiburamide dissohed in paddle stirrer method 
versus rotating hasket method. The generated regression line is F(xJ = 27.95 + 0.705 x with r 2  = 0.7444; r 2  was not improced subsrantially by jilting to 
a polynomial of degree two or three. Key: (A) 10 min results; ( 0 )  20 min 
results; (0) 30 min results. 


variations in dissolution rate are indicative of dcgree of quality control ( I ,  
2). 


The time to 5Wo (rotating-basket) and 7wo (paddle-stirrer) dissolution for 
some lots of tolbutamide tested are shown in Table I. lntralot and interlot 
variability is manufacturer specific. The U product reached 50% and 70% 
dissolution -40% fastcr and with 25-50% of the variation of P and M products. 
Products U, S, and Z were about equal in  time to 70% dissolution. but too few 
Sand Z lots were tested to be conclusive. In general. products dissolving most 
slowly or most rapidly in the rotating basket also dissolved slowly or rapidly, 
respectively, in the paddle-stirred test (Table I ,  Fig. 6) which indicates the 
two tests are corrclated. However. the range of percent dissolved shows more 
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Table I-Time (min) to Reach Compendia1 Required Dissolution of Labeled 
Tolbutamide" 


Product 
Identifi- Rotating Paddle 
cation Lot Baskct. Stirrer, 


Number Number 50%' 7O?kd 


UI 
u 2  
u 3  
u 4  
us 
U6 
u 7  
us 
u 9  
UIO 
U I I  
u12  
U13 
U14 
Mean for U 
CV. % 
PI 
P2 
P3 
P4 
P5 
P6 
P7 
P8 
P9 
PI0 
PI I 
PI 2 
P I 3  
PI4 
PI 5 
PI6 
PI7 
PI7 
PI8 
PI9 
P20 
P2 1 
P22 
P23 
P24 
P25 
P26 
P27 .~ 


P28 
Mean Average for P 
CV.  % 
MI 
M2 
M3 
M4 
M5 
M6 
M7 
M8 
M9 
MI0 
MI I 
Mean for M 
cv, To 
PH 1 
PH2 
PH3 
ZI 
2 2  
2 3  
2 4  
z5 
SI 
s 2  
s 3  
s 4  
s5 


495 EP 
871 FP 
606 FT 
461 FU 
592 FK 
109 FS 
740 HR 
407 HP 
486 t1T 
926 HY 
246 JB 
606 FT 
461 FU 
871 FP 


C80 I77 
A80687 
A80547 
A80167 
B80167 
A90227 
890257 
A80587 


B80737 
A8 1607 
B80987 
810071 
C8 I447 
B80987R 
810072 
A80587 
A80587 
810073 
B90367 
B91517 
A90737 
A90787 
A90757 
E006D 
A91 I57 
E007 D 
A00258 
A00658 


81 11-04 


E01 ID 
EOIODR 
E008D 
G032K 
G046Dl 
E008 D 
595-21 5 
592-1 87 
607-230 
G050D 
9M80D 


81 11-05 
81 11-06 
81 11-03 


2245- 18-2 
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7.2 


23.6 
7.8 


10.3 
5.9 
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_. 
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Figure 8-Effect of aging rolbuiamide tabletsfor carious times 01 98% rel- 
alive humidity for two lots la, h) of U products. Key: (A) fresh: aged (0) 3 
weeks. (0) 6 weeks. (A) I 2  weeks. 


variation in the basket-stirrer tests at each sampling time. This may be because 
more rapid dissolution occurs with paddle stirring and there is a natural 
compression of the possible range of percent dissolved drug on the upper end 
(i.e., 100% is an upper boundary). Thus, one comparative effect is that intralot 
variation is compressed or more difficult to identify in the paddle-stirring test 
than in the rotating-basket test. 


Khalil et al. (8) reported that humidity aging may be used to identify tol- 
butamide tablets which were not equivalent in their dissolution responses. The 
effects of humidity aging on tolbutamide lots selected for a paddle-stirrer 
dissolution study (based on their rangc of dissolution profiles when fresh) are 
shown in Fig. 7. Dissolution profiles of U tablets were little affected by aging 
I 1 2  weeks at rh values of 60,75. or 98%. The other manufacturers' products 
were not affected by 60% rh. but two lots failed the dissolution test after 75% 
and three lots failed after 98% rh. Lots P2 and P3 failed to pass the test even 
after 18 h of dissolution following I2 weeks at  98% rh; these tablets remained 
intact, or nearly intact. 


Figures 8 and 9 show thecombined time and rh effects on tablet dissolution. 
The U products were only slightly affected for all times at 98% rh (Fig. 8b). 
Lesser effects occurred with 60 and 7 5 2  rh. For P and PH products, 98% rh 
aging variously affected dissolution depending on the lot (Figs. 9). Both 60 
and 75% rh affected lot P2 but not lot PI tablets (Figs. 10). The reason for 
this lot-specific variable response is unknown. The CV for percent tolbutamide 
dissolved at  all rh values is low when the percent of labeled drug dissolved is 
high (>90%) and sometimes when the percent is low (<lo%). Products that 
are dissolved 20-80% at  any given sampling time show differences in both 
intralot and interlot variation among manufacturers; the same is seen with 
unaged tablets. Thus, since the innovator's products ( U )  dissolve quickly 
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Figure 9-Effect of aging tolbu- 
tamide tablets for various rimes at 
98% relaiive humiditv for P and 
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(>95% after 30 min for fresh and humidity-aged tablets), the dissolution CV 
for U products was generally much lower than for the generic products which 
dissolved more slowly (for fresh tablets and humidity-aged tablets). 


The finding that tolbutamide tablets from different manufacturers and 
different lots from the same manufacturer did not dissolve equivalently after 
as little as 3 weeks of aging at different rh values prompted investigati9n of 
the effects of shorter exposure. There was no effect on product U (Fig. 11) .  


Dissolution of P products continued to be variable and effects ranged from 
marked depression of dissolution (after only 24 h exposure to 98% rh) to vir- 
tually no effect, depending on the lot tested. The effects of humidity were lot 
specific for M (Fig. 12). dramatically depressing dissolution for one lot but 
not the other. Noeffect was obscrved for S products and both lots of Z products 
were depressed. 


One product. reported to fail the USP dissolution test (7).  has been evalu- 


Figure 10--Dissolution response of 
two lots of generic product P to 
60% (a and c) and 75% (b and d )  
relaiive humidity aging for di/- 
fereni time periods. Key: see Fig. 
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Figure 11 --Effect of short rime azing on paddle-stirred dissoloed drug at 
30 min ofdi//erent lots of U, P, and PH tolhutamide at 98% relative humidity. 
K P ~ :  (A) P I :  ( 0 )  P2; (A )  P3; (0) PH; (0) u/; (V) u 2 .  


ated in 4 human subjects ( I  3). The cause of the large in uiuo variability in such 
a small study can not be precisely assigned. It may be due to product formu- 
lation and variable dissolution or subject variation. The variation observed 
in viuo, although larger for product P than U. was less than onc might expect 
based on the USP dissolution test. That may be because the test does not 
simulate the normal exposure of tablets to the gastric acid of the stomach 
followed by exposure to intestinal fluid. Tuttle et al. (9) have reported that 
some tolbutamide tablets require exposure to an acidic environment in order 
to disintegrate and dissolve. It was proposed that these tablets contain inert 
formulation ingredients which are pH sensitive. Therefore, some tablets were 
pretreated in 0.1 M HCI for 30 min and then allowed to dissolve in pH 7.4 
phosphate buffer using the USP paddle-stirrer test described in the Experi- 
mental Section. 


Acid pretreatment produced a dramatic effect on dissolution time of P. but 
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Figure 12- Variution in paddle-stirred dissoltied drug at 30 min of M. S, and 
Z after short-rime aging at 98% relative humidity. Key: (A) M I ;  ( 0 )  M 2 ;  
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Figure 13-Efject of pretreatment with simulatedgastricfluid on Uand P 
tolburamide tahlet products. The 710 pretreatment” dissolution / (A)U;  ( 0 ) P /  
was in phosphaie buffer ( p H  7 . 4 )  from time zero. The “arid pretreatment” 
dissolution l ( 0 ) U ;  ( A ) P /  was in acid from time zero to 30 min and then in 
phosphate buffer from time 30 min to the last data point. 


had practically no effcct on U (Fig. 13). That is, after acid pretreatmcnt, both 
P and U dissolved at about the same rate as U without acid pretreatment. This 
dependence of the generic product on acid pretreatment may be undesirable 
(9). 


Prolonged contact of tolbutamide with the GI tract, due to poor dissolution, 
may cause nausea. vomiting, or cramps (14). Constant patient monitoring 
appears prudent when products with highly variable interlot and intralot rates 
of dissolution are employed. 
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cedures (HPLC and GC) for determining dextromethorphan hydrobromide 
from other commercially available cough syrups. Chromatograms obtained 
for these products were representative of the assay procedure and gave reso- 
lution and/or separation similar to that of dextromethorphan hydrobromide 
in the products under investigation. Typical chromatograms are shown in Figs. 
3 and 4 for HPLC and GC. respectively, and the results arecompared in Table 
1v. 


The results obtained by the GC procedure were higher for all the products 
analyzed and, hence, reflected the difficulty in extracting the free base with 
organic solvents (10). This difficulty was experienced with the standard and 
sample solutions as well. I t  is believed that the partitioning behavior (I 1) of 
the antitussive agent is the major cause for this problem rather than the 
complexity of the cough syrup formulations. The GC procedure involved a 
lengthy sample preparation and required more analysis time as compared with 
the HPLC procedure. Finally, the HPLC procedure gave results that were 
in better agreement with label claims for all the products evaluated and was 
a more precise assay procedure. 


CONCLUSION 


Although excellent resolution of the antitussive agent was obtained by both 
the HPLC and GC systems, further examination of the applicability of either 
method for routine analysis of dextromethorphan hydrobromide revealed that 
the HPLC procedure described is simple. rapid, and precise for the quanti- 


tation of the antitussive agent in several commercially available cough-cold 
syrups. The G C  procedure docs not seem to be the method of choice for 
quantitation of dextromethorphan hydrobromide in cough syrups due to the 
difficulty in  extracting the free base and the time involved in sample prepa- 
ration. 


REFERENCES 


( I )  Alfred Burger. “Medicinal Chemistry,” part I I ,  3rd ed., Wiley-ln- 


(2) R. Grewe and A. Mondon, Chem. Ber., 91,279 (1948). 
(3) E. J. Kubiak and J. W. Munson, J .  Phorm. Sci.,  69, 1380 (1980). 
(4) J. L. Fabregas and A. Margalct, J .  Pharm. Sci.,  64, 1005 (1975). 
(5) E. R. Kaplan and A. A. Spark, So. African J .  Sci., 71,241 (1975). 
(6) G. W. Halstead. J .  Pharm. Sci.,  71, 1108 (1982). 
(7) G. W.  Schieffer and D. E. Hughes, J .  Pharm. Sci., 72,55 (1983). 
(8) W. 0. McSharry and 1. V. E. Savage, J .  Pharm. Sci . ,  69, 212 


(9) M. K. Chao, 1. J. Holcomb, and S. A. Fusari, J .  Pharm. Sci.. 68,1463 


(10) A. Menyhareth, F. P. Mahn, and J. E. Heveran. J .  Pharm. Sci.. 63, 


( 1  I) T. Higuchi e l  a / . ,  Anal. Cheni., 39,974 (1967). 
(12) P. Mukerjee, Anal. Chem., 28,870 (1956). 


tcrscience, New York, N.Y. 1970. 


(1980). 


(I 979). 


431 (1974). 


Nasal Drug Delivery System of a Quaternary Ammonium 
Compound: Clofilium Tosylate 


KENNETH S. E. S U x ,  KRISTINA M. CAMPANALE, and 
CHRISTIAN L. CRIES 
Received September 9. 1983, from the Pharmaceutical Rrsearch Department and Parholog-v Dicision, Lilly Research Laboratories, Eli Lilly and Co.. 
Indianapolis, IN 46.285. Accepted for publication October 12, 1983. 


Abstract 0 The blood levels of the [ i4C]clofilium ion in  rats after various 
routes of administration of clofilium tosylate were compared. The results in -  
dicate that the blood levels after nasal administration were not statistically 
diffcrcnt from levels after intravenous administration (JJ  > 0.05). Adminis- 
tration by the or i l  route resulted in  considerably lower blood levels. Fiasal 
administration of clofilium tosylate appeared to be superior to oral adminis- 
tration. Histological examinations of nasal mucosa were conductcd. At the 
lower concentration, mild necrosis was observed, and large areas of mucosa 
were unaffected. However, necrosis of large areas of mucosa occurred after 
exposure to the higher concentration. Levels of radioactivity in  heart. liver, 
lung. and kidney tissue, as a function of time, were also studied. bnlike the 
blood levels after nasal administration, the levels of radioactivity were per- 
sistent i n  heart tissue. The data suggest that thc [‘4C]clofilium ion and/or 
metabolite concentrate in the heart and that blood lcvels of radioactivity may 
not be an accurate index of cardiac levels or biological response. 


Keyphrases 0 Clofilium tosylatc- nasal drug delivery 0 Drug delivery 
systems--clofilium tosylatc, nasal administration 


Clofilium tosylate, [4-(p-~hlorophenyl)butyl]diethyl- 
heptylammonium tosylate, is a newly synthesized quaternary 
ammonium compound that has been shown to selectively in- 
crease refractoriness of cardiac tissue in  dogs and humans 
( 1  -3). It is known that oral administration of quaternary 
ammonium compounds results in low and varied blood levels 
(4). Predictably, the oral absorption of clofilium tosylate in 
rats was poor (5). A total of 0.35% of the dose was excreted in 
the urine and 79% was excreted in the feces within 72 h after 
oral administration. All tissues had extremely low levels of 
radioactivity and low rates of absorption after oral adminis- 
tration of clofilium tosylatc. The pharmacokinetics and 


bioavailabilities of quaternary ammonium compounds given 
by various routes have been studied previously (4- 7). However, 
nasal administration of a quaternary ammonium compound 
has not yet been evaluated. It was the object of this study to 
report the results on the nasal absorption of clofilium tosylate 
in rats. The tissue disposition of radioactivity after nasal ad- 
ministration of [’4C]clofilium tosylate is also reported. 


Synthesis of [‘%lClofilium Tosylate-- [ i4C]Clofilium tosylatc was preparcd 
in  this laboratory by Dr. F. J. Marshall. N-~14C)Acetyl-N-heptyl-(4-chlo- 
rophenyl)butylaminc was prepared as  follows: 104.4 mg (1.33 mmol) of 
[ ‘‘C]acctyl chloride was introduccd by vacuum transfer into a flask containing 
804.8 mg (2.86 mmol) of 4-(4-chlorophenyl)butylamine i n  13 mL of dry 
toluene. The mixture was then stirred for 3 hand warmed gently for I h in a 
stoppered flask. Thesolution was washed with 10 ml. of a 1 M HCI-water - 


saturated sodium chloride solution and then dried wi th  magnesium sulfate 
and the organic phase was evaporated to dryness under reduced pressure. The 
resulting material was dissolved in chloroform and purified by preparative 
TLC (ethyl acetate, silica gel’). A total of 277 mg (64% yicld) of the amide 
was obtained. This material was rcduccd to the tertiary aminc as follows. With 
cooling in ice water. a solution of 277 mg (0.855 mmol) of the aforcmeiitioned 
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Figure 1 -/‘4C‘/Clofilium ion in blood of inale Sprague-Dawley rats after 
oarious routes ofadministration o / a  1.2-mglkgdose (n  = 3,. Key ( I )  intra- 
nasal administration; (2) inrraaenous administration; (3) oral administra- 
tion. 


amidc in 8 mL of tetrahydrofuran was added dropwisc to 5.25 mL of a I M 
solution of diborane in  tetrahydrofuran. The mixture was refluxed gently for 
about 20 h, cooled in ice water, and 7 ml. of methanol was cautiously added. 
The mixture was stirred for a few minutes, and I I mL of I M HCI and 3 mL 
of concentrated HCI were added. The mixture was heated for 3 h .  After 
cooling in ice water, it was made strongly basic by the addition of 5 M NaOH. 
The product was extracted with ethcr. and the extract was washed with 
water-saturated sodium chloride solution and dried with magnesium sulfate. 
The ether was removed under reduced pressure. The tertiary aminc was pu- 
rified by preparative TLC as described above (ethyl acetate- triethylamine, 
30: 1 ) to give 206 mg (78% yield) of material which showed one spot on TLC. 
The quaternary tosylate was prepared as follows: 206 mg (0.665 mmol) of 
the I4C-labeled tertiary aminc was refluxed with 159.6 mg (0.797 mmol) of 
ethyl-p-toluenesulfonate in 3.2 mL of 1,2-dichlorocthane for 96 h. The solvent 
was removed under reduced pressure. and the residue was recrystallized from 
acetone-ethyl acetate to give 226 mg of colorless crystals of [I4C][4-(p- 
chlorophenyl)butyl]diethylhcptylammonium tosylate. mp 98 -101 “C.  The 
product appeared to be. 97.5% pure by T I X  and autoradiography. 
Form~lation-[’~C]ClofiIium tosylate was dissolved in NaCl for injection 


USP (8) and sonicated before administration to rats. 
Animal Absorption Studies- Male Sprague-Dawley rats (average weight. 


275 g) were anesthetized during the entire course of the intravenous and nasal 
absorption studies. For intravenous administration, the rats were anesthetized 
with pentobarbital by intraperitoneal injection, and the drug solution was 
administered by bolus injection into the femoral vein. For nasal administration, 
the surgical procedure conducted on the rats was that described previously 
(9. 10) with some modifications. The drug solution was delivered to the nasal 
cavity through the esophagus cannulation tubing by means of a syringe. For 
oral administration, the rats were not anesthetized, and the drug solution was 
administered by gavage. Blood samples were taken from the tail vein peri- 
odically and acid-digested in 0.2 mL of 70% HC104 and 0.4 mL of 30% H202 
at 70’C for I h in scintillation vials. The samples were cooled and counted in 
scintillation fluid2. 


Ready-Solv MP: Beckman. 


Figure 2-  Nasal mucosa ofnecropsy A; control rat. 


Histological Examination of Nasal Mucosa in Rats- After the absorption 
phase of the study, the rats were killed, decapitated, and the nasal passages 
were flushed with 10% buffered formalin. After fixation by immersion, the 
heads were decalcified, and four cross scctions of the nasal cavity of each rat 
werc stained and examined ( I  1). 


Tissue Distribution of the (‘%JClofilium Ion after Nasal Administration 
of [“CJClofilium Tosylate--At various times after nasal administration of 
the drug, tissues were dissected, rinsed, blotted, and weighed. Samples 
(100-260 mg) were digested in  0.2 mL of 70% HCI04 and 0.4 mL of ~ W O  
H202 at 70OC for I h in scintillation vials. The samples were cooled and 
counted in scintillation fluid2. 


RESULTS AND DISCUSSION 


The disappearance of radioactivity in  the blood of rats administered 
[ 14C]clofilium tosylate by the three administration routes is shown in Fig. I .  
The variations in  blood levels as well as the low absorption rate following 
administration of the oral dose are clearly demonstrated. Nasal administration 
of the drug resulted in much higher levels of radioactivity than levels after oral 
administration. The blood radioactivity levels of the clofilium ion after oral 
administration of the tosylate were -1% of the levels obtained from the dose, 
whereas the radioactivity levels after nasal administration were 70% of those 
obtained from the dose (Table I ) .  Furthermore, the diffcrence in  levels fol- 
lowing intravenous and nasal administrations were statistically insignificant 
( p  > 0.05). 


The data on the effect of the clofilium ion concentration indicate that the 
area under the curve of the blood radioactivity level increased with dose in 
a nonlinear manner when administered nasally (Table 11). However, a linear 
dose- response relationship appeared in the lower ranges. The nonlinear portion 
of the curve and good absorption rate a t  the concentration of I .2 mg/kg were 
possibly attributable to damage to the nasal mucosa wi th  exposure of the 
submucosal vasculature to the quaternary ammonium compound. Inspection 
of the blood kineticsof the radioactivity levels (Table I l l )  suggested that, even 
at this lower dose, the drug was slowly absorbed and/or diffused through 
epithelial cells into the systemic circulation. At 0.3-0.6 mg/kg, the absorption 
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Figure 3-Nasal mucosa of necropsy B; the rat was gioen a 1.2-mglkg 
dose. dose. 


Figure 4- -Nasal mucosu of necropsy C; the rat was giijen a 0.6-mg/kg 


under the AUC per unit dose remained constant (Table 11). Thus, the amount 
of drug absorbed was directly proportional to the concentration in accordance 
with the law of diffusion. The observations are in  agreement with those re- 
ported previously; that is, quaternary ammonium compounds are absorbed 
by a diffusion mechanism (6). Still, by administering a 0.3-mg/kgdose nasally, 
the nasal absorption was -21-fold greater than theoral absorption. I n  these 
studies. it was indicated that clofilium tosylate was rapidly absorbed from the 


nasal mucosa. The peak blood level was attained 5 10 min after nasal instil- 
lation. A nasal drug delivery system for quaternary ammonium compounds 
appears to be feasible for this antiarrhythmic agent or for other applica- 
tions. 


Quaternary ammonium salts are often used as surfacc-active agents when 
dissolvcd in water for antimicrobial and/or antiseptic purposes (12, 13). The 
possibility that nasal absorption of  clofilium tosylate could be attributable 


Table I-Comparison of IlWC)Clofilium Ion Blood Levels' in Rats * after Various Routes of Administration 


Route of Dose, 
Administration mg/kgc AUC, pgmin/gd  Absorption, % p  d 


1 ntravenous 
Oral 
Nasal 


1.2 
I .2 
I .2 


39.5 f 4.98 
0153g I 0 . 0 9 7  
2 7 S h  f 1.30 


I . 3  
69.6 


- 
0.00 1 
0.08 


Expressed as microgram equivalents of carbon-I4 r gram of blood. Harlan S raguc-Dawley male rats, n = 3.  Formulated in solution form. Mean f SEM of three rats. 
Percentage of intravenous dose. J Probability value ( & l e n t ' s  I test), compared w i t 1  intravenous administration route data. p < 0.05, compared with nasal administration route 


data. p > 0.05. compared with intravenous administration route data. 


Table 11-Comparison of ['4CJClofiliurn Ion Blood Levels' in Rats-Effect of Dose 


Route of Dose, 
Administration mglkgb AUC, pg.min/gc 


~~ 


Mean Specific 
AUCd 


~~ ~~ 


Absorption, % 


Intravenous 1.2 39.5 f 4.98 32.9 - 
Nasal I .2 27.5 f 1.30 22.9 69.6 
Kasal 0.6 5.70 f 1.06 9.50 28.9 
Nasal 0.3 2.8 I f 0.28 9.37 28.5 


Ilxpresscd as microgram equivalents of carbon-I4 per gram of blood. Formulated in solution form. ,Mean f SEM of three rats. Mean  specific ACC: (pgrnin/g)/(rng/kg) 
= mean AUC/administered dose. e p  > 0.0s. compared with an AUC of 0.6 mg/kg. 
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Table Ill-Tissue Distribution a of 114C]Clofilium Ion in Rats after lntranasal Administration of a 0.3-mg/kg Dose of Clofilium losylate 


Time after Dose, h 
Tissue 0.5 I 2 4 6 


Blood 12.06 f 1.80 9.30 f 0.34 14.88 f I .44 I 1.80 f I .20 14.40 f 3.80 
Heart 82.17 f 12.54 88.09 f 4.10 1785.16 f 23.10 227.80 f 22.50 263.70 f 27.00 


I.iver 221.31 f 29.19 218.24 f 12.20 328.60 f 36.30 482.90 f 39.80 27 I .90 f 36.00 
Kidney 475. I3 f 87.60 609.42 f 20.59 944.40 f 85.50 I I 16.00 f 106.80 8 13.00 f I 10.00 


Lung 58.95 f 8.42 49.47 f 4.69 83.88 f 8.90 97.06 f 15.20 112.10f 15.00 


0 Each value represents the mean f S E M  of three animals. Expressed as nanogram equivalents of carbon-I4 per gram of tissue. Harlan Sprdgue-Dawley male rats; ,, = 3. 


Table IV-Summary of Histological Examination of Nasal IMucosa after lntranasal Administration of Clofilium Tosylate to Rats 


Necropsy Dose, mg/kg Exposure. h Microscopic Findings” 


A Control 0 No significant lesions. 
B I .2 6 About one-half of the mucosa was necrotic or missing. Occasional microabscesses were 


present in  the mucosa. The lumens of affected turbinates contained debris formed of 
ncutrophils and sloughed mucosa. 


C 0.6 6 Mild necrosis was characterized bv occasional cosinoohilic. round. mucosal cells with 
pycnotic nuclei. Minimal amouit  of luminal debris’. 


’ 


D 0.3 6 Similar to that for the 0.6-mg;kg dose. 


Summarized from thc observation from four cross section:, of the nasal cavity of each rat and from a total of three rats in each study 


to damage to the mucosa was realized during the course o f  these studies. 
Therefore, histopathological studies were conducted. To avoid physical 
damage to any part of the nasal mucosa, the drug solution was delivered to 
the nasal cavity through the esophagus cannulation tubing with a syringe. 
Typical lesions of the exposed specimens of rat nasal mucosa are reported 
( h g s .  2--4). I n  general, large portions of mucosa that were in contact with the 
highcst conccntration of clofilium tosylatc became necrotic. At the lower 
concentrations. only occasional epithelial cells were necrotic, and large areas 
of mucosa were unaffccted. I\;o histological differences between nasal mucosa 
exposed to the 0.3- or 0.6-mg/kg dose were detected. The results observed in 
the nasal mucosa of rats after administration of clofilium tosylate are  sum- 
marized in  Table 1V. Control groups were also exposed to the vehicle. 


The time course of the clofilium ion radioactivity in  various tissues following 
nasal administration ofclofilium tosylate in rats issummarized in  Table 1 1 1 .  
Thc absorption kinetics of the radioactivity from the blood contrasted with 
that from some tissues. One hour after nasal administration, high levels of 
radioactivity relative to the blood were observed in the heart, lung, liver, and 
kidney tissues. There was a gradual accumulation of the drug in the heart. 
with a peak occurring between 4 and 6 h based on the experimental design. 
Radioactivity lcvels in thc heart appeared to be very persistent. By 6 h after 
nasal administration, the total radioactivity i n  the heart was about 18-fold 
greater than that in the blood. The results are  consistent w i t h  the previously 
reported gradual uptake by the myocardium after intravenous administration 
of the drug i n  rats and dogs (14). Distribution i n  blood and the relationship 
between tissue and blood concentrations appear to be similar, regardless of 
whether administration is intravenous or nasal. Other quaternary animonium 
antiarrhythmic agents. such its bretylium and I-(dimethylisopropylamin0)- 
3-( I-naphthyloxy)-2-propanol mcthochloride (LM-272). arc  also known to 
have a high a f f in i ty  for myocardial tissue relative to plasma ( I  5, 16). The 
biological response of clofilium tosylatc corrclatcs with the levels of radio- 
activity in the heart (14). These data re-emphasize the fact that for the clo- 
filiurn ion. and possibly other quaternary ammonium antiarrhythmic agents. 
blood lcvels are an insufficient indicator for estimating cardiac levels and thus 
pharmacological effect. 
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The choice of Dr. Brossi as editor of The Alkaloids is particularly felicitous 
since he brings to his position an extensive and impressive background in 
natural products chemistry as well as pharmacology. 


To minimize costs, the publishers have seen fit to let each group of authors 
draw their own chemical diagrams. This has worked out very satisfactorily, 
since the structures are well drawn and clearly layed out. The result is lhat 
this book of almost 400 pages, with a very large number of tables, charts and 
structures, is offered for a relatively modest $49.50. Not a bad deal! 


Reciewed by Maurice Shammd 
Deparlmenl of Chemistry 
The Pennsyltiania State University 
Unioersiiy Park, PA 16802 


Compartmental Models and Their Application. By KEITH GODFREY. 
Academic Press Inc., 24-28 Oval Road, London NWI 7Dx. England. 1983. 
293 pp. 15.5 X 23.5 Price $50.00 (€32.00). 
The use of compartmental models to describe the disposition of drugs in 


vioo is a widely practiced art in the pharmaceutical sciences. These models 
very often provide a reasonable phenomenological description of the complex 
set of events and processes that determine the pharmacokinetics of a drug in 
mammalian systems. Less often, they also provide a means to interpret or 
discern what mechanisms are responsible for the observed performance. It 
is surprising, then, that the current texts on pharmacokinetics do not address 
the properties and problems associated with the models themselves. Godfsy’s 
text attempts to do just that. 


This book provides a comprehensive overview of compartmental models. 
The subjects can be roughly divided into three general areas (not corresponding 
to the individual chapters): the performance of linear systems; the problem 
of identifiability and parameter estimation; and the properties of more complex 
systems which display nonlinear, time variant, and stochastic behavior. The 
general layout includes a mathematical description of the various systems, 
comments concerning their performances, and many examples to illustrate 
applications. Two cautions must be voiced. First, while proofs have been 
eliminated, the vocabulary and notation are that of an applied mathemat- 
ics-engineering approach. This, however. should not be a problem since the 
author carefully provides good descriptions throughout the text. Second. this 
is definitely not a pharmacokinetics text. While many of the examples are 
taken from that area, the emphasis is on the mathematical system and not on 
thc phcnomcna bcing modeled. In  this respect, the author provides a welcome 
scrvice to the pharmacokinetics community. 


In the first four chapters many lincar compartmental systems are presented. 
The descriptions are straightforward and present an excellent overview. The 
various models are shown mathematically. their performances are illustrated 
by numerous calculations and graphical illustrations, and literature examples 
of actual applications are provided. The third section on nonlinear and time 
variant systems is similarly well described, to a depth not found elsewhere. 
The second section on identifiability and parameter estimation is by far the 
most important contribution of this book. Here, Dr. Godfrey provides an ex- 
cellent analysis of whether particular models actually can be used to describe 
real data. Often we decide that a particular model effectively represents a set 
of data. Is the model unique? In most cases the answer is a resounding no. That 
fact is amply demonstrated by the use of Laplacian analysis as well as con- 
sideration of numerical problems. My only complaint is that the author does 
not go far enough; the emphasis is on the estimation of microconstants, not 
on integrated parameter estimation. The problem of correlation between 
parameters is barely considered; no mention of reparameteri7ation is provided. 
Yet, this is a minor Fault compared with the large assortment of warnings 
provided. 


In summary, this book is an excellent refcrence document concerning the 
power and problems of lumped parameter systems composed of first-order 
differential equations. It is probably the best bookon that subject available. 
The appropriateness of these models is up to us. 


Reoiewed by Kenneth J .  Himmelstein 
Inter, Research Corporaiion 
2201 West 21.~1 Sireei 
Lawrence. KS 66044 


Formaldehyde: Toxicology-Epidemiology-Mechanisms. Edited by JOHN 
J. CLARY. JAMES E.GIBSON, and RICHARDS. WARITZ. Marcel 
Dekker, 270 Madison Avcnuc, New York. NY 10016. 1983.296 pp. 15 X 
23 cm. Price $45.00 (20% higher outside the U S .  and Canada). 
The Chemical Industry Institute of Toxicology (CIIT), Research Triangle 


Park, NC. sponsored conferences on formaldehyde toxicity in November 1980 
and, with funding from the Formaldehyde Institute, on November 3, 1982. 
The papers and discussions of the latter conference are presented in this 
book. 


There are eleven chapters by 26 contributors. of which half are from CIIT. 
Chapter titles are as follows: “Occupational Exposure to Formaldehyde- 
Recent N IOSH Involvement,” “Mathematical Cancer Risk Assessment for 
Formaldehyde,” “Case Control Study of Cancer Deaths in DuPont Workers 
with Potential Exposure to Formaldehyde,” “Mortality of Ontario Under- 
takers: A First Report,” “Skin Initiation/Promotion Study with Formaldehyde 
in  Sencar Mice,” “Skin Initiation/Promotion Study with Formaldehyde in 
CD- I Mice,” “Mutagenic Effects of Formaldehyde in Bacterial and Human 
Cells,’’ “Formaldehyde and thc Nasal Mucociliary Apparatus,” “Reaction 
of Formaldehyde in the Rat Nasal Mucosa,” “The Effect of Formaldehyde 
Exposure in Cytotoxicity and Cell Proliferation,” and “Mechanisms of 
Formaldehyde Toxicity and Risk Evaluation.” 


I n  general these topics are well written, and the summaries of the discussions 
that follow the actual presentations are of interest. Literature is cited up to 
thc time of publication including 1983 references and citations to manuscripts 
in press. 


In summary of the information presented at this second Cl lT  conferenceit 
is now well accepted that airborne formaldehyde leads to cancer in  rats and 
mice, that formaldehyde has the potential to cause genetic toxicity, and that 
formaldehyde will bind to DNA in uirro. Clarification, however, is still re- 
quired regarding the importance of binding in vitro, especially as related to 
detoxification pathways and repair mechanisms. Of prime importance was 
the need for the results of additional epidemiological studies. While this volume 
is of restricted interest in  the pharmaceutical sciences, it should be of value 
to those in contact with formaldehyde and its products as  well as to toxicolo- 
gists. 


Reviewed by Joseph E. Sinsheimer 
College of Pharmacy 
The Unicersity of Michigan 
Ann Arbor. MI 48109 


Methods in Industrial Microbiology. By B. SIKYTA. John Wiley & Sons, 
Inc. One Wiley Drive, Somerset, NJ 08873. 1983.349 pp. 16 X 24 cm. Price 
$79.95. 
This short textbook is aimed primarily at the microbiologist who is seeking 


a very broad and simplified introduction to industrial fermentation processes. 
The chapter headings: “Introduction,” “Culture Equipment,” “Sterilization 
of Media and Air,” “Aeration and Mixing,” “Substrates for Microbial Pro- 
ccsses.” “Kinetics of Microbial Processes,” “Genetics of Industrial Micro- 
organisms,” “Development of Microbial Processes,’’ “Measurement and 
Control of Microbial Processes,” and “Isolation of Microbial Products” in-  
dicate that the author has attempted to condense a broad spectrum of 
biotcchnology in a limited space. As a result, the subject matter is treated too 
superficially to make this a truly valuable reference source (e.g.. mass transfer 
scale-up in  two and one-half pages). 


The potentially useful aspects of this book might be the listing of the com- 
position of various natural substances (e.g. cornsteep liquor) for material 
balance purposes and, possibly, the reference sources for their historical sig- 
nificance. Otherwise. the book should be of value to the layman interested in 
ii broad view of the fermentation industry. 


Reciewed by: H. Michael Koplove 
Hoffrnunn-La Hoche 
Nutley. NJ 07/10 
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captopril-reagent derivative adsorbs onto the cartridge packing from toluene 
and can be eluted with dimethylformamide. 


A plasma sample with standard captopril disulfide (2 pg/mL) is run along 
with samples to compensate for incomplete reduction. If high (off scale) flu- 
orescence readings from the sample are obtained, eluates from the cartridges 
can be diluted to proper concentration with dimethylformamide. 


Recovery experiments were carried out by addition of various concentrations 
of captopril, captopril disulfide, captopril-cysteine disultide. or captopril- 
glutathione disulfide to plasma. These were kept a t  room temperature for 4 
h then stored at 5OC overnight. Results are shown in Table 11. Recoveries 
ranged from 95 to 104%. 


Reproducibility was checked by performing six assays of a plasma sample 
spiked with captopril disulfide at 2 pg/mL (Table 111). Precision at  this 
concentration is 1.7% (CV). 


Results obtained by the fluorometric method were compared with those 
obtained by the GC-MS method (Table IV) .  The data were correlated by 
linear regression analysis, which yielded an intercept of 5.6, a slope of 0.9914, 
and a correlation coefficient of 0.9949. Agreement between the methods is 
acceptable. 


Although the fluorometric method is very sensitive (because as little as 2 
ng of a pure captopril standard/mL of dimethylformamide solution can be 
accurately measured in a I-cm cell, without HPLC separation), the method 
can be used for measuring captopril in plasma containing >200 ng of the 
drug/mL. Therefore, it is suitable for patients who accumulate captopril 
during extended therapy and have microgram per milliliter levels of captopril 
plus disulfide metabolites in plasma. It can be especially useful to the small 
hospital laboratory which docs not have expensive instrumentation (such as 
GC-MS) available. 
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Abstract 0 A reverse-phase high-performance liquid chromatographic 
(HPLC) method was developed for determining iodochlorhydroxyquin, 
5.7-dichloro-8-hydroxyquinoline, and 5,7-diiodo-8-hydroxyquinoline in 
creams, ointments, shampoos, tablets, and bulk drugs. A column packed with 
10-pm phenyl-silica and a mobile phase of 0.001 M NiC12 in acetonitrile- 
methanol-water (3020:50) was used to separate the nickel complexes of the 
three drugs, with detection a t  273 nm. Analysis of creams, ointments,sham- 
poos, and tablets gave results close to the label declarations. Recovery of 
standard material added to samples was 298%. Linearity df response was 
shown over a range of 30- 150% of label claim for standards of the three drug 
substances. Multiple analyses of iodochlorhydroxyquin and diiodohydroxy- 
quinoline bulk drugs showed purities of 99.96 and 98.77% with CV of 1 .I7 
and 0.73%, respectively. The HPLC method offers an alternative to current 
USP procedures, which lack stability-indicating and specificity characteris- 
tics. 


Keyphrases 0 HPLC-Halogenated 8-hydroxyquinoline compounds 0 8- 
Hydroxyquinoline-halogenated, HPLC 


The current USP XX IR spectrophotometric procedure (1)  
for determining iodochlorhydroxyquin (I) in creams and 
ointments has many deficiencies, as reported by Gruber et al. 
(2), who used GC to determine trimethylsilyl ether derivatives 
of related halogenated 8-hydroxyquinolines. A colorimetric 
procedure (3) complexed I with nickel ion. However, other 
8-hydroxyquinolines, present as impurities, would interfere 


to give high results. A normal-phase high-performance liquid 
chromatographic (HPLC) procedure (4) involved esterifica- 
tion of I using a mixture of pyridine-acetic anhydride, an 
evaporation step, and a reconstitution of the residue in the 
mobile phase. Procedures using anion-exchange HPLC ( 5 , 6 )  
and reverse-phase HPLC (7,8) failed to adequately separate 
I from other 8-hydroxyquinolines. 


In this study, a simple and specific reverse-phase HPLC 
method was developed to separate and quantitate iodochlo- 
rhydroxyquin (I), 5,7-dichloro-8-hydroxyquinoline (11), and 
5,7-diiodo-8-hydroxyquinoline (HI) as their nickel complexes 


I 
R* 


I, R* = I, R2 = CI 
11, R* = R2 = C1 


111. R' = R2 = I 
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Figure 1-Chromatogram of a mixture of iodochlorhydroxyquin ( I ) .  5.7- 
dichloro-8-hydroxyquinoline (2), 5.7-diiodo-8-hydroxyquinoline (3). 5- 
chloro-8-hydroxyquinoline (4), 8-hydroxyquinoline (5). and diphenylamine 
( I S . )  determined at a detector setting of 0.1 AU and 273 nm. 


in bulk drug form and in pharmaceuticals. The HPLC system 
also resolved I, 11, and I11 from 5-chloro-8-hydroxyquinoline 
(IV) and 8-hydroxyquinoline (V), which are precursors in the 
syntheses of bulk forms of the drugs. 


EXPERIMENTAL SECTION 


Materials -Nickel chloride hexahydrate', iodochlorhydroxyquin*, 5.7- 
dichloro-8-hydro~yquinoline~, 5,7-diiodo-8-quinolinoI2, S-chloro-l-hyd- 
roxyq~inoline~, 8-hydro~yquinoline~, and diphenylamineS were used as re- 
ceived. Methanol6, acetonitrile6, and tetrahydrofurad' were distilled in 
glass. 


Chromatographic System-The liquid chromatographic system consisted 
of a high-pressure pump7, a variable-wavelength UV detectofi, an integra- 
t o r - r ~ r d e r ~ ,  and a phenyl column (10 pm, 30 cm X 3.9 mm)lo. The mobile 
phase, 0.001 M NiC12, was prepared in acetonitrile-methanol-water (30: 
2050)  and filtered before use. The flow rate of the mobile phase was 1.2 
mL/min. The detector was set at 273 nm and at  a range of 0. I AUFS. The 
integrator-recorder was used at  an attenuation setting equal to 8 mV, a 
threshold value of 3, and a peak width setting of 0.16 in the peak height 
measuring mode. 


Qyantitative Procedure for lodochlorhydroxyquin (I)-Ointment or cream 
samples containing an equivalent of 30 mg of I were dissolved with,hcating 
in 40-50 mL of tetrahydrofuran. The solutions were quantitatively transferred 
to I W m L  volumetric flasks and diluted to volume with tetrahydrofuran. An 
accurately weighed 30-mg portion of USP standard I was transferred to a 
100-mL volumetric flask and diluted to volume with tetrahydrofuran. Five- 
milliliter aliquots of sample and standard preparations were transferred to 
separate 50-mL volumetric flasks. One milliliter of a IO-mg/mL methanolic 
solution of nickel chloride was added to each flask, and the flasks were shaken 
to disperse the reagent. 


The complex formed between nickel and I produced a yellow solution. An 
internal standard solution of 80 mg of diphenylamine in  200 mL of methnol 
was prepared, and 5.0-mL portions were transferred into each SO-mL flask. 
The petrolatum base in ointments or creams precipitated when the internal 
standard solution was added. The flasks were diluted to volume with methanol. 
Injections were made from the final standard and filtered sample solutions. 
Peak height response relative to the internal standard was used to calculate 
the amount of I in the samples. 


Quantitative Procedure for 11-An accurately weighed portion of a sham- 
poo, containing an equivalent of 30 mg of 11, was dissolved with heating in 


I ICN Pharmaceuticals, Inc., Plainview, N.Y. * USP Reference Standard. 
3 Westwood Pharmaceuticals, Buffalo, N.Y.  


Pfaltz and Bauer, Stamford, Conn. 
5 Merck and Co. Rahway, N.J. 


Burdick and Jackson Laboratories, Muskegon, Mich. 
Model 6000A; Waters Associates, Milford, Mass. 


8 Model SF-770; Schocffel Instruments. W c s t w d .  N.J * Model 3390A. Hewlett-Packard, Avondale, Pa. 
l o  p-Bondapak Waters Associates. 
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Figure 2-Chromatogram of ointment preparation of iodochlorohydroxyquin 
( I )  and diphenylamine (IS.), at a detector setting of 0.1 AU and 273 nm. 


40-50 mL of methanol. The solution was quantitatively transferred to a 
100-mL volumetric flask and diluted to volume with methanol. A standard 
of 30 mg of I 1  was accurately weighed into a 100-mL volumetric flask and 
diluted to volume with methanol. Two-milliliter aliquots of the sample and 
standard preparations were transferred into separate SO-mL volumetric flasks. 
One milliliter of the methanolic nickel chloride reagent and 3.0 mL of the 
internal standard solution were added to the sample and standard flasks. The 
solutions were diluted tovolume with methanol, and the samples were filtered 
before HPLC. Peak height response relative to the internal standard was used 
to quantitate 11. 


Quantitative Procedure for 111-An accurately weighed portion of cream 
equivalent to 20 mg of 111 was dissolved with heating in 40-50 mL of tetra- 
hydrofuran. The solution was quantitatively transferred to a 100-mL volu- 
metric flask and diluted to volume with tetrahydrofuran. For the tablet form, 
20 tablets were accurately weighed and finely powdered. An accurately 
weighed portion of the ground composite equivalent to 200 mg of I l l  was 
transferred to a 250-mL volumetric flask with -1 50 mL of tetrahydrofuran. 
The flask was heated on a steam bath for a few minutes and then shaken for 
30 min on a mechanical shaker. After dilution to volume with tetrahydrofuran, 
a 25-mL aliquot was diluied to volume with tetrahydrofuran in a I q - m L  
volumetric flask. An accurately weighed 20-mg portion of standard I11 was 
diluted to volume with tetrahydrofuran in a 100-mL volumetric flask. Five- 
milliliter aliquots of the sample and standard preparations were transferred 
into separate 50-mL volumetric flasks, and 1 mL of the methanolic nickel 
chloride reagent and 3.0 mL of the internal standard solution were added to 
each flask. After qilution to iolurne with methanol, the standard preparation 
and filtered samples were chromatographed. Peak height response relative 
to the internal standard was used toquantitate 111 in the samples. 


Quantitation Procedure for Bulk Drugs-Accurately weighed bulk drug 


1,s 
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Figure 3-Chromatogram of cream preparation of 5.7-diiodo-8-hydroxy- 
quinoline (3) and diphenylamine (IS.), at a detector setting of 0.1 AU and 
273 nm. 
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Table I-Results of AMIVW of Pbnrmaceutical Formulations Table 11-Recovery of Added Standards 


Dosage Manu- 
Form Active Ingredient facturer" Found, %b 


Ointment 3% lodochlorhydroxyquin 
Cream 3% lodochlorhydroxyquin 
Ointment 3% lodochlorhydrox yquin 


plus 0.5% HCc 
Cream 3% lodochlorhydroxyquin 


0.5% H C  
3% lodochlorhydroxyquin 


plus 1% H C  
3% lodochlorhydroxyquin 


plus 0.5% H C  
Shampoo 2% 5,7-dichloro-8- 


h ydrox yquinoline 
Cream 1% 5,7-diiodo-8- 


hydrox quinoline plus 1% H C  
Tablet 210 mg 0~5,7-diiod0-8-hydroxyquinoline 


tablet 
650 mg of 5,7-diiodo-8-hydroxyquinoline 


tablet 


D 
D 
E 


F 


F 


3.02, 3.00 
3.00, 3.00 
3.03, 3.04 


3.08, 3.04 


2.92, 2.92 


3.05, 2.98 


1.98, 1.95 
1.96, 1.99 
1.04, 1.02 


208, 209d 


644, 650d 


a Key: (A) Ciba Pharmaceutical, Summit, N.J.; (B) E. Fougera and Co., Melville, 
N.Y.; (C) Dome Laboratories. West Haven, Conn.; (D) Westwood Pharmaceuticals, 
Buffalo, N.Y.; (E) Dermik Laboratories, Fort Washington, Pa.; (F) Vitarine Cq., 
Springfield Gardens, N.Y. for Glenwood Inc., Tenafly, N.J. b Each pair of results rep- 
resents duplicate assays of a different lot of each dosage form. HC = hydrocortisone. 
d mg. 


samples were diluted to volume with tetrahydrofuran in 100-mL volumetric 
flasks and treated similarly to the cream and ointment samples after appro- 
priate dilution. 


System Suitability-The HPLC system in this study was suitable when a 
resolution factor of at least 1.5 was obtained between the sample and internal 
standard peaks, and a relative SD of 1 2 %  was achieved for the response ratio 
of the two peaks after five replicate injections. 


RESULTS AND DISCUSSION 


Early in this study, it was evident that iodochlorhydroxyquin ( I )  needed 
to be chemically modified to obtain a satisfactory reverse-phase high-per- 
formance liquid chromatogram. This modification had to be quantitative and 
easy to accomplish for analytical method application. 


The formation of chelate complexes of 8-hydroxyquinolates with bivalent 
inorganic ions was explored. Salts of zinc and bivalent nickel, copper, and 
cobalt were used as complexing agents for I. Reverse-phase HPLC of 
methanolic solutions of these complexes, through octadecylsilane columns 
of 5- and 10-pm particle sizes with mobile phase composed of combinations 
of methanol, water, acetic acid, and various ion-pairing chemicals, was un- 
successful. 


Reverse-phase HPLC has been used with a mobile solvent system containing 
nickel acetate to determine aniline and its metabolites (9). The use of bivalent 
metal ion salts in the mobile phase was investigated for thechromatography 
of chelate complexes of 1. When a mobile solvent system of 0.01 M NiC12 in 
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Figure 4-Chromatogram of shampoo preparation of 5.7-dichloro-8-hyd- 
roxyquinoline (2) and diphenylamine ( I S . )  at a detector setting of 0.1 AU 
and 273 nm. 


Amount Amount 
Stand- Added, Found, Recovered, 


Product ard mg/g mg/g % 


3% lodochlorhydroxyquin I 29.3 29.3 100.0 
DIUS 1% HCO cream 


3% lodochlorhydroxyquin 1 21.7 21.3 98.2 


2% 5.7-dichlore8-hvdroxv- I I  16.5 16.2 98.2 


plus 0.5% H C  
ointment 


quinoline shampob 


quinoline plus I %  
H C  cream 


1% 5,7-diicdo-8-hydroxy- 111 9.1 9.72 100.2 


210-mg tablet 111 130.4 129.7 99.5 
650-mg tablet 111 126.6 127.0 100.3 


0 HC = hydrocortisone. 


methanol-water (75:25) was used, I eluted from a C I S  column with some 
tailing. 


Substitution of a phenyl-hnded column, addition of acetonitrile to the 
mobile phase, increase of the water content in the mobile phase to 5096, and 
reduction of the nickel salt concentration to 0.001 M yielded an HPLC system 
which separated the nickel complexes of five related standard hydroxyqui- 
nolates. This chromatographic system was used to quantitate I, 11, and 111 in 
pharmaceuticals. Diphenylamine was chosen as the internal standard befausc 
it absorbed in the same UV region as  the complexes and was adequately sep- 
arated from the Ni-I11 complex, which was the last to elute from the column 
(Fig. 1). 


Tetrahydrofuran was chosen as the solvent for petrolatum-based creams 
or ointments and tablet formulations of I and 111. Methanol was used with 
a shampoo containing 11. Warming the samples in the appropriate solvent on 
a steam bath aided in dispersing the samples and dissolving the active ingre- 
dients. Warming the initial standard preparations ensured their complete 
dissolution. 


Addition of the methanolic nickel chloride solution to aliquots of the sample 
and standard preparations resulted in the immediate formation of the yellow 
organometallic complex. The metal salt was added in 210-fold excess for 
complete complexation. Addition of the methanolic solution of the internal 
standard, and dilution with methanol to volume, caused precipitation of the 
petrolatum in ointment or cream samples and necessitated filtration of these 
samples before chromatography. 


The absorbance maximum for the Ni-I complex was 273 nm; this wave- 
length was also used in determining the nickel complexes of 11 and Ill. The 
presence of hydrocortisone or formulation excipients in ointments and creams 
did not interfere with sample analysis. Hydrocortisone eluted in -4.8 min from 
the column and had a low absorbance at  273 nm. Figures 2 and 3 are typical 
chromatograms obtained from ointment and cream preparations of I and 111 
formulated with hydrocortisone. Figure 4 is a chromatogram of a shampoo 
containing 11. 


Table 1 gives the results of duplicate analyses of different lots of preparations 
containing I, 11, and I l l .  Close agreement with label claim is evident. Recov- 
eries for standards added to the prepared samples are listed in Table 11. Re- 
coveries of 298% were obtained for each added standard. 


Linearity of response was tested by preparing a standard curve for five 
different concentrations of standards of I, 11, and 111. A correlation coefficient 
of 0.999 was obtained for each standard over a range of -30-1 50% of the label 
claim, based on sample preparation using the proposed procedure. 


Bulk drug samples of 1 and I11 were analyzed five times. An average purity 
of 99.96% with a 1 .17% CV was obtained for I, while the bulk sample of 111 
had an average purity of 98.77% and a CV of 0.73%. 


The high selectivity and efficiency achieved by the use of metal ions in 
mobile solvents for reverse-phase HPLC have been attributed to secondary 
chemical equilibria (10). These secondary chemical equilibria control retention 
time and peak symmetry, and, if chromophoric counterions are d, detection 
will be enhanced. When nickel ion was absent from the mobile phase used in 
this study, no peaks were detected when a mixture of nickel complexes was 
injected into the column. Addition of the metal ion and adjustment of aceto- 
nitrile content resulted in a well-resolved chromatogram. The solvation effect 
of the acetonitrile in the mobile phase gave the eluting peaks a symmetry that 
was lacking in systems of water-methanol solutions of the nickel salt. 


The use of metal ion salts in reverse-phase HPLC should find increasing 
application in research involving biochemical and pharmaceutical substances. 
The method presented here is stability indicating because possible decom- 
position products and impurities are separated from the parent compound, 
and the method is an alternative for the current official USP procedures (1, 
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11)  for assaying and identifying I and Ill  in bulk drug form or pharmaceutical 
preparations. 
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Abstract 0 Surfactant-coated polymethyl [2-’4C]methacrylate nanoparticla 
had significantly different time-course distribution patterns in rats than 
noncoated and albumin-coated particles. Blood concentrations of poloxamer 
188-coated particles were 70-fold higher after 30 min, and the particles per- 
sisted at  higher levels in the circulation for up to 2 h. The initial and final liver 
levels were significantly lower (38% after 30 min, 51% after 7 d) and spleen 
levels were significantly higher (21% after 30 min, 23% after 7 d)  than non- 
coated particles (74% in the liver and 5% in the spleen after 7 d)  and the al- 
bumin-coated particles (84% in the liver and 5% in the spleen after 7 d). 
Specific activity was somewhat higher for the surfactant-coated particles in 
other organs such as the lungs, kidneys, testicles, ovarics, and lymph nodes. 
The bovine serum albumin sorption behavior of polymethyl methacrylate 
nanoparticles was followcd under various conditions, and adsorption was found 
to increase with increasing protein concentration and increasing temperature, 
reaching a maximum at the isoelectric point of pH 4.9 after -1 2 h of incu- 
bation. Thezeta potential of the particles decreased with increasing pH, and 
the change was more pronounced with the albumin-coated particles. 


Keypbrnses 0 Polymethyl methacrylate - 14C-labeled nanoparticles. distri- 
bution and elimination in rats, intravenous injection 0 Distribution -14C- 
labeled polymethyl methacrylate nanoparticles, intravenous injection, rats 
0 Eliminati~n-’~C-iabeled polymethyl methacrylate nanoparticles, intra- 
venous injection, rats 


There is growing interest in polymeric drug-delivery systems 
for parenteral administration to provide sustained release and 
action, and to increase the stability of easily metabolized drugs 
(1, 2). Nanoparticles (10 nm-1 pm) have been suggested as 
new drug-delivery systems (3-6). The goal is to develop a 
system to direct potent drug molecules to specific organs or 
cells, thereby limiting the systemic levels and potential toxicity 
to healthy or normal tissues and cells. 


Polymethyl methacrylate has been used in surgery for over 
30 years as a material for artificial bones (7). Implanted 
methyl methacrylate polymers appear to be well tolerated if 
the implants are monomer-free and under a certain threshold 
size (8). However, little is known about the biodegradability 
and the elimination of polymethyl methacrylate particles from 


the body. Nanometer-size particles exhibit a much larger 
surface area than the implants used in previous studies (9, 10) 
and are expected to degrade much faster. Information on the 
long-term effects of acrylic polymer particles on the living cell, 
however, is scarce (1 1). 


I t  is generally accepted that polymers in the form of nano- 
meter-size particles are mainly taken up by the cells of the 
reticuloendothelial system, predominantly in the liver and 
spleen. It was found that 70% of polymethyl [2-14C]methac- 
rylate nanoparticle radioactivity localized in the liver of rats 
7 d after intravenous administration in phosphate-buffered 
saline (12). The clearance of labeled polystyrene divinylben- 
zene microspheres (3-25 pm) from the blood was size-de- 
pendent in beagle dogs (13,14). Microspheres of 2 8  pm were 
mechanically filtered and retained in the lungs, while smaller 
spheres cleared the lungs and localized in the liver and spleen. 
Although the effect of physicochemical surface properties on 
distribution has been recently reported (15), the possible 
long-term effects associated with retention of particulate 
matter in the body tissues have not been studied. 


Emulsifying agents have been found to affect the fractional 
removal rate of lipid emulsions from the blood stream (16, 17). 
Since emulsifying agents appear to play a major role in the 
removal of lipid substances from the blood stream, it was an- 
ticipated that adsorbed surfactants also influence the clearance 
of polymethyl methacrylate nanoparticles from the blood. 
Other workers have demonstrated the significance of plasma 
components with respect to the uptake of particulate polymeric 
matter by cells of the reticuloendothelial system and, ac- 
cordingly, in the clearance from the blood and subsequent 
organ distribution (1 8, 19). Distribution in various organs has 
been reported to be influenced by the surface charge of the 
particles. Microspheres with adsorbed positively charged 
proteins (1 8) and nonionic surfactant ( 15) show a decreased 
uptake by the liver. 
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Abstract 0 A specific, sensitive high-performance liquid chromatographic 
method is described for sulfaquinoxaline ( I )  and its major metabolite. the 
N4-acetyl metabolite (11). in biological fluids. Detection limits for I and I 1  
were 0.25 apd 0.50 pg/mL in  plasma and 0. I0 and 0.20 pg /mL in urine, re- 
spectively. The pharmacokinetics of sulfaquinoxaline and i t s  metabolite were 
studied in New Zcaland White rabbits after individual doses of 50 mg/kg of 
sulfaquinoxaline and its metabolite were administered intravenously. Mean 
( k S D )  plasma half-lives werc 12.7 (8.0) h for sulfaquinoxaline and 15.4 (3.5) 
h for the metabolite. After administration of the N-acetyl metabolite sulfa- 
quinoxaline appeared in the plasma and urine indicating that deacetylation 
had occurred. The repercussions of this observation are briefly discussed with 
respect to two rabbits in which plasma analyses and complete urine collections 
wcrc made. As sulfaquinoxaline is administered prophylactically to rabbits 
by some breedcrs. i t  is recommended that investigators allow a washout period 
of about one week after receipt of the animals. 


Keyphrases D Sulfaquinoxaline- HPLC. pharmacokinetics. rabbits D 
Pharmacokinetics-sulfaquinoxaline. rabbits, H PLC 


Laboratory animal breeders frequently use sulfaquinoxaline 
( I )  on a chronic basis in feed or water to prevent outbreaks of 
coccidiosis in rabbits. Measurable quantities of sulfaquin- 
oxaline or its metabolite may therefore be present in the blood 
or tissues of these animals after delivery to the laboratory. This 
report examines the hitherto unreported pharmacokinetics of 
the drug and its major metabolite, the N4-acetyl metabolite 
(11). in rabbits, to determine the washout period needed to 
avoid incorrect conclusions from pharmacokinetics or phar- 
macodynamic studies. 


I R . H  
n I-COW, 


BACKGROUND 


A number of analytical procedures have been used to detect sulfaquin- 
oxaline and related compounds. These includc spcctrophotometry ( I  -4), GC 
(5). TLC and column chromatography (6- 10). and high-performance liquid 
chromatography (HPLC) ( I  I - IS). A new HPLC assay has been developcd 
for both sulfaquinoxaline and i ts  major Tetabolite in order to improve upon 
the specificity, sensitivity, simplicity, and/or analysis time of available 
methods, and to explore the pharmacokinetics of the drug and i ts  metabolite 
in selected species. 


Pharmacokinetic studies of sulfaquinoxaline and/or i t s  metabolites have 
been conducted in a number of species but not. surprisingly, in rabbits. 
Elimination half-lives for sulfaquinoxalinc reportedly range from 6 to I5 h 
incattle(l6,17),to>-l d in ra ts ( l8 -20)anddop(  19.20).Thiswidcringc 
of half-lives obviates a reliable estimate of the wabhout time required for 
sulfaquinoxaline or i t s  metabolites in rabbits. This report, therefore, provides 
information on the pharmacokinetics of sulfaquinoxaline and i t s  N4-acetyl 
metabolite in rabbits. 


EXPERIMENTAL SECTION 


Instrumentation-A high-pressure pump'. a high-prcssurc injectorz, a UV 
detector' (252 or 360 nm). and a recorder4 comprised the chromatographic 


I Model IOOA: Altex. 
2 Universal Inlet HPLC valve: Valco. 


Waters Associates. 
Tracor Wesrronics MT. 


apparatus. Chromatography was pcrformed on a reverse-phasc column5. using 
ii rcvcrsc-phase precolumn6 to extend column life. The mobile phasc. at  a flow 
ratc o f  1.7 mL/min, consisted of  35 parts mcthano17 and 65 parts 0.2 M 
KH2P04-Na2HP04 bufferR (pH 7). Prior to use. the mobilc phasc wasson- 
icated for 5 min to remove trdppcd gas. 


Preparation of Standards-An alkaline, aqueous stock solution (pH -I I )  
was prepared containing 0.2 and 0.4 mg/mL of sulfaq~inoxaline~ and the 
N4-acetyl metabolite9, respectively. Appropriate dilutions with watcr were 
prepared to yield standards ranging in concentration from 0.5 to 200 pg/mL 
for sulfaquinoxaline and 1.0 to 400 pg/mL l-or the metabolite. A t  the timc 
of analysis. 50 pL of the standards was added to blank rabbit plasma ( IOOpL), 
or 100 pL of thestandards was added to blank rabbit urine (500pL). 


Sample Preparation-A fixed plasma volume (100 p L )  was uscd for a11 
simples. Aceton$ (300 p L )  was added slowly. while vortexing. to prccipitatc 
proteins. The mixture was centrifugcd (17OQXg) for 4 min. 100 p L  of the 
supernatant was evaporated to dryness at 65OC under a nitrogen srream. and 
the residue was reconstitutcd with 200 pL of mobilc phase. An appropriate 
volume (20- I00 pL)  was injected. Glacial acetic acid-sodium acetate bufferlo 
(3  M, pH 6.500pL) was added to a fixed volume of urinc ( 5 0 0  pL). Al-tcr 
mixing, the solution was extracted with methylene chloride" (4.0 mL). The 
organic phase (0.5- 1.5 mL)  was cvaporatcd to dryness, following which the 
sample was prepared for chromatography as described above. 


Pharmacokinetic Studies in Rabbits-Sull-aquinoxaline or i ts  metabolite 
(50 mg/kg) was administered as an intravenous bolus dose to male N e w  
Zealand White rabbitsIz rccciving I50 g of rabbit feedi' daily and watcr ad 
libirum. The sulfonamide solution was prepared by dissolving sulfaquinoxaline 
or i ts metabolite in a minimum of base and back-titrating with acid to a pH 
o f  -9 and -I0 for the drug or the metabolite, rcspccrivcly. A portion of the 
f i l ~e red '~  solution was retained for analysis. After dose administration cia a 
marginal car vein. blood was collected from the contralateral vein through 
a cathetcri5. Harvested plasma from hcparini7cd blood was frozcn until an- 
alyzed. Complete. quantitative urinc collections were accomplishcd with an 
indwelling bladder catheteri6 for thc first 8 h followed by further recovery 
from a metabolic cage". The urine samples were carefully mixed. centrifuged, 
and the supernatant was frozen until analyzed. 


Data Analysis-Calibration curves of sulfaquinoxaline or,the N4-acetyl 
metabolite were based upon absolute peak heights obtained from a fixed 
HPLC injection volume. Unknown concentrations were obtajned by inter- 
polation from these linearized curves. Pharmacokinetic parameters were 
computed by standard methods (21). Data wercanalyred'x with a nonlinear 
regression program devclopcd by DArgenio and Schumitsky (22). The 
wcighting factor throughout wab the inverse-square of thc observed data. The 
required number of exponentials was established by the method of Boxcnbaum 
rt a / .  (23). 


RESULTS AND DISCUSSION 


Development of Assay-Figurc I illustrates chromdtograms ofsulfaquin- 
oxalineand i t$  metabolite obtained after processing rabbit plasma itnd urine 
samples. The drug and i t s  metabolite eluted in a rcaronablc pcriod of time. 
were well resolvcd, and well separated from matcrials inherently prcscnt in 
biological fluids. .4 numbcr of compoundh. including ninc othcr sulronamtdcs. 


' Hibar II. C18 IOpm, 250 X 4.6 mm 1.d.. E Mcrck. 
CIS. 30- 40 pm.40 X 3 2 mm 1.d : Pcrisorb. ' HPLC grade. Fisher Scicntific. 
Certified ACS: Fisher Scicntific 
Mcrck Sharp and Dohmc. 


lo  BDH Analar: J.T. Raker 
G I m  dihtillcd: Burdick & Jackson. 


l 2  Rismans Fur Ranch. Ontario. 
11 Purim. 
l4 0.2 pm. Amicon. 
I s  Dcwet: Angiocath. 
I* 3 m l  pediatric. Foley 


Nalgcne rabbit cagc. 
I n  LSI 11/23; Digital Equipment Corp. 
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Table 11-Intra-assay Variability in the Analysis of Plasma or Urine 
Sulfasuinoxaline ( J )  and the N4-Acetvl Metabolite ( J U  Standards 


7 
0 3.5 7 


Conc.. pg/mL c v ,  % 
Compound Plasma Urine Plasma Urine 


I 0.2662 0.2 I30 26.04 8.97 
2.662 I .065 2.89 19.04 


26.62 10.65 1.14 I .83 
106.5 42.60 I .35 2.976 


II 0.5 I75 0.4 I40 20.60 10.48 
5 .  I75  2.070 7.34 7.03 


5 I .75 20.70 6.85 1.49 
207.0 82.80 1.41 I .36h 


1 2  


Figure 1 --Chromatograms ohtainedfor sulfaquinoxaline ( I )  and the N 4- 


acetyl metabolite (2) in rabbit plasma and urine. The mobile phase consisted 
of  35parts methanol and 65 paris 0.2 M, pH 7, phosphate bufferflowing at 
1.7 mL/min through an RP,# column (250 X 4.6 m m  i d . ) .  Detection was at 
252 nmfor plasma and 360 nm for urine. Key: (A )  blank rabbit plasma; (B) 
sulfaquinoxaline (52.25 pg/mL) and the N 4-atrtyl metabolite (100.5 pg/mL) 
in blank rabbit plasma; (C) blank rabbit urine: (D) sulfaquinoxaline (39.80 
pg/mL) and the N4-acetyl meiabolite (83.40 pg/mL) in blank rabbit 
urine. 


were tested as potential internal standards. Invariably they eluted too quickly 
or interfered with the quantitation of I and I I  which exhibited retention times 
of -3.6 and 5.5 min, respectively. Since no suitable internal standard was 
found, a fixed-volume injection method was employed. The absolute limits 
of detection, expressed as  a measurable peak at lcast three times the baseline 
noise. were 2.8 and 5.5 ng for I and 11, respectively. Using the aforementioned 
sample preparation methods, the limits became 0.25 and 0.50 pg/mL in 
plasma and 0.10 and 0.20 pg/mL i n  urine, respectively. 


The composition of the mobile phase was examined and it was found that 
decreasing the methanol concentration increased the retention times for both 
compounds. However, the retention time of I 1  increased at a faster rate than 
I .  Buffer strength had littlccffect on the range from 0.10 100.25 M. The pH 
of the buffer had a pronounced effcct on I and II. Increases in pH >4 led to 
rapid decreases in times, espccially for 11. The results for sulfaquinoxaline 
are in keeping with its reported pK, of -6 ( I I ,  19). Surprisingly, pH 7 proved 
to be a good compromise between short times and well-resolved peaks, even 
though i t  exceeded the pK,. 


Table I-The Effect of Urine pH Buffered With 3 M Acetate Buffer on the 
Recovery of Sulfaquinoxaline (I)  and the N4-Acetyl Metabolite (11) 


~~~~~ ~ 


Relative Relative 
Buffer-Urine Compound Interference 


Compound PH Peak Height" Pcak Heighth 


I 4.49 0.9 1 0.0275 
4.94 0.95 0.022 I 
5.42 0.97 0.01 76 
5.95 0.89 0.0097 
6.52 0.85 0.0024 


I 1  4.49 0.97 0.0056 
4.94 I .00 0.0069 
5.42 I .oo 0.0080 
5.9s 0.88 0.0100 
6.52 0.42 0.01 23 


" Ratio of rhc peak height of the compound. aficr adjusting for intcrfercncc peaks. 
to the hcight from a rtandard prepared in water. Ralio of the interference peak height 
observed in blank urine to the peak height ol' the comp)und corrected for the interrering 
peak: measured a t  252 nm. 


Acetone, acetonitrile. anhydrous ethanol, methanol, and perchloric acid 
were examined as plasma protein precipitating agents. Perchloric acid was 
eliminated because the evaporation step was too time-consuming. Peak heights 
obtained for the drug and the metabolite after acetone treatment were con- 
sistently higher (4-8%) than those seen after treatment with the other agents. 
Furthermore. acetone provided the finest, most stable precipitate, clearest 
supernatant after centrifugation, and has been shown to be thorough in  re- 
moving proteins (24). I t  was, therefore, the agent of choice. 


It was initially anticipated that the plasma assay for sulfaquinoxaline and 
the N4-acetyl metabolite could simply be extended to urine analysis. However, 
it was found that unknown, apparently endogenous components appeared as 
interfering peaks in the chromatograms. Consequently, various approaches 
were used with the following observations: ( a )  methylene chloride was chosen 
as an extracting solvent because solubility tests indicated that the drug and 
its metabolite were about four times more soluble in this solvent than in acidic 
water. and this ratio exceeded that observed for ether;. (b) because of its high 
buffering capacity. a strong buffer was needed to acidify the normally alkaline 
[pH 8-9 (25)) rabbit urine. Phosphate buffer was unsuitable due tosolubility 
problems at concentrations > I  M. Acetate buffer, 3 M ,  provided the most 
accurate and predictable buffering of the urine. Table 1 indicates the degree 
of recovery of the drug and the metabolite in urine with this buffer; ( c )  a pH 
of 6 was selected as a compromise between adequatc recovery of the sulfon- 
amides and minimal solvent front and interference peak heights. Toeliminate 
the latter, thesecondary maximum, 360 nm (e = 7.2 X lo3 for the drug and 
the metabolite). was chosen as the detection wavelength even though 252 nm 
(f = 3.2 X lo4 for the drug and its metabolite). as used for plasma samples, 
was preferred. 


Calibration curves were highly linear ( r  > 0.99) over the concentration 
ranges in  plasma and urine of 0.25-200 pg/mL and 0.10-40 pg/mL, re- 
spectively, for sulfaquinoxaline and 0.50-400 pg/mL and 0.20-80 pg/mL, 
respectively, for the N4-acetyl metabolite. Intra-assay variability is summa- 
rized in Table I 1  and, except for the lowest concentrations, was <lo%. In- 
terassay analysis of the calibration curves in plasma provided mean (iSD) 
slopes and intercepts of 0.395 (0.166) and 0.00405 (0.0236), respectively. for 
sulfaquinoxaline (n = 9) and 0.348 (0.0261) and -0.00385 (0.0138), re- 
spectively, for the N4-acetyl metabolite (n = 4). Such variability, when based 
on peak-height analysis without an internal standard, reflects changes in 
column characteristics. However, this presents no difficulty if  calibration 
curves are generated with each set of samples. As only two calibration curves 
were prepared for urine samples, interassay results are not available. 


Of the reported HPLC assays for sulfaquinoxaline ( I  I - I5), none describes 
the simultaneous measurement of the drug and its N4-acetyl metabolite. Only 
one of these assays (14) has been developed to measure sulfaquinoxaline in 
plasma or tissues, and it employs inconvenient extraction methods and yields 


Table III-Mean (fSD) Pharrnacokinetic Parameters Obtained From 
Plasma Analysis of Sulfaquinoxaline (I) and the N4-Acetyl Metabolite (11) 
After Single Intravenous Doses of I and 11, Respectively 


Variable I I 1  


n I I  4 
Dose, mg/kg 49.64 (0.76) 49.94 ( I  .29) 
AUC, pg.h/rnL, 836. I (363.6) 2769.9 (326.6) 


737.3 166.6\b 
66.47 ( I  9.75 j 
70 36 ( I  5 781b 


18.18 (1.82) TBC. (mL/h/kgIC 
~ . - . . - ,  


V I .  mL/kgd 2i0.5 (41.85) 140.2 (59.37) 
Terminal Constant, h-l 0.0645 (0.0188) 0.0494 (0.0174) 
Terminal Half-Life. h 12.67 (7.99) 15.96 (7.40) 


Area under the plasma concentration-time curve from time 0 to infinity. Mean 
(*SD) results excluding Rabbit No. 83 (sco iexl) .  'Tolal body clearance from plama. 


Volume of dktribution in the central compartment. 
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Table IV-Urinary Excretion Data Observed in Two Rabbits Given Both 
Sulfaquinoxaline (I) and Its Metabolite (11) on Separate Occasions 


300 
200 1 


Y 


0.5 I=, 
0 4 812 24 36 48 


HOURS 
Figure 2-Plasma sulfaquinoxaline (0) and the N 4-acetyl metabolite (0) 
observed in two rabbits following inrravenous sulfaquinoxaline adminis- 
tration. Key: rabbit 143 ( 0 , O )  bolus dosr was 4Y.03 mglkg I(-) indicates 
the best fit of the data to a biexponeniial equation]; rabbit 150 (@, 8)  bolus 
dose was 49.51 mg/kg I(- - - )  indicates the brst fit of the data to  a triexpo- 
nential equation]. 


a retention time of I3 min. The new method describcd herein was simple. rc- 
producible, and had the requisite sensitivity to measure the drug and its mc- 
tabolite in animal tissues or fluids. Also, interference from potential metab- 
olites was not encountered. 


Pharmacokinetic Studies in Rabbits-Thc intravenous administration of 
I to rabbits provided multiexponential profiles for thc drug and the metabolite 
in plasma. Table 111 includes the mean ( f S D )  pharmacokinetic paramcters 
for the drug obtained after fitting the data to bi- or triexponential equations. 
Seven rabbits required three exponcntials whilc four rcquired only two ex- 
ponentials. Plasma profiles for two of the rabbits arc shown in Fig. 2. 


One rabbit (No.  83) displayed a total body clearance for thedrug that was 
one-third as great as the mean clearance observed for the remainder of the 
rabbits. Plasma levels of the drug in  this animal were elevated. while plasma 
levels of the metabolite were reduced. Also, the terminal phase of the me- 
tabolite profile was parallel to that of the parent drug. All of the other rabbits 
displayed nonparallel terminal phases with a mean (fSD) metabolite half-life 
of 15.4 (3.5) h. The data would suggest that rabbit 83 is a slow acctylator, 
although the clearancesof the other animals could not be allocated to definable 
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Figure 3-Plasma sulfaquinoxaline (0) and the N4-acetyl metabolite ( 0 )  
observed in rabbit 143 after an intracenous bolus dose (51.16 mgfkg) of the 
acetylated compound. The solid line represents the best fit of the data to a 
biexponential equation. 


Compound Amount Excretcd, Renal Clearance, 
Adminis- Dose, mg/kg' mL/ h/kg 


Rabbit tercd mg/kg I II I I I  


179 1 48.96 3.172 13.36 5.978 8.054 


I84 I 49.08 3.035 16.47 5.421 8.477 
11 49.71 5.343 32.06 61.35 10.85 


I I  48.21 3.588 31.83 32.06 13.42 


0 96 h. Amount excreted to 48 h/AUC from 0 to 48 h.  


groups. While the phenomenon of fast and slow acetjlation has been widely 
reported and reviewed (26). no known studies have used sulfaquinoxaline as  
a probe. 


Rabbits reportedly lack the ability to deacetylate (27) whereas such me- 
tabolism has been observed in other species (27-30). The N4-acetyl metabolite 
was, therefore, administered intravenously to 4 rabbits. Unexpectedly, a 
plasma chromatographic peak was observed with a retention time corre- 
sponding to sulfaquinoxaline. Initially it was felt that the presence of sulfa- 
quinoxaline reflected contamination of the mctabolite dose b j  the drug. 
However, HP1.C analysis of the Filtered metabolite solution administered to 
the rabbits confirmed the absence of the drug. Figure 3 illustrates the profiles 
observed in one of the experiments. Table I l l  also includes the mean ( f S D )  
pharmacokinetic parameters obtained for the metabolite after its adminis- 
tration to four rabbits. The mean terminal half-life of the metabolite in these 
experiments agrees well with that observed after sulfaquinoxaline adminis- 
tration. Two animals (Nos. 179 and 184) were studied in greater detail by 
monitoring both plasma and urine for 96 h after administering the drug and 
the metabolite on different occasions. two wecks apart. The results in Table 
IV indicate a sizeable urinary excretion of the drug following administration 
of the metabolite. The results also demonstrate that urinary recovery of the 
drug and the metabolite do not account for either administered dose. Perhaps 
the sulfonamides undergo partial climination bia the feces (18) and/or al- 
ternate routes of metabolism ( I  7, 19. 3 l). Finally, the renal clearances of 
sulfaquinoxaline are notably different when sulfaquinoxaline or the N4-acetyl 
metabolite are administered. This anomaly remains to be explored. 


From the total body clearance of rabbits 179 and 184 (90.52 and 86.17 
mL/h/kg, respectively), one might surmisc that thc rabbits disposed of the 
drug in  an identical manner and that they might cvcn be identical genetic 
acetylators. Analysis of the plasma data from these rabbits according to the 
technique proposed by Wagner et al. (32) for prednisone-prcdnisolone in- 
terconversion in cioo, provided intriguing results. The method, which permits 
a calculation of each clearance in the interconversion, pointed to a 40% greater 
acetylation clearance in  rabbit I84 accompanied by a 32% greater deacety- 
lation clearance. The obvious effect of these parallel diffcrcnccs would to be 
provide an identical total body clearance of the drug in the two rabbits. This 
preliminary observation has important implications in defining the genetic 
acetylation characteristics of humans and animals. 


The primary purpose in developing an HPLC assay for sulfaquinoxaline 
and the N4-acetyl metabolite was to monitor their presence in purchased 
rabbits. The relatively high single dose of the drug administered in this study 
required -4 d to reach plasma levels of the drug and the metabolite, <0.25 
and 0.50 pg/mL. rcspectivelj. Even though animal breeders undoubtedly use 
lower chronic daily doses for prophylactic treatment, i t  would seem prudent 
for investigators to avoid using rabbits for I week after rcccipt from a sup- 
plicr. 
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Abstract 0 The absorption of two hydrophobic compounds through rat skin 
was measured by in oico and in rirro techniques. The permeation of the fra- 
grance ingredients 3-phenyl-2-propenyl 2-aminobenzoate ( I )  and 1-(3- 
ethyl-5,6,7,8-tetrahydro-5,5.8,8-tet~amethyl-2-naphthalenyl)ethanone ( 1 1 )  
was measured from a petrolatum and an acetone vehicle. Increases in per- 
meation of Wold ( I )  and 95-fold (11) were observed when the compounds were 
tested in iiuo under conditions similar to in oitro procedures. The apparent 
inability of the compounds to freely enter the diffusion cell receptor fluid was 
partially reversed by replacing normal saline with other fluids: rabbit serum, 
3% bovine serum albumin, organic solvents. and dilutions of four nonionic 
surfactants. The effect of the receptor fluids on the integrity of the skin barrier 
was assessed by measuring the permeability of control compounds (cortisone, 
urea, and water). A 6% solution of polyethylene glycol 20 oleyl ether was the 
receptor fluid of choice. Without apparent damage to the skin, 61% (petro- 
latum vehicle) or 73% (acetone vehicle) of the in ciuo absorption of l was 
obtained. With I t ,  only 32% of the in o i ~ a  absorption was achieved (petrolatum 
vehicle). Even when the surfactant solution is used, significant differences 
may still remain between in cioo and in oitro results. 


Keyphrases 0 Absorption -pcrcutaneous, in ritro, hydrophobic compounds 
0 Hydrophobic compounds-in cirro percutaneous absorption 


For a number of compounds, good agreement is found be- 
tween the results of in vico and in oitro skin permeability 
studies ( 1  - 10). The in oirro values determined by Franz ( 1 ,  
2) compared favorably with the in oioo permeability results 
of Feldmann and Maibach (3 )  for I2  organic compounds in  
human skin when considerations were made for experimental 
differences. Bronaugh et al. (4) have measured both the in oioo 
and in oitro absorption of threecompounds through rat skin. 
Again, the diffusion cell studies were accurate in their pre- 
diction of in uiuo absorption. 


For a certain type of compound, however, erroneous results 
may be obtained when standard diffusion cell techniques are 
used. Compounds that are essentially insoluble in water may 
not partition freely from excised skin into an aqueous receptor 
fluid. When applied to skin in cioo, however, these compounds 
may readily leave the barrier layers of the skin because of their 
solubility in biological fluids. I n  the in oioo and in oitro ab- 
sorption comparisons of Tsuruta (8,9), values much lower than 
expected were obtained for in vitro permeability measurements 
of organic solvents with the lowest water solubility. 


The problem was alluded to by Franz ( I ) ,  who in selecting 
compounds for study, omitted highly water-insoluble com- 
pounds to avoid results that were “artificially limited due to 
insolubility in the dermal bathing solution.” Brown and Ul- 
samcr ( I  1 )  have found that the skin permeation of the hy- 
drophobic compound hcxachlorophene increased twofold when 
normal saline was replaced with 3% bovine serum albumin (in 
a physiological buffer) in the diffusion cell receptor. This new 
receptor fluid had a 500-fold greater solubility for hexachlo- 
rophene. In a recent study (12), a nonionic surfactant 
(poloxamer 188’) was used to enhance the solubility of linoleic 
acid in  the diffusion cell receptor medium. Although the po- 


I l’luronic F-68; BASF-Wyandotte, Wyandotte. Mich 


tential problem inherent in the partitioning of a hydrophobic 
compound from skin is now recognized, no systematic studies 
to characterize and attempt to solve this problem have been 
carried out. 


I n  determining the skin absorption of two fragrance mate- 
rials, it seemed that their hydrophobic nature might cause 
difficulties in an in vitro analysis. The water solubilities of 
3-phcnyl-2-propenyl 2-aminobenzoate (cinnamyl anthranilate; 
I )  and 1-(3-ethyl-5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2- 
naphthaleny1)ethanonc (acetyl ethyl tetramethyl tetralin; 11) 
were 0.23 and 0.01 2 mg/L, respectively. Therefore, percuta- 
neous absorption of these cornpounds was initially determined 
in uiuo in rats. Lipophilic receptor fluids were substituted for 
normal saline to try to enhance absorption and approximate 
the in oicio results without damage to the permeability barrier. 
Rabbit serum and aqueous dilutions of serum albumin. organic 
solvents, and four commonly used nonionic surfactants were 
utilized as the lipophilic receptor fluids. 


=cw~zooc-,$ NH2 


/ 


I 


II  


EXPERIMENTAL SECrlON 


Materials-The following radiolabeled compounds were used to facilitate 
quantitation of skin absorption (specific activity): [ I4C] I t 2  (2.40 mCi/mmol); 
1’4C]i2 (10.5 mCi/mmol); [3H]cortisone4 (43.0 Ci/mmol); [I4C]urea4 (57.0 
mCi/mmol); and tritiated water (55.5 mCi/mmol). All . impounds were 
determined to have a radiochemical purity or98%. Agents US. 1 in the receptor 
fluids. polyethylene glycol 20 oleyl ether (PEG-20 oleyl e t ~ l e r ) ~ ,  octoxynol 
96, poloxamer 188, plysorbate 807, and bovine serum albumin8, were prepared 
in distilled water a t  the indicated concentrations. All agents (except albumin) 
a re  commonly used nonionic surfactants. 


I n  Vitro Studies- Percutaneous absorption measurements were made in  
a one-chambered static diffusion cell as described previously ( I  3 ) .  The receptor 
fluid wasstirred with a magneticstirring bar in a constant-temperature water 
bath maintained at  32OC. 


The skin on the back was lightly shaved and then excised from 3- to 7- 
month-old female Osborne-Mcndel rats. In  some experiments, subcutaneous 
tissue was removed, and full-thickness skin was fixed i n  the diffusion cell. For 
most experiments, split-thickness skin (350 pm) was prepared with a der- 
matome9. Test compounds were applied to the epidermal surface of the skin 
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Table I-Kffect of Diffusion Cell Conditions on the Absorption of I and II 
(Cortisone Control) 
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Figure 1 -Absorprion of I from a perrolarum whicle. Key: (A) in vivo resulrs: 
'0) i n  vitro (saline in'recepfor): 1 0 1  i n  vitro (6% PEG-20 oleyl ether in  re- 
repfor). At 5 d,  13% of the i n  vivo absorption was obtuined by in vitro tech- 
niques. using saline in rhe diJfusion cell receptor. Absorption was increased 
10 61% of rhe in vivo resulrs by subsriruring 6% PEG-20 ole.vl ether as rhe 
rrcepror fluid. 


dissolved in either a petrolatum or acetone vehicle. The I .  I 3-cm2 area of skin 
was completely covered by the vehicle (30 mg of petrolatum. 20 pL of ace- 
tone). Aliquots of receptor fluid were removed from a side arm at various in- 
tervals, and the radioactivity was determined in  a liquid scintillation 
counter lo. 


Cortisone permeation was determined to monitor the effect of the receptor 
fluid on the integrity of the skin barrier. In  most experiments, the permeability 
of the ''C-labeled fragrance and the (3H]cortisone was determined simulta- 
neously by dual-label techniques. The absorption of the fragrances ( I  and I I )  
was expressed as a percentage of the amount applied to the skin to facilitate 
comparison with the in i'iro results. Cortisone permcation from the petrolatum 
vehicle was expressed as a permeability constant (steady-state absorption rate 
divided by the applied concentration). Other percutaneous absorption values 
were expressed as the percent dose absorbed and/or permeability con- 
stants. 


In  Vivo Studies--The skin absorption of I and I I  was determined in rats 
by in  tiro methods described previously (4). The back skin of the rats was 
lightly clipped and a nylon ring (inside area, 2 cm2) was glued to the back with 
;I cyanoacrylate adhesive. The rats were partially restrained with rubber tube 
collars. and the test compounds were applied inside the protective device on  
the back. Because of significant excretion in the feces expected with the 
lipophilie compounds, absorption was estimated by summing the amounts of 
compound excreted in the urine and feces (14). These samples were collected 
at 24-h intervals in metabolism cages for 5 d. Radioactivity in the samplcs was 
determined by liquid scintillation counting. Percutaneous absorption was 
expressed as the percentage of the applied dose excreted during the collection 
periods. 


Statistical analysis was by the Student's r test. The significance of increased 
absorption of compounds resulting from changes in  the receptor fluid was 
determined by using a one-tailed probability. 


RESULI'S 


In  rirro percutaneous absorption measurements, using a normal saline re- 
ceptor solution, resulted in  values that were much lower than the corresponding 
in rirw data for 1 and 11.  This difference is shown in the time course for the 
absorption of I (Fig. I). I n  initial studies, the effect of different receptor fluids 
on the absorption of I was determined by comparing values obtained aftcr 5 
d (Table I). Only 12.7% of I absorbed in riro during the 5-d period was ob- 
iaincd in a corresponding in  rirro experiment. using normal saline receptor 
fluid and split-thickness rat skin. A 1.5% solution of the nonionie surfactant 
PEG-20 oleyl ether enhanced by threefold the skin permeability to I ;  the 
cortisone permeation determined simultaneously in  the dual-label experiment 
was not altered. When rull-thickness rat skin was used, no increase in  the 
absorption of I was obtained wi th  the PEG-20 oleyl ether. The optimal con- 


lo Model IS 9 0 0 ;  Heckm:in lnstrunicnts. Fullerton. Calif 


Receptor Fluid 


Normal salinc (4)*  
I . 5 %  PEG-20 dleyl cther 


f 4 ) h  
N&kI saline (4)  
1.570 PEG-20 oleyl ether 


(10) 
6 8  P I G 2 0  olevl ether 


(8) 
20% PEG-20 oleyl ether 


(8 )  
Rabbit serum (4)  
3% Bovine seruni 


albuniin (4) 
5050 Mcthanol- watcr 


(4)  
I .5% Octoxynol 9 (4) 
6% Octoxynol 9 (4) 
6% Poloxamer I 8 8  (4)  


Normal saline ( 6 ) *  
I .5% PI<G-20 oleyl ether 


Normiil saline (4) 
I .S4# PEG-20 olcyl ether 


6% PEG-20 oleyl ether 


50:50 Glycerol water 


( b ) h  


(4 )  


(4) 


1)  


Percent Applied Dose 
Absorbed in  5 d 


Compound I 
5.0 f 0.3 
5.4 f 0.9 


5.8 f 0.4 
1 s.5 f I .2' 


27.9 f I .8'.d 


18.3 f I .gc  


8.8 f 0 . 6 C  
12.1 f 1.2' 


27.1 f 2.0" 


17.9 f I . I c  
38.4 f 2 . Y C  


7.3 f 1.3 
Compound I I  
0.0x f 0.01 
0.24 f 0.07 


0.20 f 0.06 
2 . 3  f 0.4" 


6.0 f 0.9cJ 


0. I4 f 0.03 


Cortisone Permeability 
Constant x 1 0 5  


3.8 f 0.7 


7.1 k0.5 
6.1 k0 .5  


7.0 k 0.9 


9.3 f 0.9 


6.X f 0.8 
s.4 f 0.2 


17.2 f 0.2" 


10.8 f 0 .5 '  
14.5 f 1.3< 
9.8 f 0.6' 


3.8 f 0.7' 
- 


6.3 f 0.3 
4.9 f 0.2 


7.0 f 0 . Y C  


4.7 f 0.9 
\ -  I 


4050 Ethanol .water (4)  6 .  I f 1.2C,K 21.7 f 3.3" 


" Valuer iirc the incan f .YE; the numbcr of dcterniinationr is in piirenthesa. For most 
cxpcnmcnts, a 3 5 O - j m i  section from the surface of wholc rat \kin uas prcparcd,with i i  
dcriniitomc. Compounds wcre applied to the skin in :I pctrolntum vchlclc In  rwo ilb- 
\ o rp ion  of I was 45.6%; in !,;to abwrption of I I  wits I X.95. Whole skin. Significani 
increase when compared wi th  results from t h e  appropriaic inline control (dcrni;itome 
xcciion) by one-tailcd Student's r m t , p  < 0.05. Significanl incrciihc uhcn compared 
w i t h  rewlts from a11 receptor fluid for 1 cxcept methanol u;itcr ;ind h"h octoxynol0 by 
one-tailed Student's I test.p < 0.05. * Valuedctermincd in cxperinientsuith I./Slgnl- 
ficiint increiise when coinpired wi th  rcsults from ;ill receptor fluids lor II cxcept etha- 
nol water by one-tailed Srudent's I teat. p < 0.05. fl Value determined ;it 4 d .  


centration of the surfactant was 6%. A fivefold increase i n  the absorption of 
I was obtained without altering the permeation of the cortisone control. 


Rabbit serum and bovine serum albumin had no effect on the integrity of 
the barrier, but they wcre also less effective in increasing the absorption of 
I than PEG-20 oleyl ether. A methanol -water solution and 6% octoxynol 9 
were equal or superior to 6% PEG-20 oleyl ether. but significant damage to 
the skin was indicated by the increased cortisone permeation since the ab- 
sorption of cortisone is not limited by a lack of solubility in the normal saline 
receptor fluid. A 6% solution (if poloxamer I88 in the receptor resulted in slight 
enhancement of both I and cortisone permeation. 


An even greater difference was seen between the in ciro absorption of II 
and the diffusion cell data (Table I ) .  Results similar t o  those determined with 
I were obtained by altering the receptor fluid. The enhanced absorption with 
I .5% P E G 2 0  oleyl ether required the use of a dcrmatome skin section. Best 
results were obtained with 6% PEG-20 oleyl ether in the receptor, and no in- 
crease was observed in the permeation of the cortisone control. Use of a 
glycerol water solution in the receptor resulted in  permeability dat:i similar 
to those obtained with normal saline. As was previously found whcn a meth- 
a d - w a t e r  solution was used, the ethanol -water receptor fluid enhanced the 
pcnetration not only of I I ,  but also of the cortisone control. 


When I was applied to rat skin in  an acetone vehicle, greater absorption 
was obtained than wi th  a petrolatum vehicle (Table I I ) .  A 6% PEG-20 oleyl 
ether receptor fluid i n  the diffusion cells greatly increased the permeation of 
I without a significant effect on the permeation of cortisone. 


The in rirro absorption of I I  and cortisone (acetone vehicle) was measured 
for 43 h to determine the effect on skin permeation of three nonionic surfac- 
tants (Table 11) .  Use of 6% PEG-20oleyl ether resulted in the greatest increase 
in the absorption of I I  without an increase in that of the cortisone control. At 
the same concentration (6%). both polysorbate 80 and octoxynol 9 resulted 
in increased cortisone permeation when compared with the valuc obtained 
wi th  normal saline. 


l h c  effect of 6% PEG-20 oleyl ether on the absorption of water and urea 
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'rahle 11-Effect of Yonionic Surfactants on 1. 11, and Cortisone 
Absorption a 


Coinpound I h  


Percent Absorbed ( 5  d) 
Rcccptor Fluid I Cortisone 


Normal Salinc ( 9 )  14.1 f 1 . 3  21.5 f 2.5 
6% PEG20 oleyl ether (8) 24.8 f 3.2 44.1 f 4.3' 


Compound I I  


Percent Absorbed (43 h) 
Receptor Fluid I I  Cort isone 


Wormal Saline ( I  2) 0.7 f 0.1 7.2 f 0.9 
6% PEG-20 oleyl ether (8)  0.0 f 0.5 
6% Polysorbate 80 (4) 4.1 f 0 . 6 C  10.6 f 1.5' 
6% Octoxynol 9 (4) 15.1 f I .0' 


7.5 f l.4< 


i 1.9 f 1 . S C  


" Values tire the mcan f S E .  the numbcr ol'dcterminauons is in pnrcnthcsc\. Con)- 
pound5 were :ipplied in  cVrro to ra1 skin (350-pni aection) in an iicclonc vehicle. I n  rii.o 
;ibsorptiun of I (;icetone vchicle) wa\  60.7%. ' Signific:int incrc:isc whcn compared with 
Ihe iippropriiitc wlinc control by one-tailed Student's I test. p < 0.05. 


was examined with rat skin in diffusion cells (Table 111). No significant in- 
crease was seen in the percutaneous absorption of these two additional control 
com pou nds. 


DISCI!.SION 


A comparison of the in ciro and in t i i ro  percutaneous absorption data for 
the fragrance ingredients I and II rcvcals the underestimation of absorption 
that can occur by using diffusion cell techniques with hydrophobic compounds, 
Increases of &fold (I) and 95-fold (11) in permcation were obtained when the 
compounds were tested in r im  under similar conditions. 


I n  cifro absorption was therefore increased by substituting more lipophilic 
receptor fluids for normal saline. A physiological-based solution to the 
problem, it seemed, might result from the use of serum or serum proteins in 
the diffusion cell receptor. However. the use of rabbit serum as the receptor 
fluid did not substantially increase absorption of the fragrances. This failure 
may be the result of the absence of a continual replacement of the bathing 
medium, as occurs in I ~ L W  with blood now through the skin. Use of 3% bovine 
serum albumin was more effective than serum, but only about a twofold in- 
crease in I absorption was obtained. Brown and Ulsamcr ( I I )  have observed 
a similar increase in hexachlorophene permeation through excised human 
stratum corneum when 3% bovine albumin was added lo the receptor. The 
penetration rate of hexachlorophenc corrclated with the solubility of the 
compound in different buffer -albumin mixtures. 


Nonionic surfactants have a relatively mild effect on skin, with a much lower 
irritation potential than ionic agents ( I  5). Aqueous dilutions of a series of 
nonionic surfactants were evaluaied in the diffusion cell system. The fact that 
split-thickness skin was required for an increase in I and I1 absorption with 
I .5% PEG-20 oleyl ether indicates that a more physiological value may be 
obtained with this preparation of skin. A major portion of systemic uptake 
occurs in the highly vascular upper dermis; thus, use of full-thicknessskin in 
cirro can introduce an artificial barrier. which is of importance particularly 
with hydrophobic compounds. 


More than 60% of the absorption of I that occurred in  tVc.o was obtained 
by using diffusion cells with a 6% solution of PEG-20 oleyl ether (Table I ) .  
The permeability constant for cortisone was unaffected. Attempts to increase 
the absorption of I with a 20'70 solution of thc surfactant resulted in a slight 
increase in cortisone permeation and an unexpected decrease in absorption 
of I. The high viscosity ofa 20%solution makes i t  difficult to use experimen- 


'l'ahle Ill-Effect of PEG20 Oleyl Ether on the Absorption of Water and 
I !rea 


'filhlc IV-Comparison of Soluhility Properties and the Effect of PEG20 
Oleyl Ether on Percutaneous Absorption 


Water Skin 
Solubility, Octanol- Permeation 


Compound mg/l. Water. K Ratio" 


U rea I x 106 0.002 I . l h  
Cort isone 280 44 I .2 (  
Testosterone I I  2089 2.3" 
I 0.23 6 5 2  3.1 L. 
I I  0.01 2 3589 30.0" 


6% PEG-20 olcyl cihcr/siline. Thc b k l n  perincallon rilllo was determined by com- 
paring the aniount of compound abmbcd in cxpcrirncnts in which ihc IWO receptor fluids 
were used W:itcr vehicle. 43 h. Acctunc vehicle. 5 d. Acctone vchiclc. 33 h. Pe- 
trolatum vehicle. 5 d. 


tally. Solutions of octoxynol 9, poloxamer 188, and polysorbate 80 resulted 
in enhanced permeation of the cortisone control in experiments with I and I I .  
even at concentrations at which lower amounts of these hydrophobic com- 
pounds were absorbed than with the PEG-20 oleyl ether (Tables I and 11). 
A 6% solution of PEG-20 oleyl ether was found to be the receptor fluid of 
choice. 


Simply replacing normal saline with a solution that will solubilize the hy- 
drophobic compound and not damage the skin is not adequate. The small 
amount of I that penetrates into the receptor when 6% PEG-20oleyl ether is 
used (-2 &d) would be partially soluble in water and easily soluble in a 
surfactant solution of 51.5%. But greater lipid solubility in the receptor is 
required to compete with the lipid solubility properties of the skin. As the 
lipophilic properties of the receptor fluid increase. however, so does thC risk 
of extracting lipids from the permeability barrier. 


The use of cortisone as a control in many of the experiments was based on 
i t s  good solubility in the petrolatum vehicle, reasonable water solubility, and 
ready availability in the tritiated form for dual-label experiments. I t  was 
considered important to establish additionally that the permeation of other 
molecules was also unaffected by the use of 6% P E G 2 0  oleyl ether as a re- 
ceptor fluid. The percutaneous absorption of two small polar molecules (water 
and urea) was not significantly increased by the use of the surfactant solution 
(Table I l l ) .  


The use of an acetone vehicle resulted in better agreement between the in 
rirro data for I and the diffusion ce l l  results with PEG-20 oleyl ether as the 
receptor fluid (Table 11). In uitro permeation of I after 5 d was 73% of that 
found in the corresponding in i i co  experiment. This result may be due to higher 
levels of I absorbed into the skin in the absence of the lipophilic petrolatum 
layer. 


The increase in absorption resulting from the use of 6% PEG-20 oleyl ether 
instead of saline in the receptor is presented in Table I V  along with the octanol 
and water solubility properties of selected compounds. No significant effect 
of using PEG-20 oleyl ether was obtained with the more water-soluble com- 
pounds. The greatest increase in permeation was obtained with I I .  an ex- 
tremely hydrophobic compound with ii large octanol -water partition coeffi- 
cient. Compounds that are essentially insoluble in water (solubility, -10 mg/L 
or less) and more soluble in lipoidal media ma) partition only slightly from 
skin into a normal saline solution. For these types of compounds, caution must 
be exercised in interpreting in t i f ro  absorption data. 


I n  a system in which split-thickness rat  skin i s  used as the membrane, the 
use of a surfactant in the receptor fluid was advantageous for absorption 
measurements of several hydrophobic compounds. Although results identical 
to in i ico values were not obtained, dramatic increases in absorption were 
achieved without apparent damage to the skin. Obviously, one receptor fluid 
is not beneficial to the same degree for a l l  hydrophobic compounds. The 
permcation of compounds like 11, which are extremely lipophilic and hydro- 
phobic, w i l l  be increased to the grcarcst extent, but even so, <50% of the in  
i.ic:o absorption may be obtained. f k r  compounds with a lower lipid-water 
partition coefficient. values more closely in agreement with in ciljo results 
should bc achieved. 
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Kinetics of Aspirin Absorption Following Oral 
Administration of Six Aqueous Solutions with Different 
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Abstract 0 Fifteen volunteers each received two of six aspirin solutions in a 
balanced incomplete block design. The solutions contained 0,3.6, 10. 16. and 
34 mEq of sodium bicarbonate-citric acid buffer and 650 mg of aspirin. 
Plasma aspirin levels were measured in blood samples collected frequently 
during the first 2.5 h, and the accumulation of aspirin, salicylic acid, and 
salicyluric acid were measured over 2 and 24 h. The most rapid absorption 
rates occurred with solutions which contained small quantities of the antacid 
buffer. The 3- and 6-mEq antacid buffers had mean maximal aspirin con- 
centrations of 17.3 and 17.8 Fg/mL, respectively. I n  the absence of the buf- 
fering agent, the 650 mg of aspirin failed to dissolve completely and gave a 
mean maximal plasma concentration of 13.4 pg/mL. With 34 mEq of a 
buffering agent, a delay in the onset of absorption occurred and the presystemic 
hydrolysis increased. This was probably because more aspirin was emptied 
into and absorbed from the small intestine with higher concentrations of the 
buffering agent. 


Keyphrases 0 Aspirin- pharmacokinetics, oral administration, sodium bi- 
carbonate -citric acid buffer, humans 0 Pharmacokinetics--aspirin. sodium 
bicarbonate-citric acid buffer, oral administration, humans 


Aspirin, the drug of choice when a mild analgesic-antipy- 
retic is required, is also the primary agent in  the chronic 
management of rheumatoid arthritis and osteoarthritis. After 
oral administration, rapid absorption beneficially provides 
rapid onset of effects and reduces the contact time with the 
gastric mucosa. 


In an earlier report from this laboratory (1) the literature 
relating to the administration of aspirin in buffered solutions 
was reviewed, and data comparing an unbuffered tablet to two 
different buffered solutions was presented. Thc three dosage 
forms were an unbuffered tablet, an effervescent solution with 
I6 mEq of buffer, and an effervescent solution with 34 mEq 
of buffer. Significant differences in the aspirin absorption rate 
were observed: the solution of 16 mEq of buffer was fast, the 
solution of 34 mEq of buffer was intermediate, and the un-  
buffered tablet was slow. These differences were attributed 
primarily to gastric emptying and the rate of tablet dissolu- 
tion. 


It may be desirable to optimize the amount of buffer com- 
ponents to provide rapid absorption and to reduce gastric ir- 
ritation through minimal alkalinization of urine and sodium 
intake. Thus, this study was undertaken to evaluate aspirin 
absorption kinetics over a range of buffer strengths. 


EXPERIMENTAL SECTION 


Dosage Forms-A series of soluble tablets were prepared that contained 
650 mg of aspirin and sufficient sodium bicarbonate-citric acid buffer to 
provide 0, 3,6. 10, 16, and 34 mEq of buffering. Just prior to administration, 
the tablets were placed in  140 mL of water and mechanically stirred to effect 
dissolution. The unbuffered tablet contained some undissolved particles in 
suspension, while all buffered tablets dissolved completely. Immediately 
following administration, the containers were rinsed with 100 mL of water 
which was also swallowed by the volunteers. 


Subjects--Fifteen healthy volunteers, 21 -33 years old and weighing 
56.4-8 I .8 kg, were screened by a comprehensive physical examination, 
complete blood chemistry, complete blood count with differential, and uri- 
nalysis. All were free of any active discase such as influenza, and denied any 
use of medication for I4 d prior to the study. None of the subjects had a history 
of GI disease or surgery. 


Method- The balanccd incomplete block design, Table I ,  in which each 
of the 15 subjects received two of the six dosage forms with a 6-d washout 
between treatments, was employed. A 10-h fast prceeeded dosing and eon- 
tinued 4 h postdose, except for water. Predose urine and blood samples were 
obtained, and a single dose of aspirin (650 mg) with 240 mL of water was 
administered as  described. After dosing, 100 mL of water was administered 
at 1 -, 2-, and 3-h intervals, and a uniform meal was served after 4 h. Subjects 
remained standing or sitting throughout the first 4 h ,  and exercise was limited 
to walking about the room. 


Blood was drawn into chilled vacuum containers' cia an indwelling catheter 
at 5, 10, 15. 20, 30, and 45 min and at I ,  I .5. 2, and 2.5 h. Plasma was sepa- 
rated by centrifugation at 1764Xg within 20 min of collection. All urine was 
collected over a 0-2-h interval, the pH and volume were measured, and a 4-mL 
aliquot was taken for analysis. In addition, all urine was collected for 24 h .  
All plasma and urine samples were handled as described previously (2). which 
included storage at  -2OOC and HPLC analysis within 2 weeks. The HPLC 
method was updated by using a 5-pm octadecasilane column2, measuring 
absorbance at 237 nm, and replacing the benzene with butyl chloride. These 
changes improved the sensitivity, safety, and reproducibility of the method 
over that reported previously (2); the statistics of the revised method will be 
the subject of a subsequent report. 


Plasma aspirin concentration uersus time plots for each dose to each subject 
wcre evaluated, and estimates for several kinetic parameters were obtained. 
The highest observed plasma concentration (CmaX) and the time after dosing 
( rmax)  to rcach C,,, were read directly from each plot. A terminal rate con- 
stant ( k )  and corresponding half-life ( I , / * )  were computed by linear regression 
analysis of the natural logarithm of plasma concentration cersus the time for 
all times greater than twice The trapezoid method was used to compute 
the area under the curve to the last measured concentration ( C )  and thevalue 


I Vacutainer BD. 278-069.7.0-mL capacity containing I 4  mg of porassium oxalate 


~ Altex Ultrasphere. ODS 5 fim; Altex Scientific Inc.. Berkeley. Calif. 
an! 17.5 mg  of sodium fluoride. 
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Abstract 0 Surfactant-coated polymethyl [2-’4C]methacrylate nanoparticla 
had significantly different time-course distribution patterns in rats than 
noncoated and albumin-coated particles. Blood concentrations of poloxamer 
188-coated particles were 70-fold higher after 30 min, and the particles per- 
sisted at  higher levels in the circulation for up to 2 h. The initial and final liver 
levels were significantly lower (38% after 30 min, 51% after 7 d) and spleen 
levels were significantly higher (21% after 30 min, 23% after 7 d)  than non- 
coated particles (74% in the liver and 5% in the spleen after 7 d)  and the al- 
bumin-coated particles (84% in the liver and 5% in the spleen after 7 d). 
Specific activity was somewhat higher for the surfactant-coated particles in 
other organs such as the lungs, kidneys, testicles, ovarics, and lymph nodes. 
The bovine serum albumin sorption behavior of polymethyl methacrylate 
nanoparticles was followcd under various conditions, and adsorption was found 
to increase with increasing protein concentration and increasing temperature, 
reaching a maximum at the isoelectric point of pH 4.9 after -1 2 h of incu- 
bation. Thezeta potential of the particles decreased with increasing pH, and 
the change was more pronounced with the albumin-coated particles. 


Keypbrnses 0 Polymethyl methacrylate - 14C-labeled nanoparticles. distri- 
bution and elimination in rats, intravenous injection 0 Distribution -14C- 
labeled polymethyl methacrylate nanoparticles, intravenous injection, rats 
0 Eliminati~n-’~C-iabeled polymethyl methacrylate nanoparticles, intra- 
venous injection, rats 


There is growing interest in polymeric drug-delivery systems 
for parenteral administration to provide sustained release and 
action, and to increase the stability of easily metabolized drugs 
(1, 2). Nanoparticles (10 nm-1 pm) have been suggested as 
new drug-delivery systems (3-6). The goal is to develop a 
system to direct potent drug molecules to specific organs or 
cells, thereby limiting the systemic levels and potential toxicity 
to healthy or normal tissues and cells. 


Polymethyl methacrylate has been used in surgery for over 
30 years as a material for artificial bones (7). Implanted 
methyl methacrylate polymers appear to be well tolerated if 
the implants are monomer-free and under a certain threshold 
size (8). However, little is known about the biodegradability 
and the elimination of polymethyl methacrylate particles from 


the body. Nanometer-size particles exhibit a much larger 
surface area than the implants used in previous studies (9, 10) 
and are expected to degrade much faster. Information on the 
long-term effects of acrylic polymer particles on the living cell, 
however, is scarce (1 1). 


I t  is generally accepted that polymers in the form of nano- 
meter-size particles are mainly taken up by the cells of the 
reticuloendothelial system, predominantly in the liver and 
spleen. It was found that 70% of polymethyl [2-14C]methac- 
rylate nanoparticle radioactivity localized in the liver of rats 
7 d after intravenous administration in phosphate-buffered 
saline (12). The clearance of labeled polystyrene divinylben- 
zene microspheres (3-25 pm) from the blood was size-de- 
pendent in beagle dogs (13,14). Microspheres of 2 8  pm were 
mechanically filtered and retained in the lungs, while smaller 
spheres cleared the lungs and localized in the liver and spleen. 
Although the effect of physicochemical surface properties on 
distribution has been recently reported (15), the possible 
long-term effects associated with retention of particulate 
matter in the body tissues have not been studied. 


Emulsifying agents have been found to affect the fractional 
removal rate of lipid emulsions from the blood stream (16, 17). 
Since emulsifying agents appear to play a major role in the 
removal of lipid substances from the blood stream, it was an- 
ticipated that adsorbed surfactants also influence the clearance 
of polymethyl methacrylate nanoparticles from the blood. 
Other workers have demonstrated the significance of plasma 
components with respect to the uptake of particulate polymeric 
matter by cells of the reticuloendothelial system and, ac- 
cordingly, in the clearance from the blood and subsequent 
organ distribution (1 8, 19). Distribution in various organs has 
been reported to be influenced by the surface charge of the 
particles. Microspheres with adsorbed positively charged 
proteins (1 8) and nonionic surfactant ( 15) show a decreased 
uptake by the liver. 
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Table I-Adsorption of Bovine Serum Albumin to Polymethyl 
Methacrylate Nanoparticles 


Bovine Serum 
Parameter Examined Albumin Adsorbed" Conditions 


Particle conc. (w/v) 
0.1% 
0.3% 


Protein conc. (w/v) 
3.0% 
2.5% 
I .5% 
0.5% 
0.2% 


3 7 o c  
25OC 
4OC 


Temperature 


PH 
3.9 
4.9 
7.4 


Time 
I h  
2 h  
4 h  
1 2 h  
22 h 


3.3 f 9.1% 
1.2 f 25% 


32.2 f 5.090 
20.0 f 5.0% 
1 1.8 f 9.3% 
9.9 f 9. I %  
4.6 f 4.3% 


20.5 f 7.8% 
17.4 f 8.0% 
16.9 f 10% 


15.8 f 7.0% 
34.8 f 5.7% 
22.1 5.4% 


3.1 f 13% 
7.7 & 9.1% 


19.6 f 11% 
24.9 f 8.0% 
24.0 ik 8.6% 


pH: 4.9 
Incubation time: 4 h 
Albumin conc.: 2% (w/v) 
Temp.: 37OC 


pH: 7.4 
Incubation time: 4 hr 
Particle conc.: 0. I %  
Temp.: 37OC 


pH: 4.9 
Incubation time: 4 h 
Albumin conc.: 2% 
Particle conc.: 0.1% 


Incubation time: 4 h 
Albumin conc.: 2% 
Particle conc.: 0.1% 
Temp.: 37°C 


pH: 4.9 
Albumin conc.: 2% 
Particle conc.: 0.1% 
Temp.: 37OC 


Mean of four determinations. The statistical dispersion is given as the SD in percent 
of the mean value. The values are percent of albumin adsorbed from solution, except 
particle concentration (me of albumin imp of particles). 


In a previous study, polymethyl methacrylate nanoparticles 
of -150 nm were found to accumulate in the lungs in relatively 
high concentrations 30 min following intravenous adminis- 
tration (12), presumably due to agglomeration of the particles. 
This paper presents information on the fate of surface-coated 
polymethyl [2-14C]methacrylate nanoparticles after intra- 
venous injection in rats. Before the animal experiments, the 
adsorption of the nanoparticles to bovine serum albumin and 
the resulting surface charge (zeta potential) were deter- 
mined. 


EXPERIMENTAL SECTION 


Preparation of *T-Labeled Nanoparticles-The nanoparticles were pre- 
pared as  previously described ( I  2) and freeze-dried from a suspension in 0. I5 
M phosphate-buffered saline. The polymer had a specific activity of 4 mCi/gl. 
The freeze-dried powder contained 56.3% of buffer salts (dibasic sodium 
phosphate dihydrate-monobasic potassium phosphate-sodium chloride 
(7.6:1.45:4.8, w/w/w) and 43.7% of polymethyl [2-'T]methacrylate. Particle 
size determination tiy photon correlation spectrometry* (20) revealed an av- 
erage diameter of 131 f 30 nm. 


Preparation of the Suspension-Reference Group-Nanoparticle- buffer 
preparation (220 mg) was suspended in I I mL of distiled water and 33 mL 
of phosphate-buffered saline, to give a suspension of 2.185 mg of nanopart- 
icles/mL and ultrasonicated for 5 min at  20 kHz in a sonicator cell disrupter 
with a micro tip). 


Surfactunf Group- The nanoparticlc preparation (220 mg) was suspended 
in 1 1  mL of 0.5% (wiv) poloxamer 18g4 in  water and 33 mL of 0.5% (w/v) 
poloxamer 188 in phosphate-buffered saline and ultrasonicated. 


Protein Group-The nanoparticle preparation (220 mg) was suspended 
in 76 mLof a 3% (w/v) solution of rat serum albumins in 0.145 M phosphate 
buffer (pH 4.9), incubated in an end-over-end shaker (22 rpm) a t  37°C for 
I2 h, and then centrifuged at 30,00OXg,,,". The protein-coated particles were 


I Amersham Radiochemical Centre, Buckinghamshire, C.K. 
Model K7025 with 64 channels; Malvern Instruments. Malvern, U.K. ' Model W 185 F Heat Systems Ultrasonic Inc.. Plainview. N.Y. 
Pluronic F-68; Wyandotte Chemicals, Wyandotte. Mich. 


5 Pel-Freez Biologicals. Rogers, Ark. 
Beckman J 2-21, rotor JA 20 (20.000 rpm, SOC);  Beckman Instruments. Palo Alto, 


Calif. 
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Figure I-The influence o/pH on the zeta potential of noncvated (0) and 
protein-coated (0 )  polymethyl methacrylate nanoparticles. Each fialue is 
the mean of 10 measurements: the vertical lines represent SD. 


washed twice with 0.145 M phosphate buffer (pH 4.9) and then suspended 
in 44 mL of phosphate-buffered saline and sonicated. The protein adsorbed 
was 8.2% from the solution, measured by UV absorhance.at 280 nm. This 
corresponds to 1.92 mg of albumin/mg of nanoparticles. The adsorption of 
protein was irreversible since protein was not detected in the washings or 
phosphate-buffered saline suspensions. 


Specific Activity of the Suspensions-Five 1:lOOO dilutions of each sus- 
pension and 0.175 mL of a combustion aid' were combusted in an oxidize?. 
The resulting carbon dioxide was absorbed in 7 mL of an absorption medium9. 
This medium was then mixed with 15  mL of scintillation ~ o c k t a i l ' ~  and the 
"C-radioactivity was measured in a liquid scintillation countert1. The 
specific activities of the suspensions were calculated using a quench curve (19) 
and the following values were obtained: (a)  reference group: 7.76 f 0.39 
pCi/rnL; ( 6 )  surfactant group: 8.59 f 0.48 pCi/mL; (c) protein group: 6.85 
f 0.16 pCi/mL. 


Protein Binding Studies-Experiments were conducted to determine suit- 
able conditions for the adsorption of albumin to the nanoparticles. The pa- 
rameters assessed were particle concentration, protein concentration, tem- 
perature, time of incubation, and pH of the incubation solution. The nano- 
particle suspensions were incubated in a solution of bovine serum albumin'* 
in 0.145 M phosphate-buffered saline at a constant temperature in glass tubes 
which were rotated end over end. The suspensions were centrifuged, and the 
protein concentration in  the supernatant was determined by measuring the 
absorbance at 280 nm. This method was verified by the Lowry test (21). 


Surface Charge-The zeta potential of nanoparticle suspensions at  different 
pH values (before and after the adsorption of bovine serum albumin) was 
calculated after measuring the microelectrophoretic mobility of small parti- 
cle-agglomerations in a phosphate buffer (ionic strength 0.01 M) with a zeta 
meter'). An optimal particle concentration for tracking in the electrophoretic 
cell was 25 ppm. Ten particles (or small particle-agglomerations) werecounted 
for each value at a voltage of 100 V. Measurements were not made of particles 
suspended in different solutions of two surfactants, poloxamer 188 and pol- 
ysorbate goi4, because these preparations did not show any agglomerations 
in a zeta-meter-suitable microscope and, therefore, were not detectable. 


Injection-Groups of four (two male and two female) randomly-selected 
Wistar rats (203-335 g) were used for each suspension and for each time point 
(0.5. 2, 24 h, and 7 d). The rats were anesthetized with ether and then re- 
strained in a supine position on a hard board. After exposing the femoral vein 
with sterile instruments, the animal was injected with the nanoparticle sus- 
pension using a 26-gauge needle attached to a plastic syringe at a rate of I 
mL/min. Immediately before injection the suspensions were ultrasonicated 
at 20 kHz for 20 s. The injection dose was 60 pCi/kg of bodyweight (-2 


' Packard Instrument Co.. Qowners Grove, 111. 


9 Carbo Sorb; Packard Instrument Co. 
10 Permafluor V; Packard lnstrument Co. 
I' Model 3255 Tri-Carb Liquid Scintillation Counter; Packard Instrument 


l2 Cohn Fraction V: Sigma, St. Louis. Mo. 
I 3  Zcta Meter Inc., New York, N.Y. 
"Tween 8 0  Atlas Chemie GmbH. Essen, West Germany 


Model B 306 Tri-Carb Sample Oxidizer; Packard lnstrumcnt Co. 


co. 
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Table 11--Distribution of Carbon-I4 after Intravenous Administration of Polymethyl[2-W]Metbacrylate Nanoparticles to Rats a 


Time after Injection 
30 min 2 h  24 h 7 d  


Percent Percent Percent Percent 
of Soecific of SDecific of SDecific of Suecific 


Sample Groupb Dose Activity Dose Activity Dose A'ctivit y Dose Activity 


Blood 


Livcr 


LungsE 


Spleen 


Kidneys 


Testicles 


Ovariesd 


Lymph 


Total 


nodese 


Ref 
Sur 
RSA 
Ref 
Sur 
RSA 
Ref 
Sur 
RSA 
Ref 
Sur 
RSA 
Ref 
Sur 
RSA 
Ref 
Sur 
RSA 
Ref 
Sur 
RSA 
Ref 
Sur 
RSA 
Ref 
Sur 
USA 


0.3 f 32% 
20.5 f 26% 
0.3 f 67% 


85.3 f 4% 
37.6 f 19% 
84.7 f 3% 


I .4 f 6% 
3.8 f 20% 
2.3 f 28% 
3.7 f 25% 


3.8 f 35% 
0.3 f 15% 
0.9 f 18% 
0.2 f 27% 


0.01 f I %  
0.04 f 11% 
0.01 f 2% 
0.01 f 4% 
0.10 f 25% 
0.01 f 0% 
0.02 f 32% 
0.08 f 21% 
0.01 f 7% 
91.0 f 4% 
83.9 f 9% 


20.9 f 7% 


0.02 
0.12 
0.02 
7.78 
3.16 
8.31 
1.16 
3.18 
2.07 
6.40 


34.21 
5.91 
0.14 
0.47 
0.1 1 
0.00 
0.01 
0.00 
0.10 
1 .11  
0.06 
0.02 
0.08 
0.01 
- 
- 
- 


0.1 f 23% 
1 .o f 34% 
0.2 f 15% 


79.2 f 12% 
43.2 f 14% 
83.7 f 2% 
2.2 f 0% 
3.2 f 19% 
2.9 f 26% 
2.5 f 16% 


30.6 f 20% 
3.8 f 15% 
0.3 f 48% 
0.3 f 25% 
0.2 f 32% 


0.00 f 0% 
0.01 f 22% 
0.00 f 47% 
0.01 f 0% 
0.01 f 0% 
0.01 f 20% 
0.02 f 33% 
0.04 f 1% 
0.01 f 38% 
84.3 f 10% 
78.4 f 9% 


0.01 
0.05 
0.01 
7.89 
3.60 
6.8 I 
2.05 
2.63 
2.55 
3.37 


49.34 
6.10 
0.13 
0.13 
0.08 
0.00 
0.00 
0.00 
0.10 
0.73 
0.08 
0.02 
0.04 
0.0 1 
- 
- 
- 


0.1 f 205% 
0.1 f 392 
0.0 f 40% 


80.9 f 8% 
59.8 f 8% 
85.4 f 1% 


3.3 f 11% 
7.0 f 32% 
2.1 f 17% 
4.1 f 6% 


13.3 f 17% 
4.6 f 2% 
0.1 f 29% 
0.2 f 27% 
0.1 f 17% 


0.00 f 9% 
0.00 f 8% 
0.00 f 0% 
0.01 f 4% 
0.01 f 4% 
0.01 f 27% 
0.02 f 16% 
0.03 f 8% 
0.01 f 38% 
92.1 f 6% 
83.1 f 6% 


0.00 
0.00 
0.00 
8.07 
5.54 
7.91 
2.82 
6.23 
1.90 
6.46 


2 I .45 
6.59 
0.07 
0.09 
0.07 
0.00 
0.00 
0.00 
0.11 
0.14 
0.08 
0.02 
0.03 
0.01 
- 
- 
- 


0.0 f 36% 
0.0 f 18% 
0.0 f 39% 


73.8 f 6% 
51.3 f 5% 
84.2 f 5% 
0.2 f 53% 
0.6 f 38% 
0.2 f 15% 
4.6 f 13% 


22.6 f 14% 
4.7 f 4% 
0.0 f 34% 
0.0 f 45% 
0.0 f 19% 


0.00 f 36% 
0.00 f 44% 
0.00 f 11% 
0.00 f 12% 
0.01 f 42% 
0.00 f 35% 
0.02 f 30% 
0.02 f 22% 
0.01 f 27% 
84.0 f 4% 
79.4 f 4% 
91.4 f 4% 


0.00 
0.00 
0.00 
6.78 
4.84 
8.42 
0.18 
0.46 
0.17 
7.40 


32.20 
7.72 
0.01 
0.02 
0.0 I 
0.00 
0.00 
0.00 
0.03 
0.22 
0.06 
0.02 
0.02 
0.01 
- 
- 
- . 91.3 i 3% 90.8 f 2% 93.0 f 1% 


0 Mean f RSD percent of the administered dose; n = 4. The specific activity is the percent of administered dose r gram of tissue (wet weight) or milliliter of blood. The blood 
volume was assumed to be 64.1 f 9 mL/kg (24). The 24-h and 7-d values include theelimination by urine and feces &Table 1"). Key: (Ref) untreated particles; (Sur) particles 
treated with surfactant; (RSA) particles coated with rat Serum albumin. C Without bronchie. d Without t u b a .  One gram (wet weight). 


mL/animal). The incision was sealed with aluminum wound clips and rinsed 
with an iodine solution. 


Organ Distribution and Elimination of "C-Radioactivity-The animals 
were anesthetized with ether and injected with an overdose of sodium pento- 
barbital [I00 mg/kg ip of a 2% aqueous solution (22)]. After -5 min, the 
abdomen and chest were opened and a blood sample was takcn from the vena 
cava. The vena cava was then cut, and the blood was drained. The liver, lungs, 
spleen, kidneys, testicles or ovaries, and lymph nodes (from the mesenterium 
and cervix) were removed. The organs were washed with distilled water, and 
the connective tissue and fat was removed. The organs were weighed and stored 
at - 2 O T  for further examination. 


After injection, a corresponding group of animals was housed in metabolism 
cages for 7 d (food and water od libifurn). Urine and feces were collected in 
separate containers and removed every 24 h. Weighed urine and freeze-dried 
fecal samples were stored at -2OT for further examination. 


The organs were homogenized with water (1:lO) and an aliquot (0.001-0.5 
of an organ, depending on the expected radioactivity) was combusted in an 
oxidizer. The resulting I4CO2 was absorbed in 7 mL of absorption medium, 
mixed with 15 mL of scintillation cocktail, and analyzed in the liquid scin- 
tillation counter. Urine (0.5 mL) was mixed with 15 mL of scintillation 
c o ~ k t a i l ' ~  and analyzed in the scintillation counter. Freeze-dried feces was 
homogenized with water, and a sample of 100 mg was combusted with several 
drops of a combustion aid. The resulting 14C02 was analyzed in thc manner 
described above for the organs. The percentages of the administered dosc of 
nanoparticles in the organs, blood, and excreta were calculated using the 
standard values and quench curves (23). 


RESULTS 


Protein Binding Studies-The adsorption of bovine serum albumin to 
plymethyl methacrylate nanoparticles as a function of the parameters studied 
is shown in Table 1. From these experiments, the following conditions were 
selected for protein-coating prior to the zeta potential measurements and the 
animal studies: concentration of serum albumin, 3.0%; particle concentration, 
0.1%; time of incubation, 12 h; buffer, 0.145 M potassium phosphate (pH 4.9); 
temperature of incubation, 37OC. 


Surface Charge-The influence of pH on the zeta potential of noncoated 


15  Aquasol-2; Packard Instrument Co. 


and protein-coated nanoparticles is shown in Fig. 1. The zeta potential de- 
creased with increasing pH for both particle types, but the influence was 
greater on the coated nanoparticles. 


Organ Distribution of "C-Radioactivity-Table I1 shows the distribution 
of 14C-radioactivity in several organs [selected using the findings of Kreuter 
el ol. (12)] after intravenous administration of the nanoparticles. The dis- 
tribution behavior in the reference and protein-coated groups was similar, but, 
in mwt of thc organs examined, the surfactant group showed a very different 
accumulation of particles. One fifth of the administered dose of the surfactant 


Table Ill-Comparison of the Distribution of Noncoated and Coated 
Nanoparticles in Organs ' 


Organ Comparison 


Blood Ref/Sur 
Ref/RSA 
Sur/RSA 


Ref/RSA 
Sur/RSA 


Ref/RSA 
Sur/RSA 


Ref/RSA 
Sur/RSA 


Ref/ RSA 
Sur/RSA 


Ref/RSA 
Sur/RSA 


Ref/RSA 
Sur/RSA 


nodes Ref/RSA 
SurIRSA 


Liver Ref/Sur 


Lungs Ref/Sur 


Spleen Ref/Sur 


Kidneys Ref/Sur 


Test icles Ref/Sur 


Ovaries Ref/Sur 


Lymph. Ref/Sur 


0.5 h 


* * *  
ns .  
* * *  
* * *  
ns .  
$ 8 .  


*** 
* 
* 


* * *  
n s .  
* * *  
***  
n.s. 
* * *  
**  


* * *  
* *  
* 


**  
* 


* * *  
n.s. 
* * *  


2 h  24h 7 d  


** 
n.s. 
* *  


* * *  
ns.  
* * *  


* 
n s .  
n.s. 
* * *  
**  


*** 
n s .  
n s .  


* 
* 


ns .  
n s .  


n.s. 
* * *  
***  


* *  
* 


***  


n.s. n.s. 
* n.s. 


n.s. n.s. 


n.s. * 
* * *  


* * *  * * *  
* * 


**  ns .  
* *  * 


***  I** 


* n.s. 


n.s. n.s. 
n.s. n.s. 
n.s. * 
n.s. n.s. 


* n.s. 
* n.s. 


n.s. n.s. 
n.s. n.s. 
n.s. n.s. 
* * *  n.s. 
n s .  


* * *  *** 


* * *  **  
Calculated with Student's I 


0.01; (***) p < 0.001. 
' test. Key: (n.s.) not significant; (*) p < 0.05; (**) P <  
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Table IV-Elimlnatiom of Carbon-14 after Intravenous Administration of 
Nanopsrticles in Rats * 


Time Groupb Feces Urine 


Day 0 Ref 
Sur 
RSA 


Day 1 Ref 
Sur 
RSA 


Day 2 Ref 
Sur 
RSA 


Day 3 Ref 
Sur 
RSA 


0.02 f 144% 
0.02 f 60% 
0.06 f 0% 
3.72 f 3% 
2.39 25% 
0.68 f 18% 
0.36 f 32% 
0.83 f 53% 
0.75 f 7% 
0.15 f 13% 
0.15 f 21% 
0.32 f 37% 


0.96 f 18% 
0.73 f 13% 


0.26 f 23% 
0.34 f 4Wo 
0.12 f 9% 
0.04 f 57% 
0.05 f 32% 
0.05 f 13% 
0.03 f 67% 
0.03 f 36% 
0.03 f 20% 


- 


Day 4 Ref 0.09 f 68% 0.01 f 29% 
0.1 1 I 2 5 %  0.01 I 30% 
0.15 f 16% 0.02 f 29% 


Day 5 Ref 0.08 i 13% 0.01 f 21% 
Sur 0.08 f 36% 0.01 f 5mo 
RSA 0.09 f 7% 0.01 f 32% 


Day 6 


Day 7 


Ref 0.05 f 15% 0.01 f 31% 
Sur 0.05 f 24% 0.00 f 24% 
RSA 0.06 f 5% 0.01 f 9% 
Ref 0.04 f 18% 0.01 f 33% 


0.05 f 21% 
0.06 f 5% 


0.00 f 39% 
0.01 f 17% 


Total Ref 4.06 f 4% 1.33 f 14% 
Sur 3.65 f 24% 1.17 f 15% 
RSA 2.1 1 f 8% 0.25 f 6% 


(I All valua are mean f RSD percent of the administered dme. Key: (Ref) noncoated 
particles; (Sur) particla treated with surfactant; (RSA) particles coated with rat serum 
albumin. 


group remained in the blood after 0.5 h. This was -60 times more than that 
of theother groups. After 2 h, however, the blood level of thesurfactant group 
was of the same order as that of the other groups. 


After 0.5 h, 85% of the radioactivity was found in the liver in the reference 
and the protein groups. This value decreased to -74% in the reference group 
but remained constant in the protein group. In  the surfactant group, only 
-38% was found in the liver after 0.5 h. This value increased to -60% after 
24 h and dropped to 51% after 7 d. 


In the lungs, the accumulation after 0.5 h was 1.4% of the administered dose 
for the reference group. About three times as much was detected in the sur- 
factant group; the value for the protein group was intermediate. The lung 
radioactivity remained constant for 24 h in the protein group, but it increased 
almost twofold in the other groups. In all groups, the clearance was essentially 
complete after 7 d. 


In the spleen, the accumulation for the reference and the protein groups 
showed a similar value of -4% after 0.5 h, which increased slightly to -5% 
after 7 d. In the surfactant group, 21% of the injected dose was localized in 
the spleen after 0.5 h. This value increased to -3 1% after 2 h and dropped to 
-23% after 7 d. 


In the other organs (kidneys, ovaries, testicles, and lymph nodes) the amount 
of radioactivity was <1% after 0.5 h, and the values decreased with time. The 
surfactant group showed a higher accumulation than the reference and protein 
groups for most values (Tables I1 and Ill). Although the absolute quantity 
in the testicles and ovaries was < 0.1% of the administered dose, higher con- 
centrations of all particle suspensions were found in the ovaries. This higher 
affinity can be clearly demonstrated using the nanoparticle concentration, 
given in terms of specific activity, i.e., percent of the dose per gram of organ 
(wet weight) (Table 11). The spleen also showed a very high affinity for the 


surfactant-treated nanoparticles (3-1 5 times higher than in the other groups), 
whereas the affinity of the liver for surfactant-treated particles was signifi- 
cantly lower than the other groups. In all other organs (except the blood after 
0.5 h), the specific activity was of the same order of magnitude for all prepa- 
rations. 


Elimination of “CC-Radioactivity-The 14C-elimination in urine and f e w  
was followed for 7 d (Tables IV and V). In all groups, -1% of the administered 
dose was excreted in the urine and 2-4% in the feces within 7 d. The majority 
of the I4C-excretion was found after the first day. 


DISCUSSION 


It has been suggested that colloidal materials interact with blood compo- 
nents after injection into systemic circulation (13, 25-28). This interaction 
and coating with blood proteins may influence the subsequent organ distri- 
bution of these particles (28,29). In investigating the sorption behavior of the 
nanoparticles in aqueous bovine serum albumin solutions, the amount of ad- 
sorbed protein was found to be higher with low particle concentrations and 
with high protein concentrations, as  expected. The pH of the incubation me- 
dium influenced the adsorption; maximum adsorption was at pH 4.9, the 
isoelectric point of bovine serum albumin. This finding seems to be a general 
characteristic of proteinaceous solutions (30). The temperature, in the ex- 
amined range of 4-37OC, showed only a small influence on the adsorption. 
Protein adsorption increased with incubation time up to 12 h, when equilibrium 
apparently occurred. 


The greater influence of the pH on the zeta potential of the albumin-coated 
particles, compared to the noncoated particles, is probably caused by the 
protonation/deprotonation of the albumin amino groups, but the potential 
of the noncoated particles is influenced only by surface adsorption of protons 
or hydroxyl ions. Although a 10-mV difference in zeta potential was observed 
at  pH 7.4, it is not possible to infer that this seemingly insignificant difference 
would influence body distribution. The effect of charge on distribution war- 
rants further study. 


While differences in the organ distribution among the three preparations 
were observed, the reference group and the protein group show generally the 
same distribution pattern. The albumin-coating procedure was conducted 
because albumin has been shown to prevent platelet adhesion and to enhance 
the biocompatibility of diverse materials (31,32) and, therefore, was expected 
to lead to a significant change in the distribution of the particles. However, 
albumin coating did not alter the organ distribution significantly when com- 
pared to the noncoated particles. This suggests that injected noncoated par- 
ticles soon become coated with serum proteins. Almost 90% of the adminis- 
tered dose in the reference and the protein groups accumulated in the liver 
and spleen. Since both organs are part of the reticuloendothelial system, this 
finding suggests that nanoparticles with incorporated or adsorbed antigens 
hold promise as adjuvants (3, 12). The only difference in the distribution be- 
havior between the reference group and the protein group is that accumulation 
in the liver remained constant a t  -85% in the protein group; in the reference 
group it decreased from 85% after 30 min to 74% after 7 d. 


A distinctively different distribution pattern was obtained in the surfactant 
group. Only 38% of the administered dose was found in the liver after 30 min, 
and the accumulation was only 51% after 7 d. This is similar to results reported 
with poloxamer-coated polystyrene microspheres ( 1  5 ) .  The apparent loss from 
the liver between 1 and 7 d indicates some clearance and/or degradation 
phenomenon. Accumulation was significantly greater in the spleen for the 
surfactant group (21%) than in the other groups (<4%). After 2 h, the spleen 
levels increased to 31%, -I2 times higher than the noncoated group and 8 
times higher than the protein group. As in the liver, the level of particles in 
the spleen decreased after 24 h to 13% and increased again to 23% within 7 
d. No satisfactory explanation can be given for this oscillation in spleen 
levels. 


Another distinct difference of the surfactant group is an apparent slower 


Table V-Comparison of Radioactivity Levels in tbe Excreta of Rats after Intravenous Administration of Noncoated and Coated Nanoparticles’ 


Day Day Day Day 
7 Total 


Day Day Day 
6 


Day 
Comparison 0 1 2 3 4 5 


Urine 
Ref/Sur ns .  n.s. ns .  ns .  n.s. * * n.s. n.s. 


Sur/RSA - * ns .  n.s. ns.  * * * *  * *** 


Ref/Sur n.s. 8 ns. n.s. n s .  n s .  n.s. n.s. ns .  


Sur/RSA **  **  n.s. * n s .  ns .  n.s. n.s. ** 


- **  n s .  n s .  n s .  n s .  n s .  n s .  *** RefJRSA 


Feces 
n.s. * * *  * * *  * n s .  n s .  n.s. ** * * *  Ref/RSA 


0 Calculated with Student’s / test. Key: (n.s.) not significant; (*) p < 0.05; (**) p < 0.01; (**I) p < 0.001. 
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blood clearance. About 21% of the administered dose still remained in the 
blood after 30 min, uersus 0.3% for the other groups. Since nanoparticles may 
be preferentially taken up by tissues exhibiting enhanced endmytotic activity, 
such as tumor tissue (33,34), a longer persistence of the particles in the cir- 
culatory system may enhance their potential for accumulation in cancerous 
tissue. Therefore, surface-treated nanoparticles may possibly be. useful as 
carriers for toxic anticancer drugs. 


The accumulation of nanoparticles in the lung was lower than that reported 
previously (12), in which particles similar to the reference group were used. 
In  that study-22% of the particles were localized in the lungs after 30 min, 
a value that decreased continuously to -I 3% after 7 d, in this study only 1.4% 
was detected in the lungs after 30 min. After 24 hand 7 d, 3.3 and 0.2%. re- 
spectively, of the administered dose was found in the lungs. The surfactant 
and the protein groups showed similar lung accumulations of 3.8 and 2.3% 
after 30 min, respectively, and both values decreased to < I %  within 7 d. This 
finding confirms that if agglomeration occurred, the clusters were small 
enough to pass through the capillary network in the lungs. 


Coagulated particle clusters have been reported to be mechanically trapped 
by the lung capillaries (1 3,14). However, these were clusters of microspheres 
>3pm in diameter. According to a recent review by Kreuter (28). particles 
in the submicron range, i.e., 125 nm-1 pm, do not show any major differences 
in body distribution. It has also been shown that gentle mixing of polymethyl 
methacrylate nanoparticles with plasma will cause disintegration of particle 
clusters (20). It is, therefore, believed that the difference in the distribution 
behavior between surfactant-coated and noncoated particles was due to a 
difference in surface properties. The difference in the distribution behavior 
between the noncoated particles in this study and those. used previously (12) 
can  be attributed to certain refinements in methodology which minimized 
agglomeration tendencies. These refinements include sonication by means 
of a microtip immediately before each injection, as opposed to sonication of 
the total suspension in a bath-type sonicator -20 min before the experiment. 
Additionally, in this study the particles were suspended in 2 mL of phos- 
phate-buffered saline and injected over a period of 2 min into the femoral vein 
of animals anesthetized with ether; in the earlier experiment the particles were 
suspended in 0.5 mL and injected over 5-10 s into the tail vein without an- 
esthetization. 


The results of this study clearly demonstrate that surfactant-coated nan- 
oparticles result in a slower blood clearance and a significantly different organ 
distribution after intravenous administration. The targeting of incorporated 
or adsorbed drugs to specific organs may, therefore, be influenced by pre- 
treatment of the carrier particles with surfaceactive agents. Moreexperiments 
with other surfactants are required to gain systematic information about 
factors that influence the distribution behavior of nanoparticles after intra- 
venous injection. These. factors include the surface charge as well as the 
chemical nature of the surface and, consequently, the agglomeration tendency 
of the particles. Although scanning electron micrographs of the coated par- 
ticles did not reveal aggregation, they were not discernibly different from 
micrographs of noncoated particles. This study has revealed extended residence 
in the blood and differences in organ distribution patterns with coated nano- 
particles. Therefore, physicmhemical characterization of the particles, in- 
cluding particle size distribution, is essential to further organ distribution 
studies. 
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Kinetics of Aspirin Absorption Following Oral 
Administration of Six Aqueous Solutions with Different 
Buffer Capacities 
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Abstract 0 Fifteen volunteers each received two of six aspirin solutions in a 
balanced incomplete block design. The solutions contained 0,3.6, 10. 16. and 
34 mEq of sodium bicarbonate-citric acid buffer and 650 mg of aspirin. 
Plasma aspirin levels were measured in blood samples collected frequently 
during the first 2.5 h, and the accumulation of aspirin, salicylic acid, and 
salicyluric acid were measured over 2 and 24 h. The most rapid absorption 
rates occurred with solutions which contained small quantities of the antacid 
buffer. The 3- and 6-mEq antacid buffers had mean maximal aspirin con- 
centrations of 17.3 and 17.8 Fg/mL, respectively. I n  the absence of the buf- 
fering agent, the 650 mg of aspirin failed to dissolve completely and gave a 
mean maximal plasma concentration of 13.4 pg/mL. With 34 mEq of a 
buffering agent, a delay in the onset of absorption occurred and the presystemic 
hydrolysis increased. This was probably because more aspirin was emptied 
into and absorbed from the small intestine with higher concentrations of the 
buffering agent. 


Keyphrases 0 Aspirin- pharmacokinetics, oral administration, sodium bi- 
carbonate -citric acid buffer, humans 0 Pharmacokinetics--aspirin. sodium 
bicarbonate-citric acid buffer, oral administration, humans 


Aspirin, the drug of choice when a mild analgesic-antipy- 
retic is required, is also the primary agent in  the chronic 
management of rheumatoid arthritis and osteoarthritis. After 
oral administration, rapid absorption beneficially provides 
rapid onset of effects and reduces the contact time with the 
gastric mucosa. 


In an earlier report from this laboratory (1) the literature 
relating to the administration of aspirin in buffered solutions 
was reviewed, and data comparing an unbuffered tablet to two 
different buffered solutions was presented. Thc three dosage 
forms were an unbuffered tablet, an effervescent solution with 
I6 mEq of buffer, and an effervescent solution with 34 mEq 
of buffer. Significant differences in the aspirin absorption rate 
were observed: the solution of 16 mEq of buffer was fast, the 
solution of 34 mEq of buffer was intermediate, and the un-  
buffered tablet was slow. These differences were attributed 
primarily to gastric emptying and the rate of tablet dissolu- 
tion. 


It may be desirable to optimize the amount of buffer com- 
ponents to provide rapid absorption and to reduce gastric ir- 
ritation through minimal alkalinization of urine and sodium 
intake. Thus, this study was undertaken to evaluate aspirin 
absorption kinetics over a range of buffer strengths. 


EXPERIMENTAL SECTION 


Dosage Forms-A series of soluble tablets were prepared that contained 
650 mg of aspirin and sufficient sodium bicarbonate-citric acid buffer to 
provide 0, 3,6. 10, 16, and 34 mEq of buffering. Just prior to administration, 
the tablets were placed in  140 mL of water and mechanically stirred to effect 
dissolution. The unbuffered tablet contained some undissolved particles in 
suspension, while all buffered tablets dissolved completely. Immediately 
following administration, the containers were rinsed with 100 mL of water 
which was also swallowed by the volunteers. 


Subjects--Fifteen healthy volunteers, 21 -33 years old and weighing 
56.4-8 I .8 kg, were screened by a comprehensive physical examination, 
complete blood chemistry, complete blood count with differential, and uri- 
nalysis. All were free of any active discase such as influenza, and denied any 
use of medication for I4 d prior to the study. None of the subjects had a history 
of GI disease or surgery. 


Method- The balanccd incomplete block design, Table I ,  in which each 
of the 15 subjects received two of the six dosage forms with a 6-d washout 
between treatments, was employed. A 10-h fast prceeeded dosing and eon- 
tinued 4 h postdose, except for water. Predose urine and blood samples were 
obtained, and a single dose of aspirin (650 mg) with 240 mL of water was 
administered as  described. After dosing, 100 mL of water was administered 
at 1 -, 2-, and 3-h intervals, and a uniform meal was served after 4 h. Subjects 
remained standing or sitting throughout the first 4 h ,  and exercise was limited 
to walking about the room. 


Blood was drawn into chilled vacuum containers' cia an indwelling catheter 
at 5, 10, 15. 20, 30, and 45 min and at I ,  I .5. 2, and 2.5 h. Plasma was sepa- 
rated by centrifugation at 1764Xg within 20 min of collection. All urine was 
collected over a 0-2-h interval, the pH and volume were measured, and a 4-mL 
aliquot was taken for analysis. In addition, all urine was collected for 24 h .  
All plasma and urine samples were handled as described previously (2). which 
included storage at  -2OOC and HPLC analysis within 2 weeks. The HPLC 
method was updated by using a 5-pm octadecasilane column2, measuring 
absorbance at 237 nm, and replacing the benzene with butyl chloride. These 
changes improved the sensitivity, safety, and reproducibility of the method 
over that reported previously (2); the statistics of the revised method will be 
the subject of a subsequent report. 


Plasma aspirin concentration uersus time plots for each dose to each subject 
wcre evaluated, and estimates for several kinetic parameters were obtained. 
The highest observed plasma concentration (CmaX) and the time after dosing 
( rmax)  to rcach C,,, were read directly from each plot. A terminal rate con- 
stant ( k )  and corresponding half-life ( I , / * )  were computed by linear regression 
analysis of the natural logarithm of plasma concentration cersus the time for 
all times greater than twice The trapezoid method was used to compute 
the area under the curve to the last measured concentration ( C )  and thevalue 


I Vacutainer BD. 278-069.7.0-mL capacity containing I 4  mg of porassium oxalate 


~ Altex Ultrasphere. ODS 5 fim; Altex Scientific Inc.. Berkeley. Calif. 
an! 17.5 mg  of sodium fluoride. 
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Table I-B8lanced Incomplete Block Design 


Subject Antacid Buffering Agent, mEq 
Number 1st Dose 2nd Dose 


I 
2 
3 
4 
5 
6 
7 
8 
9 


10 
I I  
12 
13 
14 
15 


16 
3 


34 
10 
6 
0 
0 


34 
16 
10 
16 
6 


34 
3 


10 


6 
16 
10 
6 
0 


16 
34 


3 
34 
0 


10 
3 
6 
0 
3 


18 


16 


14 


3 . 
En a 


J 12 


10 


a 


I l l  1 1 I I 
0 3 6  10 16 24 34 


BUFFERING AGENT. mEq 
F i p r e  1-A plot of C,,, for  aspirin as a function of buffer strengih. A 
common number shared by two or more points indicates no significant dif- 
ference Ip < 0.1) for  Ihosepoinis. 


C/k  was added to estimate the area to infinity (AUC,). The renal clearance 
for aspirin (CL,)  was computed by dividing the amount of aspirin accumulated 
in the urine during the first 0-2-h interval by the area under the plasma curve 
for the corresponding time interval. Statistical moments ( I ,  3,4)  were used 
to compute the mean residence time for aspirin (MRT). An estimate of the 
residence time i n  the GI tract (MAT) for each dose was obtained by sub- 
tracting 16.2 min from each MRT value; 16.2 min approximates (4) the re- 


Table 11-Plasma Aspirin Concentrations ' 


30 


26 


22,  
'5 
-i[ 


18 ' 


14 I 


r - I  I I I I 
0 3 6  10 16 24 


BUFFERING AGENT, mEq 


I 
34 


Figure 2--A ploi of t,,,., for  aspirin as a function of buffer strength. A 
common number shared by iwo or more points indicates no significant dif- 
ference (p < 0 . l ) f o r  thosepoints. 


ported mean residence time for aspirin following intravenous administration 
and does not reflect experimental data from this report. 


RESULTS 


In this study, the assay method had a lower limit of quantitation of 0.25 
pg/mL and a relative coefficient of variation of 5%. Significant differences 
in the plasma aspirin concentration oersu.7 time curves, as presented in Table 
I I ,  were observed for the various amounts of buffer in the dose. Although 
adjusted means (i.e.,  least-square means) are employed in the balanced in- 
complete block design, these plots accurately reflect the plots for individual 
subjects. Unbuffered doses provided the highest aspirin concentration at  the 
5-min sample, while those with small amounts (i.e., 3,6, and 10 mEq) of buffer 
presented the m a t  rapid rise between 5 and 10 min. With 34 mEq of the 
buffering agent there is a definite lag time preceding the appearance of aspirin 
in the plasma, followed by a rapid rise between the 10- and 20-min samples. 
All curves reached a maximum before 45 min with a subsequent monoexpo- 
nential decay for which the m a n  half-lives ranged between 17.0 and 22.5 min 
across the six treatments. 


Estimates of the comparative rate of aspirin absorption among the six dif- 
ferent buffer strengths were obtained by referring to the mean C,,,, tmax.  
MRT, and MAT values presented in Table I l l ,  and plotted in Figs. I ,  2, and 
3. Although only some of the values are statistically significant (JJ < 0.10), 
the doses with 3 and 6 mEq of the buffer appear to provide higher C,,, and 
lower tmaX than unbuffered doses and for those doses with greater amounts 
of the buffering agent. This same trend is reflected in the statistical moment 
computations as expressed by the MAT and MRT values. The use of a 0.1 
level of significance in computing the least significant differences is justified 
because the observations at each buffer level are not isolated; rather, they are 


Time, Antacid Buffering Agent, mEq 


Predose 


min 0 3 6 10 16 34 
- b  - h  - b  - . b  - b  - b 


5 5.00 0.84 2.6 I 4.50 3.56 0.49 
10 7.29 7.60 12.6 8.98 6.70 I .97 


30 11.3 12.7 11.3 9.26 9.91 8.15 
45 6.7 I 6.16 4.72 6.94 7.04 5.86 
60 3.70 3.17 2.22 4.12 3.53 3.84 
90 I .38 1 . 1 1  0.72 1.38 0.90 1.16 


0.41 0.42 I20 
150 


15 10.7 13.9 13.8 13.8 12.1 5.47 
20 11.8 17.3 16.0 10.5 12.5 7.49 


- b 
0.25 0.60 


-..b - 
0.43 0.40 
- h  - b  - b  


0 Adjusted means are least-squarcs means for the balanced incomplete block design * Below detectable limit of 0.25 pg/mL. 
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Table Ill-Adjusted Means for Plasma Aspirin Parameters ' 


550- 


2 
f 500- 
0 


3 a 
450 - 


400 - 
- 


Parametersb 


Aspirin was rapidly absorbed from all of the solutions, while the rate and 
extent of the bioavailability was dependent on buffer strength. Small quantities 
of the antacid buffering agent were associated with the most rapid rise in 
plasma aspirin, with mean maximal concentrations of 17.8 and 17.3 pg/rnL 
for 6 and 3 mEq, respectively. This rapid rate of absorption was probably due 
to the increased solubility of the aspirin, with only a small increase in the pH 
of gastric contents and, thus, a minimal suppression of gastric absorption. I n  
the absence of buffering the aspirin was only partly dissolved before reaching 
the stomach, which provided a rapid rate of absorption over the first few 
minutes only. 


With 34 mEq of the antacid buffer, the gastric pH may rise above six and 
suppress absorption through the gastric mucosa (7, 8). Indeed, absorption 
would be predominately delayed until the aspirin was emptied into the small 
intestine. where the bufferingeffect of the antacid would be diminished and 
the surface area is much larger. The actual delay in absorption due to the in- 
creased gastric pH was only -5 min, which was probably due to the acceler- 
ation of gastric emptying that is generally associated w i t h  administration of 
the sodium citrate-bicarbonate antacid ( I ) ) .  


The greater presystemic hydrolysis observed with the 34 mEq of buffering 
is consistent with the above hypothesis ( i t , ,  that the antacid can shift the 
absorption from the stomach to the intestine). Studies in dogs (9) and rats (10) 


w 
1 


2 


I 1  I I 1 1 support the supposition that a significant portion of the first-pass hydrolysis 


AUC,, pgmin/mL 


Cmam pg/mL 


Buffer, mEq 3 0 10 6 16 34 


Buffer. mEq 6 3 16 10 0 34 
Adjusted Mean 17.8 17.3 16.2 15.8 13.4 8.6 


Buffer, mEq 6 3 0 10 16 34 
Adjusted Mean 14.8 21.5 21.5 24.8 27.3 29.0 


Buffer, mEq 6 16 0 3 10 34 


Adjusted Mean 599 586 578 560 554 420 


tmax. min 


Urine, pH. 0-2 h 


Adjusted Mean 5.5 5.5 5.7 5.9 6.0 7.1 
CL.. L/h  


~ Bufter, mEq 
Adjusted Mean 


24-h Dose, %( 
Buffer, mEq 
Adjusted Mean 


Buffer, mEq 
Adjusted Mean 


MRT, min 


MATe. min 


6 0 10 3 16 34 
0.80 0.84 0.84 0.92 I .33 1.96 


16 10 3 6 0 34 
60.4 63.2 64.5 66.3 70.6 71.0 


6 3 16 0 10 34 
32.9 36.3 38.4 40. I 42.5 45.1 


Buffer, mEq 6 3 16 0 I0 34 


Buffer, mEq 3 0 6 16 10 34 


Adjusted Mean 16.7 20.1 22.2 23.9 26.3 29.5 
1 1  12,  min 


Adjusted Mean 17.0 18.0 18.5 18.8 21.3 22.6 


a Least-squares means for balanced incomplcte block design; a line under two or more values indicates no significant difference (j~ < 0.1). See text for dcfiniiion of terms. Sum 
of aspirin, salicylic acid, and salicyluric acid recovered in urine and corrected for formula weight. 


integral members of a sequence of buffer spengths. To require each to meet 
the 0.05 levcl of significance, independently, would be an excessively severe 
test. 


Estimation of the extent to which aspirin reaches the circulatory system 
requires consideration of both the AUC, and the CL,  for aspirin. The sig- 
nificantly lower AUC, for aspirin with 34 mEq of the buffering agent, com- 
pared with aspirin with lesser amounts of the buffering agent, as presented 
in Table I ,  can partially be attributed to an increased renal clearance as  the 
p1-I of the urine increased. While the observed increase in renal clearancc from 
0.84 L/h, with no buffering, to 1.96 L/h, with 34 mEq of the buffering, is 
significant (I, < 0.10). the overall maximal increase in systemic aspirin 


600- 


1 I \A 


clearance in urine is -2-3%, if the systemic clearance is -40 L/h as previously 
reported for similar subjects ( I ,  5). Based on these clearance changes one 
might expect a 2-3% lower AUC., with 34 mEq of the buffering agent, rather 
than the 28% lower AUC, shown in Table 111. These data suggest that adding 
34 mEq of the buffering agent to the aspirin dose results in about 25% less 
aspirin reaching the circulatory system. 


Although less aspirin reaches the circulatory system with the 34 mEq of 
the buffering agent. the total salicylate (i.e., aspirin, salicylic acid, and sali- 
cyluric acid) which accumulates in the urine over 24 h is not decreased. 
Combining these observations suggests that the absorption of aspirin is not 
diminished by added buffering agents, but that the presysteniic hydrolysis 
is increased. This is due to a greater portion of aspirin being emptied into and 
absorbed from the small intestine, where significant esterase activity has been 
reported to exist (6). 


tmcussroN 
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nicmbrane. allowing hydrogen-ion back-diffusion, which results in irritation, 
bleeding. and possible ulceration. I f  this mechanism is correct, then the rapid 
onset of absorption obtained with unbuffered solutions or solutions with less 
than 16 mEq of antacid buffering may not reduce the incidence of untoward 
effects as effectively as those containing a greater quantity of antacid buf- 
fering. 
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Abstract 0 A specific high-performance liquid chromatographic method is 
described for ethoxzolamide following the extraction of the material from 
iris/ciliary body eye tissue in rabbits. The steps consist of base extraction and 
protein and enzyme deactivation, followed by acid treatment, extraction into 
ethyl acetate. evaporation, and solubilization with a 50% aqueous methanol 
solution. Thesamples werechromatographed on a reverse-phase phenyl col- 
umn with a mobile phase consisting of 50% methanol in I %  acetic acid. The 
recovery was 74.3% over a 10-fold range of tissue concentrations. The sensi- 
tivity was 0.03 pg/mL, and the response was linear over the concentration 
range (0.03 -0.5 pg/mL) used in the study. Intravenous (2.0- and 6.0-mg/kg) 
and topical ( I %  suspension) doses of ethoxzolamide were administered to 
rabbits. Iris/ciliary bcdy tissues were excised 45 min after drug administration. 
The tissue levels after a dose of 6 mg/kg were statistically greater than the 
levels obtained after a dose of 2 mg/kg. The smaller intravenous dose repre- 
sented the lowest dose for which a reduction in intraocular pressure could be 
measured. An initial transitory drop in intraocular pressure was detected for 
the topical dose. Iris/ciliary body levels in  the treated cye could be detected 
for the 2-mg/kg iv and topical doses. 


Keyphraws 0 Ethoxzolamide-determination in the iris/ciliary body, rabbits, 
HPLC, GC 0 Dosage forms---intravenous and topical administration of  
ethoxzolamide, iris/ciliary body of rabbit eyes, IIPLC, G C  


Ethoxzolamide, a carbonic anhydrase inhibitor used in 
glaucoma to lower intraocular pressure (IOP), is effective 
orally but not when administered topically to the eye, pre- 
sumably due to inadequate drug levels at the active site. In 
recent studies, the anatomical location of carbonic anhydrase 
wi th  the anatomical location of aqueous humor formation in 
the ciliary body have been identified ( I ,  2). Friedlander and 
Muther (3)  have utilized the high binding affinity of [3H]- 
acetazolamide for carbonic anhydrase to demonstrate the 
distribution of carbonic anhydrase in  the epithelium of the 
ciliary body. The greater specificity of ethoxzolamide for the 
enzyme was shown by displacing [3H]acetazolarnide wi th  a 
high concentration of unlabeled ethoxzolamide. 


Although Maren (4) have devised a sensitive method for the 
determination of carbonic anhydrase and its inhibitors, the 
assay measures drug activity; therefore, specificity is always 


in doubt. I t  is also tedious and time consuming. I t  was the 
purpose of this study to develop a high-performance liquid 
chromatographic (HPLC) procedure for the determination 
of ethoxzolamide in the iris/ciliary body tissue of rabbit eyes. 
Data are also presented which compare tissue concentrations 
after administration by the topical and intravenous routes. 


EXPERIMENTAL SECTION 


Chemicals --Ethoxzolamide. a gift from a commercial source’, was used 
as received. The substances used in the preparation of the various buffers and 
vehicles were of analytical or USP quality. and included monobasic sodium 
phosphate2, dibasic sodium phosphate3, sodium carbonate2, hydrochloric acid2, 
sodium chloride4, polysorbatc SO5, and N,,V-dimcthylacetamide2. Ethyl ac- 
ctate6 was used as the organic phase in the extraction procedure. Acetic acid’. 
methanols, and distilled deionized water were used to prepare the chromo- 
tographic mobile phase. Thc distilled deionized water was also used to make 
all aqueous dilutions. 


Apparatus--The chemicals and tissues were weighed on an electronic9 or 
analyticallo balance. Thc pH values of the various solutions were measured‘‘ 
when neccssary. 


The HPLC system consisted of a solvent delivery pumpt2. a syringe-loading 
sample injector’? fitted with a 100-pL loopt4, a reverse-phase phenyl column’s, 
and a fixed-wavelength U V  detectorIh operating at  31 3 nm. Chroniatograms 
were recorded on a chart recorder" operating a t  0.5 cm/min. Thc mobile 
phase consisting of methanol-1% aqueous acctic acid (50:SO. v/v) was 
deacrated before use; the flow rate was 1.5 ml./min. 


I The Upjohn Co. 
Certified ACS; Fisher Scientific Co.. Fair Lawn,  N.J. 
Baker Analyied Reagent; J .  T. Raker Chemical Co., Phillipsburg. \ .J .  
USP grade; J. T. Baker Chemical Co. 
USP grade; Ruger Chemical Co.. Inc., Irvington, K.J. 
Analytical Reagent ACS: Mallinckrodt Inc.. Paris. K ) .  


IlPLC grade: Burdick & Jackson Laboratories. Inc.. Vuskegon, Mich. 
Model 4100; Cahn Instruments. Paramount. Calif. 


’Certified ACS; Mallinckrodt Inc. 


lo Model B6; Mettler Instruments COT. Hightstown. N.J .  
‘I Model 701; Orion Kesearch Corp., ambridge. Mass. 
l 2  Model 6000A: Waters Associates. Milford. M a s .  
l 3  Model 7125; Rheodyne Inc.. Cotati. Calif. 
I d  Catalog no. 724; Kheodync Inc. 
I 5  I’/N 27198, S /N  p-Rondapak Phenyl: Waters Associates. 
16 Model 440 absorbance detector; Waters Associates. 
1’ Model A521 1 - 1 ;  Omniscribe. Houston Instruments. Austin.  Tex. 
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EDITORIAL 


Good Public Policy Requires Good Science 


Everyone knows that there are many different languages spoken 
around the world-a phenomenon that the Old Testament tells us 
was God’s punishment to Noah’s descendents who embarked on 
building the Tower of Babel after surviving the great flood. 


But even though we all acknowledge the differences between lan- 
guages-English, French, German, Russian, and so on-we seldom 
recognize, much less acknowledge, the difference within a language. 
And yet, there are differences and at times those differences can be 
highly significant. 


For example, the vast majority of our readers are over 30 years of 
age. And those who are over 30 probably have encountered the dif- 
ficulty in conversing with someone under 20 although they are both 
from the same country, and presumably speak the same native tongue; 
in fact, they may even be family members from the same house- 
hold! 


Similarly, there is a major difference between the language of the 
scientist and the language of the layperson-even though both claim 
to speak the same tongue or native language. 


However, the language of scientists is really unique to them; it is 
very carefully precise and qualified; it often focuses on the excep- 
tions-their occurrence, their frequency, their seriousness, etc. On 
the other hand, the layperson or the general public speaks another 
language-one that deals in simple absolutes, and also involves in- 
stincts, intuition, psychology, and moods. 


The public asks whether a drug is effective or not; whether it is safe 
or not. The idea that it may be judged “effective” when it only works 
in three out of four patients, or 75% of the time, is incomprehensible. 
And the concept that a drug is classified as “safe” when it causes 
minor side effects in one out of five patients, major side effects in one 
out of a thousand patients, and death in one out of a hundred thousand 
patients, is mind-boggling to virtually everyone outside of the field 
of science. 


We were recently reminded of this vast communication gap, as we 
read reports relating to the issuance of revised cancer guidelines from 
the White House Office of Science and Technology Policy (OSTP). 
The June 1 issue of the Washington Posr headlined its article “Drastic 
Revision from 1982 Draft.” The story itself then started out by de- 
scribing the background to this report: 


“The Reagan Administration has issued dramatically revised draft 
principles to guide federal policy-makers in cancer regulation, stating 
that cancer-causing substances can be dangerous even at extremely 
low levels. 


“The massive White House science office document also says that 
materials that cause cancer in animals are ‘suspected human car- 
cinogens.’ 


“The report reverses many of the positions laid out in a draft issued 
18 months ago, according to experts in the field. Designed as the basis 
for setting cancer policy across the federal government, it appears 
to have succeeded in creating consensus out of the chaos caused by 
earlier efforts.” 


The “earlier efforts” referred to was the former approach to the 
regulation of potential carcinogens as promoted most vigorously by 
the Environmental Protection Agency (EPA) during the very early 
days of the Reagan Administration. 


Efforts were then felt necessary to overcome the “doomsday” in- 
terpretation that the public had come to associate with the theory that 


“everything and anything can be harmful and cause cancer if given 
in a large enough dose, for a long enough period of time, and via 
certain peculiar conditions of exposure” that was then being espoused 
by many scientists. The EPA responded by discounting the value of 
animal tests in determining the risk of cancer in humans; it criticized 
the way high doses given to animals were being used to predict human 
reactions; and it stated that a threshold probably existed below which 
doses of a suspected carcinogen would not cause cancer. 


This approach calmed public fears and anxiety, but was roundly 
criticized by the scientific community at large. 


The chief toxicologist for the Environmental Defense Fund is 
quoted as saying that the original policy draft “got blasted across the 
board because people were appalled at the bad science in it.” A 
spokesman for the industry-supported American Industrial Health 
Council commented that the former policy draft “just wasn’t accurate 
scientifically. It has to be defensible scientifically.” 


In contrast, the current draft comes close to drawing “rave reviews” 
from the great majority of scientists who have examined it to date. 
Moreover, those scientists represent the full spectrum of philosophical 
thinking from the environmental and consumer groups at one end, 
to the industrial and trade groups on the other end. 


Specifically, the current report carefully describes the present state 
of knowledge as to how cancer is caused and to what degree science 
can determine whether a given substance is carcinogenic. It also 
provides a number of guidelines for federal agency use in helping 
agency officials decide how to regulate suspected carcinogens. 


Although the document does not constitute binding policy or reg- 
ulatory requirements, it does set benchmarks of agreement and un- 
derstanding for those who regulate and those who are regulated. It 
also provides a standard of measurement for other interested parties 
such as consumer groups and environmental coalitions. For these 
reasons, there is general recognition of the significance of the report, 
despite its lack of obligatory standing. A key feature of the statement 
is the listing of 31 separate principles designed to help at least 10 
different federal agencies prepare their own guidelines to shape their 
regulatory programs and activities. 


OSTP Director George A. Keyworth 11-who also serves as 
President Reagan’s Science Advisor-characterized the document 
as “one of the mmt ambitious attempts yet to examine data on cancer 
causation and their implications for regulatory policy. It responds 
to society’s need for better balance and objectivity in how we regulate 
man-made and naturally occurring chemicals that may cause 
cancer.” 


If there is a lesson to be learned from this experience, it is that good 
science is a basic need for good public policy. Furthermore, in com- 
municating with the public, efforts must be made to enable the public 
to understand and comprehend the risks, the benefits, the costs, and 
so on that may be involved. And in doing so, great efforts must be 
made to translate the language of science into that which the public 
can grasp, understand, accept, and place in proper perspective. Fi- 
nally, and most important, it is essential to maintain the factual ac- 
curacy and fundamental integrity of the information itself. 


-EDWARD G. FELDMANN 
American Pharmaceutical Association 
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Abstract 0 Thirty-nine healthy men received milrinone either orally or in- 
travenously in two separate double-blind, placebecontrolled studies. The mean 
bioavailability, based on the area under the plasma concentration versus time 
curves, was 0.92. The plasma data for those subjects in the intravenous stud) 
were described by an open two-compartment model with a mean (fSD) ap- 
parent first-order terminal elimination rate constant (8) of 0.86 (* 0.23) h-l, 
which corresponds to a half-life of 0.8 h. In the intravenous study, the renal 
clearance and total body clearance were 21 . I  and 25.9 L/h, respectively. The 
corresponding values in the oral study were 23.8 and 29.7 L/h. Between 79.9 
and 84.5% of the total doses were recovered in the urine samples taken at 0-24 
h. 


Keyphrases 0 Milrinone-blood plasma levels, human volunteers, oral and 
intravenous administration, bioavailability 0 Pharmacokinetics-milrinone, 
an open two-compartment body model 0 Cardiotonic agents-milrinone, 
pharmacokinetics, bioavailability 


Mihinone’ (1,6-dihydro-2-methyl-6-0~0[ 3,4’-bipyri- 
dine]-Scarbonitrile; I), is an experimental cardiotonic agent 
that is chemically related to amrinone (1). Both compounds, 
which are neither glycosides nor catechols, have demonstrated 
positive inotropic effects in animal models (2). In dogs, an 
intravenous bolus injection of milrinone (0.01 - 1 .O mg/kg) 
caused an increase in cardiac contractile force within 1 min, 
with a duration of action of up to 2 h. The effects could be 
maintained by intravenous infusion (0.3- 10 pg/kg/min) for 
several hours. Oral activity (0.1 - 1 .O mg/kg) in dogs was also 
demonstrated, with an onset of activity within 30 min and a 
duration of more than 6 h (3). 


Milrinone has been given to patients with severe chronic 
heart failure (4,5). Intravenous bolus administration (25- 150 
pg/kg) resulted in significant increases in the cardiac index. 
Hemodynamic improvements were maintained with intrave- 
nous infusion (0.25-1 .O pg/kg/min) over periods of 24-48 h 
(5). Thus far, preliminary data disclosed that after intravenous 
treatment, the oral administration of milrinone (10-20 mg/d 
divided into three or four doses) maintained the improvement 
in cardiac function without reported adverse effects (4). 


The analytical method for analysis of milrinone in human 
plasma and urine and the pharmacokinetic parameters fol- 
lowing intravenous administration in dogs have been described 
previously (6). In this report, the results of our investigations 
into the pharmacokinetics of milrinone in humans following 
intravenous medication are described, and plasma levels fol- 
lowing oral and intravenous administration are compared. 


1 Sterling Drug, Inc.. New York, N.Y 


EXPERIMENTAL SECTION 


Human Subjects-As part of the safety and pharmacokinetic evaluation 
of milrinone, 2 1  normal male volunteers between the ages of 19 and 40years 
(mean, 28.5 years) and I8 normal male volunteers between the ages of 18 and 
41 years (mean, 28.9 years) were selected to receive milrinone in an intrave- 
nous study and an oral study, respectively. Prior to acceptance in a study, each 
volunteer was examined to ensure that there were no clinical findings indicative 
of renal, hepatic, or cardiac dysfunction. Appropriate institutional review and 
approval wereobtained prior to initiation of the study, and each volunteer gave 
informed consent. Subjects were admitted to the clinic the evening before 
initiation of the study, and all subjects remained in the clinic at least 24 h after 
receiving medication or placebo. 


Study Design-The intravenous and oral studies consisted of six or seven 
groups of three volunteers each. I n  the intravenous study, subjects received 
single injections of 10,30.45,60,75.  100, or 125 f ig of milrinone/kg. Three 
subjects received each of the seven doses. In the oral study, volunteers received 
single doses of 1 .O, 2.5,5.0,7.5, 10.0, or 12.5 mg of either milrinone or placebo, 
three subjects received each of the six doses. Blood samples (10 mL) were 
collected in evacuated tubes containing oxalate anticoagulant before medi- 
cationandat~2,5,10,15,30,and45minandl.0,2.0,3.0,4.0,6.0,8.0,12.0, 
16.0, and 24.0 h after medication. The blood was centrifuged; plasma was 
separated and frozen until it was analyzed. 


In both studies. urine was collected and measured for total volume, and an 
aliquot was removed for analysis. Collection times included the following 
intervals: premedication and 0-4, 4-8, 8-12. and 12-24 h after medica- 
tion. 


A m y  Procedure-The analysis of plasma and urine for milrinone con- 
centration followed that described previously (6). The method required ex- 
traction of milrinone from plasma or urine with ethyl acetate and back-ex- 
traction into acid; the samples were then neutralized and subjected to re- 
verse-phase HPLC. Plasma and urine standards, which were freshly prepared 
in  normal human plasma and urine, were extracted and analyzed with each 
set of samples from the study subjects. The concentrations of milrinone in 
plasma were determined by comparison with the regression line of the peak 
height ratios (drug-internal standard) versus milrinone concentration in the 
standards; the mean (fSE) correlation coefficients were 0.9967 (f0.0012) 
for plasma ( n  = 19) and 0.9997 (f0.0002)  for urine ( n  = 9). The minimum 
quantifiable level of milrinone was estimated as  that concentration at  which 
the lower 80% confidence limit just encompassed zero (7) and was -1.9 
ng/mL for plasma samples and 19.6 ng/mL for urine samples. The HPLC 
system used consisted of an automatic injector*, a pump’, a precolumn4, a 
column5, and a UV detecto@ which monitored the column effluent at 340 nm. 
The detector was interfaced with a data processing system’ for data collection 
and processing. 


Pharmncokirtic Calculations-The data obtained from the analysis of 
the human plasma samples from the intravenous study were described by an 
open two-compartment model by a nonlinear regression (NLIN) procedure 
(8). The concentrations were weighted as the square of their reciprocals. An 
attempt was made to describe the plasma concentration data obtained from 
the oral study by either an open one- or two-compartment model with first- 
order absorption. 


The plasma concentration data were also analyzed with respect to the fol- 
lowing regression-independent parameters: the maximum observed plasma 
concentration (C,,,, oral study only); the time at which C,,, was observed 
(tmaX, oral study only); and the area under the plasma concentration versus 
time curve (AUC;). which was calculated by using the trapezoidal rule plus 


* Model 7108 WISP Waters Associates Milford, Mass. 


’ Corasil C-18 (37-50 pm); Waters Associates. 


’ Model 3356 LAS: Hewlett-Packard, Santa Clara, Calif. 


Either model M-45; Waters Associates or mini-pump; Milton-Roy, Riviera k c h ,  


Partisil 10/25 ODS-3; Whatman, Clifton, N.J. 
Model 4 4 0  Waters Associates. 


Fla. 
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Table 11-Pharmacokinetic Parameters in Volunteers after Oral Administration of Milrinone 


Percent Dose 
Renal Recovered 


Dose, Dose, ke .  AUC;, AUC;/ Cmm, fmar, Clearance, CLB, from 
Subject mg kg/kg h-' ng mL-I h Dose ng/mL h L/h L/h Urine 


22 
23 
24 


Mean f SD 


25 
26 
27 


Mean f SD 


28 
29 
30 


Mean f SD 


31 
32 
33 


Mean f SD 


34 
35 
36 


Mean f SD 


37 
38 
39 


Mean f SD 


Overall mean 
f SD 


I .o 
1 .o 
I .o 


2.5 
2.5 
2.5 


5.0 
5.0 
5.0 


7.5 
7.5 
7.5 


10.0 
10.0 
10.0 


12.5 
12.5 
12.5 


12.8 
13.3 
13.0 


28.8 
31.3 
31.2 


66.9 
74.4 
75.9 


94.9 
104.5 
90.3 


137.6 
148.8 
149.7 


160. I 
179.3 
184.6 


0.72 
0.78 
1.20 


1 .oo 
0.50 
0.93 


1.12 
0.62 
1.10 


0.60 
0.66 
0.67 


0.60 
0.74 
0.56 


0.60 
0.92 
0.51 


0.77 


0.22 


28.0 
44.7 
42.6 
38.4 
9. I 


76.4 
67.3 
74.5 
72.1 
4.8 


I21 
217 
196 
I78 
50.5 


358 
286 
296 
313 


39.0 


392 
392 
275 
353 
67.6 


494 
382 
297 
391 
98.8 


2.19 
3.36 
3.28 


2.65 
2.15 
2.39 


1.81 
2.92 
2.59 


3.77 
2.74 
3.27 


2.85 
2.64 
1.83 


3.09 
2.13 
1.61 


2.63 


0.60 


16.7 
25.4 
40.9 
27.7 
12.3 


50.5 
32.0 
41.4 
41.3 


9.25 


05 
01 
41 
16 
22.0 


48 
25 
I84 
52 
29.7 


23 1 
130 
114 
158 
63.4 


245 
334 
I23 
234 
I06 


I .oo 
1 .oo 
0.53 


I .so 
0.48 
1 .oo 


I .03 
0.50 
1 .so 


1 .so 
I .53 
1 .oo 


0.50 
3 .oo 
I .53 


1 .oo 
1.03 
0.62 


1.13 


0.60 


I 1.8" 
17.9 
8.49" 


23.4 
24.7 
26.7 


36.8 
19.6 
21.3 


15.4 
19.0 
2.06" 


20.3 
21.2 


5.68" 


9.09" 
35.0 
28.5 


23.8b 


6.4b 


35.7 
22.4 
23.5 


32.7 
37.1 
33.5 


41.3 
23.1 
25.5 


21.0 
26.2 
25.3 


25.5 
25.5 
36.3 


25.3 
32.7 
42. I 


29.7 


6.7 


33.0' 
80.0 
36.0a 


71.6 
66.4 
79.6 


88.8 
85.2 
83.6 


79.2 
83.2 
15.6" 


73.3 
72.7 


8.1 ' 


35.8" 


67.8 


79.9b 


10.7b 


107 


Incomplete urine collection. Excluding incomplete collection data .  


terminal plasma concentration divided by the terminal elimination rate con- 
stant (to correct to infinite time). Total body clearance was determined by 
dividjng the dose by the AUC,'. Other pharmacokinetic parameters were es- 
timated by classical techniques (9). 


The data obtained from urine were used to calculate the renal clearance 
of rnilrindne by dividing the amount of unchanged milrinone excreted in the 
urine OVCI a given period by the AUC for that period. The relative bioavail- 
ability wasdetermined by dividing the mean normalized AUC,' for the oral 
dose by the mean normalized AUCZ for the intravenous dose. 


RESULTS AND DISCUSSION 
The concentrations of milrinone in  the plasma samples from each volunteer 


were determined. After intravenous medication, the plasma concentrations 
dcclintd bicxponentially with time, suggesting that a two-compartment model 
would be appropriate. Pharmacokinetic parameters for each subject in the 
intravenous study wcre estimated after computer fitting the data obtained 
from plasma by an iterative nonlinear least-squares regression technique (8) 
(Table I). 


Tho mean apparent first-order terminal elimination half-life for milrinone 
following intravenous medication was -50 min. The mean apparent volume 
of distrib'ution at  steady state Vd, was 23.0 L or, dividing by body weight, 
0.32 L/kg. The mean value for a (8.52 h-l) corresponded to a distributive- 
phase half-life of <5 min. The mean regression-independent total body 
clearance (dose/AUC,') was 25.9 L/h, whereas the mean regression-inde- 
pendent renal clearance (total intact drug in utine/AUC,') was 21.1 L/h, 
which exceeds the glomerular filtration rate and suggests an active excretion 
mechanism. The values obtained by the trapezoidal rule for the regression- 
independent AUC,' were consistently higher than the corresponding regres- 
sion-dependent AUC; ( A / a  + B / B ) .  Since the Vd, values are inversely re- 
lated to the square of the AUC;, the regression-independent Vd,, value% are 
consistently lower than the corresponding regression-depcndent valucs. Al- 
though there is almost a threefold difference between the highest (subject 4) 
and lowest (subject 21) clearances, the observed concentration data from the 


intravenous study were adequately described by the model for both of these 
subjects; a comparison of the observed and predicted concentrations is shown 
in Fig. I .  The agreement between the observcd values and those predicted by 
the open twecompartment body model is apparent. The amount of intact 
milrinonc present in the urine over the 24-h period following drug adminis- 
tration was similar in  both studies: 84.5% of the dose following intravenous 
administration and 79.9% of the dose following oral administration. The 
d F g c  ratio, oral-intravenous, suggests that the fraction of the oral dose that 
is bioavailable is 4 . 9 5  (see below). 


The plasma concentration data obtained in  the oral study were not ade- 
quately described by either the open one- or two-compartment model with 
first-order absorption, although several weighting schemes were tried. Re- 
gression-independent parameters weredetermined for the oral study (Table 
11). The mean time of maximum plasma concentration was 1.13 h after 
medication. The renal clearance (23.8 f 6.4 L/h) was comparable to that 
found in the intravenous study, as was the total body clearance (29.7 f 6.7 
L/h). The terminal elimination half-life was -55 min. 


Although the same subjects were not used i n  a crossover manner in the in- 
travenous and oral investigations, an estimate of the absolute bioavailability 
was obtained by comparing the data from the two independent studies. The 
mean absolute bioavailability or oral-parenteral ratio, defined as  the ratio 
of the AUC;/dose for the tablet to the regression-independent AUC,'/dose 
for the intravenous solution, was 0.92, which is consistent with the urinary 
excretion data. Analysis of variance indicated that the AUC,'/dose values 
for medication administered either by the intravenous or oral routes were not 
significantly different (p = 0.21). Furthermore, a statistical analysis of 
AUC;/dose against administered dose showed that the AUCt/dosc was not 
dose dependent (p = 0.94). 


The mean terminal eliminalion half-life of milrinone obtained in thcse 
human volunteers varied substantially from the value of 3.6-h obtained in dogs 
at intravenous doses of 5 mg/kg (6). This difference is surprising in  light of 
the relatively good correlation in the amrinone studies between the mean 
terminal elimination half-life in  dogs receiving d o s e  of 5 mg/kg iv (2.37 h) 
(10) and human volunteers receiving duses of 75 mg iv (3.6 h) ( I ) .  Following 
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Figure 1-Plasma concentration of milrinone in human volunteers afrer in- 
travenous administration. Data points are plasma concentrations observed 
in two subjects with widely divergent clearance rates and concentrations 
predicted by the open two-compartment model (solid line). 


oral administration of 75 mg to volunteers, the mean terminal elimination 
half-life of amrinone was 4.33 h ( I ) .  


The mean half-life of amrinone in patients with congestive heart failure 
was 8.3 h ( I  I ) ,  which is more than twice that seen in volunteers with normal 


TIME, h 


cardiac function. We anticipate a similar increase in the terminal elimination 
half-life of milrinone in patients with congestive heart failure. The decrease 
in renal and hepatic blood flow in patients with severe cardiac impairment 
may be responsible for this increase in the duration of the drug in plasma. We 
are currently studying the pharmacokinetics of milrinone in patients with 
congestive heart failure as part of clinical efficacy trial?. Attempts will be made 
to correlate the effects of dose on the terminal elimination half-life of milri- 
none. 
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Abstract 0 The influence of cooling rate of solid dispersions prepared by the 
melt method was studied by X-ray diffraction and scanning electron mi- 
croscopy. Tolbutamide was the model drug investigated, and the carriers in- 
cluded urea and polyethylene glycol 6000. Slow-cooled urea dispersions of 
tolbutamide demonstrated a complete lack of crystallinity suggesting the 
formation of an amorphous material. The rapidly cooled dispersion showed 
peaks for urea and an absence of drug in  the X-ray pattern, suggesting that 
a true molecular dispersion was formed. The X-ray patterns of rapid- and 
slow-cooled dispersions of tolbutamide and polyethylene glycol 6000 dem- 


onstrated that a physical mixture of drug and carrier resulted from both 
methods of dispersion preparation. 


Keyphrases 0 Solid dispersions-melt method of preparation, cooling rates 
and physicochemical properties 0 Tolbutamide-solid dispersions with urea 
and polyethylene glycol 6000 0 X-ray diffraction-tolbutamide, solid dis- 
persions, carriers 0 .Scanning electron microscopy-solid dispersions 0 


rates-tolbutamide* dispersions 


The rate-determining step in the absorption process for 
drugs of low solubility is generally the dissolution rate of such 
drugs in the GI fluids rather than the rapidity of their diffusion 
across the gut wall. The formation of solid dispersions of the 


drug with a water-soluble carrier is one of several techniques 
that can be used to improve the dissolution properties of poorly 
soluble or hydrophobic drugs. In 1961, Sekiguchi and Obi (1 )  
became the first researchers to propose the use of solid dis- 
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Preparation of 7,8-Dimethoxy-3,4-dihydroisoquinoline, 
Facile Route to 7,8-Dioxygenated-3,4-dihydroisoquinolines 


A. M. EGFISHAWY, D. J. SLATKIN, J. E. KNAPP, and 
P. L. SCHIFF, JR. 
Received January 17.1983, from the Department of Pharmacognosy, School of Pharmacy, Unioersity of Pirtsburgh, Pittsburgh. Prl 
/ 5 2 6 / .  Accepted for publication October 17. 1983. 


Abstract 0 Oxidation of 7,8-dimethoxy-l,2,3,4-tetrahydroisquinoline with 
potassium permanganate in acetone afforded 7,8-dimethoxy-3,4-dihydro- 
isoquinoline as the primary product. Hence, oxidation of the appropriate 
secondary nonphenolic 7,8-dioxygenated tetrahydroisoquinoline alkaloid is 
thus a facile method for the generation of the corresponding imine. The imine 
is not easily prepared oia the usual synthetic route involving ring closure of 
P-phenethylamine derivatives. 


Keyphrases n 7.8-Dimethoxy- 1,2,3.4-tetr~hydroisquinoline-oxidation with 
potassium permanganate 0 7.8-Dimethoxy-3.4-dihydroisoquinoline-syn- 
thesis, secondary amine, oxidation with potassium permanganate 0 7.8- 
Dioxygenated-3,4-dihydroisoquinoline-secondary amine, oxidation with 
potassium permanganate 


As a continuation of our studies of the alkaloids of Tiliacora 
dinklagei and of the synthesis of various 7,8-dioxygenated- 
1,2,3,4-tetrahydroisoquinolines ( 1 ), it was considered appro- 
priate to attempt to prepare the isoquinolone analogues of these 
bases. Thirteen simple isoquinolones have been isolated from 
higher plants to date with most of these alkaloids possessing 
6,7-dioxygenation while a few possess 5,6,7-trioxygenation (2). 
Although no examples of naturally occurring 7,8-dioxygenated 
isoquinolone alkaloids could be found in the literature, it was 
felt that preparation of these bases from their isoquinoline 
counterparts would provide a ready source of physicochemical 
and spectral data in anticipation of the possible ultimate iso- 
lation of these isoquinolones from natural sources. 


lsoquinolones are known to arise in nature via the oxidation 
of benzylisoquinolines or from the in vivo oxidation of pro- 
toberberines, phthalideisoquinolines, or spirobenzyliso- 
quinolines (2). The use of potassium permanganate as an ox- 
idizing agent in the conversion of isoquinoline-derived alkaloids 
to isoquinolones is well documented (3-5) and it was thus felt 
that a facile method for the preparation of 7,8-dimethoxyiso- 
quinolone ( 1 -oxo-7,8-dimethoxy- 1,2,3,4-tetrahydroiso- 
quinoline) (I)  would be the analogous oxidation of 7,8-dime- 
thoxy-l,2,3,4-tetrahydroisoquinoline (11) with potassium 
permanganate. In fact, oxidation of isoquinoline I1 with po- 
tassium permanganate in acetone afforded, instead, the imine, 
7,8-dimethoxy-3,4-dihydroisoquinoline (111) [as characterized 
by its physicochemical properties, preparation of the meth- 
iodide (IV), and sodium borohydride reduction back to 111. 
This oxidation was repeated on two additional occasions with 
the same imine being produced in each case. Although 6,7- 
dioxygenated imines of this series are easily prepared via for- 
mylation of the parent @-phenethylamine followed by ring 
closure (6,7), this same simple procedure is not possible for 
the 7,8-dioxygenated series since ring closure always proceeds 
in a less hindered fashion to afford the 6,7-analogues (6). 


Hence, oxidation of the appropriate secondary nonphenolic 
7,8-dioxygenated alkaloids (7,8-dimethoxy or 7,8-methyl- 
enedioxy) with potassium permanganate should be a facile 
method for generating the corresponding imines. I t  can be 
assumed that preparation of phenolic alkaloids of this series 
would require protection of the phenolic group, e.g., via the 
benzyl ether, to prevent further oxidation during the reaction. 
Examples of this include the use of sodium hypochlorite in the 
oxidation of 6,7-dimethoxy-8-benzyloxy- 1,2,3,4-tetrahydro- 
isoquinoline to the corresponding imine (8) and mercuric ac- 
etate in the oxidation of 2-methyl-7-methoxy-8-benzyloxy- 
1,2,3,4-tetrahydroisoquinoline to its corresponding quaternary 
imine (9). 


EXPERIMENTAL SECTION' 


7,8-Dirnethoxy-3,4-dihydroisoquinoline (I1 1)-To a stirred solution of 
7.8-dimethoxy-l,2,3,4-tetrahydroisoquinoline (11) (145 mg) ( I )  in acetone 
(40 mL) was slowly added a solution of potassium permanganate (5%) (I0 
mL) over a period of 1 h. The reaction was stirred for an additional 48 h after 
which time TLC [silica gel G; benzene-acetone-methanol-ammonium hy- 
droxide (l6:16:4:1)] indicated that all of the starting material I 1  (Rf  0.37) 
had been oxidized to a second product (H~0.63)  with no other spots appearing 
on the chromatogram. Other solvent systems used indicated the same results 
[chloroform-ethyl acetate-mcthanol-ammonium hydroxidc (20:20:4: 
OS)-starting material Rf 0.38 and oxidized product Rf 0.83; chloroform- 
methanol-ammonium hydroxide (90: I0:l)-starting material R j  0.64 and 
oxidized product RJ 0.851. The resulting suspension was filtered and the 
residue of manganese dioxide washed with hot acetone (20 mL) (4X). The 
filtrate and washings were combined and evaporated to afford 7.8-dime- 
thoxy-3.4-dihydroisoquinoline ( I l l )  as a pale-yellow residue (131 mg; 91% 
yield). The residue was dissolved in chloroform (2 mL) and passed through 
a column of silicic acid (10 g). Elution with chloroform (5 mL) followed by 
chloroform-methanol (95:s) (10 mL) afforded the imine I l l  as the same 
pale-yellow residue (128 mg) which was crystallized as its methiodide salt. 
The imine 111 exhibited the following spectral properties: UV A,,, (MeOH) 
(loge): 320. (3.34). 262 (3.92). and 227 (4.42) with no bathochromic shift 
on the addition of 3 drops of 0.1 M methanolic KOH; A,,, (MeOH-0.1 M 
HCI) (log 6 ) :  375 (3.41), 297 (4.04), 237 (sh) (4.lO),and 218 (sh) (4.17); IR 
v,,, (KBr): 1625, 1580, 1490, 1455, 1420, 1345, 1295. 1270, 1240, 1085, 
1060,1007,985,855,810,775, and 750cm-I; 'H-NMR (CDCIj): d 2.64 (2  
closely overlapping triplets, 4, J = 8 Hz, C-3 and C-4). 3.89 (s, 3, (2-7 
ArOCH3). 3.93 (s, 3, C-8 ArOCH>), 6.90 (s, 2. C-5 and C-6 ArH), and 8.7 


I Melting pints were determincd on a Fisher-Johns hot-stage melting point apparatus 
and are uncorrected. U V  absorption spectra were obtained on a Perkin-Elmer Model 
552 UV/VlS  spectrophotometer. lnfrarcd absorption spectra were taken on a Perkin- 
Elmer model 267 Grating Infrared Spectrophotomcter. IH-NMR spectra were recorded 
on a Hitachi Perkin-Elmer Model R-24 High Resolution Spectrometer wi th  deuterc- 
chloroform or deuteromethanol as solvent. and with tetramethylsilane as the internal 
standard: chemical shifts were reported in d (pprn) units. IJC-NMR s tra were recorded 
on a JEOL FX-900 high resolution spectrometer with deuterochlororm as solvent. Low 
resolution mass spectra were taken on a Finnegan El Mass Spectrometer (Extranuclear 
Laboratories. Inc.. spectrel). Silica gel G (Camag) was used for TLC and spots were 
visualized by spraying with KMn04 (1%)  in  Na2COJ (1%). Silicic acid (Mallinckrodt) 
was used for column chromatography. 
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ppm (br s. I ,  C-l ArH); W - N M R :  24.5 (C-4). 47.4 (C-3), 56.0 (C-7 OCH,), 
61 .8 (C-8 OCH3) I 15.0 (C-6). I2 1.7 (C-8a). 122.4 (C-5). 129.2 (C-44.  147.2 
(C-7). 151.3 (C-8),and 155.8 ppm (C-I )  (10-12); M S  M+: m/z 191 (83%) 
(calc. forC1~H1~NO~.l91.0946;obs., 191.0947). 176(65), 161 (66). l46(70), 
133 (35). 116 (79). 105 (26). 89 (49). 77 (86). 62 (47) and 51 (100). 
7,8-Dimethoxy-3,4dihydroisoquinoline Methiodide ( I V )  --To 7,8-dime- 


thoxy-3.4-dihydroisoquinoline (111) (100 mg) in acetone (5 mL) was added 
methyl iodide (0.25 mL). and the resulting solution was allowed to stand 
overnight. The resulting yellow crystals were removed by filtration, washed 
with cold acetone. and recrystallized twice from acetone-methanol to afford 
IV as  yellow needles ( I  I2 mg). mp 165-166OC; UV A,,,,, (MeOH) (log t): 
375 (3.03). 297 (3.77),and 218 (4.06); 1R urnax (KBr): 1668,1582,1498,1270. 
I254,1080,1033,954, and 820 cm-I; IH-NMR (CDlOD): 6 3.39 (2 closely 
overlapping poorly defined triplets, 4, J = 8 Hz), 3.86 (s, 3, N-2 N+CH,), 
3.95 (s, 3. C-7 ArOCHJ), 4.10 (s, 3. C-8 ArOCH,), 7.1 5 (d. I. J = 8 Hz, C-5 
ArH),  7.52 ( d , J  = 8 Hz. C-6 ArH),and 9.27 ppm (br s, I ,  C-l ArH); M S  
M+: m/: 191 (100%) (M+ - CHzI), 142 (52). 127 (57),and 77 (23). 
7,8-Dimethoxy-l,2,3,4-tetrahydroisoquinoline (11)-To 7.8-dimethoxy- 


3.4-dihydroisoquinoline(11I) (60mg) in methanol (30mL) wasadded. with 
stirring, sodium borohydride (200 mg) over a period of 30 min. The mixture 
was stirred for an additional 8 h and was then filtered. The filtrate was evap- 
orated to give a residue which was dissolved i n  HCI (5%) (20 mL). basified 
with N H 4 0 H  to pH 8 -9. and extracted with chloroform (50 mL) (4X). The 
chloroform extracts were combined. dried (anhydrous sodium sulfate), filtered, 
and the filtrate was evaporated to afford a residue (50 mg) which was dissolved 
in methanolic HCI (5%) (4 mL). The solvent was subsequently removed by 
evaporation and the resulting residue treated with a mixture of acetone- 
methanol (I2:l) (3 mL) to afford yellowish-white crystals of I I  HCI, mp 
189- 191 OC. identical with authentic 7,8-dimethoxy-l,2,3.4-tetrahydroiso- 
quinoline hydrochloride by direct comparison Imp, UV. IR ( I ) ] .  
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Abstraet 0 A new method for the determination of heparin activity in solutions 
has been developed, based on the increase in light scattering observed during 
the clottingof plasma. The recalcification clotting time (RCT) of shccp plasma 
is measured in the presence of heparin, using a laser nephelometer. The activity 
of heparin in the sample is determined from a standard curveof the logarithm 
of RCT u m u s  heparin activity. The results indicate that this method is sim- 
pler. faster, and more reproducible than the current USP grading method. 


Keyphrases Heparin-activity, laser nephelometry method, comparison 
to USP method, recalcification clotting time 0 Laser nephelometry-heparin 
activity. comparison to USP method, recalcification clotting time 0 Recal- 
cifieation clotting time-heparin activity, laser-nephelometry, comparison 
to USP method 


Heparin is an anticoagulant widely used in the treatment 
of myocardial infarction and thromboembolic disease (1).  The 
anticoagulant effect of the drug cannot be predicted by 
chemical analysis because it has not bcen related to any specific 
functional group or to molecular weight (2). Therefore, the 
activity of heparin, rather than its concentration, must be 
measured. 


Evaluation of the anticoagulant activity of heparin is based 
on the ability of the drug to prolong the clotting of recalcified 
sheep plasma (i.e., sheep plasma to which calcium ions are 
added to promote coagulation). This ability can be measured 
instrumentally and visually. Reed et af. (3)  developed an in- 


strumental method based on measurement of the time needed 
for a sample of recalcified sheep plasma to reach a pre-estab- 
lished viscosity, i.e., a predetermined degree of clotting. This 
time is then related to the times needed for a set of standards 
to reach the same viscosity. The USP method, which does not 
use instruments, is based on the visual evaluation of the degree 
of clotting of samples as compared with that of a set of stan- 
dards. 


This work describes the development of a nephelometric 
method to determine heparin activity and compares this 
method with the USP procedure. Woziwodzki (4) used ne- 
phelometric techniques to study the clotting of plasma. More 
recently Tanaka (5) used laser nephelometric techniques to 
study the structure of polyacrylamide gels. Because a clot is 
essentially a gel composed of a fibrin polymer ( l ) ,  i t  was pos- 
tulated that a laser nephelometer could be used to measure the 
clot ti ng ti me. 


EXPERIMENTAL SECTION 


Apparatus and Reagents-The cuvette compartment of a laser nephelom- 
eterl was modified to allow external circulation of water, thus maintaining 


’ Hyland PDQ Laser Nephelometer. Northbrook. 111. 
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Figure 1-Plasma concentration of milrinone in human volunteers afrer in- 
travenous administration. Data points are plasma concentrations observed 
in two subjects with widely divergent clearance rates and concentrations 
predicted by the open two-compartment model (solid line). 


oral administration of 75 mg to volunteers, the mean terminal elimination 
half-life of amrinone was 4.33 h ( I ) .  


The mean half-life of amrinone in patients with congestive heart failure 
was 8.3 h ( I  I ) ,  which is more than twice that seen in volunteers with normal 


TIME, h 


cardiac function. We anticipate a similar increase in the terminal elimination 
half-life of milrinone in patients with congestive heart failure. The decrease 
in renal and hepatic blood flow in patients with severe cardiac impairment 
may be responsible for this increase in the duration of the drug in plasma. We 
are currently studying the pharmacokinetics of milrinone in patients with 
congestive heart failure as part of clinical efficacy trial?. Attempts will be made 
to correlate the effects of dose on the terminal elimination half-life of milri- 
none. 
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Abstract 0 The influence of cooling rate of solid dispersions prepared by the 
melt method was studied by X-ray diffraction and scanning electron mi- 
croscopy. Tolbutamide was the model drug investigated, and the carriers in- 
cluded urea and polyethylene glycol 6000. Slow-cooled urea dispersions of 
tolbutamide demonstrated a complete lack of crystallinity suggesting the 
formation of an amorphous material. The rapidly cooled dispersion showed 
peaks for urea and an absence of drug in  the X-ray pattern, suggesting that 
a true molecular dispersion was formed. The X-ray patterns of rapid- and 
slow-cooled dispersions of tolbutamide and polyethylene glycol 6000 dem- 


onstrated that a physical mixture of drug and carrier resulted from both 
methods of dispersion preparation. 


Keyphrases 0 Solid dispersions-melt method of preparation, cooling rates 
and physicochemical properties 0 Tolbutamide-solid dispersions with urea 
and polyethylene glycol 6000 0 X-ray diffraction-tolbutamide, solid dis- 
persions, carriers 0 .Scanning electron microscopy-solid dispersions 0 


rates-tolbutamide* dispersions 


The rate-determining step in the absorption process for 
drugs of low solubility is generally the dissolution rate of such 
drugs in the GI fluids rather than the rapidity of their diffusion 
across the gut wall. The formation of solid dispersions of the 


drug with a water-soluble carrier is one of several techniques 
that can be used to improve the dissolution properties of poorly 
soluble or hydrophobic drugs. In 1961, Sekiguchi and Obi (1 )  
became the first researchers to propose the use of solid dis- 


0022-3549184 1000- 144 l$Ol.OOlO 
@ 1984, Amerlcan Pharmaceutical Association 


Journal of Pharmaceutical Sclences I 1441 
Vol. 73, No. 10. October 1984 







Figure 1-Scanning electron micrograph of a urea-tolbutamide (2:l) dis- 
persion prepared by process B and aged for 1 d at 25°C. 


Figure 3-Scanning electron micrograph of a urea-tolbutamide (2:l) dis- 
persion prepared by process B and aged for 5 months at 25°C. 


persions to increase the dissolution rate and oral absorption 
of drugs. In recent reports, (2-6), the great variety of drug 
molecules and water-soluble carriers used to prepare solid 
dispersions have been reviewed. 


Although in previous reports the technology of solid dis- 
persions has been extensively examined, systems in which this 
technique is utilized have been fraught with problems; thus, 
few systems have been marketed (3). Since solid dispersions 
are dypamic systems, further research into the physicochem- 
ical properties of these systems is certainly warranted. In recent 
studies, it has been shown that soluble complexes between drug 
and carrier may form (7). Kaur and co-workers ( 5 )  have 
studied the phase equilibrium phenomena of solid dispersion 
systems, whereas Ravis and Chen (4) have compared, by X-ray 
analysis, the difference in crystallinity between solid disper- 
sions and physical mixtures of drug and carrier. Significant 
contributions have been made by Ford and Rubinstein (8), who 
have 3tudied the effect of aging on the dissolution properties 
of an indomethacin-polyethylene glycol 6000 solid disper- 
sion. 


One aspect of solid dispersion technology that has received 
little attention has been the method of sample preparation. A 
brief survey of the literature has indicated that there is no 
uniform method presently used to prepare solid dispersions by 
the melt method. In several cases, the temperatures to which 


t I " "  I " "  


z d n  20 deqreec X!' 
Figure 2-X-ray patterns of drug. carrier, and rapid-cooled dispersion. 


the carrier and drug were subjected were not reported. Dis- 
persions have been solidified by cooling the melt to room 
temperature (9,lO). Kaur and co-workers ( 5 , 6 )  cooled their 
samples to 4OC. Chiou and Niazi poured the melts onto a 
stainless steel plate (1 l ) ,  whereas Allen and co-workers (12) 
rapidly solidified their samples by pouring the melt into an 
aluminum dish that was placed in a block of dry ice. Other 
investigators have employed metal pans (2), ice baths (7), and 
dry ice-acetone baths (1 3). 


The objective of this study was to investigate the influence 
of cooling conditions on the physicochemical properties of solid 
dispersions prepared by the melt method. Urea and polyeth- 
ylene glycol 6000 were the carriers studied, and tolbutamide 
(1 -butyl-3-@-tolylsulfonyl)urea) was the model drug inves- 
tigated. Some preliminary results were also obtained with 
salicylic acid and sulfathiazole. 


EXPERIMENTAL SECTION 


Materials-Urea' (mp I39.7OC), polyethylene glycol 6O0O2 (mp 56OC), 
tolbutamide' (mp 1 25.SoC), salicylic acid4 (mp 1 5SoC), and sulfathiazole2 
(mp 202OC) were used. 


Methods-X-ray diffraction patterns were obtained with an X-ray dif- 
fractometerS with CuK,l radiation (0.1 5405 nm) over a 28 range of 6-50°. 
The scanning electron micrographs were recorded on a microscope6. Disso- 
lution profiles of drug from dispersion samples were determined with the USP 
paddle apparatus. For the tolbutamide samples, 900 mL of pH 6.0 buffer were 
stirred at 50 rpm and maintained at 37OC. The melts were prepared by first 
heating the carrier in an aluminum dish over an oil bath to 5 O C  above the 
melting point of the carrier. The drug was then dissolved into the molten carrier 
and stirred for 2 min to ensure a homogeneous dispersion. Two methods of 
cooling were employed. Process A involved the flash cooling of the dispersion 
by immersion of the aluminum dish containing the molten dispersion in a bath 
of dry ice and acetone. The preparation of the dispersion by Process B involved 
the gradual cooling of the oil bath under ambient conditions over a period of 
several hours. Dispersions from both processes were then passed through a 
20-mesh screen, and the 20- to 40-mesh fraction was retained for the disso- 
lution study. Ground samples of the dispersion were employed for the scanning 
electron microscopic evaluation of the surface crystalline properties. Dis- 
persions in the 60-100 mesh range were used for X-ray analysis. Ratios of 
carrier to drug, 2:1 w/w, were used for all samples with the exception of the 
polyethylene glycol 6000-sulfathiazole system, in which a 4 1  ratio was em- 
ployed. For all these systems, full solution dispersions were obtained prior to 
the cooling step. 


I Matheson. Coleman and Bell, Norwood, Ohio 


3 The Upghn Co., Kalamazoo. Mich. City Chemical Corp., New York, N.Y. 


Fisher ientific Co.. Fair Lawn, N J. 
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Table I-Dissolrtion Characteristics of Polyethylene Glycol 6OOO- 
Tolbutamide (21) Diswrsiom 


Percent Drug Released* 
Time, Rapid Cooled Slow Cooled Physical 
min (Process A) (Process B) Mixture 


SOL 0 D SPERSION 


7- 


3bo 
I 


2e degrees 20' 


Figure 4-X-ray patterns ojdrug. carrier. and rapid-cooled dispersion. 


RESULTS AND DISCUSSION 


Powder X-ray diffraction patternsof tolbutamide, urea, and polyethylene 
glycol 6000 were taken of samples that were both slow and flash cooled. For 
each material alone, the rate of cooling did not influence the crystallinity since 
the peak widths of the diffraction profiles remained constant. No additional 
new diffraction lines were detected, indicating that no degradation or new 
compound formation had occurred. Minor changes in the intensity of some 
peaks were seen with samples prepared by either process. However, this was 
probably due to changes in preferred orientation rather than any alteration 
in the physicochemical properties of the material. The multitude of peaks 
obtained with urea and tolbutamide verified the crystalline properties of these 
solids. The two most intense peaks in the X-ray pattern for polyethylene glycol 
6000 were found at 19.2 and 23.4'. 


A study of the physical mixture of tolbutamide-urea produced a pattern 
which was due to the combination of the drug and carrier. Markedly different 
results were evident with the urea-tolbutamide dispersions prepared by the 
rapid- and slow-cooled methods. The X-ray patterns for the slow-cooled dis- 
persions demonstrated a complete lack of crystallinity, suggesting the for- 
mation of an amorphous material. A scanning electron micrograph of this 
dispersion is shown in Fig. 1 .  The X-ray patterns shown in Fig. 2 are those of 
tolbutamide, urea, and the dispersion prepared by process A (rapid cooled). 
The complete absence of peaks for the tolbutamide in the dispersion is readily 
evident. All peaks present from the dispersion sample are t h w  of the carrier. 
This phenomenon could be due to the formation of a true molecular dispersion 
of the tolbutamide within the urea matrix, or alternatively, it could mean that 
tolbutamide is present on the surface of the urea crystals as  an amorphous 
coating. 


A similar phenomenon has been reported by Chiou (14) with the griseo- 


1 " " ' " " 1 " " " " ' 1  
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Figure 5-X-ray pattern of polyethylene glycol 6000-tolbutamide dispersion 
prepared by process B. 


27.8 f 4.0 
10 60.4 f 3.5 45.8 f 3.5 44.4 f 4.2 
I5 12.3 f 4.4 51.9 f 3.5 60.1 f 1.9 


64.2 f 2.5 20 78.3 f 5.4 
25 86.1 f 4.1 71.5 f 2.9 10.8 f 3.4 
40 91 .O f 4.3 75.6 f 3.5 80.0 f 2.4 
60 96.3 f 3.0 84.6 f 1.9 82.8 f 1.5 


100 100.6 f 1.2 90.5 f 1.0 87.5 f 1.8 


6 36.9 f 5.3 29.1 f 2.6 


64.4 f 1.6 


a In 900 mL of H 6 0 buffer 
paddle method. b?vkan f SD. 


maintained at 37OC and agitated at 50 rpm by the USP 


fulvin-polyethylene glycol 6000 system. Since the peaks for the drug were 
absent in the X-ray diffraction pattern, Chiou has proposed that an amorphous 
form of griseofulvin was present in the melt after cooling. However, when 
X-ray diffraction studies were repeated several days later, major diffraction 
peaks of griseofulvin were present, indicating crystal formation in the dis- 
persion. This result was obtained for all samples studied with the exception 
of the 5% drug sample. An examination of the tolbutamide-urea dispersion 
prepared by process A after storage at  25'C for 45 d indicated that no tol- 
butamide peaks were present in the X-ray diffraction pattern. These prelim- 
inary stability data suggest that some form of molecular interaction may be 
present between tolbutamide and urea to maintain the drug in the amorphous 
state. Storage of the slow-cooled dispersion (Fig. I )  at 25OC for 5 months 
resulted in crystal growth (Fig. 3). The X-ray pattern of this sample was 
identical to that of the solid dispersion (Fig. 2), indicating that the crystals 
consisted of urea rather than tolbutamide. X-ray examination of physical 
mixtures of tolbutamide-urea verified that samples containing as little as 2% 
drug yield peaks for tolbutamide. 


The X-ray patterns of tolbutamide, polyethylene glycol 6000, and the solid 
dispersion prepared by process A are shown in Fig. 4. Comparison of these 
patterns indicates that the dispersion is present as a physical mixture of the 
drug and carrier. The slow-cooled dispersion shown in Fig. 5 had a very similar 
pattern to the dispersion shown in Fig. 4. The higher intensity of peaks shown 
in Fig. 5 suggested a greater degree of crystallinity from the slow-cooled 
samples. This phenomenon was verified by scanning electron microscopy. 


The dissolution properties of tolbutamide-polyethylene glycol 6000 dis- 
persions prepared by process A and process B were compared with the disso- 
lution properties of tolbutamide from the physical mixture of the drug and 
polyethylene glycol 6OOO (Table I) .  Insignificant differences were Seen in the 
dissolution properties of drug from the slowcooled dispersion and the physical 
mixture. However, -I 5% more drug passed into solution at most time intervals 
for the dispersion prepared by process A. This phenomenon was probably due 
to a particle size effect since a smaller drug particle was expected from the 
flash-cooled dispersion. The lower degree of crystallinity for this dispersion 
was verified by the X-ray diffraction patterns (Figs. 4 and 5) .  The greater 
dissolution rate of dispersions prepared by process A may also be attributed 
to a greater energy of the drug particles in these dispersions. Less crystalline 
or more amorphous forms generally possess greater thermodynamic activities 
than more crystalline forms of the same substance (1  5 ) .  


The peaks for sulfathiazole in the X-ray diffraction patterns of sulfathia- 
zole-urea dispersions were absent for both the slow- and flash-cooled dis- 
persions. This result was similar to that for the tolbutamide-urea dispersions 
prepared by process A. A physical mixture of both drug and carrier was found 
with the sulfathiazole-polyethylene glycol 6OOO samples. Salicylic acid in urea 
dispersions produced new peaks in the X-ray diffraction patterns. suggesting 
that either an interaction occurred or a polymorphic change in either thedrug 
or carrier took place to form a new phase. 


In summary, the applications of X-ray diffraction to study the physico- 
chemical properties of solid dispersions have been demonstrated. The rate of 
cooling of melt dispersions will, in many cases, influence the physical state 
of both drug and carrier. Other techniques are presently being evaluated for 
use in conjunction with X-ray diffraction to differentiate and identify poly- 
morphic transitions, degradation product or complex formation, molecular 
dispersion formation, physical mixtures, and the determination of degrees of 
crystallinity in the melt dispersions. Future studies will also employ X-ray 
diffraction to examine changes in the microcrystalline properties of these 
dispersions as a function of time and temperature. 
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Abstract 0 A rapid and specific method in which reverse-phase high-per- 
formance liquid chromatography (HPLC) with UV detection was used for 
the simultaneous determination of nicardipine and its pyridine metabolite I1 
in human plasma is described. Nicardipine, its pyridine metabolite 11, and 
the internal standard were extracted from plasma and partially purified by 
acid-base partitioning. Final purification and quantitation were achieved by 
HPLC by using a reverse-phase column and a UV detector (254 nm). The 
extraction efficiencies for nicardipine and its pyridine metabolite I1 from 1 
mL of plasma were 77.4 and 81.16, respectively. The sensitivity of the assay 
was 5 ng/mL for both nicardipine and its pyridine metabolite 11, and the linear 
concentration range of the assay was 5-150 ng/mL for both compounds. The 
low coefficients of variation ( 1 5 % )  for samples spiked with nicardipine and 
its pyridine metabolite I1 in this concentration range demonstrate good reli- 
ability and reproducibility of the assay. The HPLC procedure has been vali- 
dated by comparison with a GC-electron-capture detection (ECD) procedure, 
which givts the combined concentration of nicardipine-its pyridine metabolite 
I1 (total) and with an HPLC/GC-ECD procedure, which gives the concen- 
tration of its pyridine metabolite 11. All three methods, which were developed 
in our laboratory, were used to analyze nicardipine and its pyridine metabolite 
I1 in specimens of plasma from subjects treated with nicardipine hydrochloride. 
Good correlations were found for concentrations of nicardipine, its pyridine 
metabolite 11, and nicardipine plus the metabolite determined by these three 
procedures. The HPLC procedure is suitable for use in pharmacokinetic 
studies following administration of nicardipine hydrochloride to humans. 


Keyp4raqes Nicardipine-simultaneous determination with its pyridine 
metabolite 11, reverse-phase HPLC 0 HPLC-reverse-phase simultaneous 
M a t i o n  of nicardipine and its pyridine metabolite 11 in human plasma 


Nicardipine hydrochloride, 2-(N-benzyl-N-methyl- 
amino)ethyl methyl 1,4-dihydro-2,6-dimethyl-4-(m-nitro- 
phenyl)-3,5-pyridinedicarboxylate monohydrochloride (I), 
is a new calcium entry-blocking agent with potent oral vaso- 
dilating activity. The therapeutic efficacy of this compound 
for the treatment of angina, hypertension, and cerebrovascular 
disease is under investigation. 


Nicardipine hydrochloride, which is effective at relatively 
low doses, undergoes extensive first-pass metabolism to pro- 
duce several metabolites (1). Therefore, a sensitive and specific 
method is required for its determination in human plasma. 


Various methods have been reported for the determination of 
nicardipine in plasma. These include gas chromatography 
(GC) with either electron-capture detection (GC-ECD) (2) 
or with mass spectrometric detection (GC-MS) (3). However, 
these methods are relatively nonspecific because they require 
oxidation of nicardipine prior to GC analysis. Since the product 
of this oxidation is the pyridine metabolite I1 of nicardipine, 
these methods measure the combined concentration of nicar- 
dipine plus its pyridine metabolite I1 (total). Pharmacokinetic 
analyses of data generated by these methods can be misleading 
in view of the fact that the vasodilative activity of the pyridine 
metabolite I1 is only l / 3 ~  that of the parent drug (4). The in- 
dividual concentrations of nicardipine and its metabolite in 
human plasma have been investigated recently using a 
TLC-GC-MS method (9, in which nicardipine was separated 
from its pyridine metabolite I1 by TLC prior to analysis by 
GC-MS. These investigators have found that in healthy vol- 
unteers and hypertensive patients, the concentration of ni- 
cardipine relative to that of the combined concentrations of 
nicardipine plus its pyridine metabolite I1 ranged from 74% 
to 99% (5). Recently, we developed a method using high-per- 
formance liquid chromatography (HPLC) in conjunction with 
GC-ECD which allowed the individual concentrations of ni- 
cardipine and its pyridine metabolite I1  to be determinedl. In 
this HPLC/GC-ECD method, which was developed prior to 
the availability in our laboratory of a high-sensitivity HPLC 
detector, HPLC was used to separate nicardipine from the 
pyridine metabolite I1 prior to analysis of the latter by GC- 
ECD. The concentration of nicardipine in a sample of plasma 
was obtained by subtracting the concentration of the pyridine 
metabolite I1 as determined by the HPLC/GC-ECD assay 
from the combined concentration of nicardipine plus the 
pyridine metabolite I1 as determined by the GC-ECD method 


I Unpublished results (a brief description of this method is given in the text). 
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nicmbrane. allowing hydrogen-ion back-diffusion, which results in irritation, 
bleeding. and possible ulceration. I f  this mechanism is correct, then the rapid 
onset of absorption obtained with unbuffered solutions or solutions with less 
than 16 mEq of antacid buffering may not reduce the incidence of untoward 
effects as effectively as those containing a greater quantity of antacid buf- 
fering. 
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Abstract 0 A specific high-performance liquid chromatographic method is 
described for ethoxzolamide following the extraction of the material from 
iris/ciliary body eye tissue in rabbits. The steps consist of base extraction and 
protein and enzyme deactivation, followed by acid treatment, extraction into 
ethyl acetate. evaporation, and solubilization with a 50% aqueous methanol 
solution. Thesamples werechromatographed on a reverse-phase phenyl col- 
umn with a mobile phase consisting of 50% methanol in I %  acetic acid. The 
recovery was 74.3% over a 10-fold range of tissue concentrations. The sensi- 
tivity was 0.03 pg/mL, and the response was linear over the concentration 
range (0.03 -0.5 pg/mL) used in the study. Intravenous (2.0- and 6.0-mg/kg) 
and topical ( I %  suspension) doses of ethoxzolamide were administered to 
rabbits. Iris/ciliary bcdy tissues were excised 45 min after drug administration. 
The tissue levels after a dose of 6 mg/kg were statistically greater than the 
levels obtained after a dose of 2 mg/kg. The smaller intravenous dose repre- 
sented the lowest dose for which a reduction in intraocular pressure could be 
measured. An initial transitory drop in intraocular pressure was detected for 
the topical dose. Iris/ciliary body levels in  the treated cye could be detected 
for the 2-mg/kg iv and topical doses. 


Keyphraws 0 Ethoxzolamide-determination in the iris/ciliary body, rabbits, 
HPLC, GC 0 Dosage forms---intravenous and topical administration of  
ethoxzolamide, iris/ciliary body of rabbit eyes, IIPLC, G C  


Ethoxzolamide, a carbonic anhydrase inhibitor used in 
glaucoma to lower intraocular pressure (IOP), is effective 
orally but not when administered topically to the eye, pre- 
sumably due to inadequate drug levels at the active site. In 
recent studies, the anatomical location of carbonic anhydrase 
wi th  the anatomical location of aqueous humor formation in 
the ciliary body have been identified ( I ,  2). Friedlander and 
Muther (3)  have utilized the high binding affinity of [3H]- 
acetazolamide for carbonic anhydrase to demonstrate the 
distribution of carbonic anhydrase in  the epithelium of the 
ciliary body. The greater specificity of ethoxzolamide for the 
enzyme was shown by displacing [3H]acetazolarnide wi th  a 
high concentration of unlabeled ethoxzolamide. 


Although Maren (4) have devised a sensitive method for the 
determination of carbonic anhydrase and its inhibitors, the 
assay measures drug activity; therefore, specificity is always 


in doubt. I t  is also tedious and time consuming. I t  was the 
purpose of this study to develop a high-performance liquid 
chromatographic (HPLC) procedure for the determination 
of ethoxzolamide in the iris/ciliary body tissue of rabbit eyes. 
Data are also presented which compare tissue concentrations 
after administration by the topical and intravenous routes. 


EXPERIMENTAL SECTION 


Chemicals --Ethoxzolamide. a gift from a commercial source’, was used 
as received. The substances used in the preparation of the various buffers and 
vehicles were of analytical or USP quality. and included monobasic sodium 
phosphate2, dibasic sodium phosphate3, sodium carbonate2, hydrochloric acid2, 
sodium chloride4, polysorbatc SO5, and N,,V-dimcthylacetamide2. Ethyl ac- 
ctate6 was used as the organic phase in the extraction procedure. Acetic acid’. 
methanols, and distilled deionized water were used to prepare the chromo- 
tographic mobile phase. Thc distilled deionized water was also used to make 
all aqueous dilutions. 


Apparatus--The chemicals and tissues were weighed on an electronic9 or 
analyticallo balance. Thc pH values of the various solutions were measured‘‘ 
when neccssary. 


The HPLC system consisted of a solvent delivery pumpt2. a syringe-loading 
sample injector’? fitted with a 100-pL loopt4, a reverse-phase phenyl column’s, 
and a fixed-wavelength U V  detectorIh operating at  31 3 nm. Chroniatograms 
were recorded on a chart recorder" operating a t  0.5 cm/min. Thc mobile 
phase consisting of methanol-1% aqueous acctic acid (50:SO. v/v) was 
deacrated before use; the flow rate was 1.5 ml./min. 


I The Upjohn Co. 
Certified ACS; Fisher Scientific Co.. Fair Lawn,  N.J. 
Baker Analyied Reagent; J .  T. Raker Chemical Co., Phillipsburg. \ .J .  
USP grade; J. T. Baker Chemical Co. 
USP grade; Ruger Chemical Co.. Inc., Irvington, K.J. 
Analytical Reagent ACS: Mallinckrodt Inc.. Paris. K ) .  


IlPLC grade: Burdick & Jackson Laboratories. Inc.. Vuskegon, Mich. 
Model 4100; Cahn Instruments. Paramount. Calif. 


’Certified ACS; Mallinckrodt Inc. 


lo Model B6; Mettler Instruments COT. Hightstown. N.J .  
‘I Model 701; Orion Kesearch Corp., ambridge. Mass. 
l 2  Model 6000A: Waters Associates. Milford. M a s .  
l 3  Model 7125; Rheodyne Inc.. Cotati. Calif. 
I d  Catalog no. 724; Kheodync Inc. 
I 5  I’/N 27198, S /N  p-Rondapak Phenyl: Waters Associates. 
16 Model 440 absorbance detector; Waters Associates. 
1’ Model A521 1 - 1 ;  Omniscribe. Houston Instruments. Austin.  Tex. 
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Figure I-Typical standard curue for ethoxzolamide ouer a concentration 
range of 0.03-0.5 pg/mL (single determinations). 


Drug Administration--New Zealand White rabbitsI8 of either sex (age, 
3-4 months; weight 2.0-3 S kg) were administered ethoxzolamide by intra- 
venous injcction into the arginal ear vcin or by topical application to the 
conjunctival sac of the I :, Because of the limited aqueous solubility of 
cthoxzolamide, a mixed solvent consisting of 60% N,N-dimethyl- 
acctamide-40% water was used for intravenous administration. With this 
vehicle. concentrations of up to 20 mg/mL could be injected. The intravenous 
dose of ethoxzolamide was either 2 or 6 mg/kg. The formulation was prepared 
immediately before use. 


Ethoxzolamidc was applied topically as a 1% suspension in Sbrensen’s 
modified phosphate buffcr ( 5 ) .  to which 0.5% polysorbate 80 was added as 
a wetting agent. The pH of this vehicle was 7.2. The formulation was prepared 
-8 h before use and was stirred continuously on a magnetic stir plate. A 50-pL 
volume of the suspension was applied every 2 min to one eye for a total of three 
doses; the blank vehicle was similarly applied to the other eye. 


The rabbits were sacrificed 45 min after either intravenous or topical in- 
stillation by injecting a bolus of air into the marginal ear vein. The iris/ciliary 
tissue was immediately excised and weighed. This time interval was chosen 
to represent nearly the maximal IOP response. Preliminary studies in which 
ethoxzolamide was administered intravenously showed that a maximal 
pharmacological response (lowering of intraocular pressure) occurred at 45 
min. 


Tissue Extraction Procedure-Although the ciliary body has been identified 
as the active site (2,3), it is difficult to excise precisely in  the rabbit. The iris 
is easily removed, and the ciliary body remainsattached toit whcn the iris is 
excised from the rabbit eye. Consequently, tissue levels, as reported here, 
represent an average level of the combined tissues. The wet tissue was cut into 
smaller segments and homogenized (30 rpm for 1.5 min) in centrifuge tubesI9 
with dry ice; the latter disrupted cellular structure to facilitate extraction. A 
total of  5 ml. of 0.025 M sodium carbonatc solution was added to the tubes 
containing the homogenized tissue. The mixture was vigorously shaken?” for 
I h at room temperature. The high pH and hypotonicity of the sodium car- 
bonate solution promoted dissociation of the drug from carbonic anhydrase 
(6) and partitioning into the aqueous phase. The homogenate was thcn heated 
to l00OC for 5 min to denature and prccipitate the tissue proteins. Identical 
treatment without iris/ciliary body tissue showed that the drug did not de- 
compose. The mixture was cooled to room temperature, and I mL of 0.5 M 
HCI containing an additional 75 mg of NaCl/mL was added. The acid con- 
verted drug to the un-ionized form, and the salt aided in  phase separation. 
Ethyl acctate ( 3  mL) w dded to thc mixture, which was shaken on a vortex 
rnixcr2’ and for 0.5 h. After centrifugation, thc top layer. con- 
sisting of nearly 3 ml. of ethyl acetate and containing drug, was transferred 
to a 5-mL vial23. The extraction was rcpcated twice with 3 mL of ethyl acetate 
cach time; the ethyl acetatc phases wcrc then combined. The ethyl acttatc 
solution was subsequently ~ a r m c d ~ ~  to 30°C and cvaporated to dryness under 
a stream of nitrogen. To the residue was added I ml. of 50% methanol to 
solubilize the drug. The 50% methanol solution containing drug was refrig- 
erated u n t i l  just before assay by HPLC. To assess the validity of the assay, 


~~~ ~ ~~ 


Morrimn Rabbitry; West Branch. Iowa. 
l9 Tissue grinder (I0 mL); Potter-Clvehjcm. 


Model E-I. Vibrornixer; Chemapec Inc., Hoboken, N .J .  
z ’  Vortex Geni Mixer; American Hospital Supply, M&aw Park, 111. 
22 Model CS; International Equipment Co., Needhdm Heights, Mass. 
23 ReactiVials; Pierce Chemical Co., Rockford, 111. 
24 ReactiThcrm: Pierce Chemical Co. 


RFSULTS AND DISCUSSION 


The standard curve (Fig. I )  was found to be linear over theconcentration 
range (0.03-0.5 pg/mL) used in the study. The sensitivity of the assay was 
determined by analyzing progressively lower concentrations until the coeffi- 
cient of variation for multiple determinations reached 10%. This occurred at 
a concentration of 0.03 pg/mL. This value also represented about five times 
the height of the baseline noise at 0.005 AUFS. 


Figures 2 and 3 represent typical chromatograms for the analysis of 
ethoxzolamide in iris/ciliary body tissue. As shown in the chromatogram (Fig. 
3). good separation was achieved from cndogenous tissue components. When 
no drug was present, the baseline was observcd (Fig. 2). A metabolite was not 
apparcnt in  any of the observcd chromatograms. The retention time for the 
drug was 7 min. 


To determine the recovery and reproducibility of the assay procedure. 
iris/ciliary M y  tissue from the rabbits was spiked with known amounts of 
ethoxzolamide. The amount of drug was varied from 0.05 to 0.6 pg (Table 
I) ;  the tissue weight also varied. The known amount of drug was first dissolved 
in 4 mL of distilled water, to which a freshly extracted tissue sample was 
added. A 12-mL test tubecontained the mixture, which was incubated for 2 3  
ha t  room temperature. Longer incubation periods (up to 72 h) did not increase 
thc percent recovery. After incubation, I mL of 0. I 2 5  M sodium carbonate 
solution was added to the mixture to produce a final concentration of 0.025 
M. The extraction prmdure was continued from this step as described above. 
Identical extraction cxperiments wcre also conducted without the addition 


25  Applanation Pncurnaronograph: Alcon Labs. Fort Worth. Tcx. 
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Figure 3-Chromaiograms of 100 p L  of tissue exiraci coniaining eihoxzo- 
lamide (AUFS = 0.00.5);peak I is eihoxzolamide. 


of iris/ciliary body tissue but with varying amounts of drug (0.05-10 pg). 
Without added tissue, 85.8 f 4.97% of the added drug could be extracted. 
When tissue was added, 74.3 f 7.83% of the drug could be recovered. The 
presence of tissue was responsible for a significant increase in  the extraction 
variability. 


Without the presence of drug but including tissue, no ethoxzolamide peaks 
were observed in the chromatograms. A linear increase in the amount of drug 
recovered was detected by: 


(Eq. 1 )  


where x is the nanograms of drug added per milligram of tissue. and y is the 
nanograms of drug recovered pcr milligram of tissue. Although the mean 
percentage of drug extracted in  the recovery experiments could be used to 
correct for the fraction of drug unavailable for extraction, its use would be 
somewhat less precise than the use of Eiq. 1. This occurs because the calibration 
equation incorporates the weight of the tissue on a per-unit basis and because 
the variance can be expressed at every point on the regressed line. 


Assay Application-The method described above was developed to compare 
iris/ciliary body concentrations of ethoxzolamide after intravenous and topical 
dosing to the eye. 


lnfraocular Pressure-Before tissue was extracted, a minimum dose was 
established which produced a significant reduction in IOP. This was accom- 
plished by linear and quadratic regression analysis. I f  the IOP dropped below 
baseline values, a negative statistically significant slope from zero indicated 
a drug effect. Baseline measurements were made by measuring IOP repeatedly 
over 20 min just before dosing. Two intravenous doses were given. At 2 mg/kg, 
only 3 of 10 rabbits showed a response over 2 h, whereas at 6 mg/kg, 6 of 10 
rabbits yielded a response. which at 45 rnin was 1.5 to 2 mm Hg lower than 
from 2 mg/kg. The maximum response occurred at 45 min after intravenous 
administration and at 40 min after topical administration (Table I I ) .  


When a 1% suspension of ethoxzolamide was administered topically to the 
eyes of 24 rabbits. a small but statistically significant drop in  IOP was observed 
at 20-60 min. The criteria for observing a change in responsc was based on 
a statistical difference in IOP between the treated and untreated eyes at each 
time interval. Equation 2 expresses a change in IOP brought about by corneal 
penetration only. The responses measured for the two routes of administration 
are not directly comparable. For the topical route, a diffcrencc in response 
in treated and untreated eyes was measured over time, whereas by the intra- 
venous route, both eyes responded so that changes were made relative to the 
baseline (ix.. I = 0): 


IOP Changes = (IOPDFT - IOPCET) - ( I O P D E ~  - IOPc1.o) (Eq. 2) 


where IOPl)F<T is the 1Op measurement (mm Hg) of the dosed or treated eye 
a t  time I.  IOP1~l:o is the IOP measurement (mm IHg) of the treated eye at  i 
= 0 but before receiving the dose. lOPce~ is the IOP measurement (mm tig) 
of the control (nontreatcd) eye at time I ,  and lOPc~o is the IOP mcasurcment 
(mm Hg) of the control (nontreated) eye at time i = 0. By subtracting the IOP 
responsc from the nontrcated eye at  each time interval, the reduction in  IOP 
occurring from systemic absorption is subtracted. 


Interestingly, various manufacturers of carbonic anhydrase inhibitors have 
repeatedly been unable to detect a lowering of IOP from direct application 
to the eyez6. These studies were often conductcd with single doses in a small 


y = 0.099 t 0 . 7 0 6 ~  (n = 31, r2 = 0.995) 


Table I-Recovery o f  Ethoxzolamide With the Addition of Known Amounts 
of Drug to Iris/Ciliary Body Tissue 


Ethoxzolamide Tissue Weight, Mean Recovery f SD, 
Added, pg mg % 


~ ~~~~ 


0.1- 10.00 0 85.8 f 4.97 
0.05 -O.6Ob 40.9 f 12.4 74.3 f 7.83 


Increments added are 0. I ,  0.2.0.4. 2.0.4.0. and 10.0 pg; n = 2 4 for each determi- 
Increments added arc 0.05.0. I .  0.1 5 , O . Z .  0.3.0.4.0.5, and 0.6 wg; n = 2 -4 for nation. 


each determination. 


Table 11-lntraocular Pressure Measurement Changes after Topical 
Administration' of 1% Ethoxzolamide to Rabbit Eyes 


Time Postdose, Change, 
min mmc pb.  d 


._ _ _  0 
20 -0.795 (0.63) 0.019 
40 -1.085 (0.68) 0.00 I2 
60 -0.955 (0.8 I )  0.0 10 
no -0.295 (0.72) 0.2 I 


I20 0.085 (0.76) 0.5Y 
100 0.085 (0.75) 0.59 


140 0.625 (0.79) 0.94 
I60 0.045 (OM) 0.54 
I no 0.085 (0.71) 0.59 


50pL q 2 min X 3 ( n  = 24). b p  < 0.02. See Eq. 2 in tcxt:  values in  parentheses 
represent the 95% confidence interval. Probability determined from paired f test. 


number of rabbits that had not been maintained on a diet sufficient in sodium 
chloride. This latter factor is most important in attempting to measure a small 
but detectable IOP response. These results. along with previously published 
reports (8.9). have prompted researchers to conclude that intravenous doscs 
ofcarbonic anhydrase inhibitors, including cthoxzolamidc. were actingonly 
centrally. More recently ( 1 .  2. 10. 1 I ) ,  it has been shown that carbonic an- 
hydrase inhibition occurs at the ciliary body. Neverthelcss, studies ( I  2, 13) 
have indicated that systemic acidosis, another effect or carbonic anhydrase 
inhibitors, contributes to a reduction in IOP. Marcn rr a/. ( I  2) have proposed 
that the acidotic effect of the lowering of the IOP and the direct effect on 
aqueous humor secretion are additive. 


Tissire f.el;els--Tissuc levels were determined in  both eyes after either 
intravenous or topical administration (Tables I l l  and IV, respectively). At 
each intravenous dose, the right and left eyes showed similar concentrations 
of cthoAzolamide. At 2 and 6 mg/kg (10 replications wcrc conducted at each 
level). a statistically significant higher concentration was mcasured for 6 
mg/kg. 


Table Ill-lris/Ciliary Body Levels of Ethoxzolamide after Intravenous 
Administration to Rabbits 


Ethoxzolamide Level. ng/mg' 
Dose, mn/kn iv nh Left Eve Right Eve Pooled -. - I _  


2.0 10 2.67 f 1.91 2.27 f 1.00 2.48 f 1.50 
6.0 10 io.on A 1.84 10.43 f 1.94 10 .26f  1.83 


~ ~~ 


Nanograms of drug per milligram of iris/ciliary body tissue: mean f SD. Number 
ofdeterminations for either the left or the right eye. Pooled data for the left and right 
eyes ( n  = 20). 


Table IV-lris/Ciliary Body Levels of Ethoxzolamide after Topical 
Administration 


Ethoxzolamide Level, ng/mg" 
Rabbit Treated Eve Untreated Eve 


I 5.64 2.08 
2 3.50 0 
3 I .60 0 70 


I .x7 
2.20 
1.83 
0.444 


0.29 
0 
0 
0 


8 0.544 0 
9 I .94 0 


10 1.76 0 
2. I3 f ( I  SO) 0.27 f (0.65) Mean f SD 


26 Unpublished results a Nanograms of drug per milligram of iris/ciliary body tissue 
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The results for the topical dose (Tables I I  and IV) show that ethoxzolarnidc 
could be detected in the untreated eye in 3 of I0 rabbits and in the treated cye 
in all of the rabbits. An outlier value of 2.08 ng/mg was determined for rabbit 
I in the untreated eye (Table 111). The measurement in the untreated eye likely 
represents systemic absorption. The pooled treated eyes yieldcd iris/ciliary 
body levelsof 2.13 f I .5 ng/mg (n = 10). The mean level is statistically lower 
(p < 0.05) than the mean value obtained for dosing at 6 mg/kg iv but not 
statistically different from tissue levels obtained at 2 mg/kg iv. 


For an average-sized rabbit (2.5 kg), the minimum intravenous dose to 
produce a response (2 mg/kg) represents a 3.3-fold higher dose than that 
administered by the topical route. Thus, the nearly equal tissue levels shown 
in Tables 111 and IV for the two routes of administration suggest that the tissue 
levels detected from the smaller topical dose are, at least in part, a consquencc 
of corneal transport and not primarily systemic absorption. Although our 
results do not differentiate between the direct and systemic effects of the drug, 
they do add credence to the possibility of a contribution from the corncal 
pathway. 
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Abstract 0 The free (unbound) concentration of drug in plasma is often an 
important determinant of pharmacological and toxicological effects. Unfor- 
tunately, studies examining the factors influencing the frce fraction of quin- 
idine in plasma have yielded inconsistent results. It is probable that differences 
in the type of blood collection tubes utilized and the analytical procedure 
employed biased some of these estimates of quinidine binding. The present 
study was executed in a manner free of factors now known to introducearti- 
facts into estimates of the frec fraction of quinidine. In healthy volunteers, 
thcfreefractionofquinidine(l.Opg/mL) was0.129 f 0 . 0 1 9  (mean * S D )  
and was constant throughout the therapeutic range. A high-affinity, low- 
capacity binding site ( K  = 1.17 X lo5 M-I; nP = 3.49 X M) and a 
low-affinity, high-capacity binding site ( K  = 1.33 X lo3 M-I; nP = 3.11 X 
lo-) M)  were identified. The characteristics of quinidine binding in a 4.S-g/dL 
wlution of human serum albumin ( K  = 3.05 X lo3 M-I; nP = 1.36 X lo-) 
44) suggestcd that the low-affinity, high-capacity binding site was on this 
protein. I n  the presence of tris(butoxyethy1) phosphate (75 pg/mL). the 
quinidine free fraction increascd from 0.1 14 to 0.231. A lidocaine concen- 
tration of 250 pg/mL caused a similar increase. Patients suffering traumatic 
injury had a significant increase in al-acid glycoprotein concentration (I97 
mg/dL) and a decrcasedquinidine free fraction (0.075 f 0.019). Patients with 
hyperlipidemia had frce fractions similar to those observed in healthy indi- 
viduals (0.1 18 f 0.019). These data suggest that the high-affinity, low-ca- 
pacity binding site is on cul-acid glycoprotein and that lipoproteins are of little 
importance in the protein binding of quinidine. 


Keyphrases 0 Protein binding-quinidine, humans 0 Quinidine--- protein 
binding, humans 


Despite the recent development of a number of new agents, 
quinidine continues to be a mainstay of oral antiarrhythmic 
therapy. Effective concentrations of quinidine in serum range 
between I and 5 pg/mL (1,2). However, much interindividual 


variability in the concentration necessary for arrhythmia 
suppression has been noted ( 2 ) .  Studies with other antiar- 
rhythmic drugs, such as disopyramide (3)  and propranolol(4), 
have demonstrated that the free drug concentration in plasma 
correlates better with the pharmacological effect than does the 
total concentration. These observations support the principle 
that free drug in plasma is in equilibrium with drug at receptor 
sites (i .e. ,  that which is responsible for the pharmacological 
effect). Furthermore, alterations in the degree of protein 
binding can also affect the pharmacokinetic properties of a 
drug. Fremstad er al. (5) have demonstrated a significant 
positive correlation between the free fraction of quinidine and 
both volume of distribution and total body clearance. For these 
reasons, a thorough understanding of the determinants of the 
protein binding of quinidine is important. 


Unfortunately, studies in which the factors influencing 
quinidine protein binding have been examined have yielded 
inconsistent results. The mean free fraction in studies with 
healthy volunteers has been reported to be 0.10 (6), 0.105 (7)* 
0.141 (8), 0.246 (9), and 0.288 (10). Albumin, a,-acid gly- 
coprotein, and lipoproteins have all been reported to be im- 
portant for quinidine binding, but their relative roles have been 
disputed ( 10- 12). Some of the discrepancies between studies 
may have been due to methodological differences, as several 
factors have been found to influence quinidine binding in oitro. 
Quinidine free fraction is two- to thrce-fold higher when blood 
is collected in evacuated blood collection tubes’ rather than 
glass syringes (6). Other factors influencing estimates of 
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Abstract 0 Current understanding of the mechanism of corneal penetration 
by organic molecules proposes the epithelial layer as the rate-limiting mem- 
brane for water-soluble compounds and the stromal layer as rate limiting for 
lipid-soluble compounds. This suggests that the relationship between corneal 
permeability and the logarithm of oil/water partition coefficients, for a series 
of drugs, should not be the typical, single, continuous, parabolic-shaped curve. 
Corneal penetration studies have been conducted in  unanesthetized albino 
rabbits using various organic compounds, representing five orders of rnagni- 
tude in partition coefficient, at a constant concentration of 4 X M dis- 
pensed in either a I -  or 90-centipoise (cps) solution. It has been shown that 
for non-ionizable compounds, a pair of bell-shaped curves were generated, 
one for lipid-soluble and one for water-soluble compounds. Small water-soluble 
species demonstrate very high apparent permeabilitics, which may relate to 
the presence of aqueous pores or other paracellular drug movement. Pene- 
tration of ionizable compounds does not appear to correlate well with the 
structural relationships invoked for un-ionized compounds. Consistent with 
the proposed mechanisms of corneal penetration, oil-soluble drug substances 
show no improvement in drug bioavailability when dosed from a 90-cps so- 
lution, and water-soluble drugs show a modest improvement in ocular drug 
bioavailability. Small water-soluble substances demonstrate no improvement 
due to their already high bioavailability. The importance of nonproductive 
absorption and precorneal drainage on bioavailability is addressed. 


Keyphrases 0 Bioavailability, ocular-corneal penetration mechanisms, 
low-viscosity solutions 0 Corneal penetration-ocular bioavailability, low- 
viscosity solutions 


Although numerous studies on the penetration of organic 
compounds into the eye from topical dosing have been re- 
ported, these efforts have been limited in the majority of cases 
to the simple quantification of the amount of drug reaching 
the aqueous humor (1 -3). None of these in uiuo studies were 
designed to explore the relationship between drug structure 
and corneal penetration rate. On the other hand, there have 
been several reported in uitro studies which were expressly 
designed to explore corneal penetration rate and properties of 
the permeating species, especially the partition coefficient of 
the permeating species (4-6). In each of the in uitro studies, 
only a limited number of compounds and/or partition coeffi- 


cient ranges was studied, and interpretation of the results 
generally ignored the mechanism of corneal penetration and 
precorneal disposition kinetics. 


The intent of the present work is to explore corneal drug 
absorption as a function of drug properties, including the fol- 
lowing specific aims: ( a )  an examination of vehicle effects 
(low-viscosity solutions) on drug bioavailability and the rela- 
tionship of this effect, if any, to the mechanism(s) of corneal 
permeability, and ( b )  an investigation of the relationship of 
corneal penetration to physicochemical properties of the drug 
entity. 


Several investigators (4-7) have postulated that the best 
predictor of corneal penetration rate of drugs is the oil/water 
(o/w) partition coefficient, and that an optimum partition 
coefficient exists for maximal penetration. Furthermore, 
several sources cite this optimal o/w partition coefficient for 
corneal penetration at a value of 1O:l-1OOO:l (4,6), with the 
corresponding implication that very water-soluble drugs do 
not penetrate effectively. It has also been assumed that the 
charged forms of the drug, i .e.,  ionized molecules, penetrate 
the cornea at a low rate that is essentially zero. In general, the 
studies upon which these assertions/assumptions have been 
based employed in uitro mounted corneas and either a re- 
stricted range of drugs ( i . e . ,  a restricted range of partition 
coefficients) or a small number of drugs. 


Based on published studies (8,9) and the known structure 
of the cornea, a limiting-membrane mechanism for corneal 
penetration of small organic molecules, as depicted in Fig. 1,  
is proposed. When a drug with a high o/w partition coefficient 
is applied to the cornea, it quickly partitions into the “lipid- 
like” epithelial layers of the cornea. However, for such a drug, 
the aqueous stroma presents a rate-limiting membrane and, 
therefore, a small concentration gradient across this barrier 
is expected. Conversely, when a compound with a low o/w 
partition coefficient is applied to the corneal surface of high- 
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Figure 1 -Diagrammatic representation of proposed limiting-membrane 
mechanism for corneal penetration of small organic molecules based on 
oil/water partition coefficient for [he penetrating species. 


lipid character, this region serves as the rate-limiting mem- 
brane. Once across this barrier, the drug favorably partitions 
and quickly diffuses across the stroma. At some intermediate 
partition coefficient, it is likely that both membranes are rate 
limiting. 


Directly related to this model are the anticipated effects of 
low-viscosity solutions on drug bioavailability. It is known that 
an increase in solution viscosity from 1 to 100 centipoises (cps) 
causes a decrease in precorneal drainage and, hence, increases 
corneal contact time for the drug. The decrease in the drainage 
rate constant, over this viscosity range, is -10-fold in albino 
rabbits (10). For drugs with high o/w partition coefficients, 
little or no improvement in the bioavailability of the drug in 
the aqueous humor is expected, since the drug quickly parti- 
tions into the epithelium and the limited increase in contact 
time afforded by this solution should be of little or no benefit. 
However, water-soluble substances should show increased 
bioavailability due to the fact that any increase in contact time 
with the cornea allows continued flux of the drug across the 
rate-limiting membrane. Evidence of this result in rabbits has 
already been demonstrated for pilocarpine in low-viscosity 
polyvinyl alcohol and methylcellulose solutions (10-1 3) .  


A prediction of the effect of viscosity on bioavailability for 
compounds which possess both water and oil solubility (in- 
termediate o/w partition coefficient) is difficult, since these 
drugs will most likely combine the above mechanisms. Pre- 
dictions concerning ionizable compounds are equally difficult, 
since corneal penetration may involve mechanisms which are 
unrelated to the o/w partition coefficient. Expected corneal 
penetration mechanisms for the different drug types are 
summarized in Table I. 


THEORETICAL SECTION 


Pharmacokinetic Background-Many aspects of drug disposition in the 
eye have been reported (8. 15-17), Of particular interest is the precorneal fate 
and the rate of corneal absorption of various compounds. Extensive work in 
this area has k e n  reported for pilocarpine, and this provides a substantial base 
from which to make predictions for other drugs (18). 


One of the most important developments to come from the kinetic modeling 
of pilocarpine is the notion of a parallel loss process from the precorneal area. 
When a drug is placed in  the precorneal area, in a simple solution, it experi- 
ences very short residence time. All corneal absorption of pilocarpine ceascs 
after 4-5 min in rabbits (15). This, combined with the fact that most drugs 
demonstrate a relatively short time to reach peak levels in the aqueous humor, 
led early investigators to believe that the rate of corneal absorption was quite 
large (0.5 min-I). However, this apparent rate constant and the true rate 
constant for corneal absorption have been demonstrated to be -100 times 
smaller [-0.005 min-' (IS)]. The remaining rate of disappearance of drug 
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Figure 2-Representation of the effects of changing rate constants on peak 
concentration (Cmox) in the aqueous humor. Key: (0 )  klo; (A) kl2;  (m) 
k23. 


from the precorneal area (0.495 min-I) can be attributed to several loss 
processes, collectively referred to as the parallel loss function. This elimination 
step consists primarily of drainage coupled with tear turnover and nonpro- 
ductive absorption. Since the rate constant for parallel elimination is -100 
times larger than the absorption rate constant. it is obvious that it is this larger 
rate constant which will control the time to reach peak drug levels in  the cornea 
and the aqueous humor. 


Since this is a parallel first-order process, the fraction of the dose absorbed 
can be calculated from: 


where klz is the true rate constant for corneal absorption and klo is the rate 
constant for precorneal loss. A simple calculation using the determined rate 
constants for pilocarpine predicts that the fraction absorbed should be 4.01, 
and this has been found to bc a good estimate ( I S ) .  Assuming that k l o  is 
largely comprised of the drainage rate constant (19). changes in  the fraction 
of dose absorbed should bc a direct reflection of changes in klz .  


An initial premise of the present work is that the true corneal absorption 
rate should be related to the o/w partition coefficient of the specific drug. 
Assuming this is accurate, it should be possible to predict changes in the extent 
of absorption from changes in the o/w partition coefficient. 


Directly related to the above discussion is the expccted effect of instilled 
solution viscosity on the extent of corneal absorption. Previous work with 
methylcellulose has demonstrated that a 100-cps solution can improve pre- 
corneal residence time by a factor of -10, with a corresponding doubling of 
the aqueous humor levels of pilocarpine (10). Since an increase in  residence 
time is associated with a decreased drainage loss, with subsequent smaller 
influence of tear turnover, this allows a calculated estimate of the maximum 
increase expected for this dosage form. Decreasing k 1 0  by a factor of 10 and 
then calculating Eq. 1 gives a fraction absorbed of 0.09, or about a ninefold 
increase. I t  is emphasized that this calculation is for the maximum improve- 
ment obtainable and is dependent on the absolute magnitude of the corneal 
absorption rate. Just as the available time for corneal absorption increases 
so will that for nonproductive absorption, thus increasing drug loss by this 
mechanism. Also, drugs which could attain saturation of the epithelial layer 
would show varying degrees of improvement less than this amount. Since the 
degree of this saturation should be related to the o/w partition coefficient of 
the absorbing drug, very oil-soluble drugs should demonstrate little or no 
improvement. while very water-soluble compounds should approach this 
maximal increase. A gradation of this effect is expected for compounds with 
an intermediate o/w partition coefficient. 


Theoretical F'harmacokinetic Simulations- As shown in  Scheme 1, a sim- 
plified model of the eye, based on previously published work with pilocarpine, 
was chosen to assess the importance of the various rate constants on drug levels 
in  the aqueous humor. Drug movement is designated in  one direction only, 
since there is no evidence of significant back-diffusion. 


kl2 ka k 30 
hecorneal - Cornea - Aqueous - km 


Area Humor 1 kw 


Scheme I-Model used to determine effects of parallel loss on C,, and tmOx 
in aqueous humor 
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Table I-Expected Mechanism(.$ of Corneal Penetration and 
Corresponding Viscosity Effects 


Apparent Low- 
Rate- Viscosity 


Drug Limiting Polymer 
Type Membrane Mechanism Influence 


Water Epithelium 
soluble 


Water and Epithelium- 
oil stroma 
soluble 


Oil Stroma 
soluble 


Ionizable Epithelium 


- Low oil/water partition 
into epithelium - High ocular bio- 
partition rate plus rapid availability 
diffusion through 
stroma-endothelium 


- Leaky channels do exist, 
i .e.,  albumin (14) 


- Solute movement may be 
intercellular and/or 
transcellular 


- Both mechanisms operate Unknown 


Increase in 


-High oil/water partition No effect 
into epithelium and rapid 
diffusion through 
epithelium 


into stroma 
- Low oil/water partition 


- Mechanism not solely Variable 
-or aqueous dependent on partition 
channel coefficient 


The rate equation for appearance of drug in the aqueous humor is presented 
as: 


dAjdt = k23C - k j o A  (Eq. 2) 
where k23 is the rate constant for transfer from the cornea to the aqueous 
humor, k3o is the elimination rate constant from the aqueous humor, C i s  the 
amount of drug in  the cornea, and A is the amount of drug in the aqueous 
humor at  time I .  C can be represented by: 


as earlier derived ( IS) ,  where D is the dose administered, k 1 2  is the rate con- 
stant for corneal absorption, and k l o  is the rate constant for precorneal loss. 
Equation 3 was integrated to give the amount of drug in  the aqueous 
humor: 


A =- D k 1 2 k 2 3  ( a e - k a r  + be-k231 + C e - K I )  
abc 0 3 . 4 )  


w h e r e a i s k 2 j - K , b i s K - k 3 o , C i s k j o -  kz, ,andK= k l 2 + k l 0 .  ltshould 
be noted that when D has a value of unity, A becomes the fraction of the ap- 
plied dose in the aqueous humor at time t. 


Simulations were conducted by solving for the fraction of dose in the 
aqueous humor at  various times up to 60 min. Each rate constant was varied 
individually with the remaining values held constant, using the experimentally 
determined values for pilocarpine as starting values. A series of curves de- 
lineating the fraction of dose in aqueous humor uersus time was generated 
for each rate constant examined. The elimination rate constant (kjo)  was not 
varied . 
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Figure 3-Representation of the effecis of changing rate constanis on peak 
time (t,,,,,J in the aqueous humor. Key: (a) klo; ( A )  k12; (H) k23. 
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Figure 4 -Results of i n  vitro evaporation experiments for  methanol con- 
ducted at 34°C. Note that the S E M  i s  less than point size. 


In Figs. 2 and 3, the rate constant for parallel loss ( k l o )  is shown to affect 
both the time of peak concentration (Imar) and the magnitude of aqueous 
humor levels (&,). The effect of decreasing the magnitude of this loss with, 
for example, a viscous solution or sustained-release system to a factor of 10 
less, causes the expected increase in  C,,,. It is important to note that any 
decrease in klo will be accompanied by a change in  i,,,. In this case, an 
order-of-magnitude decrease in  klo  will result in an increase in peak time from 
the normal time of 20 min to -40 min. 


Results obtained for variations in the true absorption rate constant from 
its experimentally determined value of 0.005 min-’ demonstrate that the 
fraction of drug reaching the aqueous compartment is increased significantly 
with an increase in kl2  (Fig. 3) ,  as was expected from Eq. I .  Another result 
demonstrated in these simulations (Fig. 2), which would not be intuitively 
expected, is that i,,, is minimally affected by increases in the range of values 
used for this rate constant. This is due to the fact that the changes in k12 are 
minimal when compared with the magnitude of klo .  which remains the con- 
trolling rate constant for precorneal processes. When k12 is increased by two 
orders of magnitude, this only doubles the sum of k 10 and k 12; hence, the effects 
on tmx in this range of values are minimal. Therefore, it is expected that if 
changes in partitioning affect only the absorption rate constant, no effect on 
the time of peak levels in the aqueous humor should be observed. This is 
consistent with a previously presented theory ( I  5). 


The effects of a theoretical change in the rate constant for transfer of drug 
from the cornea to the aqueous humor ( k 2 3 )  were as anticipated. At values 
below the experimentally determined value for pilocarpine (0. I min-I), imax 
is increased and C,,, is decreased. Conversely, imax is decreased and C,,, 
is increased for values >O.l min-I. 


Summarizing the effects of changes in these rate constants on tml and C,,,, 
it may be concluded that an increase of the partition coefficient, which favors 
an increase in permeability through the corneal epithelium, will increase 
bioavailability of the compound (C,,,), but should not influence the time to 
maximum aqueous humor concentration. This simulation does not allow for 
changes in nonproductive absorption due to changes in permeability from 
partitioning. 


Table 11-Characterization and Applied Concentration of Studied 
Comwunds 


Specific Actual 
Activity, Applied 


Ci/ Conc., 
Drug Name Label Supplier0 mmol x 10-5 


Progesterone Carbon- 14 A 0.056 3.8 
Fluorometholone Tritium A 23 4.01 
Fluorometholone Tritium A 30 4.26 


Hydrocortisone Tritium B 88 4.17 
Hydrocortisone Carbon- I4 B 0.055 13.8 
Prednisolone Tritium A 53 4.04 
Methanol Carbon-I 4 B 0.0036 46.80b 
Ethanol Carbon- 14 B 0.02 1 7.64 
Butanol Carbon- I4 B 0.0009 92.23b 
Glycerol Carbon- 14 B 10 12.6b 
Propranolol Tritium A 23 4.69 
Pilocarpine Tritium B 6.95 4.00 


0 A: New England Nuclear, Boston, Mass.; B: Amersham. 


acetate 


Pyrilamine Tritium A 24.1 4.73 


See text. 
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Table 111-Thin-Layer Chromatography Results for Aqueous Humor 
Samples 


Drug Name 


Progesterone 
Progesterone 
Fluorornet hone 


acetate 
Fluoromethone 


acetate 
Hydrocortisone 
Hydrocortisone 
Prednisolone 
Glycerol 


Solvent System 


Dichloromethane-acetone 
Ethyl acetate 
Dichloromet hane-acetone 


Chloroform -ethyl acetate 


Dichloromethane-acetone 
Ethyl acetate 
Ethyl acetate 
I-Rutanol- water 


Ratio 


4: I 


4: 1 


3: 1 


I : ]  


- 


.- 


- 
9: 1 


Metabolites 
Detected, % 


<5.0 
<10.0 


<4.0 


<1.0 


<2.0 
<1.0 
<1.0 
<3.5 


Factors which decrease the magnitude of drug loss will have a direct and 
almost linear effect on aqueous humor concentration and may increase the 
time to reach peak levels. A 10-fold decrease in  k l o  will result in a change in 
peak  time from 20 min 10-40 min. Another factor of lodecrease should result 
in a peak time of 90 min. I t  can be concluded, therefore, that a viscous solution 
that reduces the rate of loss from the precorneal area by a factor of 10. and 
increases C,,,,,., should have a small effect on tmar.  It is also notable that the 
second factor of 10 decrease in k 10 (to a value of 0.005 min-I) does not provide 
the same factor of nine increase in C,,, decribed earlier, since it appears that 
for this rate constant an asymptotic balue is reached (Fig. 3). This is reasonable 
and represents the ideal situation where no drug is lost, and X-12 is the only 
precorneal rate constant for drug removal. 


Due to the overwhelming magnitude of k l o .  this rate constant has been 
proposed to control the peak time of drug in the aqueous humor. I n  cases where 
kro is constant or decreases, this is valid. However, changes in k 10 cannot in- 
duce a peak time in  <20 min as  demonstrated i n  Fig. 2. An increase in k 2 3  is 
required to obtain a shorter peak time. The magnitude of k :O reaches an as- 
ymptotic value at 20 min. This value is obtained within the normal range of 
values expected for this rate constant, hence its control over CmaX. rmax values 
below 20 min appear to be induced by an increase in  the rate of transfer from 
the corneal epithelium to the following compartment. However, it is empha- 
sized that the absolute magnitude of this asymptotic value of k l o  is dependent 
on the fixed values of the remaining rateconstants ( k l z  and k n ) .  


EXPERIMENTAL SECTION 


Materials-Radiolabeled substances were obtained from commercial 
sources. All compounds were purified by vacuum distillation immediately prior 
to use. The original supplier, specific activity, and type of radiolabel are in- 
dicated in Table 11 for each compound. All other chemicals were either reagent 
or analytical grade and were used as received. 


Male albino rabbitsZ (weight, 2.5-3.0 kg) were used throughout. Lighting 
and auditory background were maintained at  a constant level in the caging 
facilities. and the animals were fed a regular diet with no restrictions on the 
amount of food or water consumed. 


Preparation of Solutions-Drug solutions were prepared by the addition 
of purified, labeled material to a 4.0 X M solution of the specific drug. 
The standard buffer solution was isotonic Sorenson's buffer at a pH of 7.4. 


"1 70 t t  


0 N 


% 40 


Log pc 
Figure 5- Plot of molar concentration versus log partition coeJficient for 
un-ionized species only. 


* Klubertanz. Edgcrton, Wis, 


Table IV-Effect of Solution Viscosity on Aqueous Humor Blorvailnbility 


c-20, x 109 
Compound Log PC 1 eps 90 cps Increase, % 


~ ~~ ~~~~~~~~~~~ 


Progesterone 3.89 3.25 (0.51)" 3.73 (0.38) Ob 
Fluorometholone 2.00 23.72 (3.55) 29.84 (4.38) 0 
Fluorometholone 1.50 33.17 (10.57) 38.57 (6.83) 0 


Pro ranolol I .25 2.75 (0.34) I .84 (0.25) 0 


Prednisolone 0.97 2.59 (0.57) 3.50 (0.48) 0 
Pyrilamine 0.80 9.94 (1.44) 13.84 (1.53) 4OC 
Pilocarpine 0.22 5.56 (0.46) 10.84 (1.56) 95d 
Methanol -0.32 64.69 (10.90) 83.64 ( I  8.90) 0 
Glycerol -1.79 6.84 (1.27) 8. I5 (0.79) 0 


acetate 


Hy&ocortisone 1.20 25.80 (3.10) 33.46 (3.02) 0 


Numbers in parentheses re resent S E M .  Percent increase was taken to be zero 
if no statistical difference was round between the means by I test. c p  < 0.01. d p  < 
0.001. 


Sufficient radioactive material was used to ensure good counting efficiency 
throughout the studies, i.e.. 1OO,ooO-4OO,ooO cpm/pL of dosing solution. The 
actual final molar concentration of the solution was calculated from sum- 
mation of the amount of unlabeled and labeled drug (Table 11). Individual 
compounds, which resulted in high concentrations (Table I I .  footnote b) due 
to low specific activity, were also repeated at  20-min time points a t  another 
concentration to ensure linearity. All solution concentrations were normalized 
to 4 X 


Ninety-centipoise solutions were prepared by the addition of methylcel- 
lulose3 to a standard buffer solution until a final concentration of 0.8% polymer 
was reached. The viscosities of the solutions were determined with a viscom- 
eter4. 


Partition Coefficient Determinations-Oil/water partition coefficients were 
determined for all compounds listed in Table I I .  For lipid-soluble drugs, 4 X 
lo-' M solutions of these compounds, with a sufficient amount of radiolabeled 
material added, were prepared in octanol. One hundred milliliters of this so- 
lution was added to an equivalent volume of isotonic Srenson's buffer (pH 
7.4) and allowed to reach equilibrium in a constant-temperature water bath 
at  34OC for 5-7 d. Both aqueous and octanol layers were sampled at  24-h in- 
tervals, and the samples placed in vials with scintillation cocktail for counting. 
The experimentally determined concentration was compared with the initial 
concentration in octanol, and an o/w partition coefficient was calculated. For 
water-soluble compounds, the procedure was the same except that the initial 
solution was prepared in the aqueous buffer phase. 


Aqueous Humor Concentration Determinations-Rabbits were placed in 
restraining boxes to minimize movement. Doses (25 pL)  were administered 
directly onto the corneas of both eyes with a micropipet. Animals were sac- 
rificed at various times postdose by rapid injection of sodium pentobarbital 
solution through a marginal ear vein. The corneal surface was rinsed with 
buffer solution and carefully blotted dry with tissue. Aqueous humor samples 
were then tapped with a I-mL syringe fitted with a 27-gauge needle. 


Aqueous humor samples were transferred to glass vials, and scintillation 
cocktailS was added. Vials were dark-adapted for 24 h before counting to 
minimize chemiluminescence. Samples were counted with a liquid scintillation 
counter6 and, after appropriate corrections, the final counts were converted 
to micrograms of drug per milliliter of aqueous humor. 


Throughout the study, samples were removed as quickly as possible to 
minimize error due to redistribution and elimination. This is of particular 
importance for early time points and for drugs with apparently fast absorption 
kinetics. Rinsing the cornea prior to sampling and rapid surgery were methods 
used to minimize potential sources of error. 


Metabolism Studies-Four aqueous humor samples were pooled, extracted 
with 1 mL of chloroform, and then centrifuged. The recovered chloroform 
was evaporated under nitrogen and then 10 p L  of methanol was added. The 
methanol solution was spotted on silica gel plates' and developed in an a p  
propriate solvent system. For water-soluble compounds (glycerol), aqueous 
humor was spotted directly without extraction. Control solutions were ex- 
tracted, excepted glycerol, and treated in an identical manner. Dried plates 
were cut into 0.5-cm sections and then placed in scintillation vials containing 
I mL of methanol or water and mixed for 5 min. Scintillation cocktail was 
added and the samples counted after 24-h dark adaptation. Results were 
compared to TLC plates which had been spotted with nonradioactive solutions 


M for calculation and comparison purposes. 


Methylcellulosc E4-M Premium; Dow Chemical Co.. Midland, Mich. 
Brookfield Engineering Labs., Stoughton, Mass. 


J .Aquasol; New England Nuclear, Boston, Mass. 
6 Packard Model 2002; Packard Instrument Co.. Downers Grove, 111. ' Polygram Sil G / U V ~ J ~ ;  Brinkmann Instruments, Westbury. N.Y. 
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Table V-Molar Concentration of Drug in Aqwous Humor at  Various Times Postdose 


Lipid Soluble 
Log Mol. c- 10, c-20.  C-30, C-45, 


Compound PC w t .  x 1 0 9 ~  x 109 M x 109 M x 109 M 


Progesterone 3.89 314 I .62 (0.36)O 3. 25 (0.51) 5.16(1.31) 6.78 (1.55) 
Fluorometholone 2.00 3 76 10.79 (1.62) 23.72 (3.56) 30.19 (4.45) 22.78 (3.71) 
Fluorometholone 1 .so 418 - 33.17 (3.34) 


Hydrocortisone 1.20 363 5.85 (0.89) 25.82 (3.10) 36.26 (7.41) 6.57 (1.34) 
Prednisolone 0.97 360 3.04 (0.58) 2.59 (0.57) 3.84 (0.65) 2.89 (0.32) 


- 


acetate 


Water Soluble (Un-ionized) 
c-5 c-10 c - 2 0  C-30 


x 1 0 9 ~  x 1 0 9 ~  x 1 0 9 ~  x 1 0 9 ~  


Butanol 0.88 74 - 56.43 ( 1  0.17) 35.47 (10.04) ... 


Ethanol -0.32 46 - 59.31 (10.57) 65.57 (8.71) - 
Methanol -0.5 32 144.38 ( I  2.55) 59.49 ( I  3.97) 64.69 (10.88) 31.35 (1  1.45) 
Glycerol - I  .79 92 - 3. I2 (0.48) 6.84 ( I  .27) 6.32 (0.82) 


Wafer Soluble (Ionized) 
c-10, c-20 ,  C'-30, c -45 .  


D K ,  x 109 M x 1 0 9 ~  x 1 0 9 ~  x 109 M 


Propranolol 1.24 295 9.1 2.01 (0.50) 2.74 (0.34) 5.33 (0.76) 1.17 (0.24) 
Pyrilamine 0.80 295 8.9 5.75 (0.99) 7.04(1.01) 8.94 ( I  .86) 6.31 (1.01) 
PilocarDine 0.22 27 I 6.67 4.48 (0.37) 5.56 (0.46) 5 .  I 5  (0.73) 3.79 (0.54) 


4 Numbers in parentheses represent SEM. 


and examined under UV light to determine RJ values for each drug in its 
specific solvent system. 


la Vitm Evaporation Studies-A 10.16-cm diameter petri dish was sus- 
pended in a water bath maintained at 34OC. Distilled water was added to just 
cover the inner surface of the dish. A 2.54-cm diameter watch glass was placed 
onto this arrangement and 25-kL samples of the test solution were placed on 
the watch glassand allowed to evaporate for 5 2 0  min. A separate watch glass 
was used for each determination to avoid contamination. At appropriate times, 
disks were rinsed with 3 mL of distilled water, and the rinsing solution was 
retained in a scintillation vial. Determinations of amount of compound re- 
maining with respect to time were computed. 


RESULTS 


Drug Metabolism-Table 111 indicates, unexpectedly, that there is little 
or no metabolism occurring for the drugs examined over the time course of 
these studies. For example. published results (20) for prednisolone acetate 
demonstrate 100% metabolism under these conditions, and one would antic- 
ipate that fluorometholone acetate would behave similarly. Further comment 
on metabolism will be presented subsequently. 


Viosity Effects-Table IV gives the results of partition coefficient studies 
and aqueous humor levels for both I -  and 90-cps solutions. Results of partition 
coefficient studies correlate well with data available from Leoet a/ .  (21). The 
percent bioavailability increase between I -  and 90-cps solutions was indicated 
as zero if there was no statistical difference (p < 0.01) in the mean values at 
20 min as indicated by Student's f test. It is notable that a significant increase 
was demonstrated only for pilocarpine and pyrilamine. Additional studies for 
glycerol at both 20- and 30-min time points established that a change in tmax,  
expected from an increase in klo,  had not obscured the effects ofviscosity on 


Drug Concentratkm in Aqwous Humor-Drug levels in the aqueous humor 
for the compounds studied are given in Table V. From the data, it appears that 
there is not a linear relationship between the partition coefficient and the 
amount of drug in the aqueous humor at 20 min. An order of magnitude in- 
crease in the partition coefficient does not coincide with a similar magnitude 
increase in  the aqueous humor drug levels. 


The low molecular weight alcohols (methanol, ethanol, and butanol) 
demonstrated peak times 210 min. Methanol and tritiated water data8 from 
this laboratory had significantly (p < 0.005) higher levels in the aqueous 
humor at  5 min as  compared with the 10-min levels. These cornpounds also 
have increased precorneal loss rates. In oifro determinations of evaporation 
rates for these compounds indicate that this is a significant mechanism of drug 
loss (methanol = 0.21 min-I, water = 0.098 min-I). An example of the 


Cmax. 


* Unpublished ~ M U I I S .  


evaporation study for methanol is givcn in Fig. 4. The rate constants of 
evaporation (k,) for these compounds were as expected, with the more volatile 
compound having the greater value. I f  thcsc values represent an accurate 
approximation of evaporation rates in oiuo, then the total rate constant for 
loss can be calculated as the sum of k 1 0  and kcv .  For methanol, the total loss 
rate constant (0.71 min-I) is -40% higher than for nonvolatile compounds 
(0.5 min-I). 


To  verify that methanol was not penetrating at a rapid rate due to toxic 
destruction of the corneal barrier, fluorometholone acetate was coadminist- 
ered. Results were identical to fluorometholone acetate levels obtained without 
methanol. 


The plots of C',,, oersus the log partition coefficient provide some insight 
into the relationships of the corneal penetration mechanism and the partition 
coefficient. Of particular interest is the observation that a clear dual-parabolic 
shape is demonstrated in the plot which includes only non-ionizable spccics 
(Fig. 5 ) .  This is consistent with predictions derived from the concept of the 
corneal epithelium or stroma as rate-limiting mcmbrdnes depending on the 
partitioning properties of the absorbing drug. I t  is also important to note that 
on a molar basis, small molecular weight (water-soluble) species such as 
methanol and ethanol have greater corneal permeability than larger molecular 
weight compounds. This argues against the conclusions of some investigators. 
who have postulated that watcr-soluble compounds should show little or no 
corneal absorption. A similar relationship between partition coefficient and 
aqueous humor drug levels for ionired species is not clear, as  shown in  Fig. 
6.  


DISCUSSION 


Vehicle Effects-Increasing vehicle viscosity from 1 to 90 cps did not result 
in an increase in  aqueous humor levels for compounds whose log partition 
coefficients ranged from I to 4. This is consistent with the expectation that 
these lipid-solublcdrugs quickly partition into thecorneal epithelium. Thus, 
the limited increase in contact time afforded by low-viscosity solutions should 
not and does not improve their bioavailability. Propranolol data are also 
consistent with this expectation, since this compound has a relatively high 
partition coefficient. Despite the fact that propranolol is largely ionized at  
physiological pH, the favorable partition coefficient of the un-ionized species 
predicts that no effect is expected from an increase in viscosity of administered 
solution. It is anticipated that the un-ioni7ed spccics will account for the 
majority of penetrating drug; therefore, the high degree of ionization also 
accounts for the decreased bioavailability of propranolol when compared with 
a steroid with a similar partition coefficient (such as hydrocortisone). 


The effects of viscosity on water-soluble compounds indicate that, for these 
species, the mcchanism(s) of corneal penetration are not well understood. 
Based on the partition coefficient alone, un-ioni7ed water-soluble species such 
as  glycerol or methanol are predicted to show modest increascs in bioavail- 
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ability from a viscous solution. Related processes, such as the possible water 
structuring of glycerol, may account for this discrepancy. Structured water 
could greatly inhibit transport of even a small molecule through a highly lipid 
membrane; also, water structuring may not be fully reflected in an equilibrium 
partition coefficient measurement. 


For methanol, the apparently high rate of corneal penetration, in light of 
its small molecular size, suggests that this compound may be passing through 
aqueous channels. No significant improvement in bioavailability is demon- 
strated with a viscous solution. It is obvious that the rate of transfer from the 
epithelium to the stroma for this compound will be very high (high kz3) .  This 
explains the very short peak time and, to some extent, the substantial levels 
of compound in the aqueous humor. The lack of i 
viscosity solution for methanol suggests several pos 
of a saturable mechanism within the epithelium. since a compound which 
already demonstrates saturable kinetics in the epithelial layer from a I-cps 
solution should reflect little improvement from moderately increased pre- 
corneal residence time. This proposes that methanol enters the epithelium at 
a fairly fast rate to a maximum solubility of the compound. Partitioning across 
this barrier occurs, followed by very fast transfer from the epithelium to the 
stroma and aqueous humor. The relatively low partition coefficient and linear 
change in aqueous humor levels with changes in dosing concentration, however, 
argue against this explanation. 


An alternate explanation for the lack of a viscosity effect on methanol 
bioavailability requires a calculated estimate for k12. Using the peak con- 
centration to give a rough estimate of the fraction of dose absorbed, since an 
accurate calculation of area under the curve is not possible, methanol dem- 
onstrates an -30-fold increase over pilocarpine. Using Eq. I ,  it is possible to 
calculate an estimate of k12. For methanol, the total loss rate constant, in- 
cluding evaporation, is 4 . 7 1  min-’. This provides an estimate for k12 of 0.3 
min-I. Decreasing residence time by a factor of 10 and maintaining the 
evaporation rate constant reduces k lo  to 0.26 min-I. An estimate of the 
fraction absorbed from,Eq. 1 predicts a value of 0.53 or a maximum increase 
of -I .75. As with pilocarpine, this calculation represents the miximum in- 
creaseexpected with a 10-fold increase in precorneal residence time, neglecting 
all other precorneal factors. In light of the fact that pilocarpine demonstrates 
only a factor of two increase from a calculated maximum of nine, little increase 
should be expected with methanol. Close inspection of these calculations re- 
veals that the increase in k lo  is responsible for the dramatic decrease in the 
effect of viscosity. Since reduction of residence time should have no effect on 
the rate constant for evaporation (kev ) ,  the total loss rate constant remains 
relatively high. For example. if the approximation of the fraction of methanol 
absorbed has been overestimated by a factor of two ( i .e . ,  k,, decreases to 0.15 
min-I), this only changes the estimation of maximum benefit from a viscous 
solution to 2.1. 


I t  is interesting that only pilocarpine and, to some extent, pyrilamine 
demonstrate vehicle effects in rabbits. Note that as the partition coefficient 
increases from that of pilocarpine to pyrilamine, the effect from a viscous 
solution decreases, as expected. Of importance also is the observation that as 
the percent increase falls below 50%. it becomes more difficult to discern 
statistical differences in the values between 1 -and 90-cps solutions. This in- 
dicates that in  an ideal situation, where errors in biological data were greatly 
reduced, the trends demonstrated for prcdnisolone and hydrocortisone could 
be the minimal increases in bioavailability expected for compounds with this 
range of partition coefficients. I t  should also be kept in  mind that the rabbit, 
as a model for human ocular kinetics, apparently demonstrates much less 
sensitivity to viscous solutions than the human eye does for vehicles in this 
viscosity range (22). 


Complicating the results for ionizable compounds is the possibility of 
penetration of ionized species through the cornea. Evidence of possible ionized 
drug movement through the cornea has been documented for cromolyn so- 
dium9. This compound, with a pK, of 2.0, is almost totally ionized at physi- 
ological pH; yet, significant drug levels in aqueous humor from solution dosing 
have been reported9 in rabbits and confirmed in this laboratory. 


I n  light of the results with compounds of relatively high log partition 
Coefficients ( I .O-4.0). one can visualize the epithelial layer acting in the same 
manner as a viscous solution for the ionizable water-soluble compounds, 
maintaining drug concentration at the rate-limiting mcmbrane. 


Partition Coefficient Relationship-The plot of aqueous humor drug 
concentration at 20 min Ljersus partition coefficient for un-ionized compounds, 
Fig. 5 ,  is a dual parabolic shape, consistent with expectations based on the 
proposed model of corneal penetration. I n  the high log partition coefficient 
range ( I  .O-4.0). a parabolic-shaped curve is indicated, although it is not as 
well defined as expected. It is obvious that compounds such as prednisolone 
and hydrocortisone do not penetrate the epithelial layer as well as fluo- 


V. H.-I..  I.ec. unpublished rcsults 


Log F-c 
Figure 6-Plot of molar concentration versus log partition coefficient for 
un-ionized and ionizable species. 


rometholone or fluorometholone acetate, and that progesterone partitions well 
into the epithelial layer but has extremely poor partitioning characteristics 
from this layer to the stroma (decrease in k23). The relatively low aqueous 
humor bioavailability for these drugs may be partially due to an increase in 
nonproductive absorption, since partitioning through these tissues, e.g., the 
conjunctiva and nictitating membrane, will increase as partitioning increases 
into the epithelium. 


The curve depicted in Fig. 5 shows a much more defined peak than the in 
Lirtro data prcsented by Schoenwald and Ward (4). The reasons for this may 
be twofold. First, the plateau effect seen in the Schoenwald and Ward (4) data 
may be due to saturation of the system at partition coefficients near the “peak”; 
therefore, no defined peak is observed. Second, effects from changes in pre- 
corneal disposition cannot be accounted for in these in oitro studies. With a 
low partition coefficient. drug is lost to a greater extent by tear turnover and 
drainage. As the partition coefficient increases, corneal absorption increases 
in a relative manner, and relative drainage loss decreases. At very high par- 
tition coefficient values, nonproductive absorption greatly increases; hence, 
the sharp peak in the curve of the aqueous humor drug level uersus the log 
partition coefficient. 


As the o/w partition coefficient incrcases, the concept of a changing rate- 
limiting membrane predicts that the peak time should increase, since parti- 
tioning into the stroma becomes less favorable. This represents a decrease in 
kz3 and should result in an increase in I,,, and a corresponding decrease in 
C,,,. I t  appears that this expected shift in peak time is obscured by the bio- 
logical variability of the data. Although the means of the concentrations for 
the steroid compounds demonstrate a progressive increase in peak time with 
increasing partition coefficients, this is at a low level of significance (j~ > 0.01). 
In general, the expected decrease in C,,, from a decrease in kz3 appears offset 
by the increase in corneal absorption (k12) due to favorable partitioning into 
the epithelium. The change in k 12. as  previously noted, has no effect on peak 
time. 


In the low log partition coefficient range (-2.0-l.O), a parabolic trend is 
also observed. This is most likely due to a combination of partitioning effects 
from the tears to the epithelium and then to the stroma. The pcak in this region 
is due to the fact that compounds here have the best combination of parti- 
tioning characteristics in the water-soluble range. At the extreme ranges. drugs 
with the lowest partition coefficients cannot readily pass the epithelial layer 
(low k l z ) ,  and no matter how ideal their partitioning to the stroma ( k z , ) ,  only 
low levels will be found in the aqueous humor. At the upper end of the 
water-soluble range, and the lower end of the oil-soluble range, it is probable 
that these compounds have both the epithelial layer and the stroma as  rate- 
limiting membranes (low kl2 and k23) ,  and therefore, have poor corneal 
permeability. The validity of the dual-parabolic shape of these results rests 
on the significance of the data for prednisolone and hydrocortisone. These data 
points are in substantial agreement with those of Schoenwald and Ward 
(4). 


Water and Small Molecule Permeition-When low molecular weight al- 
cohols were used, their rate of corneal penetration was much faster than the 
rate of most other molecules. Since the rate of elimination from the precorneal 
area by tear turnover should be essentially the same for these compounds as 
for all others, the shorter peak time observed must be due to an increase in  
transfer of drug from the epithelium to the stroma (k23) .  Important to this 
discussion are results reported by Donn et al .  (23) from a study utilizing 
[’H]H20 and [ 1 8 0 ] H 2 0 .  These investigators concluded that the transport 
for these two molecules was the same, within experimental error. thus ruling 
out the pssibility of hydrogen ion transport as opposed to molecular transport 
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for tritiated water. Significantly, they concluded that there is no active 
transport of water and that diffusion of water in the epithelium and endo- 
thelium is very close to the rate of diffusion for this molecule in  the stroma, 
which is composed of 70-80% water. Since water and methanol are both 
compounds of small molecular size, the above comments concerning the 
possibility of paracellular penetration through the epithelium are strengthened. 
Such a pathway has been proposed by Kaiser and Maurice for fluorescein (24). 
This leads to a mechanistic picture of drug movement through the epithelium, 
where both transcellular and paracellular routes for drug permeation are 
possible and probable for water-soluble drugs. It  is anticipated that tran- 
scellular drug penetration would be related to the partition coefficient, whereas 
paracellular movement would more likely be rclated to characteristics such 
as molecular size and aqueous diffusivity. 


Ocular Metabolism-- The results of metabolism studies in this work clearly 
indicate that, over the time period of 20-30 min in albino rabbits, the drug 
entities examined are not subject to appreciable degradation. Previously 
published work in the area of ocular metabolism must be considered before 
allowing such a simple conclusion. It is well documented that metabolism of 
pilocarpine is minimal in albino rabbits but increases in mixed breeds (25); 
since all work herein has been with albino species, this discussion will be re- 
stricted to studies using these animals. Studies in the area of ocular metabolism 
are limited in number, and the activity of different ocular enzymes appears 
variable; i.e., pilocarpine undergoes minimal degradation, whereas dipivefrin 
demonstrates significant corneal metabolism (25, 26). The degradation of 
atropine is dependent on atropine esterase, which is inherited through an in- 
completely dominant trait (27). Mydriatic response to atropine is significantly 
less in a rabbit with positive esterase than one without the enzyme. 


The area of steroid metabolism is equally confusing. One study (20) indi- 
cates that prednisolonc acetate is mctabolized completely to the parent alcohol, 
and one would therefore expect similar results with fluoromctholone acctate. 
However, minimal metabolism was detected dcspite the fact that two different 
solvent systems were used which could potentially separate the acetate and 
alcohol forms. Another study (28) utilizing steroid alcohols and ketones, re- 
ports metabolites of 5 15% from corneal and iris-ciliary tissue incubates. The 
results of thcse investigations agree with the present study for both hydro- 
cortisone and progesterone. The subject of ocular metabolism, its mechanism 
and location, is one which requires additional research. 


Dynamic versus Equilibrium Correlation-The original concept relating 
drug action to the partition coefficients, by Meyer (29) and Overton (30.3 I ), 
or to log partition coefficients, by Hansch and co-workers (32.33), demon- 
strated relationships between lipophilic character and biological activity. Many 
of these examples deal with drugs that bind to enzymcs, other proteins, or 
receptor sites. Current attempts to relate the partition coefficient and corneal 
penetration of compounds must rely on the fact that partitioning into the 
corneal layers mimics an equilibrium phenomenon: this is in fact difficult to 
imagine in the eye. Administered drugs have finite contact time with the 
corneal tissues. The dynamic aspect of corneal penetration is, therefore, being 
correlated with an equilibrium value of the partition coefficient; thus, one 
would not expect a good correlation between corneal absorption and the 
partition coefficient. 


A significant rate of loss (klo) controls the amount of drug reaching the 
target tissue, so steady-state kinetics, which should be accurately reflected 
by the partition coefficicnt. are not expected. Compounds with a very high 
rate of oil or water solubility can be expected to transfer more rapidly to their 
respective membrane of favorable partitioning. Therefore, some method of 
correlating the rate of partitioning with corneal penetration is desirablc and 
is currently being pursued in this laboratory. 


In summary, the present study has demonstrated that, as anticipated, a 
low-viscosity solution affords no benefit to compounds with a log partition 
coefficient > 1 .O. For these compounds, the rate-limiting membrane for corneal 
penetration is fairly well defined, although several factors influencing bio- 


availability, such as metabolism and nonproductive absorption, require further 
investigation and quantitation. Water-soluble compounds, on the other hand, 
are  not as well understood. 
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ppm (br s. I ,  C-l ArH); W - N M R :  24.5 (C-4). 47.4 (C-3), 56.0 (C-7 OCH,), 
61 .8 (C-8 OCH3) I 15.0 (C-6). I2 1.7 (C-8a). 122.4 (C-5). 129.2 (C-44.  147.2 
(C-7). 151.3 (C-8),and 155.8 ppm (C-I )  (10-12); M S  M+: m/z 191 (83%) 
(calc. forC1~H1~NO~.l91.0946;obs., 191.0947). 176(65), 161 (66). l46(70), 
133 (35). 116 (79). 105 (26). 89 (49). 77 (86). 62 (47) and 51 (100). 
7,8-Dimethoxy-3,4dihydroisoquinoline Methiodide ( I V )  --To 7,8-dime- 


thoxy-3.4-dihydroisoquinoline (111) (100 mg) in acetone (5 mL) was added 
methyl iodide (0.25 mL). and the resulting solution was allowed to stand 
overnight. The resulting yellow crystals were removed by filtration, washed 
with cold acetone. and recrystallized twice from acetone-methanol to afford 
IV as  yellow needles ( I  I2 mg). mp 165-166OC; UV A,,,,, (MeOH) (log t): 
375 (3.03). 297 (3.77),and 218 (4.06); 1R urnax (KBr): 1668,1582,1498,1270. 
I254,1080,1033,954, and 820 cm-I; IH-NMR (CDlOD): 6 3.39 (2 closely 
overlapping poorly defined triplets, 4, J = 8 Hz), 3.86 (s, 3, N-2 N+CH,), 
3.95 (s, 3. C-7 ArOCHJ), 4.10 (s, 3. C-8 ArOCH,), 7.1 5 (d. I. J = 8 Hz, C-5 
ArH),  7.52 ( d , J  = 8 Hz. C-6 ArH),and 9.27 ppm (br s, I ,  C-l ArH); M S  
M+: m/: 191 (100%) (M+ - CHzI), 142 (52). 127 (57),and 77 (23). 
7,8-Dimethoxy-l,2,3,4-tetrahydroisoquinoline (11)-To 7.8-dimethoxy- 


3.4-dihydroisoquinoline(11I) (60mg) in methanol (30mL) wasadded. with 
stirring, sodium borohydride (200 mg) over a period of 30 min. The mixture 
was stirred for an additional 8 h and was then filtered. The filtrate was evap- 
orated to give a residue which was dissolved i n  HCI (5%) (20 mL). basified 
with N H 4 0 H  to pH 8 -9. and extracted with chloroform (50 mL) (4X). The 
chloroform extracts were combined. dried (anhydrous sodium sulfate), filtered, 
and the filtrate was evaporated to afford a residue (50 mg) which was dissolved 
in methanolic HCI (5%) (4 mL). The solvent was subsequently removed by 
evaporation and the resulting residue treated with a mixture of acetone- 
methanol (I2:l) (3 mL) to afford yellowish-white crystals of I I  HCI, mp 
189- 191 OC. identical with authentic 7,8-dimethoxy-l,2,3.4-tetrahydroiso- 
quinoline hydrochloride by direct comparison Imp, UV. IR ( I ) ] .  
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Abstraet 0 A new method for the determination of heparin activity in solutions 
has been developed, based on the increase in light scattering observed during 
the clottingof plasma. The recalcification clotting time (RCT) of shccp plasma 
is measured in the presence of heparin, using a laser nephelometer. The activity 
of heparin in the sample is determined from a standard curveof the logarithm 
of RCT u m u s  heparin activity. The results indicate that this method is sim- 
pler. faster, and more reproducible than the current USP grading method. 


Keyphrases Heparin-activity, laser nephelometry method, comparison 
to USP method, recalcification clotting time 0 Laser nephelometry-heparin 
activity. comparison to USP method, recalcification clotting time 0 Recal- 
cifieation clotting time-heparin activity, laser-nephelometry, comparison 
to USP method 


Heparin is an anticoagulant widely used in the treatment 
of myocardial infarction and thromboembolic disease (1).  The 
anticoagulant effect of the drug cannot be predicted by 
chemical analysis because it has not bcen related to any specific 
functional group or to molecular weight (2). Therefore, the 
activity of heparin, rather than its concentration, must be 
measured. 


Evaluation of the anticoagulant activity of heparin is based 
on the ability of the drug to prolong the clotting of recalcified 
sheep plasma (i.e., sheep plasma to which calcium ions are 
added to promote coagulation). This ability can be measured 
instrumentally and visually. Reed et af. (3)  developed an in- 


strumental method based on measurement of the time needed 
for a sample of recalcified sheep plasma to reach a pre-estab- 
lished viscosity, i.e., a predetermined degree of clotting. This 
time is then related to the times needed for a set of standards 
to reach the same viscosity. The USP method, which does not 
use instruments, is based on the visual evaluation of the degree 
of clotting of samples as compared with that of a set of stan- 
dards. 


This work describes the development of a nephelometric 
method to determine heparin activity and compares this 
method with the USP procedure. Woziwodzki (4) used ne- 
phelometric techniques to study the clotting of plasma. More 
recently Tanaka (5) used laser nephelometric techniques to 
study the structure of polyacrylamide gels. Because a clot is 
essentially a gel composed of a fibrin polymer ( l ) ,  i t  was pos- 
tulated that a laser nephelometer could be used to measure the 
clot ti ng ti me. 


EXPERIMENTAL SECTION 


Apparatus and Reagents-The cuvette compartment of a laser nephelom- 
eterl was modified to allow external circulation of water, thus maintaining 


’ Hyland PDQ Laser Nephelometer. Northbrook. 111. 
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Table  I-Comparison of the Precision of the Nephelometric a n d  
USP Methods 


Nephelometric Method USP Method 
Relative Relative 


Figure 1-S~lrip-chart recording of light 
scattering during clot formation. Key: I-) 
0.88Uojheparin/mL;(---) 1.06 Uofhep- 
arin/mL; 0% is 0.9% NaCI. 


I 
0 1 2 3 4  


Time mln 


a temperature of 37 f 0.5OC. The following were used as received from the 
manufacturers: heparin sodium USP reference standard. sodium chloride2, 
calcium chloride2, and frozen sheep plasma3. 


Standard Preparation-A 3-U/mL (USP units) heparin stock solution in 
0.9% NaCl was prepared from a sodium heparin reference standard. The 
working standards were prepared from this stock solution using 0.9% NaCl 
as  a diluent. Because the activity range of the working standards depends on 
the lot of sheep plasma used, the range was determined by measuring the 
clotting times of several working standards having activities between I and 
3 U/mL. For the plasma used in these studies, the activities ranged bctween 
I .  10 and 1.40 U/mL with clotting times between 100 and 200 s. Clotting times 
higher or lower than this range showed deviations from linearity for the log- 
arithm of clotting time renus activity. 


Procedure-Samples were diluted with 0.9% NaCl to an activity within 
the range of the standard curve. The sheep plasma was thawed at room tem- 
perature, filtered. and kept in an ice bath during the analysis. 


The instrument was standardized by setting zero light scattering with a 
solution of 1 mL of 0.9% NaCl mixed with 0.5 mL of sheep plcsma. Maximum 
light scattering was set at I90 using a fully clotted sample prepared by incu- 
bating a mixture of 0.5 mL of 0.9% XaCl, 0.5 mL of sheep plasma, and 0.5 
m L  of 0.02 M CaC12 for 5 min at 37OC. 


A 0.5-mL aliquot of the diluted sample was mixed with 0.5 mL of sheep 
plasma in a 10 X 75-mm test tube and incubated at 37OC for at least 3 min. 
Immediately after addition of 0.5 mL of 0.02 M CaCl2 (prewarmed to 37OC). 
a timer was started and the contents of the tube were remixed. The tube was 
placcd in the nephelomcter, and the time was recorded when the display 
reached 100. This is dcfined as the recalcification clotting time (RCT). Three 
determinations were madc on each solution. The activity of the test solution 
was determined from a standard curve of the logarithm of mean RCT cersus 
heparin activity. 


Comparison of the Nephelometric and USP Method-Three aqueous so- 
lutions of sodium heparin4 buffered with citric acidS and sodium monohy- 
drogcn phosphate3, with activities of 45.07, 49.97, and 54.91 U/mL, were 
prepared. These solutions were analyzed for heparin activity using both the 
W P  XX (6) and nephelometric methods. On each of 3 d, tho technicians 
analyzed each solution using a randomired order, making three determinations 
on duplicate dilutions of each samplc. 


RESULTS AND DISCUSSION 


Figure I illustrates the increase in light scattering during clot formation 
for two levelsof heparin activity. The IWO curves differ only in  the amount of 
time elapsed before clot formation begins. The midpoint of the clotting curve 
was chosen as the end point for clotting time because it lies in the linear section 
of greatest slope, allowing timing instruments to be stoppcd with the greatest 
precision. 


Reed et a/. showed that the logarithm ofclotting timevaries linearly with 
heparin activity (3). The nephelometric method produced similar results. Good 
correlation with a straight linc at the 95% confidence level was obtained with 
D standard curve consisting ofat least four points. For the comparison study, 
the average correlation coefficient for the nephelometric standard curvcs was 
0.9901. 


The rcsults indicate that the nephelometric assay is more reproducible t h a n  
the USP assay. The coefficients of variation. calculated at an activity of 50 


~~ 


Scientific Products. M d j a w  Park. 111. 
3 Irvine Scientific, Santa h a .  Calif. ' Diosynth, Inc., Chicago, 111. 


Contri- Contri- 
Variance bution Variance bution 
Estimate, to Total Estimate, to  Total 


Variance Components U/mL2 Variance, % U/mL2 Variance, % 


Date O.OO0 
Concentration * date O.OO0 
Tech O.OO0 
Concentration ' tech O.OO0 
Date * tech 0.612 
Concentration * date 0.898 


Dilution (concentra- 0.097 


Determination (dilu- 0.998 


* tech 


tion * date * tech) 


tion) 


0.0 4.414 
0.0 0.045 
0.0 2.292 
0.0 O.OO0 


23.5 1.563 
34.5 0.259 


3.7 O.OO0 


38.3 0.513 


Total variance 2.60 
SD, U/mL 1.39O 
CV' a t  heparin 2.78 


activitv of 50 U/mL 


100.0 9.09 
- 2.97 * 
- 5.94 


- 


48.6 
0.5 


25.2 
0.0 


17.2 
2.9 


0.0 


5.6 


100.0 - 
- 


a Mean of three determinations per dilution. * Mean of two determinations per 
dilution. Calculated using the formula: CV = (SD/heparin activity) X 100. 


Table 11-Comparison of the Accuracy of the Nephelometric 
and USP Methods 


Theoretical 
Heoarin 
Activity, Mean Bias" Recovery, % 


Technician U/mL Nephelometric USP Nephelometric USP 


1 45.07 -0.64 -1.25 98.6 97.2 
49.97 -0.83 -2.87 98.3 94.3 
54.92 -0.75 -2.83 98.6 94.9 


2 45.07 -0.25 1.43 99.5 103.2 
49.97 -1.91 -0.41 96.4 99.2 
54.92 -1.14 -0.82 97.9 98.5 


a Difference between theoretical and experimentally determined activity. 


U/mL, were 2.79% for the nephelometric assay and 5.94% for the USP 
method. For each method, the total observed variation in assay results was 
statistically analyzed in terms of each of the underlying sources of assay im- 
precision. The results of this variance component analysis and the relative 
contribution of each source of variation are shown in  Table I .  For the nephe- 
lometric assay, determination of clotting time is the  largest contributor to 
variance. This variability is due to normal changes in the clotting response 
of sheep plasma. The greatest sources of assay imprecision for the USP assay 
are daily shifts in assay results and technician differences. The technician 
variance seems to be due to the subjectivity of the grading system. indicating 
not only differences in the way two technicians grade. but also differences in  
the way a single technician grades from day to day. This factor seems to be 
eliminated with the instrumental method. 


The accuracy of each method was evaluated by comparing observed assay 
values with theoretical heparin activity (Table 11) .  Although both methods 
demonstrate a negative mean bias at nearly all concentration levels for both 
technicians. the observed biases were within the precision limits found for each 
method. This negative bias is most likely a systematic error in the experimental 
proccdure (e.g.. preparation of the test solutions) bccause it was observed in 
all results except one. The two methods were tested for equivalcncy by ana- 
lyzing the ranks of the mean biases. This analysis showed no significant dif- 
ference between methods (p > 0.05). 


The nephelometric method has definite advantages over the USP method. 
It is faster (a single assay can bccompleted in less than holf the time the USP 
method takes) and simpler (it does not involve the subjective grading, lengthy 
procedure, and calculations of the USP method). The nephelometric method 
is also more sensitive. Activities of I U/mL of heparin can be detected with 
thc nephelometer uersus 3 U/mL with the USP assay. 
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Abstract 0 The pharmacokinetics of zinc sulfate were compared with those 
of a new zinc salt, pantothenate, i n  rabbits. Each salt was administered at a 
dosage of 3.3 pCi of zinc-65/kg of bcdy weight. The measured pharmacoki- 
netics of the two compounds responded to a two-compartment open model. 
The urinary elimination of the two salts was similar, as  was their localization 
in  the skin and fur, but zinc pantothenate was fixed by the liver to a lesser 
extent than war zinc sulfate. 


Keyphrases 0 [65Zn]Zinc sulfate-intravenous administration to rabbits, 
pharmacokinetics 0 [6sZn]Zinc pantothenate-intravenous administration 
to rabbits, pharmacokinetics 0 Pharmacokinetics- comparison of [65%n]zinc 
sulfate and [6SZn)zinc pantothenate injected intravenously. rabbits D Zinc 
salts--iinc sulfate and zinc pantothenate, comparative pharmacokinetics, 
intravenous administration to rabbits 


Zinc sulfate is used to treat acrodermatitis enteropathica 
( I ,  2), a condition associated with abnormal zinc metabolism. 
Zinc pantothenate, which we synthesized in our laboratory, 
had a much lower toxicity when administered orally to animals 
than did zinc sulfate and exhibited better gastric tolerance (3). 
We report here a comparative pharmacokinetic study of the 
intravenous injection of the two radioactive zinc salts. 


EXPERIMENTAL SECTION 


Reagent~--[~~Zn]Zinc pantothenate was prepared as previously described 
(4). The principle of the reaction is an exchange between calcium pantothenate 
and [65Zn]zinc sulfate with a specific radioactivity of 3.5 mCi/mg. 


Animal Treatment-Six male rabbits (mean weight, 2.5 kg) were isokdted 
in  metabolism cages and placed on a water diet 12 h prior to the experiment. 
The necks of the animals were shaved, and a 0.5% solution of lidocaine was 
applied as a light topical anesthesia. The jugular vein was freed, and a catheter 
was inserted. Bleeding was prevented by placing a small sponge imbibed with 
anesthetic under the suture. The protruding catheter was fixed to the skin with 
a bandage, thus permitting both injection of the products tested and blood 
sampling. 


Protocol and Analytical Procedures-Each zinc salt was injected into the 
jugular vein at a dose of 3.3 pCi of zinc-65/kg. and blood samples wcre taken 
at 5, 10, 15,30, and 60 min and 2.4. and 6 h postinjection. Blood samples (4  
mL) wcre taken at the indicated times in a dry polypropylene tube (5). and 
scrum was separated by centrifugation for 10 min at 3000 rpm. Animals were 
sacrificed 6.5 h after injection, and various organs or tissue fragments were 
removed and weighed: liver, kidneys, whole skin with fur, and, after washing 
with physiological saline. the small intestine. 


Radioactivity was determined with a liquid scintillation counter’. Serum 
activity is expressed as disintegration per minute after quench correction (Fig. 
I ) .  For urine elimination and tissue and organ samples, the results are ex- 
pressed as the percentage of the total quantity administered (Table I). 


I Model 9OOO y: Beckman. 


~~ .~ . -  
0.25 1 2 3 4 5 e 


HOURS 
Figure ]-Kinetics of the blood distribution of /65Zn/zinc sulfare (-) and 
/6sZnlzincpantothenate I -  -) after intravenous injection 10 six rabbits. The 
radioactivity 1s expressed as disintegrarions per minute (d.p.m.). Results are 
expressed as the mean f SE. 


RESULTS AND DISCUSSION 


The pharmacokinetic data indicate that the distribution half-life (a) of zinc 
pantothenate is shorter (0.1 1 h-l) than that of zinc sulfate (0.134 h-l) (Fig. 
I). Urinary elimination is very low and does not exceed 1% of the administered 
dose, which confirms results of previous studies with rats (6) and dogs (7) with 
zinc sulfate alone. 


Both salts exhibit a similar distribution in  the kidneys, the small intestine, 
the skin, and the fur. In the present study, there is a clear difference in hepatic 


Table I-Tissue Distribution and Urine Elimination of [65Zn]Zinc 
Pintothenate and 165ZnlZinc Sulfate after Intravenous Administration a 


Tissue 


Fluid 
01 


Radioactivity, Percentage of Total 
[6JZn]Zinc [65Zn]Zinc 


Pantot henate Sulfate 


Liver 8 17 
Kidney 2 2 
Whole skin and fur 4 2 
Small Intestine I 1 
Urine elimination I I 


0 Results were obtained 6.5 h after administration to six rabbits; results are expressed 
as percentage of the total activity. 
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Abstract 0 A rapid and specific method in which reverse-phase high-per- 
formance liquid chromatography (HPLC) with UV detection was used for 
the simultaneous determination of nicardipine and its pyridine metabolite I1 
in human plasma is described. Nicardipine, its pyridine metabolite 11, and 
the internal standard were extracted from plasma and partially purified by 
acid-base partitioning. Final purification and quantitation were achieved by 
HPLC by using a reverse-phase column and a UV detector (254 nm). The 
extraction efficiencies for nicardipine and its pyridine metabolite I1 from 1 
mL of plasma were 77.4 and 81.16, respectively. The sensitivity of the assay 
was 5 ng/mL for both nicardipine and its pyridine metabolite 11, and the linear 
concentration range of the assay was 5-150 ng/mL for both compounds. The 
low coefficients of variation ( 1 5 % )  for samples spiked with nicardipine and 
its pyridine metabolite I1 in this concentration range demonstrate good reli- 
ability and reproducibility of the assay. The HPLC procedure has been vali- 
dated by comparison with a GC-electron-capture detection (ECD) procedure, 
which givts the combined concentration of nicardipine-its pyridine metabolite 
I1 (total) and with an HPLC/GC-ECD procedure, which gives the concen- 
tration of its pyridine metabolite 11. All three methods, which were developed 
in our laboratory, were used to analyze nicardipine and its pyridine metabolite 
I1 in specimens of plasma from subjects treated with nicardipine hydrochloride. 
Good correlations were found for concentrations of nicardipine, its pyridine 
metabolite 11, and nicardipine plus the metabolite determined by these three 
procedures. The HPLC procedure is suitable for use in pharmacokinetic 
studies following administration of nicardipine hydrochloride to humans. 


Keyp4raqes Nicardipine-simultaneous determination with its pyridine 
metabolite 11, reverse-phase HPLC 0 HPLC-reverse-phase simultaneous 
M a t i o n  of nicardipine and its pyridine metabolite 11 in human plasma 


Nicardipine hydrochloride, 2-(N-benzyl-N-methyl- 
amino)ethyl methyl 1,4-dihydro-2,6-dimethyl-4-(m-nitro- 
phenyl)-3,5-pyridinedicarboxylate monohydrochloride (I), 
is a new calcium entry-blocking agent with potent oral vaso- 
dilating activity. The therapeutic efficacy of this compound 
for the treatment of angina, hypertension, and cerebrovascular 
disease is under investigation. 


Nicardipine hydrochloride, which is effective at relatively 
low doses, undergoes extensive first-pass metabolism to pro- 
duce several metabolites (1). Therefore, a sensitive and specific 
method is required for its determination in human plasma. 


Various methods have been reported for the determination of 
nicardipine in plasma. These include gas chromatography 
(GC) with either electron-capture detection (GC-ECD) (2) 
or with mass spectrometric detection (GC-MS) (3). However, 
these methods are relatively nonspecific because they require 
oxidation of nicardipine prior to GC analysis. Since the product 
of this oxidation is the pyridine metabolite I1 of nicardipine, 
these methods measure the combined concentration of nicar- 
dipine plus its pyridine metabolite I1 (total). Pharmacokinetic 
analyses of data generated by these methods can be misleading 
in view of the fact that the vasodilative activity of the pyridine 
metabolite I1 is only l / 3 ~  that of the parent drug (4). The in- 
dividual concentrations of nicardipine and its metabolite in 
human plasma have been investigated recently using a 
TLC-GC-MS method (9, in which nicardipine was separated 
from its pyridine metabolite I1 by TLC prior to analysis by 
GC-MS. These investigators have found that in healthy vol- 
unteers and hypertensive patients, the concentration of ni- 
cardipine relative to that of the combined concentrations of 
nicardipine plus its pyridine metabolite I1 ranged from 74% 
to 99% (5). Recently, we developed a method using high-per- 
formance liquid chromatography (HPLC) in conjunction with 
GC-ECD which allowed the individual concentrations of ni- 
cardipine and its pyridine metabolite I1  to be determinedl. In 
this HPLC/GC-ECD method, which was developed prior to 
the availability in our laboratory of a high-sensitivity HPLC 
detector, HPLC was used to separate nicardipine from the 
pyridine metabolite I1 prior to analysis of the latter by GC- 
ECD. The concentration of nicardipine in a sample of plasma 
was obtained by subtracting the concentration of the pyridine 
metabolite I1 as determined by the HPLC/GC-ECD assay 
from the combined concentration of nicardipine plus the 
pyridine metabolite I1 as determined by the GC-ECD method 


I Unpublished results (a brief description of this method is given in the text). 
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(2). Based on our HPLC/GC-ECD assay, the pyridine me- 
tabolite I1 accounted for 28.58 f 8.73% ( n  = 36) of the com- 
bined concentration of nicardipine plus the pyridine metabolite 
I1 in plasma from subjects treated orally with nicardipine 
hydrochloride. In view of the presence of varying proportions 
of nicardipine and its pyridine metabolite I1 in plasma, a spe- 
cific method for the determination of the concentrations of 
nicardipine should be used to provide data for pharmacokinetic 
analysis. Although the TLC-GC-MS and HPLC/GC-ECD 
methods have this specificity, they are relatively laborious and 
do not provide a practical means for the specific determination 
of nicardipine and its pyridine metabolite I1 in plasma on a 
routine basis. 


The method described here is a simple HPLC method which 
allows the simultaneous determination of the individual con- 
centrations of nicardipine and its pyridine metabolite I1 in 
human plasma. The assay, which has a sensitivity of 5 ng/mL 
for nicardipine and the pyridine metabolite I1 is suitable for 
the analysis of these compounds in plasma collected from 


a c P 
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Figure I-HPLC chromatogram of a I -mL blank human plasma sample. 
Extracted residue was dissolved in 70 p L  of mobile phase, and 55 p L  was 
injected onto the liquid chromatograph. 


c 
0 2 4 6 8 10 12 14 18 18 


RETENTION TIME. MINUTES 


Figure 2-HPLC chromatogram of a 1 -mL blank human plasma sample 
spiked with nicardipine hydrochloride (A), 5 ng: internal standard (IS). 75 
ng; pyridine metabolite I1 hydrochloride (B). 5 ng. Extracted residue was 
dissolved in 70 p L  of mobile phase, and 55 p L  was injected onto the liquid 
chromatograph. 


subjects treated orally with nicardipine hydrochloride at  doses 
as low as 20 mg. 


EXPERIMENTAL SECTION 


Apparatus-A high-performance liquid chromatograph* quipped with 
a fixed UV (254 nm) detector3 and an automatic injector" was used. Sepa- 
rations were performed on a reverse-phase column5 (250 X 4.6 mm i.d.). A 
precolumn6 (70 X 2.1 mm i.d.) was used. Chromatograms were traced on a 


0 2 4 6 6 10 12 14 16 16 


RETENTION TIME. MINUTES 


F v  3-HPLC chromatogram of a I -mL blank human plasma spiked with 
nicardipine hydrochloride (A), 50 ng; internal standard (IS). 75 ng; pyridine 
metabolite I1 hydrochloride (B). 50 ng. Extracted residue was dissolved in 
70 p L  ojmobile phase, and 25 p L  was injected onto the liquid chromato- 
graph. 


Model 204, Waters Associates. Milford. Mass. 
Model 160; Beckman Instruments, Palo Alto, Calif. 


Panisil-5.ODS-3.5 pm; Wfatman Inc.. Clifton, N.J. 
' Model 7108. Waters lntclli ent Sample Processor (WISP); Waters Associates. 


6 HC pellosil. 30-38 pm; Whatman Inc. 
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Table I-Nicardipine Recovery from Spiked Plasma Samples 


Nicardipine 
Hydrochloride 


Recovered, Nicardipine Hydrochloride Added, ng/mL 
nalmL 5 10 20 50 100 150 


0 2 4 6 8 10 12 14 16 18 


RETENTION TIME, MINUTES 


Figure 4-HPLC chromatogram of a I -mL sample of plasma collected 40 
min after an oral dose of 20 mg of nicardipine hydrochloride. Extracted 
residue was dissolved in 70 pL of mobile phase, and 40 pL was injected onto 
the liquid chromatograph. 


stripchart recorder'. The system was operated at ambient temperature, and 
the detector sensitivity was set at 0.002 AUFS. 


Chemicals a d  Reagents-Nicardipine hydrochloride (I)*, 2-(N-benzyl- 
N-methy1amino)ethyl methyl 2,6-dimethyl-4-(m-nitrophenyl)-3,5-pyri- 
dinedicarboxylate monohydrochloride ( 11)9, 2-(N-benzyl-N-methylamino)- 
ethyl isopropyl 1,4-dihydro-2,6-dimethyl-4-(m-nitrophenyl)-3,5-pyridi- 
nedicarboxylate monohydrochloride (Ill)*, methanol10 (HPLC grade), ac- 
etonitrileI0 (HPLC grade), absolute ethanolll, and ether'* (HPLC grade) 


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


TIME (HOURS) 


Figure 5-Semilogarithmic plot ofthe plasma concentration-time profile 
for nicardipine (0) and its pyridine metabolite II  ( m )  in one subject following 
an oral dose of 20 mg of nicardipine hydrochloride on day 4 o f a  multiple- 
dose study. 


Model 7 130A dual-channel strip chart recorder; Hewlett-Packard, Santa Clara, 


Syntex Research Center. Edinburgh, Scotland. 


Burdick and Jackson Laboratories. 


Calif. 
8 Yamanouchi Pharmaceutical Co. Ltd., Tokyo, Japan. 


lo J .  T. Baker Chemical Co. 
1' US. Industrial Chemical Co. 


~~ 


Mean 4.9 9.2 19.2 51.1 103.4 148.1 
SD 0.2 0.5 0.9 2.2 1.1 2.9 cv, % 4.1 5.0 4.5 4.3 1.1  I .9 


Total of four assays. 


Table 11-Pyridine Metabolite 11 Recovery from Spiked Plasma Samples. 


Pyridine Metabolite 
I1  Hydrochloride Pyridine Metabolite 


Recovered, I1 Hydrochloride Added, ng/mL 
n d m L  5 10 20 50 100 150 


Mean 5.1 9.6 20.3 51.1 98.8 151.3 
SD 0.3 0.0 0.3 1.9 0.5 4.2 cv, 96 4.9 0.0 1.4 3.7 0.5 2.8 


Total of four assays. 


were obtained commercially. All other chemicals and reagents were reagent 
grade. 


The aqueous 2.0 M NaOH solution was washed once with an equal volume 
of acetonitrile and once with an equal volume of ether before use. Acid buffer 
was prepared by mixing equal volumes of 0.1 M sodium acetate solution and 
0. I M hydrochloric acid. 


Chromatographic Conditions-HPLC was performed by using a mobile 
phase of acetonitrile-0.02 M KHzP04 (pH 4.8; 53:47 v/v) with a flow rate 
of 1.5 mL/min (2000 psi). 


Standard SoIutkm-Stock solutionsof the internal standard 111, nicardipine 
hydrochloride (I) ,  and the monohydrochloride of its pyridine metabolite I1 
at a concentration of I mg/mL were prepared in ethanol. The working solution 
of internal standard 111 contained 75 ng/500 pL of 2% ethanolic acid buffer. 
Spiking solutions, containing 5, 10, 20, 50, 100, and 150 ng of the hydro- 
chloride salts of nicardipine (1) or its pyridine metabolite I1 per 5 0 0  pL of 4% 
ethanolic acid buffer, were prepared by serial dilution of the stock solu- 
tions. 


Sample Preparation for the Determination of Nicrrdipine and Its Pyridine 
Metabolite 11-Human plasma (0.1-1 .O mL) was transferred into a 15-mL 
culture tube (16 X 125 mm) fitted with a polytef-lined screw cap. The volume 
was adjusted to 1 mL by the addition of blank human plasmai3. Ethanolic acid 
buffer (4%, 1 mL), 500pL of internal standard solution ( III ,75  ng), and 500 
pL of 2.0 M NaOH were added to the sample. The mixture was agitated on 
a vortex mixer for 15 s. The mixture was extracted with 4 mL of ether by 
shaking on a mechanical shaker for 5 min and centrifuging for 5 min at 5000 
rpm. The organic layer was transferred to another IS-mL tube. To the organic 
phase was added 2 mL of 0.1 M HCI, and the mixture was shaken for 5 min. 
The mixture was centrifuged, and the organic layer was removed and discarded 
by using a vacuum aspirator. The aqueous fraction was made alkaline by the 
addition of 500 pL of 2.0 M NaOH. The mixture was extracted with 4 mL 
of ether as described previously. After centrifugation, the organic layer was 
transferred to another 15-mL culture tube, and the solution was evaporated 
to dryness under a stream of nitrogen in a water bath (45'C). The residue was 
immediately dissolved in 70 pL of HPLC mobile phase, and the solution was 
transferred to an autosampler vial14. Of this final solution, 20-55 pL was 
injected onto the liquid chromatograph for analysis. 


Quantitation-Concentrations of nicardipine and the pyridine metabolite 
I1 in unknown samples were calculated with reference to their corresponding 
calibration curves, which were generated by using a I-mL sample of blank 
plasma spiked with nicardipine hydrochloride and the monohydrochloride 
of the pyridine metabolite I 1  at levels of 5, 10, 20,50, 100, and 150 ng/mL. 
The samples of spiked plasma were processed as described above. 


Calibration curves were obtained by plotting the ratio of the peak height 
for the analyte to that of the internal standard against the amount of analyte 
added. 


HPLC/CC-ECD A m y  for the Pyridine Metabolite 11-This assay em- 
ployed as the internal standard the pyridine form' of the internal standard 
111 used for the direct HPLC assay described here. Preparation of the samples 
for HPLC was as described above. HPLC was performed as described above, 


I3 Venous blood from four untreated volunteers was.drawn into heparinized containers 


1' I-Dram vial, 0.4-mL glass insert. compression spring, self-sealing septum, and 
and centrifuged to generate a plasma pool. 


self-senling septum assembly; Waters Associates. 
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Table Ill-Compnrisons of the Concentrntions (ng/mL) of Nicnrdipine, Its Pyridine Metnbolite 11, nnd TotnI. in Plnsmn Determined by Different Methods 


Nicardipine I1  
GC-ECD + HPLC/ Total 


HPLC/GC-ECD HPLC GC-ECD H PLC GC-ECD HPLC 


2 124.2 


4 91.0 
5 64.6 
6 33.4 
7 21.3 
8 18.9 
9 18.2 


10 9.8 


3 98.0 
129.5 
96.2 
80.5 
59.7 
23.6 
20.1 
21.2 
17.3 
8.5 


40.3 
33.6 
28.5 
19.0 
13.0 


9.9 
6.6 
5.4 


9.3  


48.9 
27.2 
27.4 
25.9 
14.1 
10.2 
8.7 
7.9 
5.6 


1 292.3 287.7 71.7 75.8 364.0 363.5 
64.5 178.4 
31.6 123.4 
19.5 107.9 
83.6 85.6 
46.4 37.7 
30.6 30.3 
29.0 29.9 
24.8 25.2 
15.2 14.1 


Correlation 
equation 


Correlation r = 0.9984 r = 0.9825 
coefficient 


y = 1 . 0 0 2 2 ~  + 2.5781 y = 0 . 9 1 6 8 ~  + 0.6541 y = 0 . 9 8 8 3 ~  + 2.4848 


r = 0.9978 


Total = Nicardipine plus its pyridinc metabolite 11 


except that a mobile phase of acetonitrile-0.01 M KHzPO4 (pH 4.8; 1:l) was 
employed. Under these conditions, the pyridine metabolite I1 and the internal 
standard coeluted and were well separated from nicardipine. The HPLC ef- 
fluent containing the pyridine metabolite I I  and the internal standard was 
collected, made alkaline by the addition of 0.5 mL of 2.0 M NaOH, and ex- 
tracted with ether (4 mL). The ether extract was evaporated to dryness, and 
the residue was reconstituted in 5OpL of toluene. A portion of the extract was 
subjected to GC-ECD analysis (2). The concentration of the pyridine me- 
tabolite II  in plasma was determined by reference to suitable calibration curves 
which were constructed by using a procedure analogous to that described 
above. 


RESULTS AND DISCUSSION 


The UV absorption maximum of nicardipinc was at 237 nm. However, in 
this assay, the absorption at 254 nm was used for quantitation. Although the 
use of 254 nm reduces the theoretical sensitivity to some extent, it has the 
advantage of providing a cleaner chromatogram for blank plasma. A typical 
chromatogram for 1 mL of blank human plasma processed by this method 
is shown in Fig. I .  There were no components which eluted with nicardipine. 
the pyridine metabolite 11, or the internal standard. To  achieve a clean chro- 
matogram of this type, we found that it was necessary to perform the acid-base 
partitioning step prior to the HPLC analysis. In addition, we found that the 
2.0 M NaOH used in this procedure must be washed once with acetonitrile 
and once with ether prior to use. If unwashed 2.0 M NaOH is used, potentially 
interfering components appear in the chromatogram. By using the extraction 
procedure described above, the extraction efficiencies for nicardipine and its 
pyridine metabolite I I  from I mL of plasma were 81.1 and 79.6%. respcc- 
tively. 


Representative chromatograms for 1 mL of blank human plasma spiked 
with nicardipine hydrochloride and the monohydrochloride of the pyridine 
metabolite 11, each at levels of 5 or 50 ng and processed by this procedure, are 
shown in Figs. 2 and 3, respectively. A typical chromatogram for I mL of 
plasma taken from a subject who received nicardipine hydrochloride is shown 
in Fig. 4. 


A good separation of nicardipine, the pyridine metabolite 11, and the internal 
standard from each other and from other components was obtained. During 
the HPLC separation, an acidic mobile phase (pH 4.8) with a relatively high 
buffer concentration (0.02 M KHzP04) was used. The acidic mobile phase 
causes nicardipine, the pyridine metabolite I I ,  and the internal standard to 
exist as the corresponding protonated species during chromatography, thereby 


leading to improved chromatographic peak shapes and reduced retention 
times. The high buffer concentration was found to be necessary to ensure a 
good separation between the pyridine metabolite II  and the internal standard. 
At a lower buffer concentration (0.01 M K H z P O ~ ) ,  the separation of these 
three compounds and even their order of elution was found to vary as  the 
column aged. Even with the higher buffer concentration, as the column aged, 
it was necessary to add a small quantity of methanol to the solvent system [e.g., 
acetonitrile-0.02 M KHzP04-methanol (43:49:8 v/v/v)], to maintain the 
elution order and the quality of the separation. 


Calibration curves for nicardipine hydrochloride and the monohydro- 
chloride of the pyridine metabolite I I  showed good linearity. Data for the 
recovery of nicardipine and the pyridine metabolite I I  from samples of plasma 
fortified with these compounds in the range of 5-150 ng/mL are shown in 
Tables I and 11, respectively. The low coefficients of variation ( 1 5 %  at  all 
levels) provide evidence of the reproducibility of the metho$ 


The HPLC method was validated against a GC-ECD method which gave 
the combined concentration of nicardipine plus the pyridine metabolite I1 and 
against an HPLC/GC-ECD method, which gave the conwntration of the 
pyridine metabolite 11. All three methods were applied to samples of plasma 
obtained from subjects treated orally with nicardipine hydrochloride (Table 
111). A comparison of the levels of nicardipine, the pyridine metabolite 11. and 
nicardipine-the pyridine metabolite 11 determined by the three methods is 
shown in Table 111. The overall agreement between the results obtained by 
all three methods is good. 


A plasma concentration-time profile for nicardipine and the pyridine 
metabolite I I  obtained for one subject on day 4 of a multiple-dose study (20 
mg, three times per day) is presented in Fig. 5 as evidence of the usefulness 
of this method for pharmacokinetic analyses. 
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The results for the topical dose (Tables I I  and IV) show that ethoxzolarnidc 
could be detected in the untreated eye in 3 of I0 rabbits and in the treated cye 
in all of the rabbits. An outlier value of 2.08 ng/mg was determined for rabbit 
I in the untreated eye (Table 111). The measurement in the untreated eye likely 
represents systemic absorption. The pooled treated eyes yieldcd iris/ciliary 
body levelsof 2.13 f I .5 ng/mg (n = 10). The mean level is statistically lower 
(p < 0.05) than the mean value obtained for dosing at 6 mg/kg iv but not 
statistically different from tissue levels obtained at 2 mg/kg iv. 


For an average-sized rabbit (2.5 kg), the minimum intravenous dose to 
produce a response (2 mg/kg) represents a 3.3-fold higher dose than that 
administered by the topical route. Thus, the nearly equal tissue levels shown 
in Tables 111 and IV for the two routes of administration suggest that the tissue 
levels detected from the smaller topical dose are, at least in part, a consquencc 
of corneal transport and not primarily systemic absorption. Although our 
results do not differentiate between the direct and systemic effects of the drug, 
they do add credence to the possibility of a contribution from the corncal 
pathway. 
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Abstract 0 The free (unbound) concentration of drug in plasma is often an 
important determinant of pharmacological and toxicological effects. Unfor- 
tunately, studies examining the factors influencing the frce fraction of quin- 
idine in plasma have yielded inconsistent results. It is probable that differences 
in the type of blood collection tubes utilized and the analytical procedure 
employed biased some of these estimates of quinidine binding. The present 
study was executed in a manner free of factors now known to introducearti- 
facts into estimates of the frec fraction of quinidine. In healthy volunteers, 
thcfreefractionofquinidine(l.Opg/mL) was0.129 f 0 . 0 1 9  (mean * S D )  
and was constant throughout the therapeutic range. A high-affinity, low- 
capacity binding site ( K  = 1.17 X lo5 M-I; nP = 3.49 X M) and a 
low-affinity, high-capacity binding site ( K  = 1.33 X lo3 M-I; nP = 3.11 X 
lo-) M)  were identified. The characteristics of quinidine binding in a 4.S-g/dL 
wlution of human serum albumin ( K  = 3.05 X lo3 M-I; nP = 1.36 X lo-) 
44) suggestcd that the low-affinity, high-capacity binding site was on this 
protein. I n  the presence of tris(butoxyethy1) phosphate (75 pg/mL). the 
quinidine free fraction increascd from 0.1 14 to 0.231. A lidocaine concen- 
tration of 250 pg/mL caused a similar increase. Patients suffering traumatic 
injury had a significant increase in al-acid glycoprotein concentration (I97 
mg/dL) and a decrcasedquinidine free fraction (0.075 f 0.019). Patients with 
hyperlipidemia had frce fractions similar to those observed in healthy indi- 
viduals (0.1 18 f 0.019). These data suggest that the high-affinity, low-ca- 
pacity binding site is on cul-acid glycoprotein and that lipoproteins are of little 
importance in the protein binding of quinidine. 


Keyphrases 0 Protein binding-quinidine, humans 0 Quinidine--- protein 
binding, humans 


Despite the recent development of a number of new agents, 
quinidine continues to be a mainstay of oral antiarrhythmic 
therapy. Effective concentrations of quinidine in serum range 
between I and 5 pg/mL (1,2). However, much interindividual 


variability in the concentration necessary for arrhythmia 
suppression has been noted ( 2 ) .  Studies with other antiar- 
rhythmic drugs, such as disopyramide (3)  and propranolol(4), 
have demonstrated that the free drug concentration in plasma 
correlates better with the pharmacological effect than does the 
total concentration. These observations support the principle 
that free drug in plasma is in equilibrium with drug at receptor 
sites (i .e. ,  that which is responsible for the pharmacological 
effect). Furthermore, alterations in the degree of protein 
binding can also affect the pharmacokinetic properties of a 
drug. Fremstad er al. (5) have demonstrated a significant 
positive correlation between the free fraction of quinidine and 
both volume of distribution and total body clearance. For these 
reasons, a thorough understanding of the determinants of the 
protein binding of quinidine is important. 


Unfortunately, studies in which the factors influencing 
quinidine protein binding have been examined have yielded 
inconsistent results. The mean free fraction in studies with 
healthy volunteers has been reported to be 0.10 (6), 0.105 (7)* 
0.141 (8), 0.246 (9), and 0.288 (10). Albumin, a,-acid gly- 
coprotein, and lipoproteins have all been reported to be im- 
portant for quinidine binding, but their relative roles have been 
disputed ( 10- 12). Some of the discrepancies between studies 
may have been due to methodological differences, as several 
factors have been found to influence quinidine binding in oitro. 
Quinidine free fraction is two- to thrce-fold higher when blood 
is collected in evacuated blood collection tubes’ rather than 
glass syringes (6). Other factors influencing estimates of 
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quinidine free fraction include the addition of heparin to blood 
in uitro (6), conditions under which equilibrium dialysis is 
performed (1  3), and the presence of dihydroquinidine, which 
is a common impurity in quinidine preparations (14). A 
principal purpose of the present investigation was to examine 
and clarify several aspects of quinidine protein binding in 
humans by using methods which do not bias estimates of the 
quinidine free fraction. 


EXPERIMENTAL SECTION 


Materials-Quinidine base was prepared from quinidine sulfate2 by TLC 
(20% acetone in methanol) toseparate quinidinc from contaminants (primarily 
dihydrcquinidine). [3H]Quinidine3 was also purified by this system, and a 
final purity of >98% was achieved. 


Equilibrium Dialysis- Aliquots (400 pL) of phosphate buffer solution (pH 
7.4.0.1 34 M)  containing quinidine (unlabeled, as well as a traccamount of 
radiolabelcd drug) were dialyzed for 5 h at 37OC against an equal volume of 
serum in plexiglass cells. Postdialysis quinidine concentrations on each side 
of the dialysis membrane4 were determined by liquid scintillation counting. 
All samples were assayed in triplicate, and the average coefficient of variation 
by this method was 2.97%. HPLC. coupled with liquid scintillation counting 
of the chant, demonstrated that no degradation of quinidine occurred during 
the dialysis period. 


Determination of Quinidine Binding Parameters: Rosenthal Analysis- 
Venous blood was obtained from three nonsmoking healthy male volunteers 
using glass syringes. The blood was transferred to glass tubes with polytef-lined 
screw caps and allowed to clot. The serum was removed after centrifugation 
and stored at 4% The serum was not frozen because of the possibility of 
structural alterations in lipoproteins ( I  5 ) .  In all cases, binding studics were 
pcrformcd within 72 h of sample collection. The free fraction of quinidine was 
dctermined over a 2000-fold range of concentrations (initial quinidine con- 
centrations. 0.5-1000 pg/mL), with the results plotted by the method of 
Rosenthal (16). The computer program PBNONS was used to estimate 


~ ~~ 


Vacutainer; Becton, Dickinson & Co. 
A. H. Robins Co., Richmond, Va. 
100 mg orquinidine was supplied to New England Nuclear Cor 


trapor 2; Spectrum Medical Industries, 1.0s Angeles. Calif. 


Boston, Mass. 
and was randomly tririated by a catalytic exchange process (specilk activity of the 
product, 0.24 mCi/mg). 


Rosenthal in 1975) and generates protein binding parameters from the best nonlinear 
approximation of the data. 


'SF 5 P NON IS ' .  a modification of the program MACMOL (written by Priore and 


Figure 1 - Relarionship between bound 
concentrationljree concentration and 
bound concentration of quinidine in the 
.serum o/ three healthy male oolun- 
teers. 


binding parameters. Quinidine binding in a solution of crystalline human 
serum albumid (4.5 g/dL in phosphate buffer) was also determined over the 
same range of quinidine concentrations. 


Effects of Potential Displacing Agents on Quinidine Binding-Serum ob- 
tained from a healthy volunteer was spiked with tris(butoxyethy1) phosphate' 
a t  a concentration of 75 pg/mL. Quinidine binding was studied over a range 
of concentrations from 0.5 to 1000 pg/mL. and the binding parameters ob- 
tained were compared with those from normal serum. Quinidine binding at  
a concentration of I .O pg/mL was also determined in serum containing lid- 
ocaine8 at concentrations ranging from 1.0 to 500 pg/mL. 


Effect of Hyperlipidemir and Trauma on the Serum Binding of Quini- 
dine-Serum from six patients with elevated concentrations of lipoproteins 
and five healthy, nonsmoking male volunteers was obtained as described above 
and stored at 4OC for a maximum of 72 h before analysis. Quinidine binding 
was examined at  an initial concentration of I .O pg/mL. I n  addition, quinidine 
binding was determined in two serum samples from each of four patients 
several days after traumatic injury (motor vehicle accidents). These samples 
wcrc obtained as  part of another investigation on the effect of trauma on 
nl-acid glycoprotein concentration (17) and were handled in an identical 
manner to samples used in this investigation, with the exception that they were 
stored at -2OOC. All samples were assayed for al-acid glycoprotein con- 
centration by using a radial immunodiffusion procedure with commercially 
prepared kits6. Cholesterol and triglyceride concentrations were determined 
with an autoanalyzer by using the Liebermann-Burchard reagent and glycerol 
kinase method, respectively. 


RESULTS 


The quinidine serum protein binding data from three healthy volunteers 
are plotted (Fig. I ) ,  by the method of Rosenthal (16). Twoclasses of binding 
sitcs are  apparent over the concentration range studicd. The affinity and ca- 
pacity constants for each site are also shown (Fig. I ) .  At a concentration of 
I .O pg/mL, the free fraction of quinidine varied among individuals from 0.1 19 
to 0.157 (mean, 0.138 f 0.018). No evidence for clinically significant con- 
centration-dependent changes in free fraction was observed within the usual 
therapeutic range ( I  - 5  pg/mL). In  isolated human serum albumin solution, 
quinidine binding was found to have characteristics consistent with those of 
the low-affinity, high-capacity class of sites in serum, with an observed value 
of 3.05 X lo3 M-' for the association constant (K) and 1.36 X lo-) M for 
its binding capacity (nP: see Fig. I ) .  
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Table I-Mean Values for Quinidine Free Fraction and Concentration of Relevant Substances in Serum from Healthy Volunteers and Patients with 
Hyperlipidemia 


Mean f SD Quinidine Free Fraction 
Healthy t Iyperlipidemic Statistical 


Volunteers" Patientsb SignificanceC 


Quinidine free fraction 0.129 f 0.019 0.1 18 f 0.019 NSd 


al-Acid glycoprotein, mg/dL 70 f 16 99 34 NS 
Albumin, g/dL 4.8 f 0.4 4.7 f 0.3 NS 


Cholesterol, mg/dL 178 f 14 313 f 71 p < 0.01 
Triglycerides. mg/dL 125 f 32 245 f 107p p < 0.05 


n = 5 .  n = 6 .  I Test for independent sampleb. Not significant. The triglyceride value for one patient with a concentration of 2330 mg/dL was not included. as this would 
result in a badly skewed distribution of data. 


Figure 2 contains the Roscnthal plot for quinidine binding in serum from 
a normal healthy male with and without the addition of tris(butoxycthy1) 
phosphate. The addition of this compound appeared to eliminate the high- 
affinity class of binding sites. resulting in a single class of sites with K = 2.26 
X lo' M-l and n f  = I .22 X 10-3 hl. I n  the presence of lidocaine. the quini- 
dine free fraction increased with increasing lidocaine concentration. wi th  a 
maximal value of 0.229 at a lidocaine concentration of 500pg/mL9. This value 
is consistent with that observed at therapeutic quinidine concentrations in the 
presenceof tris(butoxyethy1) phosphate (0.231) and with the predicted value; 
assuming the complete absence of the high-affinity class of binding sites in  
serum (0.272). 


In  the serum from patients suffering trauma, the mean al-acid glycoprotein 
concentration was I97 mg/dL (corresponding value in  healthy volunteers, 
70 mg/dL). The quinidine free fraction ranged from 0.049 to 0.1 13, with a 
mean value of 0.075 f 0.019. The relationship between the quinidine binding 
ratioand the tul-acid glycoprotein concentration is shown in Fig. 3. A strong 
correlation was observed, and the relationship was found to be quite consistent 
with that predicted by using the mean binding parameters shown in Fig. I 
(assuming that the high-affinity. low-capacitj class of binding sites is on 
a!-acid gllcoprotein). Patients wi th  hypcrlipidemia had a mean cholesterol 
concentration of 31 3 mg/dL and a mean triglycerides concentration of 245 
mg/dL (Table I ) .  The free fraction of quinidine in  these patients was 0. I 18 
f 0.019 and was not significantly different from the free fraction observed 
in healthy individuals (0.129 f 0.019). I n  one patient with a triglyceride 
concentration of 2330 mg/dL. the quinidine free fraction was 0.128. 


DISCUSSION 


The protein binding of quinidine has been the subject of a number of pre- 
vious investigations, many of which have yielded conflicting results. The recent 
identification of a number of factors which may artificially alter cstimatcs 
of the quinidine free fraction prompted the present investigation, with the goal 
of obtaining definitive and clinically useful data. 


The mean free fraction of quinidine in healthy volunteers has varied widely 
among studies (range, 0.10 0.29). The valueofO.l29 observed in  this inves- 
tigation is near the lower limit of previously reported values. Two main classes 
of binding sites werc identified in  the serum from healthy volunteers. with both 
sites contributing nearly equally to the fraction of drug bound at therapeutic 
concentrations of quinidine. Because of this, one would predict that the free 
fraction would only double in the complete absence of one or the other of these 
classes of sites. 


I ---.,-II ~- +. 1 - u  


Figure 2 --Relationship between boimnd concentrationljree concentration and 
bound concentration of quinidine in serimm Jrom (I healthy male colunteer 
101 and identical serum, t o  which tris(butosyethgl) phosphate (a) at 75 
pg/mL was added. 
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Unpublished results 


Knowledge of the identity and characteristics of the binding proteins allows 
the prediction of the consequences of pathophysiological or pharmacological 
changes in  the binding milieu. I n  this investigation, the binding of quinidine 
in an isolated albumin solution was found to have characteristics similar to 
the binding of quinidine to the low-affinity class of binding sites in serum. 
However, previous investigations have suggested that a!-acid glycoprotein 
and lipoproteins, as  well as albumin, contribute significantly to quinidine 
binding ( I  I ,  12). I n  attempting toestablish the relative contributions of these 
proteins, quinidine binding was studied in the presence of tris(butoxyethy1) 
phosphate, a compound known to displace basic drugs from a[-acid glyco- 
protein binding sites ( I  8). The quinidine free fraction increased in a manner 
that was consistent with the absence of binding to the high-affinity class of 
sites. Because little is known about thespecificity of tris(butoxyethy1) phos- 
phate protein binding ( i .e. ,  it could possibly also displace quinidine from li-  
poproteins). lidocaine was also studied as  a potential displacer of quinidine. 
Lidocaine is known to be bound primarily to a,-acid glycoprotein, with some 
binding to albumin and no demonstrable affinity for lipoproteins ( I  7, 19). The 
ability of lidocaine to displace quinidine to the same extent as tris(butoxyethy1) 
phosphate suggests that interactions between quinidine and lipoproteins do 
not influence the free fraction of this drug. 


The results of the quinidine binding studies in the trauma patients and 
hyperlipidemic patients support our conclusions concerning the identity of 
the binding sites. Trauma patients have been shown to have high concentra- 
tions of a,-acid glycoprotein and increased binding of lidocaine ( 1  7). In this 
study, quinidine free fraction was reduced by >40% at  a mean aI-acid gly- 
coprotein concentration of I97 mg/dL. Since concentrations of this magnitude 
are observed in several common conditions (acute myocardial infarction, 
rheumatoid arthritis, and cancer), similarly reduced quinidine free fractions 
are likely in many patients receiving the drug (20). A reduced free fraction 
has been reported in  surgical patients (21) and in survivors ofcardiac arrest 
(22). Using computcr simulations, Kates ct al. (10) have predicted that ele- 
vated concentrations of lipoproteins would have little effect on the quinidine 
binding ratio. Our results support this conclusion, as the small difference in 
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Figure 3- Relationship between quinidine binding ratio (bound concentra- 
tionlfree concentration) and a I -acid glycoprotein concentration in serum 
obtained from patients aJter traumatic injury. Predicted relationship ( -  - -) 
was obtained with the mean constants from Fig. 1 and by assumingsite I to 
be on a I -acid glycoprotein: (-) the best-Jt line by linear regression analysis 
(measured). 
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free fraction between the hyperlipidemic patients and the healthy volunteers 
can be accounted for by slightly higher nl-acid glycoprotein concentrations 
in the former group. 


I t  appears, therefore. that the important binding proteins for quinidine arc 
nl-acid glycoprotein and albumin. Using the mean binding parameters for 
these proteins (Fig. I ) ,  one can predict that at least a 50% decrease in albumin 
concentration would be necessary to obtain a 20% increase in quinidine free 
fraction. Clinically significant changes in  quinidine binding arc more likely 
to be due to changes in a,-acid glycoprotein concentration, since serum levels 
of this protein may be increased in patients suffering from a number of com- 
mon diseases. 
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Abstract 0 A simple and rapid mcthod for comparing the degree of self- 
cmulsifiability of different hydrocarbon oils is described. The method involved 
mcasurement of the intensity of light scattered at an angle of 31 to the inci- 
dent radiation by the sample. The cxtcnt or degree of self-emulsification of 
selected hydrocarbon oils was observed to bc affected by the nature of the oil 
as well as by the type and conccniration of the surfactants employed. The 
mcthod is useful when screening surfactant-hydrocarbon oil combinations 
a s  potential vehicles for drugs in the pharmaceutical industry or herbicides 
and pesticides for agricultural purposes. 


Keyphrases 0 Emulsions--surfactant-hydrocarbon oil, self-emulsifiability, 
measurement by laser nephelometry 0 Laser nephelometry-sclf-emulsifi- 
ability, surfactant -hydrocarbon oil mixtures 0 Hydrocarbon oils-self- 
cmulsifiability, effect of added surfactants. measurement by laser nephe- 
lometry 


Self-emulsifiable oils (also known as emulsifiable concen- 
trates), widely used in the chemical and allied industries be- 
cause they readily form emulsions without the need for pow- 
erful or sophisticated emulsification equipment, serve as ve- 
hicles for herbicides and pesticides and are used for cutting and 
rolling metals into thin sheets. They are also employed as lu- 
bricants in the textile industry and are currently being used 
for the recovery and processing of crude oils. 


Self-emulsifiable oils have some potential applications in 
the drug industry. Solutions of drugs in oils have been ad- 
ministered to patients in soft gelatin capsules since the early 


part of the 19th century. In  its modern form, this dosage is 
claimed to be advantageous since the accuracy, stability, and 
patient convenience is greater than that for the corresponding 
tableted form of a given drug. These oily solutions readily 
emulsify when released into the aqueous environment of the 
stomach. The generation of a large surface area means an 
optimum condition for extraction and absorption of the drug. 
The main requirement would be a suitable combination of 
nontoxic surfactants in bland oils. 


It has been reported that the oil droplets in self-emulsifiable 
systems can be very small, -1 pm ( 1 ) .  Measurement of droplet 
sizes in  the submicrometer range has proved to be very tedious 
and/or time consuming (2).  It is anticipated that the laser 
nephelometer', when used judiciously, can reduce the number 
of problcms associated with particle size characterization in 
dispersed systems. 


THEORETICAL SECIION 


Several theoriesof light scattering by small particles (3 5) have appeared 
i n  the literature since the pioneering work of Rayleigh (6. 7) in this field. 
Recently, Ragchi and Vold (8) have commented on the limitations of some 
of these thcorics. In the present work, i t  is assumed that the basic equation 
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Abstract 0 Thc transport of hexylamine and octylamine through a silicone 
rubber membrane was studied as a function of buffer (phosphate) concen- 
tration and pH. The results were interpreted using a physical model which 
assumed a steady-state rate of transport and which accounted for (a )  the si- 
multaneous diffusion and rapid equilibrium of all the aqueous species, (h) the 
possible diffusion of both the amine and its protonated form through the 
membrane, and (c) thc effect of a stagnant aqueous diffusion layer on each 
side of the membrane. The following conclusions wcrc reached: ( a )  The 
thickness of the aqueous diffusion layer is -100 pm, which is about the same 
as that previously measured for benzoic acid in  this system. Transport of oc- 
tylamine at pH 1 10 is -90% aqueous diffusion layer controlled, whereas 
hcxylamine is -50% aqueous diffusion layer controlled at  high pH. (b) The 
membrane permeability of octylamine is -I 5-20 times that of hexylamine. 
This gives an incremental K constant for the partition coefficient of 4 . 6 1 ,  
as  compared with the previously reported value of 0.56. (c) At low pH (55) .  
the transport of the protonated species becomes important. The membrane 
permeabilities of these ammonium ions are about four or five orders of mag- 
nitude less than the membrane permeabilities of the corresponding amines. 
The membranes were examined at 30,OOOX with the scanning electron mi- 
croscope, and no evidence of holes was found. 


Keyphrases Diffusion-. transport of alkyl amincs across a silicone rubber 
membrane 0 Hexylamine-transport across a silicone rubber membrane, 
octylamine, two-chamber diffusion cell 0 Octylamjnc-transport across a 
silicone rubber membrane, hexylamine, two-chamber diffusion cell 


There is a need for an experimental systcm in which the 
transport of weak organic acids and bases across a lipoidal 
membrane can be studied. There are many situations in bio- 
pharmaceutics and therapeutics, including situations involving 
binding of drugs to macromolecules and micelles, in which such 
a system would be useful. Stchle and Higuchi (1,  2) have 
conducted studies on the transport of weak acids and bases 
across lipoidal membranes; however, thcsc were of a limitcd 
nature. They used fiberglass filter disks preloaded with oil- 
polymer mixtures as lipoidal membranes. These membranes 
were not entirely satisfactory, as experiments could not be 
performed in the totally diffusion-controlled region. Also, 
membrane permeability changes with time were found in some 
of the experiments which were attributed to changes in thc lipid 
viscosity with time. 


Accordingly, this investigation was carried out to develop 
a rugged experimental system for studying the transport of 
weak acids and bascs across lipoidal membranes and, simul- 
taneously, to develop thcorctical methods for analyzing the 
experimental results on a quantitative basis. We selected a 
silicone rubbcr membrane as our modcl membrane, as several 
investigators (3-8)  have found it  suitable for studying drug 
transport, and employed a standard two-chamber diffusion 
cell. This membrane may be used in consecutive experiments 
without significant changes in its permeability characteristics. 
We modified and adopted the theoretical relationships de- 
veloped previously by Stehle and Higuchi (1,  2) and Suzuki 
et al. (9, 10) and show how this experimental system and the 
theoretical relationships can be productively employcd in 


evaluation of pH, buffer concentration, and chain-length ef- 
fects on the transport of weak bases from aqueous solutions 
across lipoidal membranes. 


It is hoped that the results of these studies can also be used 
for quantitative determination of macromolecular binding or 
micellar solubilization of weak acids and bases in aqueous 
media. It can be argued that, where possible, the use of a lip- 
oidal membrane would be preferred over the cellulose dialysis 
membrane for studying micellar solubilization of weak acids 
and bases because of the Donnan membrane effects encoun- 
tered with cellophane membrane dialysis methods. Also, we 
hope to use this technique in the study of species distribution 
and the mechanisms of action of the amine-type cholesterol 
dissolution rate accelerators (1  1) in bile. 


THEORETICAL SECTION 


A physical model approach was utilized to study the transport of hexylamine 
and octylamine through a silicone rubber membrane as  a function of buffer 
(phosphate) concentration and pH. The model used in this study is very similar 
to the one developed by Stehle and Higuchi ( 1 ,  2), in which a membrane 
separates two aqueous compartments, with an aqueous diffusion layer on each 
side of the membrane. 


The steady-state model for amine, RN, which is protonated to RNH+ at 
lower pH values, is illustrated in Fig. I .  Steady-state diffusion is assumed 
between donor and receiver compartments, and all relevant equilibria (the 
various phosphate species, as well as  the free and protonated amines) are ac- 
counted for. The model allows for diffusion of protonated amine, as  well as 
free amine, through the membrane. 


The following equations describe the model under steady-state conditions. 
G, the total flux of the amine species RN and RNH+ through each barrier, 
1-111. is given by: 


GI = IDRN[(RN)L - (RN)iI + DRNH+[(RNH+)L - ( R N H + ) l l l / h ~  
(Eq. 1) 


(Es. 2) 


(Eq. 3) 


GI1 = IPRN[(RN)I  - (RN)21 + PRNbi+[(RNH+)i - (RNH+hIl /h2 


= IDRN[(RN)z - (RN)R)I + D R N H + [ ( R N H + ) ~  - ( R N H + ) ~ l l / h 3  


where the subscripts 1 and 2 indicate the left and right aqueous interfacial 
locations, respectively, and subscripts L and R refer to the borders of left and 
right bulk aqueous phases, respectively (Fig. I ) .  DRN and DRNH+ (cm2/s) 
are  the aqueous diffusion coefficients of R N  and RNH+, respectively; P R N  
and PRNH+ are the membrane permeabilities (defined a s  the product of par- 
tition coefficient and diffusion coefficient) of RN and RNH+, respectively; 
hl and h3 (cm) are the effective thicknesses of the unstirred aqueous diffusion 
layers; h2 is the membrane thickness. G is expressed in mmol/cm2.s. At steady 
state, GI = GI1 = GI11. 


Since it is assumed that no buffer species can penetrate the lipid phase, the 
total net flux of the buffer species through each of the two aqueous diffusion 
layers is zero at steady state. Hence, the cquations for J B ,  the total net flux 
of buffer species in the aqueous barriers, can be written as  follows: 


J B I  = J ) H ~ P o , [ ( H ~ P O ~ ) L  - ( H ~ P O ~ ) I I  
-I- D H ~ F Q [ ( H z P ~ ~ ) L  - (H2P04)1] + D t i m 4 [ ( H P 0 4 ) ~  - (HP04)il 
+ Dpo4[(p04)1. - (pO4)il = 0 (Eq. 4) 
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DONOR (PH 10) D I F F U S I O N  D I F F U S I O N  RECEIVER ( P H  4.1) 
LAYER MEMBRANE LAYER 


Figure 1- Three-phase model showing schematic concentration profiles present in steady-state transport of amine. RN. RNH+ is protonated amine; H2PO4, 
HPO4, and Po4 are buffer species (only the predominant species are shown in Fig. I ) .  and H+ is hydrogen ion. hl, h2, and h 3  are diffusion barrier thicknesses 
in the three phases. 


J d l I  = D H ~ P O , [ ( H ~ P ~ ~ ) ~  - (H 3P04)~I  
+ D H ~ P O , [ ( H ~ P O ~ ) ~  - ( H ~ P ~ ~ ) R I  + D~m,[(HP04)2  - ( H P 0 4 ) ~ l  
+ Dpol[(p04)2 - (PO4)RI = 0 (Eq. 5 )  


J H ,  the net flux of H+ minus the flux of OH-. occurs oia the transport of 
the protonated form of the amine, RNH+, through the membrane and via 
the transport of all protonated species and also OH- through the aqueous 
diffusion layers. The expressions for this quantity are given by: 


JH+I = IDRNH+[(RNH+)L - (RNH+)il + ~ D H ~ J , [ ( H ~ P ~ ~ ) L  
- (H3P04)il + ~ D H ~ P o , [ ( H z P ~ ~ ) I .  - (HzPO4)iI + DHPO,[(HPOI)L 
- (HP04)il + DH[(H)L- ( W I I  - DoH[(OH)L - (OH)ilI/hi (Eq. 6 )  


(Eq. 7 )  JH+II = (PRNH+[(RNH+)I - (RNH+)z])/h2 


J H + I I I  = ~ D R u H + [ ( R N H + ) ~  - (RNH+)RI + ~ D H ~ P O ~ [ ( H ~ P O ~ ) ~  


- ( H P O ~ R I  + D H [ ( H ) ~  - (H)R] - DOH[(OH)Z- (OH)Rl)/h3 (Eq. 8) 


Analogous to the total amine flux, at steady state JHI = J ~ l l  = J~111. In the 
above cquations, D H , ~ ~ ,  and Dpo4 (cm2/s) are the 
aqueous diffusion coefficients of the H3P04, H2P04, HP04, and Po4 buffer 
species, respectively, and D H  and DOH (cm2/s) are the aqueous diffusion 
coefficients of the hydrogen and hydroxyl ions, respectively. 


In  addition to satisfying the flux relationships expressed in Eqs. 1-8, a valid 
solution of the model must also satisfy all the chemical equilibrium constraints 
at each point in the system. These constraints can be written as follows (for 


- ( H ~ P O ~ ) R I  2DH2PO4[([12P04)2 - ( H ~ P 0 4 ) d  DHPo~[(HPO~)Z 


n = 1, 2, L, R): 


where KHPO, = K3, K H ~ ~ Q  = KyK2, and K H , ~ o ,  = K3eK2.K) ( K I ,  K 2 ,  and 
K ,  are the dissociation constants of phosphoric acid). 


Similarly. for the amine (for n = I ,  2, I . ,  R): 


where K, is the dissociation constant of the protonated amine. 
Given these relationships, the model can be used to calculate concentrations 


and fluxes of all the species at each point in the system when only the com- 
positions of the bulk solutions on each side are given. This calculation is 
complicated by both thc complex equilibria involved and the fact that a so- 
lution is sought for a system employing a trilaminar membrane. Nonetheless, 
the equations can be arranged in such a way that they can be rapidly solved 


with a digital computer if a program is available for the solution of systems 
of nonlinear algebraic equations. This particular problem can be reduced to 
a system of two equations in two unknowns by a number of different a p  
proaches. The algebraic approach employed here was to choose pH1 and pH2 
(the pH values at the membrane surfaces) as the unknowns and, for a given 
set of values for pH1 and pH2. to calculate all the other quantities in such a 
way that all the problem constraints are satisfied, except for the constraint 
that GI = GI1 = Gil l  at steady state. The nonlinear system solver then de- 
termines the values for pH1 and pH2 such that the equations GI = GI1 and 
GI1 = GI11 are satisfied. 


The algebraic procedure for calculating the species concentrations 
throughout the system for a given trial set of pH1 and pH2 values is as follows. 
First, the concentrations of all the species in the bulk solutions on each side 
of the membrane are calculated (for n = L, R): 


(H),, = 10-pHn ( ~ q .  13) 


D I F F U S I O N  C E L L  


TS 


MEMBRANE STIRRER - CONNECTION SUPPORT 


Figure 2-Two-chamber diffusion cell used in transport studies. At prede- 
termined intervals, donor and receiver solutions were totally replaced for 
analysis. Cross-sectional transport area was 2.1 0 cm2. 
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Table I-Typical Permeation Dataa 


Concentration, pg/mL 
A Time, h Receiver Donor Flux, mmol/cm2-sb 


u) 


N 


E -9.8 . z 
E 


0 0 546 - 
2 9.9 514 5.654 X 
2 11.5 522 6.606 x 
2 13.2 519 7.562 X IO-I I  
2 12.9 530 7.425 X lo-" 


- 
The system consisted of donor, 5 mM hexylamine. 0.1 M NaCI. and 0.1 M POI (pH 


8.5); receiver. 0.1 M NaCl and 0.1 M PO4 (pH 4.1). From the receiver data. 


where Ptol and R,,, are total concentrations of the phosphate and amine, re- 
spectively. The concentrations of the other species can be readily calculated 
from (H),,, (PO&,and (RN), with Eqs. 9-12, 


Next, the concentrations of the phosphate species a t  the membrane inter- 
faces can be calculated by a suitable rearrangement of Eqs. 4 and 5 with ap- 
propriate substitutions from Eqs. 9-1 I .  The concentrationsof PO4 at  the in- 
terfaces are given by: 


(p04)i = [ D H ~ P O ~ ( H ~ P O ~ ) L  + D H ~ P O , ( H ~ P ~ ~ ) L  + DHPO,(~~POI)L 


(Eq. 17) 


and the concentrations of H P 0 4 ,  HzP04, and H3P04 follow from Eqs. 
9-1 I .  


Thus far, for given values of pH1 and pH2 we have determined concentra- 
tions of the various phosphate species at 1 and 2 so that the net total phosphate 
f lux is zero. The remaining task is to determine the concentrations of RN and 
RNH+ at these interfaces that satisfy the equations for total proton flux (Eqs. 
6-8). This task is greatly facilitated by defining new variables RI and R i l l  
such that: 


and 


Table 11-Model Parameters a 


Parameter Known Computer Fitted 


DOH 5 x 10-5 cm2/s 
DH 9 x iO-5cm2/s 
DRN, DRNH+ 1.087 X cm2/s 


DRN, DRNH+ 9.880 X cm2/s 


Diipo,. DH~FQ,. DHFQ,. 10-5crn2/s 


h l  and h3 0.009 cm 0.01 cm 
h2 0.01 27 cm 
Ki (HiP04)  7.50 X l 0 - I  
K 2  (H3P04) 6.20 X lo-" 


K,, (hexylamine) 2.7542 X lo-" 
KO (octylamine) 2.2387 X 
P RN (hexylamine) 2.27 X cm2/s 
P RNI[+ (hexylamine) 4. I30 X cm2/s 
P RN (octylamine) 3.88 X cm2/s 
P RNH+ (octylamine) 3.770 X cm2/s 


Diffusivitics for hexylamine and octylamine were determined experimentally; those 
for hydrogen and hydrox I ions were calculated from mobility data. For the phosphate 
species, we assumed 10-Ycm2/s to be, a reasonable estimate based on previous experi- 
ence. 


(hexylamine) 


(octylamine) 


kDpo4, 


K J  (H3PO4) 2.10 x 10-13 


I -8.8 


8 - 


,w- 
I + 


.: , 
I 


I 


,/. 


0- - -.--- -* 


-12.0 
3 5 7 9 11 13 


DONOR pH 


Figure 3-pH-rate profile for hexylamine difjusing through the silicone 
rubber membrane into aqueous phase buflered at p H  4.1. The dashed line 
is a computer-generated line for hl = h3 = 100 pm, h2 = 127 pm, PRN = 2.27 
X cm2/s. and PRNH+ = 4.13 X cm2/s. 


Numerical values for R1 and Rll l  are readily obtained by substituting Eqs. 
18 and 19 into Eqs. 6 and 8 and rearranging to get: 


hi - RI = DRNH+(RNH+)L + DH[(H)L (HI11 + DHPO, ( H p 0 . d ~  I 


11.20 
11.20 


11.10 
11.10 


Hexylamine 
11.00 1.987 X I 0-9 


3ctylarnine 
I 1 .oo 2.518 X 
4.10 4.951 X 


4.10 2.975 x 10-9 
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-8.8 - 


* - 10.4 


-11.21 


, 


WNOR pH 


Figure 4-pH-rate profile for octylamine diffusing through the silicone 
rubber membrane into aqueous phase buffered at pH 4.1. The dashed line 
is a computer-generated line for h I = h ,  = 100 pmf h2 = 127 pm, PRN = 3.88 
x cm2/s. and PRNH+ = 3.77 X cm2/s. 


where every quantity except (RNH+)l  and (RNH+)2 has been calculated. 
This equation is solved for (RNH+)l  and (RNH+)2, after which (RN)l  and 
(RN)2 are calculated from Eq. 12. Finally, GI, GII, and GI11 are calculated 
from Eqs. 1-3 and the functions: 


fI = GI - GI1 (ES. 2 5 )  


and: 


f2 = GI11 - GI1 (Eq. 26) 


are evaluated. The procedure is repeated, with the nonlinear system solver 
adjusting the values of pH1 and pH2 until f I  and f2 are arbitrarily close to 
zero. 


-7.2 i 


P 


i 
-9.6- 


d 


-10.4 - 


-12.01 a I I I I I J 
3 5 7 9 11 13 1s 


-PH 
Figure 5-pH-rate profile for octylamine difjusing through the silicone 
rubber membrane into aqueous phase buffered at pH 4.1. The solid line is 
a computer-generated line for hl = h3 = 0 pm, h2 = I27 pm, PRN = 9.586 
X cm2/s. and P R N ) ~  = 4.017 X cm2/s. 
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Figure 6-pH-rate profile for hexylamine diffusing through the silicone 
rubber membrane inlo aqueous phase buffered at pH 4.1. The dashed line 
is a computer-generated line for hl = 0 p, h2 = 127 pm, h3 = I00 pm. PRN 
= 2.27 X cm2/s. and PRNH+ = 4.13 X lo-’ cm2/s. 


EXPERIMENTAL SECTION 


Experimental Design-The overall permeation procedure was designed 
such that depletion of the donor concentration was negligible during the course 
of the runs, and the receiver concentration was never an appreciable fraction 
of the donor concentration. Under these circumstances, the steady-state 
condition is readily attained. 


The presence of the aqueous diffusion layer was studied by conducting 
studies in which the receiver compartment pH was maintained at  pH 11.0 or 
4.1. At high pH, the resistance of the aqueous diffusion layer causes a con- 
centration gradient a c r m  the aqueous diffusion layer, and permeation of the 
weak base is reduced. At low pH, the aqueous diffusion layer is “short-cir- 
cuited,” i.e., the aqueous diffusion layer offers no significant resistance to the 
transport of the weak base. When the aqueous diffusion layers are the main 
barriers for the weak base transport, elimination of half of the total aqueous 
diffusion layer resistance should result in -100% increase in the permeation 
rate. 


To study the influence of pH and buffer concentration on permeation, 
permeation was measured as a function of donor pH and donor buffer con- 
centration. The pH of the donor compartment was closely monitored. The 
receiver compartment solution was buffered at  pH 4.1 to ensure zero con- 
centration of un-ionized drug; thus, perfect sink conditions were obtained. 


Materials-n-Octylaminel, n-hexylamine2, sodium chloride), picric acid4, 
dichl~romethane~,  and sodium phosphate5 (monobasic and dibasic) were 
reagent grade and used as received. 


Preparation of Membrane-Membranes were cut from sheets of nonrein- 
forced dimethylpolysiloxane6, reportedly 0.127-cm thick, with a die made 
especially for the diffusion cell. Initially, they were washed in hot water, 
thoroughly rinsed with distilled water, and allowed to equilibrate overnight 
in receiver solution. Fresh membrane was used for each experiment. 


Diffusion Cell-The diffusion cell consisted of two cylindrical half-cells, 
with inside diameters of -I .5 cm and depths of -5 cm. This gave a half-cell 
volume of -9 mL. The cell halves were assembled, with the membrane be- 
tween half-cells (Fig. 2), using polytef connection supports. The entire cell 
was immersed in a constant-temperature bath. The cell contents were stirred 
with small stirrers on shafts driven at  150 rpm by a constant-speed motor. 


Permeation Prwedure-Donor solution (9 mL) was placed in one half-cell, 
and 9 mL of receiver solution was placed in the other half-cell. The receiver 
solution consisted of 0.1 M NaCl and 0.1 M phosphate buffer. The donor 


~ ~ ~ ~ ~~~ 


I Aldrich Chemical Co., Milwaukee, Wis. 
Eastman K e a k C o . ,  Rochester. N.Y. 
Fisher Scientific Co.. Fair Lawn, N.J. 
MCB. Norwood. Ohio. 
Mallinckrodt, SI. Louis, Mo. 
Silastic; Dow Corning Corp., Midland, Mich. 
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Figure 'I-pH-rate profile $or octylamine diffusing through the silicone 
rubber membrane into aqueous phase bu$$ered at pH 4. I .  The dashed line 
is a compuler-generated line for h I = 0 pm, h2 = I27 pm. h, = 100 pm, P U N  
= 3.88 X cm2/s. and PRNH+ = 3.77 X cm2/.y. 


solution consisted of thc amine and 0.1 M NaCl in 0.1 M phosphate buffer. 
The contents of each half-cell were stirred at 150 rpm. At predetermined in- 
tervals, donor and receiver solutions were totally replaced for analysis. The 
total time involved in  the exchangeof the solutions was 1-2 min. The experi- 
ment was continued until the difference between two consecutive receiver 
compartment concentrations was <5%. The averageof these concentrations 
was then used to calculate the flux under essentially steady-state condi- 
tions. 


The amine analysis involved complexation of the amine with picric acid. 
The concentration of this picrate complex was determined spectrophoto- 
metrically. Receiver solution ( 5  mL) was shaken in a separatory funnel with 
two successive portions of 10 and 15 mL of a 0.2% solution of picric acid in 
dichloromethane. The two portions were drawn off, and the absorbance of 
these solutions was determined spectrophotometrically at a wavelength of 420 
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Figure 8-pH-rate profile for hexylamine di/fusing through the silicone 
rubber membrane into aqueous phase bu$$ered at pH 4.1, The dashed line 
is a computer-generated line for h I = h 3 = 100 pm. h2 = 127 pm, P U N  = 2.27 
X cm2/s. and P R N I ~  = 0 cm/2. 


5 


-111 


,r -* /* 
,a' 


9' , 
/ 


/ 


, / I '  


, 
I 


/ 


I , 
I 


nm'. Picric acid was used as the reagent here for assaying the amines because 
it has a strong absorption spectrum and a single strong anionic functional 
group that has been shown to react quickly and quantitatively with the base 
(12, 13). 


Except at low pH (pH 5 6.0). the typical uncertainty in  the fluxdetermi- 
nation was on the order of 5%. At low pH, because of the extremely low fluxes, 
the errors werc relatively large (-25- 50%). 


RESULTS AND DISCUSSION 


Table I shows typical transport data, from which it can beseen that a 5% 
error in the donor compartment would result in  - f 2 6  pg/mL scatter; this 
scatter is greater than the amount transported across the membrane. Hence, 
i t  was decided to calculate the flux from the receiver compartment data only. 
Typically, steady-state conditions were attained within 2-4 h. 


The initial steady-state flux into the receiver compartment is given by: 


V dC 
A dt Flux=-- . -= k.Commol/cm2.s (Eq. 27) 


where V is the donor compartment volume, A is the diffusional area of the 
membrane, dC/dt is the rate at which drug permeates the membrane under 
steady-state conditions, CO is the concentration differential across the mem- 
brane (assumed to be initial donor concentration), and k is the permeability 
constant. Thus, k can be calculated from the experimental data by: 


dC V . -  


Variation in flux from run to run was 5-10% when the fluxes were 
for fluxes <lo-" cm2/s, variation was 25-50%. Table 11 shows the values 
of various model parameters. Of the model parameters, the only unknown is 
the membrane permeability (defined as the partition coefficient multiplied 
by diffusivity) which is obtained by computer fitting (14). 


Using nonlinear least-squares regression, best values were found for the 
membrane permeabilities and the aqueous diffusion layer thickness by the 
following technique. Trial values for the unknown parameters were assumed. 
Then, Eqs. 1-26 were solvcd, as described above, to calculate flux as a function 
of solution composition. The calculated values were compared with the ex- 
perimentally observed fluxes, and the sum of the squares of the relativedif- 
ferenees between calculated and observed fluxes was computed. Then, new 
values were chosen for the unknown parameters. and the procedure was re- 


' Model 139, Hitachi Perkin-Elmer U V - V  I5 Spectrophotometcr; Hitachi Ltd.. 
Japan. 
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u) 


peated. This entire cycle was repeated usinga nonlinear least-squares fitting 


For both compounds, the diffusion layer thickness was found to be -100 


-9.8 
program until the sum of squares was minimized. 


pm. The membrane permeabilities were as follows (cm2/s): free hexylamine, 


. 
2 
E 


2.27 X protonated hexylamine, 4.13 X free octylamine, 3.88 X (5 
8-10.4 


mental fluxes and theoretical fluxes based on parameter values shown in Table A 


the model gives an essentially perfect fit to data. 
Table 111 shows the influence of high and low pH in  the receiver compart- 


ment on permeation. At low pH, the aqueous diffusion layer in the receiver 
compartment is essentially "short-circuited," i .e . ,  the effective transport re- 
sistance is very low. For octylamine under these conditions, this is an -100% 
increase in flux, which indicates that the transport is esxntially 10070 aqueous 


protonated octylamine. 3.77 X Figures 3 and 4 show theexperi- 


I I .  Over a range of more than 7 pH units and three orders of magnitude of flux, 


-11.2 


diffusion layer controlled for this solute. However. for hexylamine, it can be -12.0, 


Donor pH 


- 
1 


* : ' I  
I I 


: I 4  
I - I , I 


I I 
I I 
, I 


I 


, 
I 


I 
I 


,: + I - 
/ 


1 I I 
7 9 11 13 


&+:---=- , 


Flux, mmol/cm2.s 
0.1 M Po4 0.01 M Po4 


12.05 
9.50 
7.50 


3.334 x 10-9 
5.210 X 
7.154 X 


3.269 X 
1.696 X 
7.200 X 


.. 
of hexylamine. 


The thickness of the aqueous diffusion layer was independently evaluated 
by mounting a benzoic acid pellet onto the half-cell. The thickness was cal- 
culated from: 


(Eq. 29) 
D(Cs - cb) 


h 
J /A  = 


where J is the dissolution rate (flux), A is the surface area ofdissolving solid 
exposed to the solution, C, is the concentration of the solute in the solution 
at saturation, cb is the concentration of the solute in the bulk, D is the diffusion 
coefficient of the solute in the solvent (1.4 X cmz/s a t  37'C), and h is 
the Nernst effective diffusion layer thickness. Under sink conditions, c b  = 
0; J/A and Cs were experimentally determined, and the value of D has been 
well documented previously (15). The thickness of the aqueous diffusion layer 
was found to be 90 pm. Hence, the computer-fit value of 100 pm is reason- 
able. 


To determine whether the experimental data could fit a model in  which 
there were noaqueous diffusion layers, i.e., hl = h3 = 0, best values were found 
for the membrane permeabilities using nonlinear least-squares regression and 
values listed in Table 11, except for the membrane permeabilities and the 
aqueous diffusion layer thickness. Figure 5 shows the best fit when the aqueous 
diffusion layers are totally neglected. As can be Secn under such circumstances, 
i .e . ,  when hl = h3 = 0. the fit between the experimental values and thevalues 
predicted by the model is rather poor. 


To asses the importance of the aqueous diffusion layers and the membrane 
permeabilities of the protonated species on the steady-state flux, computer 
simulations were made using the model parameters listed in Table 11 but ex- 
cluding the parameter of interest. Figures 6 and 7 show that if  the aqueous 
diffusion layer of the donor compartment is left out, the fluxes aresignificantly 
greater at the higher pH values. This shows that the aqueous diffusion layer 
is important, and significant errors in  the analysis may result when it is ig- 
nored. 


Figures 8 and 9 show the expected behavior if no protonated amine species 
were diffusing through the membrane. The theoretical fluxes were much 
smaller than the experimental fluxes at lower pH values. This clearly indicates 
that protonated amines arediffusing through the membrane, although they 
have much lower apparent membrane permeabilities than the free amines. 
These membranes were examined oia scanning electron microscopy at 
30.000X. and no evidence of holes was found, which supports the hypothesis 
of a true diffusion through the membrane of the protonated species. 


Table IV shows the influence of buffer concentration on permeation. At 
pH values at which the buffer capacity isgood (pH 12.05 and 7.50). the buffer 
concentration has no significant influence on permeation. At pH 9.5, at which 
the buffer capacity is poor, a lower flux was obscrvcd when the buffer strength 
was 0.01 M. This was the result of a drop in the bulk pH of -I pH unit at the 
lower buffer concentration. which was theoretically predicted and experi- 
mentally obscrvcd. 


Figure loshows thceffectofthealkylaminechain 1ength.The membrane 
permeability of octylamine is 15-20 times that of hexylamine. I f  it is assumed 
that the membrane diffusivities of these two compounds are about equal, this 
leads to an incremental A constant for the partition coefficient per methylene 


Figure 10-Influence of chain length onflux. Assuming that the membrane 
dif/usiuities of these two compounds are approximately equal. it leads to an 
incremental A constant for the partition coefficient of -0.61 per methylene 
group. Key: (0) octylamine; (A) hexylamine. 


group of -0.61, which is in good agreement with the value of 0.56 reported 
by Flynn and Yalkowsky ( 1  6). 


CONCLUSIONS 


We have developed a rugged experimental system for studying the transport 
of weak acids and bases across a lipoidal membrane and developed theoretical 
methods for analyzing the experimental results on a quantitative basis. The 
experimental system consisted of the two aqueous phases separated by silicone 
rubber membrane. The experimental data were analyzed by utilizing theory, 
which takes into account the simultaneous diffusion and equilibria among all 
species (the various buffer species as well as the free and protonated amine), 
pH, and aqueous diffusion layers on both sides. 


These results are conclusive evidence of the existence of aqueous diffusion 
barriers, as well as their effect on transport rates of solutes under varying 
conditions in a three-phase model. A true diffusion through the membrane 
of the protonated species was shown. The incremental 'R constant for the 
partition coefficient per methylene group was found to be 0.61. which is in 
good agreement with the value reported by Flynn and Yalkowsky (16). 


Since charged bile acid micelles are not transported across the membrane, 
it should be possible to evaluate the degree of micellar solubilization of the 
amines if  the study were carried out at pH 7.5-8.5, where aqueous diffusion 
laycr effects are not important. As the un-ionized form of the amine is the 
major species diffusing through the membrane, the flux is the direct mea- 
surement of the thermodynamic activity of the un-ionized species and can be 
measured accurately, as the Donnan membrane effects encountered with 
cellophane membrane dialysis methods are absent. 
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Abstract 0 A new method for making polymeric systems for the controlled 
release of macromolecular drugs is described. The method consists of mixing 
drug and polymer (ethylene-vinyl acetate copolymer) powders below the glass 
transition temperature of the polymer and compressing the mixture at a 
temperature above the glass transition point. The macromolecule is not ex- 
posed to organic solvent during the fabrication process. Kinetic studies indicate 
that there is sustained release, and the bioactivity of macromolecules tested 
is unchanged throughout the sintering and release processes. 


Keyphrases 0 Copolymers-ethylene-vinyl acetate, controlled release of 
macromolecules 0 Sustained release-macromolecules, ethylene-vinyl ac- 
etate copolymer 0 Sintering technique-preparation of ethylene-vinyl acetate 
copolymer, controlled release of macromolecules 


Previous studies (1 ,  2) have shown that controlled-release 
systems for macromolecules can be formulated by dissolution 
of ethylene-vinyl acetate copolymer in an organic solvent 
(dichloromethane), adding powdered macromolecule, casting 
the mixture in a mold at low temperature, and vacuum drying. 
However, the addition of solvent during the casting procedure 
may cause denaturation of certain macromolecules. In addi- 
tion, the removal of the casting solvent in the drying step is time 
consuming and leads to shrinkage with possible shape distor- 
tion of the matrix. This report describes a 37OC sintering 
technique which takes advantage of the low glass transition 
temperature (-36.5OC) of ethylene-vinyl acetate copolymer 
and eliminates the need for solvent casting. 


EXPERIMENTAL SECTION 


Polymer Glass Transition Temperature-The glass transition temperature 
(T , )  of ethylene-vinyl acetate copolymer was determined with a differential 
scanning calorimeter’ (3). 


Matrix Preparation-Ethylene-vinyl acetate copolymer2 was converted 
into a powder by one of two methods. The first method involved the dissolution 
of 3 g of ethylene-vinyl acetate copolymer in 20 mL of dichloromethane). The 
solution was extruded dropwise, with a 50-mL syringe4 fitted with a hypo- 


I Model DSC-11; Perkin-Elmer Corp., Norwalk, Conn. 


BAnalytical reagent, Mallinckrodt, Inc. ‘ Becton. Dickenson and Co.. Rutherford, N.J. 


EVAc pellets, Elvax 40, prewashed to remove clay; DuPont Chemical Co.. Wil- 
min ton, Del. 


dermic needle5, into a 250-mL beaker containing 100 mL of liquid nitrogen. 
From this point on, all instruments that came into contact with the frozen 
polymer solution were cooled with liquid nitrogen and, whenever possible, 
precooled in a freezer to minimize the quantity of liquid nitrogen needed for 
cooling. 


The frozen droplets were ground for 5 min with a mortar and pestle. The 
powder was then spread evenly over three 20.3 X 20.3-cm glass sheets that 
were cooled to - IOOC. The glass sheets were returned to a -1OOC freezer for 
2 h. At the end of that time, most of the solvent had evaporated, leaving a 
stringy powder. This powder was removed with a razor blade, bathed in a 
100-mL beaker6 with 30 mL of liquid nitrogen, and then ground to a fine 
powder with a mortar and pestle as described above. This powder was placed 
under vacuum for 2 h. Thc bulk powder was sieved to specific size ranges with 
a stack of graduated sieves’. Polymer powder prepared by this method is re- 
ferred to here as powder 1. 


Powder I was produced under two aging conditions. In one set of experi- 
ments, the powder was dried under vacuum for 2 h at room temperature. This 
is referred to here as “fresh” powder I. In the other set of experiments, the 
powder was dried under vacuum for 2 h and then left in a covered petri dish 
for 1 week at room temperature. This is referred to here as “aged” powder 
I. 


In the second method of powder preparation, 20 g of ethylene-vinyl acetate 
copolymer beads* were cooled in 40 mL of liquid nitrogen and placed in an 
electric mill*. The mill was set for 90-s grinding intervals. Between grindings, 
the polymer beads were cooled with 20-mL portions of liquid nitrogen. During 
the grinding process, cold nitrogen vapor was circulated around the sample 
chamber through the cooling ducts of the chamber. The powder collected 
around the outer edges of the sample chamber and could be extracted with 
a spatula after the second grinding and after every successive grinding. After 
the eighth grinding, -4 g of frozen pellets was added to restore the sample 
to its original volume. This process was repeated until sufficient powder was 
collected to prepare the samples. The ground polymer powder was then sieved 
to specific size ranges with a stack of graduated sieves in an automatic sieve 
shaker9 at -40°C. Polymer powder prepared by this second method is referred 
to here as powder 11. 


Studies were performed on both powderswith either a specific particlesize 
range (90- 180 pm) or a mixture of sizes as described in Table I. To formulate 
the controlled-release system, macromolecular drug powder was sieved to a 
particle size range of 90- 180 pm. Macromolecule and polymer powders, a 
total of -1.0 g, were placed in a plastic weighing boatlo, which was then 


2 1 - G a u i  S,08 cm; Becton. Dickcnson and Co. 
Pyrex; orning Glass Works, Corning, N.Y. 


Portable sieve shaker; C. E. Tyler, Inc.. Fisher Scientific Co.. Philadelphia, Pa. 


’ 450 90 pm; Newark Wire Cloth Co., Newark, N.J. * Micromill model 550; Technilab Instruments, Pequannock. N.J. 


l o  Polyethylene. 75-mL capacity; VWR Scientific. 
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Abstract 0 The pharmacokinetics of zinc sulfate were compared with those 
of a new zinc salt, pantothenate, i n  rabbits. Each salt was administered at a 
dosage of 3.3 pCi of zinc-65/kg of bcdy weight. The measured pharmacoki- 
netics of the two compounds responded to a two-compartment open model. 
The urinary elimination of the two salts was similar, as  was their localization 
in  the skin and fur, but zinc pantothenate was fixed by the liver to a lesser 
extent than war zinc sulfate. 


Keyphrases 0 [65Zn]Zinc sulfate-intravenous administration to rabbits, 
pharmacokinetics 0 [6sZn]Zinc pantothenate-intravenous administration 
to rabbits, pharmacokinetics 0 Pharmacokinetics- comparison of [65%n]zinc 
sulfate and [6SZn)zinc pantothenate injected intravenously. rabbits D Zinc 
salts--iinc sulfate and zinc pantothenate, comparative pharmacokinetics, 
intravenous administration to rabbits 


Zinc sulfate is used to treat acrodermatitis enteropathica 
( I ,  2), a condition associated with abnormal zinc metabolism. 
Zinc pantothenate, which we synthesized in our laboratory, 
had a much lower toxicity when administered orally to animals 
than did zinc sulfate and exhibited better gastric tolerance (3). 
We report here a comparative pharmacokinetic study of the 
intravenous injection of the two radioactive zinc salts. 


EXPERIMENTAL SECTION 


Reagent~--[~~Zn]Zinc pantothenate was prepared as previously described 
(4). The principle of the reaction is an exchange between calcium pantothenate 
and [65Zn]zinc sulfate with a specific radioactivity of 3.5 mCi/mg. 


Animal Treatment-Six male rabbits (mean weight, 2.5 kg) were isokdted 
in  metabolism cages and placed on a water diet 12 h prior to the experiment. 
The necks of the animals were shaved, and a 0.5% solution of lidocaine was 
applied as a light topical anesthesia. The jugular vein was freed, and a catheter 
was inserted. Bleeding was prevented by placing a small sponge imbibed with 
anesthetic under the suture. The protruding catheter was fixed to the skin with 
a bandage, thus permitting both injection of the products tested and blood 
sampling. 


Protocol and Analytical Procedures-Each zinc salt was injected into the 
jugular vein at a dose of 3.3 pCi of zinc-65/kg. and blood samples wcre taken 
at 5, 10, 15,30, and 60 min and 2.4. and 6 h postinjection. Blood samples (4  
mL) wcre taken at the indicated times in a dry polypropylene tube (5). and 
scrum was separated by centrifugation for 10 min at 3000 rpm. Animals were 
sacrificed 6.5 h after injection, and various organs or tissue fragments were 
removed and weighed: liver, kidneys, whole skin with fur, and, after washing 
with physiological saline. the small intestine. 


Radioactivity was determined with a liquid scintillation counter’. Serum 
activity is expressed as disintegration per minute after quench correction (Fig. 
I ) .  For urine elimination and tissue and organ samples, the results are ex- 
pressed as the percentage of the total quantity administered (Table I). 


I Model 9OOO y: Beckman. 


~~ .~ . -  
0.25 1 2 3 4 5 e 


HOURS 
Figure ]-Kinetics of the blood distribution of /65Zn/zinc sulfare (-) and 
/6sZnlzincpantothenate I -  -) after intravenous injection 10 six rabbits. The 
radioactivity 1s expressed as disintegrarions per minute (d.p.m.). Results are 
expressed as the mean f SE. 


RESULTS AND DISCUSSION 


The pharmacokinetic data indicate that the distribution half-life (a) of zinc 
pantothenate is shorter (0.1 1 h-l) than that of zinc sulfate (0.134 h-l) (Fig. 
I). Urinary elimination is very low and does not exceed 1% of the administered 
dose, which confirms results of previous studies with rats (6) and dogs (7) with 
zinc sulfate alone. 


Both salts exhibit a similar distribution in  the kidneys, the small intestine, 
the skin, and the fur. In the present study, there is a clear difference in hepatic 


Table I-Tissue Distribution and Urine Elimination of [65Zn]Zinc 
Pintothenate and 165ZnlZinc Sulfate after Intravenous Administration a 


Tissue 


Fluid 
01 


Radioactivity, Percentage of Total 
[6JZn]Zinc [65Zn]Zinc 


Pantot henate Sulfate 


Liver 8 17 
Kidney 2 2 
Whole skin and fur 4 2 
Small Intestine I 1 
Urine elimination I I 


0 Results were obtained 6.5 h after administration to six rabbits; results are expressed 
as percentage of the total activity. 
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binding ofthe twosalts: the zincsulfate is fixed to a greater extent than is the 
zinc pantothenate (17 uersus 8%). 


The efficient distribution and diffusion of zinc pantothenate in the skin and 
the fur, as  well as  its less important retention in  the liver, would suggest a 
therapeutic use in the treatment of disorders of the skin and scalp. 
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Abstract 0 3/3-Alkanesulfonates of dehydroepiandrosteronc, l6a-bromo- 
dehydrocpiandrosterone, epiandrosterone, and 16a-bromoepiandrostcrone 
were prepared in 54-95% yield via the reaction of long chain alkanesulfonyl 
chlorides with the corresponding dehydroepiandrostcrone, and epiandrosterone 
analogues. These compounds inhibit mouse glucose-6-phosphate dehydro- 
genase activity. 


Keyphrases 0 3~-Alkanesulfonates-synthesis, screened as glucosc-6- 
phosphate dehydrogenase inhibitors 0 Long-chain alkanesulfonyl chlo- 
rides-synthesis, antitumor agents 


In a series of clinical and epidemiological studies several 
investigators have found that women with subnormal plasma 
concentrations of the adrenal steroid dehydroepiandrosterone 
(la) have a high risk of developing breast cancer ( 1  -3). We 
have found that long-term treatment of various mouse strains 
with la inhibits the development of spontaneous breast cancer 
(4) and chemically induced lung ( 5 )  and colon tumors (6). I t  
also blocks the 12-0-tetradecanoylphorbol- 13-acetate (tumor 
promoter) stimulation of DNA synthesis in mouse epidermis 
(7) and inhibits the rate of [3H]thymidine incorporation in 
various cell lines in culture (4). 


Compound la is a potent noncompetitive inhibitor of 
mammalian glucose-6-phosphate dehydrogenase (G6PDH) 
(8,9).  Inhibition of this enzyme and the pentose-phosphate 
shunt, a major source of extramitochondrial NADPH, may 
account for the reduction in DNA synthesis rate by the steroid 
( 10). Dehydroepiandrosterone in  human plasma is largely 
sulfated. According to Oertel and Hoppe-Seyler, the pre- 
dominant sulfated form of la in human plasma is not dehy- 
droepiandrosterone sulfate (Ib), but an ester of Ib and a di- 
glyceride, known as dehydroepiandrosterone sulfatide ( I  I )  
( 1  1). The sulfatide was found to be a more potent inhibitor of 
G6PDH than la (9). 


We have observed that I I  is more effective than la in in- 
hibiting mouse epidermal G6PDH as well as in blocking 12- 
0-tetradecanoylphorbol- 13-acetate stimulation of DNA 
synthesis in mouse epidermis (7). On the other hand I I  is a 
labile material and decomposes readily within a few days, even 


Ia, R = H, X = H 
Ib, Ic, R R = = SO3H H, X = Br 


Ie, R = SOZ(CH~)?CH~, X = Br 
If, R = SOz(CH2)&H3, X = H 


II 
/!H+;O(CH,),,CH, 


CH2-0C0(CH~)~4CH3 
I Id, R = SO*(CHz),CH3, X = H 


Ig, R = SOz(CHz),&H3, X = Br rl 
when stored at -5OC, to the sulfate Ib, resulting in loss of bi- 
ological activity. Replacement of the sulfate functionality with 
sulfonate should lead to more stable analogues. In the search 
for stable and potent derivatives of 11, we decided to incorpo- 
rate the long chain alkanesulfonates into compounds which 
have already demonstrated a greater activity as inhibitors of 
glucose-6-phosphate dehydrogenase such as 16a-bromoepi- 
androsterone (7). Accordingly, 3@-aIkanesulfonates of Ia, 
1 6a-bromodehydroepiandrosterone (Ic), epiandrosterone 
(Illa), and 16a-bromoepiandrosterone (Illb) were pre- 
pared. 


RESULTS AND DISCUSSION 


Chemistry-3&Alkanesulfonates of dehydroepiandrosterone and epian- 
drosterone ( I  and V) were synthesized by the reaction of a long chain al- 
kanesulfonyl chloride IVa-e with the corresponding dehydroepiandrosterone 
or epiandrosterone analogue in the presence of dry triethylamine (Scheme 
1). 


Long-chain alkanesulfonyl chlorides IVa-e were prepared in 60-85% yields 
from the corresponding fatty alcohol via a modification of the King and Aslam 
procedure ( I  2) in which the hydroxyl group was replaced by the isothiuronium 
functionality and then the sulfur moiety was oxidized with chlorine in aqueous 
medium (Scheme 11). 


Biological Activity-The compounds listed in Table I were evaluated for 
their abilities to inhibit mouse epidermal glucose-6-phosphate dehydrogenase 
(Table 11). Among the 3j3-alkanesulfonates, compound Vf and its I6a-bromo 
analogue (Vg). both with the hexadecanesulfonyl side chain attached to the 
3g-psition of the epiandrosterone molecule, are the most potent inhibitors. 
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Abstract 0 A new method for making polymeric systems for the controlled 
release of macromolecular drugs is described. The method consists of mixing 
drug and polymer (ethylene-vinyl acetate copolymer) powders below the glass 
transition temperature of the polymer and compressing the mixture at a 
temperature above the glass transition point. The macromolecule is not ex- 
posed to organic solvent during the fabrication process. Kinetic studies indicate 
that there is sustained release, and the bioactivity of macromolecules tested 
is unchanged throughout the sintering and release processes. 


Keyphrases 0 Copolymers-ethylene-vinyl acetate, controlled release of 
macromolecules 0 Sustained release-macromolecules, ethylene-vinyl ac- 
etate copolymer 0 Sintering technique-preparation of ethylene-vinyl acetate 
copolymer, controlled release of macromolecules 


Previous studies (1 ,  2) have shown that controlled-release 
systems for macromolecules can be formulated by dissolution 
of ethylene-vinyl acetate copolymer in an organic solvent 
(dichloromethane), adding powdered macromolecule, casting 
the mixture in a mold at low temperature, and vacuum drying. 
However, the addition of solvent during the casting procedure 
may cause denaturation of certain macromolecules. In addi- 
tion, the removal of the casting solvent in the drying step is time 
consuming and leads to shrinkage with possible shape distor- 
tion of the matrix. This report describes a 37OC sintering 
technique which takes advantage of the low glass transition 
temperature (-36.5OC) of ethylene-vinyl acetate copolymer 
and eliminates the need for solvent casting. 


EXPERIMENTAL SECTION 


Polymer Glass Transition Temperature-The glass transition temperature 
(T , )  of ethylene-vinyl acetate copolymer was determined with a differential 
scanning calorimeter’ (3). 


Matrix Preparation-Ethylene-vinyl acetate copolymer2 was converted 
into a powder by one of two methods. The first method involved the dissolution 
of 3 g of ethylene-vinyl acetate copolymer in 20 mL of dichloromethane). The 
solution was extruded dropwise, with a 50-mL syringe4 fitted with a hypo- 


I Model DSC-11; Perkin-Elmer Corp., Norwalk, Conn. 


BAnalytical reagent, Mallinckrodt, Inc. ‘ Becton. Dickenson and Co.. Rutherford, N.J. 


EVAc pellets, Elvax 40, prewashed to remove clay; DuPont Chemical Co.. Wil- 
min ton, Del. 


dermic needle5, into a 250-mL beaker containing 100 mL of liquid nitrogen. 
From this point on, all instruments that came into contact with the frozen 
polymer solution were cooled with liquid nitrogen and, whenever possible, 
precooled in a freezer to minimize the quantity of liquid nitrogen needed for 
cooling. 


The frozen droplets were ground for 5 min with a mortar and pestle. The 
powder was then spread evenly over three 20.3 X 20.3-cm glass sheets that 
were cooled to - IOOC. The glass sheets were returned to a -1OOC freezer for 
2 h. At the end of that time, most of the solvent had evaporated, leaving a 
stringy powder. This powder was removed with a razor blade, bathed in a 
100-mL beaker6 with 30 mL of liquid nitrogen, and then ground to a fine 
powder with a mortar and pestle as described above. This powder was placed 
under vacuum for 2 h. Thc bulk powder was sieved to specific size ranges with 
a stack of graduated sieves’. Polymer powder prepared by this method is re- 
ferred to here as powder 1. 


Powder I was produced under two aging conditions. In one set of experi- 
ments, the powder was dried under vacuum for 2 h at room temperature. This 
is referred to here as “fresh” powder I. In the other set of experiments, the 
powder was dried under vacuum for 2 h and then left in a covered petri dish 
for 1 week at room temperature. This is referred to here as “aged” powder 
I. 


In the second method of powder preparation, 20 g of ethylene-vinyl acetate 
copolymer beads* were cooled in 40 mL of liquid nitrogen and placed in an 
electric mill*. The mill was set for 90-s grinding intervals. Between grindings, 
the polymer beads were cooled with 20-mL portions of liquid nitrogen. During 
the grinding process, cold nitrogen vapor was circulated around the sample 
chamber through the cooling ducts of the chamber. The powder collected 
around the outer edges of the sample chamber and could be extracted with 
a spatula after the second grinding and after every successive grinding. After 
the eighth grinding, -4 g of frozen pellets was added to restore the sample 
to its original volume. This process was repeated until sufficient powder was 
collected to prepare the samples. The ground polymer powder was then sieved 
to specific size ranges with a stack of graduated sieves in an automatic sieve 
shaker9 at -40°C. Polymer powder prepared by this second method is referred 
to here as powder 11. 


Studies were performed on both powderswith either a specific particlesize 
range (90- 180 pm) or a mixture of sizes as described in Table I. To formulate 
the controlled-release system, macromolecular drug powder was sieved to a 
particle size range of 90- 180 pm. Macromolecule and polymer powders, a 
total of -1.0 g, were placed in a plastic weighing boatlo, which was then 


2 1 - G a u i  S,08 cm; Becton. Dickcnson and Co. 
Pyrex; orning Glass Works, Corning, N.Y. 


Portable sieve shaker; C. E. Tyler, Inc.. Fisher Scientific Co.. Philadelphia, Pa. 


’ 450 90 pm; Newark Wire Cloth Co., Newark, N.J. * Micromill model 550; Technilab Instruments, Pequannock. N.J. 


l o  Polyethylene. 75-mL capacity; VWR Scientific. 
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Figure 1-Release kinetics for 25% (wlw) albumin slabs: effect of polymer 
powder type. Matrices were cast with a mixed particle size range (Table I )  
and with a formation pressure of lO.5 MPa. Key: I.) fresh powder I;  (A) aged 
powder I ;  (+) powder 11. 


transferred to a baking disht1 containing liquid nitrogen at  a depth of 1 cm. 
The powders were mixed in the weighing boat for 5 min with a spatula that 
was chilled with liquid nitrogen. After mixing, the powders were poured into 
a piston moldI2. The mold was chilled in a -1O'C freezer for 1 h and then 
chilled with 20 mL of liquid nitrogen immediately before the powder mixture 
was poured in. After the mixed powder was poured into the piston, the piston 
mold assembly was warmed to 37OC in an ovent3 for 1 h and then placed in 
a hydraulic presst4. The pressure on the mold was increased over a 90-s interval 
from 0 Pa to the maximum pressure desired. After 30 min, the pressure was 
released, leaving a cohesive, heterogeneous slab. 


The slab was removed from the mold with the aid of a scalpelI5 and forceps. 
A small amount (<2%) of the fused polymer mixture was extruded into the 
space between the moving piston and the jacket of the mold. The scalpel was 
used to trim any of the polymer mixture than may have leaked. The slab was 
then gently peeled from the mold with forceps. 


Slabs were prepared separately a t  maximum pressures of 3.5, 7, and 10.5 
MPd from each powder described above. Macromolecules tested for release 
were bovine serum albumin16 and trypsinl'. 


Kinetics-Each slab was -I .4-mm thick. Four pieces, measuring -7 X 7 
X 1 mm each, were cut from each slab with a scalpel and tested for release 
as follows. Scintillation vials'* were filled with 10 mL of physiological saline 
for albumin release studies and 10 mL of TrisI9 buffer for trypsin release 
studies. The matrix samples were attached to glass loops made from Pasteur 
pipetszo that were fitted into scintillation vial caps. The samples were attached 
by passing a thread of 410 silk2' through the sample in an orthogonal direction 
to its face. By tying the sample to the rod, it ensured that the sample was al- 
ways bathed on all sides with fluid and provided an easy way to transfer the 
samples from vial to vial during the release study. Release kinetics for albumin, 
based on the amount of protein relcascd, were determined by UV spectro- 
photometry at 220 nm on 144 samples cut from 36 25% (w/w) loaded slabs. 


' I  Pyrex; Corning Glass Works. 
I 2  Accessorv oiston for Carver Dress (surface area. 2.54 cm2k Fred S .  Carver. Inc.. . .  . .  


Menomonee. %s. 
I 3  Stabiltherm constant temperature cabinet: Blue M Electric Co., Blue Island. 111. 
l 4  Carver Laboratorv Dress. model C: Fred S. Carver. Inc. 
I s  Scalpel blade #2i; 'Bard Parker. Rutherford, N.J.' 
l6 Catalog number T8253: Sigma Chemical Co., St. Louis, Mo. 


I *  20 mL; Fisher ScientificCo. 
19Tris, 0.01 I S  M. Schwarz/Mann, Spring Valley, N.Y.; CaC12, 0.01 IS M, Baker 


Chemical Co.. Phillipsburgh. N.Y.; HCI (pH 8.0). Mallinckrodt. 
2o 13.61 cm X 7 mm,catalog number 14672-200; VWR Scientific. Loop was fashioned 


by heating the pipet over a bunsen burner. The shaft of pipct was fitted into the cap of 
a scintillation vial. A hole wasdrilled through the topof thecap wide enough toaccom- 
d a t e  the shaft. The pipet was sealed into place with paraffin wax. 


21 Black braided; presoaked in saline for I week and dried: American Cyanamid. Pearl 
River. N.Y. 


Catalog number A4503;Sigma Chemical Co. 
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Figure %-Release kinetics for 25% (w/w) albumin slabs: effect offormation 
pressure. Key: (a) matrices cast with fresh powder I .  a mixed particle size 
range (Table I ) .  and with formation pressures of 3.5 (O), 7.0 (0). and 10.5 
MPa (a): (b) matrices cast with aged powder I ,  a fixed particle size range 
(90-180 pm). and with formation pressures of 3.5 (+)s 7.0 (M)# and 10.5 MPa 
(A). 


Trypsin release, also based on protein content. was determined by UV spec- 
trophotometry at 220 nm on 18 samples cut from nine 18% loaded slabs. 


Bioactivity-After trypsin release from the 18 samples was assayed (see 
above). the recovered enzyme was then diluted with Tris buffer to a concen- 
tration of 0.1 1 mg/mL. The enzyme turnover rate of the diluted trypsin so- 
lution on a tosyl-arginine methyl esterzz substrate was then tested a t  247 nm 
(4). The turnover rate of the test solution was compared with the turnover rate 
of a standard trypsin solution at the same concentration. The bioactivity index 
was taken to be the ratio of the two turnover rates. 


Bioactivity was assessed a t  nine different times over a 310-h release period 
for two separate matrices cast with each powder (fresh powder I, aged powder 
I ,  and powder 11) all a t  a pressure of 10.5 MPa.  Bioactivity was also tested 


21 T4626. catalog number 1022-31; Sigma Chemical Co 
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Figure 3-Release kinetics for 25% (wjw) albumin slabs: eflect of particle 
size range. Key: (aj matrices cast with fresh powder I and a formation pressure 
of 7.0 MPa; (b) matrices cast with aged powder I and a formation pressure 
of 7.0 MPa; (c) matrices cast with powder I1 and a formation pressure of 7.0 
MPa; (0, 0,  A) mixed particle sizes (Table I); (0. ., A )  fixed particle size 
range (90-180 pm). 


SORT TIME, h1I2 


for each powder on trypsin matrices cast at 3.5 and 7.0 MPa. For these ma- 
trices, bioactivity was aSSeSSed at only one time point (with release occurring 
between 24 and 36 h). 


RESULTS 


Pdymer Class Transition Temperature-The glass transition temperature 
was -36.5OC. 


Kinetics-Figure 1 shows the release kinetics for slabs cast at 10.5 MPa 
with polymer powder granules with a mixed size range (Table I). Both the 
powder type and aging condition affect the rate of drug release. Specifically, 
powder I I  matrices release all of their releasable drug rapidly. Aged powder 
I matrices release drug at an intermediate rate. and fresh powder I matrices 
release drug at the slowest rate. Fresh powder I still releases at the same t 1 l 2  
rate after 1 week. 


In general, it was found that formation pressure has a small effect on release 
kinetics. When it does have an effect, it tends to be in the earliest stages of 
release, i.e., the initial burst. Two examples of formation pressure dependence 
are shown in Fig. 2. The initial burst decreases with increasing pressure. 


Similarly, the polymer powder particle size distribution generally does not 
dramatically affect release. Typical plots comparing release for the two 
polymer particle size distributions are shown in Fig. 3a. There is a slight 
tendency for matrices cast with mixed polymer particles to release more slowly 
and steadily than matrices cast with polymers cast with polymer particles of 
a single size range (90-1 80 pm). One case was observed in which the particle 
size mix had a pronounced effect (Fig. 3c). 


Reproducibility between identically made slabs was within 8%. From 
samples cut from the same slab, reproducibility was within 6 V P .  


Bioactivity-Table 11 shows the bioactivity index of released trypsin re- 
covered during the time point corresponding to the release occurring between 
24 and 36 h as a function of formation pressure and polymer powder type. The 
bioactivity index in all cases exceeded 96%. There appeared to be no difference 
between polymer powder types in their effect on enzyme activity. When the 
bioactivity index of released trypsin was measured for the amount of enzyme 
released from the matrix at later times, it exceeded 95% in every case. 


DISCUSSION 


The advantages of thesintering method used in this study, when compared 
with solvent casting methods used in previous studies, include ( a )  elimination 
of shrinkage; ( b )  elimination of the need for potentially expensive scale-up 
steps such as vacuum drying; ( c )  reduction of processing time [slabs were 
produced in 2 hz4 compared with 4 d required for solvent casting (I)];  and ( d )  
lack of the necessity to expose the macromolecule to solvent. 


Microscopic examination of the polymer particles of the two powder types 
reveals that they are similar in shapeand are both white and translucent. They 
range in shape from a spherical form to an oblate spheroid form, in which the 


23 Reproducibility was determined by dividing the range of all points corresponding 


*' These studies were rformed on test slabs that were produced in 2 h. S i n e  then, 
to a mean value by that m a n  value. 


slabs have been p r o d u s  in as little ' as 24 min. 
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Table I-Particle Size Distribution for Polymer Powder with a Mixture of 
Particle Sizes 


Table 11-Percent Bioactivity for Trypsin Release Averaged over Two 
Slabs for Each Formation Pressure and Powder Type 


Particle Size, pm Weight, % 


300-425 33 
150-300 7 
106-150 33 ... ... 


90- 106 
53-90 


~. 


10 
17 


length is -1.5 times the width. The only visually discernable differences be- 
tween the powder types is surface topography. Powder 1 shows a roughened 
surface, with occasional folds and depressions. Powder I1 shows particles that 
are smoother with neither folds nor depressions. Some of the powder I1 par- 
ticles have sharp, well-defined edges. 


When stored at room temperature for 2 weeks and reexamined with a mi- 
croscope, polymer powders produced by both of the methods described above 
showed the same surface morphology as the respective fresh powders. Neither 
fabrication procedure nor aging affected the adhesive quality of the polymer 
powder. 


In the slntering method, the powdered drug and polymer were cooled to 
-2OOOC at which temperature they lose their adhesive properties. They were 
then mixed to give a homogenous blend. Warming the powders restored their 
elastic properties. Pressure applied at temperatures > -36.5”C caused the 
polymer particles to flow around the drug powder and merge together with 
other polymer particles. The result was a solid with drug powder locked into 
it. 


Temperatures below Tg are essential for uniform mixing. Ethylene-vinyl 
acetate with 40% vinyl acetate by weight is a highly adhesive substance. Above 
T, there are clumps of polymer powder that cannot be evenly mixed with the 
macromolecule. When fabrication was undertaken without cold mixing, some 
of the polymer particles clumped together. Substrate crystals adhered to these 
lumps in a nonuniform fashion. The mechanical strength of the slabs that were 
prepared without cold mixing was poor. Samples prepared in this way were 
fragile, pulled apart easily, and did not have evenly distributed substrates. 


The polymer powder type seems to be the most important variable in de- 
termining release rates. The difference in the release kinetics for polymers 
cast with different powder types may be due to the fact that fresh powder I 
may contain residual solvent which might help fuse the boundaries between 
the polymer particles. Powder I granules also appear to have a folded surface. 
The extra surface area of the grains may allow for a more complete fusion to 
the solid matrix. Similarly, it is likely that aged powder I contains less solvent 
than fresh powder 1, and this might explain why the fresh powder releases drug 
on a more sustained basis. 


Increasing formation pressure often decreases the initial burst of release 
when both powder I and powder I 1  are used. This is probably due to the re- 
quirement of high pressure to ensure fusion of polymer granules. At low for- 
mation pressure. the polymer matrix is grainy. The boundaries between 
polymer grains may provide extra channels (4) through which drug can dif- 
fuse. 


Pressure, Powder I, % 
M Pa Fresh A d  Powder 11.9% 


3.5 97.3 100 100 
7.0 99.4 98.5 96.4 


10.5 98.3 98.8 100 


Using a mixture of varying polymer particle sizes can have the effect of 
prolonging release. This is probably due to the fact that the smaller particles 
fit into the interstitial spaces between the larger grains. The smaller particles 
might then help cement the larger polymer particles and thereby fmter a more 
complete fusion. The small particles might also help fill spaces that would 
otherwise become small pores that would increase the release rate. It was 
noted, however, that there was only one case in which the particle size mixture 
had a significant effect on release rates (Fig. 3c). At present, we cannot as- 
certain whether the results shown in Fig. 3c are anomalous or whether there 
is some uncontrolled variable that caused the difference between the results 
shown in Fig. 3c and Fig. 3a and b. 


It is well known ( 5 )  that diffusive release from slabs shows rl/* kinetics. 
Our results also follow rV2 kinetics. It has been shown that diffusive release 
with zero-order release kinetics is obtained from hemispheric drug-polymer 
pellets that are coated with an impermeable barrier, except for a small cavity 
in the center face (6). It is possible to form hemispheres by the sintering 
method presented here. Initial results with such sintered hemispheres have 
shown near-constant release of polypeptides such as insulin for >70 d (7). 
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free fraction between the hyperlipidemic patients and the healthy volunteers 
can be accounted for by slightly higher nl-acid glycoprotein concentrations 
in the former group. 


I t  appears, therefore. that the important binding proteins for quinidine arc 
nl-acid glycoprotein and albumin. Using the mean binding parameters for 
these proteins (Fig. I ) ,  one can predict that at least a 50% decrease in albumin 
concentration would be necessary to obtain a 20% increase in quinidine free 
fraction. Clinically significant changes in  quinidine binding arc more likely 
to be due to changes in a,-acid glycoprotein concentration, since serum levels 
of this protein may be increased in patients suffering from a number of com- 
mon diseases. 
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Abstract 0 A simple and rapid mcthod for comparing the degree of self- 
cmulsifiability of different hydrocarbon oils is described. The method involved 
mcasurement of the intensity of light scattered at an angle of 31 to the inci- 
dent radiation by the sample. The cxtcnt or degree of self-emulsification of 
selected hydrocarbon oils was observed to bc affected by the nature of the oil 
as well as by the type and conccniration of the surfactants employed. The 
mcthod is useful when screening surfactant-hydrocarbon oil combinations 
a s  potential vehicles for drugs in the pharmaceutical industry or herbicides 
and pesticides for agricultural purposes. 


Keyphrases 0 Emulsions--surfactant-hydrocarbon oil, self-emulsifiability, 
measurement by laser nephelometry 0 Laser nephelometry-sclf-emulsifi- 
ability, surfactant -hydrocarbon oil mixtures 0 Hydrocarbon oils-self- 
cmulsifiability, effect of added surfactants. measurement by laser nephe- 
lometry 


Self-emulsifiable oils (also known as emulsifiable concen- 
trates), widely used in the chemical and allied industries be- 
cause they readily form emulsions without the need for pow- 
erful or sophisticated emulsification equipment, serve as ve- 
hicles for herbicides and pesticides and are used for cutting and 
rolling metals into thin sheets. They are also employed as lu- 
bricants in the textile industry and are currently being used 
for the recovery and processing of crude oils. 


Self-emulsifiable oils have some potential applications in 
the drug industry. Solutions of drugs in oils have been ad- 
ministered to patients in soft gelatin capsules since the early 


part of the 19th century. In  its modern form, this dosage is 
claimed to be advantageous since the accuracy, stability, and 
patient convenience is greater than that for the corresponding 
tableted form of a given drug. These oily solutions readily 
emulsify when released into the aqueous environment of the 
stomach. The generation of a large surface area means an 
optimum condition for extraction and absorption of the drug. 
The main requirement would be a suitable combination of 
nontoxic surfactants in bland oils. 


It has been reported that the oil droplets in self-emulsifiable 
systems can be very small, -1 pm ( 1 ) .  Measurement of droplet 
sizes in  the submicrometer range has proved to be very tedious 
and/or time consuming (2).  It is anticipated that the laser 
nephelometer', when used judiciously, can reduce the number 
of problcms associated with particle size characterization in 
dispersed systems. 


THEORETICAL SECIION 


Several theoriesof light scattering by small particles (3 5) have appeared 
i n  the literature since the pioneering work of Rayleigh (6. 7) in this field. 
Recently, Ragchi and Vold (8) have commented on the limitations of some 
of these thcorics. In the present work, i t  is assumed that the basic equation 


I Hyland Laser Nephelometcr PDQ; Travcnol I-aboratories 
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Table I-Composition of Emulsifiable Oils 


Total Conc. of 
Surfactants‘, % w/w 


Conc. of Hydrocarbon 
Oil, % w/w 


1 I I I 1 1 I 
2 c 4 8 10 12 I4 


Figure 1-Turbidity as a function on concentration of suspended latex par- 
ticles. Nominal (manujacturer*s) particle diamter = 0.24 pm.  


of Rayleigh (6) given by: 


01 
(oncpntrotion of  susppndpd / O h X  pOrtiCleS % v/v ( x  10-3 


is applicable. In  this equation, I , ( @  is the intensity of light scattered at  angle 
0. N is the number of particles in volume V. d is the distance between the 
measuring unit and the sample, n ,  and n,, are the refractive indices of the 
dispersed and continuous phases, respectively, and X is the wavelength of the 
incident light of intensity l o .  


Lee and Groves ( 9 )  have shown that with the laser nephelometer. some 
factors (such as d and 0) may be regarded as constant, due to the design of 
the instrument, and they represented the measured intensity of scattered light 
by : 


I s ( @  = f N V . f n  . A n l  - rill) (Eq. 2) 
V is related to cp ( i .e . ,  the volume fraction of the dispersed phase). The mea- 
sured turbidity, Tu. is: 


(Eq. 3) 


EXPERIMENTAL SECTION 


Monosize latex2 particles werc used as received. High purity n-hydrocarbon3 
oils and a hydrocarbon mixture were purified further by repeated per- 
colation through beds of fuller’s earth’ until their physical properties agreed 
closely with literature values. Surfactant mixture 116 was used at  a 1 : 1  ratio; 
surfactant mixture 111’ was used as I: I  and 3:2 mixtures. Water was triple 
distilled from an all glass apparatus (surface tension, ya /w = 7 I .9 mNm-’ 
a t  25OC). 


The laser nephelometer’ utilizes a low-powered (0.5 mW) neon laser (X  
= 632.8 nm) and an arbitrary scale of 0-200 to indicate increasing scattering 
intensity or turbidity, and was operatcd according to the manufacturer’s 
manual ( 1  5 ) .  


* Rhhe-Poulenc Polymeres. Aubcrvilliers, France. 
British Drug Houses, Poole, England. ‘ Dobane JN;  Shell Chemicals. I t  IS a mixture of aromatic (IS%), naphlheneic (l4%), 


and paraffinic (44%) hydrocarbons (10). 
Adsorption grade; Hopkin and Williams, Romford, England. 
Mixture of a water-soluble. phosphated nonylphenol ethoxylate ( I  I )  and an oil- 


soluble, phosphated fatty alcohol ethoxylate ( 1  2); Lankro Chemicals, Manchester. En- 
gland. ’ Mixture of Arylan PWS [a straight-chain. water-soluble dedecyl benzene sulfonate 
derivative ( I  3)]  and Ethylan D254 [an oil-soluble fatty alcohol ethoxylate (14)]; Lankro 
Chemicals, Manchcster. England. 


10 90 
20 80 
30 70 
40 60 
50 50 


“Mixture11 wasusedasa  I : I  ratio;mixtureIII waseithera I:I ora1:Zratio.  


Serial dilutions of suspensions of the latex particles in  water were made. 
Emulsifiable oils were prepared by adding the hydrocarbon oils to the sur- 
factant mixtures; all preparations were made on a weight basis, as indicated 
in  Table 1. Emulsions were prepared by adding 1 mL of the emulsifiablc oil 
to 99 mL of water in a 100-mL graduated cylinder, which was then gently 
inverted until the dispersion was homogeneous. Serial dilutions of the emul- 
sions were then made. 


Sample tubes containing the dilute suspensions of the latex particles or the 
emulsions were placed, in turn, in the low-power laser beam, and the turbidity 
as  indicated by the instrument reading was recorded after a scanning period 


30 r 


I, 


0 
2 L 6 8 I0 I2 I4 


(oncpntmtim of emulsion o f e r  dilutim% v / v h  lO.=’l 


12 , IL 2 c 6 8 10 


Figure 2-Turbidity as a function of concentration of emulsions prepared 
from emulsifiable oils consisting of I11 ( I : / )  and I (A )  and I 1  ( 1 : l )  and n- 
hexqne (B) .  Key: (0) 10% w/w; (A) 20% w/w; (X) 30% w/w; (0) 40% w/w; (A) 
50% W/W. 


1288 I Journal of Fhartnaceutikal Sciences 
Vol. 73, No. 9, September 1984 







b 5.0 


I 


a 8 Q L O ,  0 


4 


301 0 4 i J 10 1 20 I 30 I 40 I 50 1 


I I 1 1 1 
10 M 30 LO 50 
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Figure %-Log slope dTu/dC against concentration of surfactant for hydro- 
carbon-in-water emulsions stabilized with (A)  I1 (1:1), IS) 111 ( / : I ) ,  and (C) 
111 (3:2). Key: (A) n-hexane; (A) n-octane; (m) n-decane; (0) n-dodecane: ( X )  
n-huxadecane; (0) dobane. 


I I I I 


Concentmtmn o f  surfatants 1% w / w l  


of 5 s. At least 10 samples from each suspension or emulsion were analyzed 
and the results averaged. 


10 20 30 LO st, 


RESULTS AND DISCUSSION 


Griiphs were plotted between turbidity (instrument reading) and concen- 
tration of latex particles or emulsions; representative results are shown in Figs. 
I and 2, rcspectivcly. The graphs were rectilinear within the range of con- 
centrations cxamintd. This observation conforms with k e r ' s  law, which states 
th ; i t  thc decrease i n  intensity of radiation is related exponentially to thecon- 
ccntration of an absorbing substance in solution through which the radiation 
passes provided the light is monochromatic and the material homogenous. 


To quantify the extent of emulsification of each hydrocarbon oil, slopes (i.e.. 
clTu/d(') were detcrmined. The logarithms of the slopes (to accommodate 
the range) were then plotted against the concentration of surfactants in the 
cmulsifiable oil (see Table I ) .  Representative results* are shown in  Fig. 3. 


It  can be seen that as the total concentration of the surfactants was in- 
creased. there was an increase in  the value of the slope for each hydrocarbon 
oil  un t i l  a maximum was reached. after which there was a decrease. The in- 
crease in slope (as a function of surfactant concentration) was probably the 
r c d t  of increased adsorption of surfactant molecules at the oil- water interface 
Icading to an increase in the stabilization of the interfacial area until a max- 


imum was reached. The fall in slope at  higher concentrations of surfactants 
could be due to formation of associated structures with a corresponding de- 
crease in  translucency. 


At any particular total concentration of surfactants, the numerical value 
of the slope (log dTu/dC) is a measure of the amount of light scattered by 
the system and, hence. a measure of its self-emulsifiability. Thus, from Fig. 
3A it isseen that I is more readilyemulsified by I I  ( I : I )  thann-hexane because 
a t  all concentrations of these emulsifiers, the curve for the former is above that 
of the latter. This observation is supported by recent work (16). which showed 
that droplets of n-hexane stabilized with equal weight ratios of these surfac- 
tants were larger and fewer than those of I. 


Whencomparingtheefficiencyof I I  ( I : ] )  with I l l  (I:l)asanemulsifier 
for n-hexane, i t  can be said that the former is more efficient, since at each total 
concentration of surfactants the value of dTu/dC with I I  ( I : I )  is higher than 
wi th  I l l  ( 1 : l ) .  


CONCLUSIONS 
The objective in  any formulation exercise should be to achieve a maximum 


value of dTu/dC' a t  the lowest convenient total concentration of surfactants. 
The present equipment and technique should prove suitable for comparing 
the relative belf-emulsifiabilities of different oil-surfactant combinations. 
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Abstract 0 A high-performance liquid chromatographic method using a linear 
clution gradient has been developed for the analysis of sulindac, sulindac 
sulfone, and sulindac sulfide in plasma. urine, bile, and gastric fluid. The 
methodology uses reverse-phase, radial compression chromatography with 
gradient elution, and U V  detection. Sulindac and its metabolites in plasma 
can be quantitated at 0.25 pg/mL with a mean CVof 6.0 2.9%: urine. bile. 
and gastric fluid (0.5 pg/ml.) yield a mean C'Y of 5.5 f 1.9?h. 


Keyphrases 0 Sulindac---metabolites. liquid chromatography with UV de- 
tcction. human plasma. urine. bile. and gastric fluid 0 Liquid chromatogra- 
phy- sulindac and i t 5  metabolites, human plasma. urine, bile and gastric 
fluid 


Sulindac (cis-5-fluoro-2-met hyl- I - [p - (  met hylsulfinyl)- 
benzylidene]indene-3-acetic acid; I )  is an anti-inflammatory 
drug with analgesic and antipyretic properties. Metabolites 
include sulindac sulfide (11) the active species ( I ) ,  and sulindac 
sulfone (111) .  Sulindac and its mctabolitcs are detected in  
plasma, while sulindac, sulindac sulfone, and their respective 
conjugates are the major constituents excreted in urine (2). 


Previous methods of analysis include an isotope dilution 
radioimmunoassay ( 3 ) ,  a computerized mass spectral assay 
(4). and a high-performance liquid chromatographic assay 
(HPLC)  (S), and appear to be restricted to serum or plasma. 
A stepwise isocratic HPLC assay has been recently reported 
(6)  for plasma and urine determination; however, it involves 
tedious extraction procedures and is not free of intcrfering 
substances. 


Preliminary investigations using the Dusci and Hackett 
mcthod (5) led to incomplete resolution of sulindac and its 
metabolites from endogenous substances. Modifying this 
method with gradient elution afforded an assay that is appli- 
cable for measuring total levels of sulindac and its metabolites 
in plasma, urine, bile, and gastric fluid, and one that appears 
to be free from interfering substances. 
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EXPERIMENTAL SECTION 


Apparatus-The chromatography was performed on HPLC equipment 
which included two solvent delivery systems1, an auto sampler2. a fixed- 
wavelength absorbance detector with a 340-nm filter3, and a solvent pro- 
grammer4. The absorbance responses were recorded by a computing inte- 
grator5 (attenuation 16 mV full  scale; chart speed 0.5 cm/min). 


Materials - Sulindacb, sulindac sulfone6, sulindac sulfide6, and indo- 
methacin6 ( I V .  internal standard) were used as  received (7 .8):  acetonitrile, 


' Model 60M)A Solvent Delivery Systems; Waters Associates. 
W I S P  7 IOB auto sampler; Waters Associates. ' Model 440 Absorbance Detector; Waters Associates. 
Model 660 Solvent Programmer, Waters Associates. 
SP4100 Computing Integrator; Spectra Physics. 
Merck Sharp & Dohme Research laboratories. Purity for sulindac and metabolites 


was determined by H P L C  and elemental analysis. Sulindac sulfide: calc. for CmH ,,FOfi: 
C. 70.6: 11, 5.00. Found: C. 71.0: 11, 4.68. Sulindac sulfone: calc. for C ~ ~ H I ~ F O ~ S :  C. 
64.5;H.4.57. I;ound:C,64.3,t1,4.48.Sulindac:calc. forCzoH,,FO,S:C.67.4; H.4.81. 
Found: C. 67.4: H. 4.72. 
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Analysis of N-( 4-Hydroxypheny1)retinamide Polymorphic 
Forms by X-ray Powder Diffraction 
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Abstract 0 A quantitative X-ray diffraction method, with zinc oxide used 
as the internal standard, was developed for the analysis of polymorphic forms 
I and 11 of N-(4hydroxyphenyl)retinamide. The standard curve relating peak 
height ratio to the percentage of form I was linear. The method was precise 
and accurate to within &6%. 


KeypsrnseS 0 N-(4-Hydroxyphenyl)retinamide-X-ray powder diffraction 
analysis of polymorphic forms 0 X-ray powder diffraction-analysis of 
polymorphic forms of N-(4-hydroxyphenyl)retinamide 0 Polymorphs- 
N-(4-hydroxyphenyl)retinamide, analysis by X-ray powder diffraction 


N-(4-Hydroxyphenyl)retinamide (fenretinide; III),  an 
analogue of vitamin A which was first synthesized by Gander 
and co-workers ( l ) ,  has a demonstrated prophylactic effect 
against mammary tumors in rats. Two polymorphic forms of 
N-(4-hydroxyphenyl)retinamide which occur alone or in 
combination after recrystallization have been identified by 
X-ray powder diffraction (Fig. 1). 


The polymorphic form of a drug may affect its efficacy. The 
bioavailability of both chloramphenicol(2) and sulfameter (3) 
after oral administration in humans is dependent on their 
polymorphic forms. Studies in animals with polymorphs of 
indomethacin (4), amobarbital(9, and phenobarbital (6) have 
demonstrated the nonequivalence of polymorphic forms. To 
monitor the polymorphic character of N-(Chydroxyphenyl)- 
retinamide drug substance used in preclinical animal testing 
and to evaluate the physicochemical properties of the two 
forms, a quantitative analytical procedure was developed. 


X-ray powder diffraction and IR spectroscopy have been 
used for quantitative analysis of mixtures of polymorphs. 
Walkling et af. (7) have developed an IR spectroscopic method 
to quantitate difenoxin hydrochloride polymorph mixtures. 
Aguiar et al. (2) have used X-ray powder diffraction to de- 
termine the composition of chloramphenicol palmitate poly- 
morph mixtures by calculating the peak height ratio of two 
peaks, with each peak characteristic of one of the two forms. 
The calibration line they obtained was curvilinear rather than 
straight. They found that the amorphous form did not interfere 
and that they could correct for the amount of a third crystalline 
form occasionally present. Papariello et af. (8) have success- 
fully used X-ray powder diffraction as a nondestructive ana- 
lytical method for measuring the amount of glutethimide in 
intact tablets. Black and Lovering (9) have used X-ray powder 
diffraction to quantitate the crystalline polymorphs in digoxin. 
X-ray diffraction studies of vitamin A analogues appear to 
have been limited to single-crystal studies to elucidate their 
chemical structures (10-14). 


In this report is described a quantitative X-ray powder 
diffraction method which determines the amounts of the 


K(4-hydroxyphenyl)retinamMe 


polymorphic forms I and I1 of N-(4hydroxyphenyI)retinamide 
in samples of N-(4-hydroxyphenyl)retinamide drug substance. 
Zinc oxide was selected as the internal standard since all of its 
diffraction peaks (Fig. 1) occur at higher reflection angles than 
those of the two polymorphic forms of N-(4-hydroxyphenyl)- 
retinamide. 


EXPERIMENTAL SECTION 


Reagents and Materials-Zinc oxide' (internal standard), analytical re- 
agent grade, was obtained commercially and was passed through an 80-mesh 
sieve prior to use. N-(4-Hydroxyphenyl)retinamide was 299% pure, as de- 
termined by an HPLC method in which the 13-cis isomer was separated from 
the all-trans isomer, N-(4hydroxyphenyl)retinamide. There was <0.5% 13-cis 
isomer in the test materials. Mixtures of forms I and I1 gave thesame HPLC 
peak and TLC spot. There were qualitative differences in the IR spectra of 
forms I and I1 that were suggestive of polymorphism. The solution NMR 
spectra were identical, indicating that the two forms were not isomers of each 
other. The two forms do not interconvert under the conditions described in 
this report. 


Standards-Authentic samples of N-(4hydroxyphenyl)retinamide forms 
I and I1 were passed through an 80-mesh sieve. When N-(4-hydroxyphenyl)- 
retinamide was passed through a 200-mesh sieve, the sample could not be used 
due to the induction of a static electrical charge. The 8&mcsh powder sampla 
were used as the 100 and 0% form I standards. The 25,50, and 75% form I 
standards were prepared by mixing forms I and I 1  in a mortar. 


Assly-A sample (200 rng) of N-(4hydroxyphenyI)retinamide or standard 
was mixed with 40 mg of zinc oxide in a glass mortar. The N-(4hydroxy- 
pheny1)retinamide-zinc oxide mixture (5: I )  was placed into a sample holder, 
and the powder was pressed into place with a glass slide by moving the slide 
from side to side, thereby leaving a smooth, lightly compacted surface. The 
samples were scanned over the 5-37' 28 range. The peak heights of the sample 
and internal standard were measured at 19.1 ' and 3 1.8' 28 from a baseline 
drawn from 11' to 33' 20. The ratio 119.1/131,~ was calculated, and the amount 
of form I was obtained from a standard curve relating I I ~ . I / I ~ ~  8 versus the 
percentage of form I. 


Apparafm-An X-ray diffractometer2 containing a long fine-focus copper 
tube X-ray source, diffracted-beam monochromater, theta-compensating slit, 
and scintillation counter was used. The X-ray tube was operated at 40 kV and 
30 mA. The scan speed was Io/min; range, 5 kcps; time constant, 1. The 
takeoff angle was 6'. 


Reproducibility and Accuracy-A 2.5-g mixture was prepared, as described 
above, containing 75% form I and 25% form 11. The mixture was mixed with 
zinc oxide (5:l) and analyzed 10 times using a different aliquot for each assay. 
Nine other mixtures were prepared in which the amount of form I ranged from 
19 to 100%. The concentrations of form I were determined for the 10 samples 
and compared with the known concentrations. 


RESULTS AND DISCUSSION 


The X-ray powder diffraction patterns for polymorphic forms I and 11 are 
shown in Fig. 1. The d-spacings and relative intensities of the two polymorphs 
are tabulated in Table 1. It appears that a number of peaks such as 2f3 = 19.1', 
25. 1'. and 19.8' could be used quantitatively to measure the amounts of forms 
1 and I1  in samples of drug substance. Since the peaks are sharp and have about 
the same width at half-height, peak height is a reasonable approximation of 
the area of the peak. Several peak height and peak height ratio combinations 
were evaluated. None were sufficiently accurate for determining the com- 
position of known mixtures. The low angle peaks below 11 '  20, at which 


I Fisher Scientific Co. 
2 Philips Electronic Instruments, Inc 
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Figure 1-X-ray dijfraction patterns of polymorphic forms I and I1 and zinc oxide. 


Table I-Tabulated Diffraction Data from N(4Hydroxypbenyl)retinamide Forms I and 11 


Form I 
Line 28' d-(nm) 1 1/10 


c Form I I  
Line 28' d-(nm) I 1/10 


I 
2 
3 
4 
5 
6 
7 
8 
9 


10 
I I  
I2 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 


5.9 
7.3 


11.9 
12.6 
13.3 
14.3 
14.9 
15.8 
16.2 
16.9 
17.2 
18.4 
19.1 
19.8 
21.9 
22.3 
23.5 
25.1 
26.4 
27.2 
29.3 
31.5 
34.2 


1.4966 
1.2098 
0.7430 
0.7019 
0.6651 
0.6188 
0.5940 
0.5604 
0.5466 
0.5241 
0.5151 
0.48 17 
0.4642 
0.4480 
0.4055 
0.3983 
0.3782 
0.3544 
0.3373 
0.3275 
0.3045 
0.2837 
0.2619 


30.5 
3.5 


22.5 
22 
11.5 
68 
71.5 
36.5 
20.5 
42.5 
37.5 
39.5 
80.5 
65.5 


72.5 
29.5 
77 
37 
12 
12.5 
10.5 
11.5 


162 


19 
2 


14 
14 
7 


42 
44 
23 
13 
26 
23 
24 
50 
40 


100 
45 
18 
48 
23 


7 
8 
6 
7 


overlap was reduced, would appear to be good candidates for quantitation. 
Unfortunately, the intensities of the peak heights of each component were not 
always proportional to the amounts present. 


Zinc oxide was selected as the internal standard bccause of the proximity 
of its major peak at  28 = 31.8" (loo), 34.5' (002), and 36.3' (101) to the 
major peaks of the two polymorphic forms of IV-(4hydroxyphenyI)retinamide, 
and a complete abscnce of zinc oxide peaks in the region below 28 = 30'. Form 
I has a small peak at 28 = 3 I 3' which did not interfere with the measurement 
of the zinc oxide peak, as  evidenced by the good correlation and linearity of 


Table 11-Precision of Analysis of N-(4Hydroxypbenyl)retinnmide in a 
Mixture of Known Composition ' 


Trial I19 1/11, R 
Form 1. 
I 


1 
2 
3 


0.219 
0.21 1 
0.215 
0.204 
0.212 
0.206 
0.213 


79 
16 
78 
74 
76 
74 
76 


8 0.215 78 
9 0.220 79 


I0 0.214 77 
Mean 76.7 


Mean Difference 2. I 
SD 1.8 cv 2.3 


Range 74-79 


* 75% form 1. 


I 5.3 1.6658 80.5 45 
2 9.0 0.9817 3 2 
3 10.5 0.84 I7  16 9 
4 10.8 0.81 84 7 4 
5 15.1 0.5862 103.5 51 
6 15.7 0.5639 22 12 
7 16.8 0.5272 61 34 .. ~~ 


8 17.4 0.5092 39 22 
9 18.1 0.4896 180.5 100 


10 19.7 0.4502 48 27 
I 1  19.9 0.4457 51.5 29 
1 2  21.1 0.4207 24.5 14 
13 21.6 0.41 10 19 I 1  ~. .. .. 


14 22.5 013948 41 23 
15  23.0 0.3863 17.5 10 
16 23.5 0.3782 29 16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 


24.6 0.3615 42 23 
24.8 013587 25 14 
25.9 0.3437 48 27 
26.4 0.3373 6.5 4 
27.2 0.3275 3 2 
28.0 0.3 184 8.5 5 
28.8 0.3097 5 3 
29.9 0.2986 24 13 
30.6 0.2919 12 7 
30.9 0.2891 10 , 6  
31.2 0.2864 8 4 
33.9 0.2642 15.5 9 


thecalibrationcurve.Thepeakwidthsat 28 = 19.I0and31.8' werebetween 
0.2' and 0.4' when measured at  half-height in all tested samples. 


The calibration curve, relating the peak height ratio 1 ~ ~ . ~ / 1 ~ ~ . 8 u e r s u s  the 
percentage form I,  was linear (JJ = 0.0143 + 0.00259~; r = 0.9997). A y-  
intercept occurred as a result of the method used to establish the baseline and 
the slight amount of background noise observed at  28 = 19.1 O with 0% form 
I (100% form 11) standards. The excellent correlation and linearity of the 
calibration curve indicate that the selection of zinc oxide as the internal 
standard was appropriate. An organic internal standard is usually preferred 
for the analysis of organic compounds; however, the number of peaks in the 
X-ray diffraction patterns of the two forms of N-(4hydroxyphenyI)retinamide 
(Fig. 1) make it unlikely that an organic internal standard would have been 
suitable. 


In Table I1  are summarized the results obtained from the repetitive testing 


Table 111-Analysis of Nine Mixtures 


Form I Form I 
Percent Percent Difference, 


Mixture Known 119.1 / 131.8 Calculated %' 


A 19 0.0564 16 -3 
B 60 0.170 60 0 
C 53 0.154 54 1 
D 80 0.214 77 -3 
E 69 0.189 68 - I  
F 29 0.084 27 -2 
G 90 0.256 93 3 
H 100 0.280 106 6 
I 40 0.113 38 -2 


Mean difference. 2.3%. 
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of the 75% form I sample. Ten aliquob of this sample were packed and scanned 
over the range 28 = 5-37', The calculated mean was 76.7% form 1. All 10 
assays were within the 74-79% range. The mean difference was 2.l%, and the 
SD add CV were 1.8 and 2.3%. respectively. When zinc oxide was not used 
as an internal standard and the peak height ratio, 125.1/1198. was used, the 
calculated mean percentage of form I for these samples was 55%, and the range 
was 49-6170. Incorporation of zinc oxide as the internal standard substantially 
increased the accuracy and precision of the assay method. The uncertainty 
in the ratios in Table I1  is -5%. This value is higher than the SD obtained from 
the repetitive testing of the 75% form I sample (Table I I ) ,  1.8%. and may be 
only a statistical anomaly. 


In Table 111 arc summarized the data obtained from the analysis of nine 
different mixtures of N-(4-hydroxyphenyl)retinamide. The mean difference 
for all nine mixtures was 2.3%. The largest differences between the known 
and calculated amounts of form I were -3 and +6%. 


In summary, this method represents a precise and accurate method, within 
f6%, for quantitation of the amount of N-(4-hydroxyphenyl)retinamide 
polymorph 1 present in samples of drug substance. The amount of form 11 can 
be calculated by difference. It appears that zinc oxide merits consideration 
for use as an internal standard in quantitative X-ray diffraction methods for 
other organic compounds. 
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Abstract 0 A study was designed to estimate the absolute bioavailability of 
ali~apride after intramuscular injection. oral administration as a solution or 
a tablet, and rectal administration as a suppository compared with that after 
intravenous injection. A balanced incomplete block-design trial was adopted. 
The intramuscular injection and the tablet administration showed identical 
results with those of the intravenous injection. On the contrary, the oral so- 
lution and the rectal suppository dosage forms gave lower absorption values, 
i .e.,  75 and 61% of the dose administered was absorbed, respectively. 


Keyphrases 0 Alizpride-bioavailability, intravenous. intramuscular, oral 
tablet, oral solution, rectal suppository 0 Bioavailability-alizpride, intra- 
venous, intramuscular, oral tablet, oral solution, rectal suppository 0 Phar- 
macokinetics--ahzapride, intravenous, intramuscular, oral tablet, oral so- 
lution, rectal suppository 


Alizapride', N - [ (  1 -allyl-2-pyrrolidinyl)methy1]-6-me- 
thoxy- 1 H-benzotriazole-5-carboxamide (I) ,  is a new drug with 
antiemetic properties (1 -3). It is used mainly in emergencies 
and is given intravenously in cancer patients (4), the pediatric 
population (3, and for internal medicine purposes (6). Chronic 
administration can be continued by intravenous, rectal, or even 
the oral routes of drug administration if patients are monitored 
well. For all these pharmaceutical forms, bioavailability results 
must be known to choose the appropriate dosage regimen for 
each route of drug administration. 


In a previous study (7),  it has been shown that the phar- 
macokinetics of alizapride were independent of the dose ad- 
ministered, in the dosage range of 50-200 mg, either by the 
intravenous or oral routes. In this report are described the 
pharmacokinetic results obtained after intramuscular, oral 
solution or tablets, and rectal administrations compared with 
those after intravenous injection. 


EXPERIMENTAL SECTION 


Materials-Alizapride was obtained commercially and showed no im- 
purities in two different TLC systems. All reagents for alizapride analysis in 
biological materials were of commercially available analytical grade and were 
used without further purification. 


Alizapride Analysis-Alizapride was measured in plasma and urine by using 
a previously described HPLC method (7). 


HPLC involved a single-step extraction, a reverse-phase chromatographic 


CO - NH - CH, 
I 


r / y  
N-NH 


I Plitican; Delagrange Laboratories. Paris, France I 
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binding ofthe twosalts: the zincsulfate is fixed to a greater extent than is the 
zinc pantothenate (17 uersus 8%). 


The efficient distribution and diffusion of zinc pantothenate in the skin and 
the fur, as  well as  its less important retention in  the liver, would suggest a 
therapeutic use in the treatment of disorders of the skin and scalp. 
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Abstract 0 3/3-Alkanesulfonates of dehydroepiandrosteronc, l6a-bromo- 
dehydrocpiandrosterone, epiandrosterone, and 16a-bromoepiandrostcrone 
were prepared in 54-95% yield via the reaction of long chain alkanesulfonyl 
chlorides with the corresponding dehydroepiandrostcrone, and epiandrosterone 
analogues. These compounds inhibit mouse glucose-6-phosphate dehydro- 
genase activity. 


Keyphrases 0 3~-Alkanesulfonates-synthesis, screened as glucosc-6- 
phosphate dehydrogenase inhibitors 0 Long-chain alkanesulfonyl chlo- 
rides-synthesis, antitumor agents 


In a series of clinical and epidemiological studies several 
investigators have found that women with subnormal plasma 
concentrations of the adrenal steroid dehydroepiandrosterone 
(la) have a high risk of developing breast cancer ( 1  -3). We 
have found that long-term treatment of various mouse strains 
with la inhibits the development of spontaneous breast cancer 
(4) and chemically induced lung ( 5 )  and colon tumors (6). I t  
also blocks the 12-0-tetradecanoylphorbol- 13-acetate (tumor 
promoter) stimulation of DNA synthesis in mouse epidermis 
(7) and inhibits the rate of [3H]thymidine incorporation in 
various cell lines in culture (4). 


Compound la is a potent noncompetitive inhibitor of 
mammalian glucose-6-phosphate dehydrogenase (G6PDH) 
(8,9).  Inhibition of this enzyme and the pentose-phosphate 
shunt, a major source of extramitochondrial NADPH, may 
account for the reduction in DNA synthesis rate by the steroid 
( 10). Dehydroepiandrosterone in  human plasma is largely 
sulfated. According to Oertel and Hoppe-Seyler, the pre- 
dominant sulfated form of la in human plasma is not dehy- 
droepiandrosterone sulfate (Ib), but an ester of Ib and a di- 
glyceride, known as dehydroepiandrosterone sulfatide ( I  I )  
( 1  1). The sulfatide was found to be a more potent inhibitor of 
G6PDH than la (9). 


We have observed that I I  is more effective than la in in- 
hibiting mouse epidermal G6PDH as well as in blocking 12- 
0-tetradecanoylphorbol- 13-acetate stimulation of DNA 
synthesis in mouse epidermis (7). On the other hand I I  is a 
labile material and decomposes readily within a few days, even 


Ia, R = H, X = H 
Ib, Ic, R R = = SO3H H, X = Br 


Ie, R = SOZ(CH~)?CH~, X = Br 
If, R = SOz(CH2)&H3, X = H 


II 
/!H+;O(CH,),,CH, 


CH2-0C0(CH~)~4CH3 
I Id, R = SO*(CHz),CH3, X = H 


Ig, R = SOz(CHz),&H3, X = Br rl 
when stored at -5OC, to the sulfate Ib, resulting in loss of bi- 
ological activity. Replacement of the sulfate functionality with 
sulfonate should lead to more stable analogues. In the search 
for stable and potent derivatives of 11, we decided to incorpo- 
rate the long chain alkanesulfonates into compounds which 
have already demonstrated a greater activity as inhibitors of 
glucose-6-phosphate dehydrogenase such as 16a-bromoepi- 
androsterone (7). Accordingly, 3@-aIkanesulfonates of Ia, 
1 6a-bromodehydroepiandrosterone (Ic), epiandrosterone 
(Illa), and 16a-bromoepiandrosterone (Illb) were pre- 
pared. 


RESULTS AND DISCUSSION 


Chemistry-3&Alkanesulfonates of dehydroepiandrosterone and epian- 
drosterone ( I  and V) were synthesized by the reaction of a long chain al- 
kanesulfonyl chloride IVa-e with the corresponding dehydroepiandrosterone 
or epiandrosterone analogue in the presence of dry triethylamine (Scheme 
1). 


Long-chain alkanesulfonyl chlorides IVa-e were prepared in 60-85% yields 
from the corresponding fatty alcohol via a modification of the King and Aslam 
procedure ( I  2) in which the hydroxyl group was replaced by the isothiuronium 
functionality and then the sulfur moiety was oxidized with chlorine in aqueous 
medium (Scheme 11). 


Biological Activity-The compounds listed in Table I were evaluated for 
their abilities to inhibit mouse epidermal glucose-6-phosphate dehydrogenase 
(Table 11). Among the 3j3-alkanesulfonates, compound Vf and its I6a-bromo 
analogue (Vg). both with the hexadecanesulfonyl side chain attached to the 
3g-psition of the epiandrosterone molecule, are the most potent inhibitors. 
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Table I-3~-Alkanesulfona tes of Dehydroepiandrosterone and 
Epiandrosterone 


# + CH,(CHz)nSO,Cl - 
HO w IVa, n = 3 


IVb, n = I 
IVc. n = 9 


IIIa, X = H 
IIIb, X = Br 


IVd; n = 11 
IVe, n = 15 


Va, n = 3, X = H 
Vb, n = 7, X = H 
Vc, n = I ,  X = Br 
Vd, n = 9, X = H 
Ve, n = 11, X = H 
Vf, n = 15, X = H 
Vg, n = 15, X = Br 


Scheme I 


x- --t 
2- 


CH,(CH,),,-OH - CH3--(CH,)njS--C 
\ 


NH2 
CH3(CHz)nSOzCl 


IVa-e (X = halogen) 
Scheme 11 


Compound Vg is twice as active as  the parent steroid la, showing 88% inhi- 
bition compared with the 46% inhibition produced by la. 


Inhibition of this enzyme will consequently inhibit the pentose-phosphate 
shunt which generates ribose-phosphate and the bulk of extramitochondrial 
reduced nicotinamide adeninc diphosphate (NADPH) (13), both of which 
iirc necessary for deoxyribonucleotide and fatty acid syntheses. 


EXPERIMENTAL SECTION 


Chemical Syntheses--All melting points were determined on apparatus' 
and are uncorrected. 1R spectra were recorded on a spcctrophotometer2. El- 
emental analyses were performed by Galbraith Laboratories. 


Dehydroepiandrosterone Sulfatide (11)--This compound was prepared in 
68% yield from the reaction of la-silver sulfate with dipalmitoyl-~-2-iodo- 
propylene glycol following a reported procedure (14). 


Alkanesulfonyl Chlorides IVa-d-These compounds were prepared from 
long-chain fatty alcohols following reported procedures (7). Dodecansulfonyl 
chloride IVe was similarly prepared in 75% yield, bp 126-130°C at  4 mm 


And-Calc. for C12H25CI02S: C,  53.60; H, 9.27; CI 13.18; S, 11.92. 
Found: C. 53.75; H, 9.42; CI, 12.90;S, 11.83. 


General Procedure for the Preparation of 3~-Alkanesulfonates I, V, and 
V I L A  modified procedure of Tesser and Balvert-Geev (15) was used in which 
0.05 rnol of the steroid was dissolved in  25 mL of dichloromethane and stirred. 
To this solution was added 0.65 g of dry triethylamine. The solution was cooled 
in an ice bath for I5 min and 0.006 mol of the appropriately substituted al- 
kanesulfony! -hloride was added over a period of 10 min. The mixture was 
stirred for an additional 5 min, then was washed four times with cold water, 
dried (sodium sulfate), and evaporated under reduced pressure. The white 
solid formed was rccrystallized from a suitable solvent (Table I ) .  


Glucose-Cpbosphate Dehydrogenase Assay-Epidermal G6PDH was 
prepared by a modification of the procedure of Ziboh et a/. (16). Male ICR 
mice (6-8 weeks old) in  hair resting phase were shaved 2-3 d before use. Only 
those mice showing no hair regrowth were used. Mice were sacrificed and a 
depilatory-' *as applied to the shaved area. After 5 min, the depilatory was 
washed off, the skin was cut out, placed in 55OC water for 30s and the epi- 


Hg. 


Compound 


Va 
Vb 
Id 
v c  
le 
Vd 
Ve 
I f  
Ig 
VIZ  
Vf vn 


~~ 


Yield, IR vma,-cm-I 
mp, OC % (SO,. CO) Formula 


132-133' 91 1370, I l 5 5 ,  1735 C Z ~ H ~ ~ S O ~ ~  


75-76C 54 1172,1368, 1751 C27H46BrS04 
145-146c 54 1168, 1359, 1751 C27H43BrS04 


52-53' 80 1350, 1140, 1730 C27H46S04 
97-98' 70 1 170, 1357. I747 C27H44S04 


60-61' 82 121O,1400,1740 C29H5&04 
33-35" 68 1135. 1365, 1735 C ~ I H ~ I S O ~  
88-89' 65 1 168,1355. 1748 C,sH=,9S04 


I 18-12OC 61 1162, 1360. 1745 C35ti57BrS04 
74-76' 71 I 167, 1367, 1740 C,sHs&O=, 
45-4gd 95 1160. 1375, 1745 C I S H ~ I S O ~  
68-7Id 78 1170. 1380. 1735 ClcH,.lBrSOd 


~ ~ 


a Recrystallized from ethanol-hexanc. * Recrystallized from hexane-petroleum ether. 
Recrystallized from CHCI3-petroleum ether. Recrystallized from petroleum ether. 
Compounds Id-lg. Va-Vg. and V I  were znalyzed for C. H. and S ;  i n  addition, le. Ig. 


Vc, and Vg were analyzed for Br. Unless otherwise indicated. all values were within f0.4% 
of the theoretical value. 1 Calc. for Br, 12.49; found, 1 I .94. f The five-membcred ring 
D is expanded to a six-membered ring Iactonc. The structure of VI is: 


Table 11-Inhibition of Mouse Epidermal G6PDH Activity by 38- 
Alkanesulfonates of Dehydroepiandrosterone and Epiandrosterone - -  


Concentration, Percent 
Steroid M Inhibition * 


la 
la 
I I  
I1 
Va 
Vb 
Id 
v c  
le  
Vd 
Ve 
I f  


10-5 


10-5 
I 0-7 


I 0-7 
I 0-5 
I 0-5 


10-5 
I 0-5 
I 0-5 


10-5 
I 0-5 


10-5 


10-5 


10-5 


46 f 2.4 
I O f  1.7 
54 f 3.7 
36 f 2.6 
18 f 1.7 
23 f 4.0 
26 f 4.4 


7 f 1.5 
22 f 3.0 
18f 1.4 
34 & 2.8 . ~- 
28 f 2.1 
I f 0.7 


1 2 5  1.4 
Vf I 0-5 58 f 5.0 
Vg 10-5 88 f 0.7 


a Conditions are as described in the Experimenfd Secrion. * Values are averages of 
two or moie replicates f SD. 


dermis was scraped off with a scalpel. The scraping5 were frozen and thawed 
three times in liquid nitrogen and then homogenized in  10 volumes of 0.25 M 
sucrose. The homogenate was centrifuged at IO5,OOOXg for 1 h at 0OC. The 
supernatant was concentrated to one-fifth of its original volume4 and the 
concentrated cytosol was used in the G6PDH assay. Steroid inhibition of 
G6PDH activity was determined according to the procedure of Oertel and 
Rebelcin (9). Steroids were dissolved in  dioxane immediately before testing. 
The reaction medium consisted of 3 mL of 0.05 M triethanolamine -0.005 M 
EDTA buffer (pH 7.6). 0.01 M NADP'solution. and 0.02 m L  of dioxane or 
steroid in dioxane. The reaction was run at 25OC and was initiated by the 
addition of 0.005 mL of a 0.03 M glucosc-6-phosphates solution. Activity was 
measured in minutes from changes in  absorbance at 366 nm on a recording 
spectrophotometer6. The inhibition produced by the added steroid was ex- 
pressed a s  pcrcent of control value. (The inhibition values in Table I I  were 
obtained by subtracting the percent control activity from 100.) 


3 Nair. ' Sephadex G-2s. 
5 Sigma. 


Gilford 2400-S. 
I Thomas-Hoover Unimeh 
2 Unicam SP-1000. 
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Abstract 0 A specific radioimmunoassay (RIA) has been developed for the 
quantitation of a new opioid antagonist, nalmefene, in human plasma. The 
method employs a rabbit antiserum to an albumin conjugate of naltrexone- 
6-(O-carboxymethyl)oxime and ['H Jnaltrexone as  the radioligand. Assay 
specificity was achieved by extraction of nalmefene from plasma at pH 9 into 
ether prior to RIA. The procedure has a limit of sensitivity of 0.2 ng/mL of 
nalmefene using a 0.5-mL sample of plasma for analysis. The intra- and in- 
tcrassay coefficients of variation did not exceed 5.6 and 1 I%, respectively. The 
specificity of the RIA was eslablished by demonstrating excellent agreement 
( r  = 0.99) with a less sensitive and more time consuming HPLC procedure 
in the analysis of clinical plasma samples. The use of the RIA for the phar- 
macokinetic evaluation of nalmefene is illustrated with plasma concentration 
profiles of the drug in humans following intravenous and oral administra- 
tion. 


Keyphrases 0 Nalmefene-human plasma, RIA, compared with HPLC 0 
RIA-compared with HPLC, nalmefene, human plasma 


Nalmefene [ 1 7-(cyclopropylmethyl)-4,5a-epoxy-6-meth- 
yIenemorphinan-3,14-diol] is a potent, orally active narcotic 
antagonist (1) which is undergoing clinical evaluation in hu- 
mans. The drug is a structural analogue of naltrexone with an 
exocyclic methylene group in the 6-position. Hahn et al. ( 1 )  
indicated in preliminary pharmacology studies that orally 
administered nalmefene was about 50 times more potent than 
naloxone in its ability to antagonize the antinociceptive activity 
of an ED95 dose of morphine in either the mouse hot-plate or 
tail-clip procedures. Furthermore, nalmefene was 16 times 
more potent than naloxone in precipitating narcotic with- 
drawal in morphine-dependent rhesus monkeys. Recently, 
nalmefene has been shown to decrease the food and water in- 
take and weight gain in obese and lean Zucker rats, lending 
further support to a possible role for opioids in  the control of 
food intake (2). 


The present study was undertaken to develop a simple and 
specific radioimmunoassay (RIA) for nalmefene which would 
provide greater sensitivity and ease of operation than a recently 
reported high-performance liquid chromatographic (HPLC) 
procedure (3). I t  was hoped that the RIA might be utilized in 


a wide variety of human tolerance and pharmacokinetic studies 
that are under way with nalmefene. 


The initial approach taken in  the development of the RIA 
was to produce an antiserum which would cross-react almost 
equally well with nalmefene and naltrexone. Irl this way, high 
specific activity, commercially available [3H]naltrexone could 
be used as the radioligand for the assay. Furthermore, the 
hapten which was likely to elicit the production of such an 
antiserum could be readily prepared from naltrexone in a 
fashion similar to the recently reported synthesis of nalox- 
one-6-(O-carboxymethyl)oxime (4). now 


"1 


Nalmefene, R,=CH2, R2 = C H 2 4  
Naltrexone, R1 =O, Rz = C H 2 4  


Naloxone, R1 =0, R2 = CHzCH=CHz 
Hapten, R1 =N-O-CH2COOH, RZ = C H 2 4  


EXPERIMENTAL SECTION 


Preparation of lmmunogen and Antibody Production-The hapten, nal- 
trexone-6-(O-carboxymethyl)oxime', was covalently coupled to bovine serum 
albumin using the mixed anhydride procedure of Erlanger et al. (5). The re- 
sulting conjugate was dialyzed against 0.05 M NaHCO3, then water, and was 
then isolated by lyophilization. UV analysis of the immunogen indicated that 
-I7 moles of hapten were covalently coupled to 1 mot of albumin. 


Two New Zealand White rabbits were immunized intradermally and 
boosted intravenously with the immunogen as previously described by Dixon 
and Crews (6). Theantiserum with the highest titer of antibdies tonalmefene, 
obtained following the second booster immunization, was used for all subse- 
quent studies. The antiserum was divided into I -mL aliquots, lyophilized, and 
stored at  -2OOC. 


Radioimmunoassay Procedure-Plasma samples (0.1-0.5 mL) containing 


I S nthesized according to the procedure reported for naloxone-6-(O-methyl)oxime 
(4). Tyh e NMR, IR. and mass spectra were compatiblc with the proposed structure. 
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Analytical Methods for the Determination of 
Sulindac and Metabolites in Plasma, Urine, Bile, and 
Gastric Fluid by Liquid Chromatography Using 
Ultraviolet Detection 
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Abstract 0 A high-performance liquid chromatographic method using a linear 
clution gradient has been developed for the analysis of sulindac, sulindac 
sulfone, and sulindac sulfide in plasma. urine, bile, and gastric fluid. The 
methodology uses reverse-phase, radial compression chromatography with 
gradient elution, and U V  detection. Sulindac and its metabolites in plasma 
can be quantitated at 0.25 pg/mL with a mean CVof 6.0 2.9%: urine. bile. 
and gastric fluid (0.5 pg/ml.) yield a mean C'Y of 5.5 f 1.9?h. 


Keyphrases 0 Sulindac---metabolites. liquid chromatography with UV de- 
tcction. human plasma. urine. bile. and gastric fluid 0 Liquid chromatogra- 
phy- sulindac and i t 5  metabolites, human plasma. urine, bile and gastric 
fluid 


Sulindac (cis-5-fluoro-2-met hyl- I - [p - (  met hylsulfinyl)- 
benzylidene]indene-3-acetic acid; I )  is an anti-inflammatory 
drug with analgesic and antipyretic properties. Metabolites 
include sulindac sulfide (11) the active species ( I ) ,  and sulindac 
sulfone (111) .  Sulindac and its mctabolitcs are detected in  
plasma, while sulindac, sulindac sulfone, and their respective 
conjugates are the major constituents excreted in urine (2). 


Previous methods of analysis include an isotope dilution 
radioimmunoassay ( 3 ) ,  a computerized mass spectral assay 
(4). and a high-performance liquid chromatographic assay 
(HPLC)  (S), and appear to be restricted to serum or plasma. 
A stepwise isocratic HPLC assay has been recently reported 
(6)  for plasma and urine determination; however, it involves 
tedious extraction procedures and is not free of intcrfering 
substances. 


Preliminary investigations using the Dusci and Hackett 
mcthod (5) led to incomplete resolution of sulindac and its 
metabolites from endogenous substances. Modifying this 
method with gradient elution afforded an assay that is appli- 
cable for measuring total levels of sulindac and its metabolites 
in plasma, urine, bile, and gastric fluid, and one that appears 
to be free from interfering substances. 
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EXPERIMENTAL SECTION 


Apparatus-The chromatography was performed on HPLC equipment 
which included two solvent delivery systems1, an auto sampler2. a fixed- 
wavelength absorbance detector with a 340-nm filter3, and a solvent pro- 
grammer4. The absorbance responses were recorded by a computing inte- 
grator5 (attenuation 16 mV full  scale; chart speed 0.5 cm/min). 


Materials - Sulindacb, sulindac sulfone6, sulindac sulfide6, and indo- 
methacin6 ( I V .  internal standard) were used as  received (7 .8):  acetonitrile, 


' Model 60M)A Solvent Delivery Systems; Waters Associates. 
W I S P  7 IOB auto sampler; Waters Associates. ' Model 440 Absorbance Detector; Waters Associates. 
Model 660 Solvent Programmer, Waters Associates. 
SP4100 Computing Integrator; Spectra Physics. 
Merck Sharp & Dohme Research laboratories. Purity for sulindac and metabolites 


was determined by H P L C  and elemental analysis. Sulindac sulfide: calc. for CmH ,,FOfi: 
C. 70.6: 11, 5.00. Found: C. 71.0: 11, 4.68. Sulindac sulfone: calc. for C ~ ~ H I ~ F O ~ S :  C. 
64.5;H.4.57. I;ound:C,64.3,t1,4.48.Sulindac:calc. forCzoH,,FO,S:C.67.4; H.4.81. 
Found: C. 67.4: H. 4.72. 
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Figure I--C‘hroniatogram.s from a stainless steel C I S  colunin. Ke-v: ( A /  is a 
plasma control blank; (B)  i s  a plasma sample containing sulindac ( I )  at 1.5 
pg/mL. sulindac suljone (2/  at a 1.7 pglmL. sulindac sulfide (411 at 1.2 
pglml.. and indomethacin (31 at 37.5 pglmL: (C) is a urine blank; (D) is a urine 
sample containing sulindac at 2.7 pg/mL. sulindac suljone at 2.0 pg/nrL. 
sulindac sulfide at 2.3 pg/ml,, and internal standard at 37.5 pglrnl.. 


IIPLC grade7, was filteredx; and water was purifiedy. Heparinized control 
plasma was collected and prepared in-house6. 


A C,~stainlesssteelcolumn (30cm X 3.9mmi.d.. I O p m ) ’ o . a C ~ ~ p l a ~ t i c  
cartridge (10 cm X 8 mm i.d.. 10 pm) housed i n  a radial compression mod- 
ule l ’ .  and a reverse-phase guard columnI2 were used. 


Prepared Solutions-Standard stock solutions of I, II, and I l l  were prepared 
weekly by dissolving 2.0 mg of the appropriate compound in 2 mL of absolute 
ethanol and 8 mL of sodium borate buffer, pH 7.2 ( 1  2.4-g boric acid, 10.0-ml. 
I ‘M NaOH diluted to I L with purified9 water). Working standards were 
mixed with appropriate dilutions from the stock solution with the boric acid 
buffer. Internal standard stock solutions were prepared weekly by dissolving 
indomethacin in  the sodium borate buffer, pH 7.2 (300 pg/mL). 


Chromatographic Conditions- The mobile phase gradients for the plasma, 
urine. bile, and gastric fluid assays were: a potassium phosphate buffer, pt l  
3.0 (6.8-g KH2P04 in 1000 mL water with the pH adjusted 10 3.0 with 85% 
phosphoric acid) and a mixture of acetonitrile and the phosphate buffer (70:30 


- 
lo MINUTES 


~_______ _______ 


’ Burdick & Jackson Laboratories * 0.5 pg Zcflor filter; Rainin. 


l o  p-Bondapak CI8 column; Waters Associates. 
I I  KCM-100 containing a Radial-PAK C18 cartridge; Watcrs Associala. 


Milli-Q Water Purification System; Millipore Corp. 


Microguard column; Bio-Rad. 
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Figure 2-Chromatograms from a radially conipressed CI 8 column. Key: 
( A /  is a control plasma blank; (B)  i s  a plasma standard containing sulindac 
and its metaholitrs; (C/ is a control urine; (DI is a urine standard. All con- 
centrations of siilindac and its metabolites ure at 0.5 pg/niL; the internal 
standard concentrations are 40.0 pglrnl. for plasma and urine standards. 


v /v ) .  Both solutions were filtered (cellulose, 0.5 pm) and kept under a helium 
atmosphere. During a gradient run the two solutions were mixed at 53:47. 
respectively, and changed to 7:93 over 10 min (linear gradient time) a t  2 
ml./min. The final solvent ratio continued to run for 5 min. The radial C I S  
column was recquilibrated for 5 min, with the initial mobile phase conditions. 
before the next sample run. Due tochromatographic interfcrenccs in the bile 
of certain patients in clinical studies. the gradient conditions for the bile assay 
required a 15-min gradient time and a 3-min hold. 


A 0.3-ml. plasma samplc was spiked with the internal 
standard. indomethacin (40.0 pL). One milliliter of acetonitrile was mixed 
with the plasma aliquot on a vortex mixer (30 s). The tubc was then centri- 
fuged (3500 rpm)’), and the liquid sample was transferred to a tapered tube. 
The volume was reduced to 0.1 rnL with a stream of nitrogen and a warm 
water bath (50’C) and then analyzed by 11PLC ( 2 0 - p L  injection volume). 


Urine, Bile, and Gastric Fluid Preparation~ -A  0.3-mL fluid sample of urine, 
bile, or gahtric fluid was mixed with 0.1 ml. of 5 M h a O H .  The sample was 


Plasma Preparation 


’I International Centrifuge. SIX 2. Model K 
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3 Table 11-Precision of the Assay 


cv, %' 
Sulindac Sulindac Sulfone Sulindac Sulfide 


Plasma Standards 
0.25 8.76 6.34 3.0 I 
1 .o 7.76 3.67 6.75 


10.0 I .63 1.84 2.69 


0.5 4.23 9.10 6.0 I 
2.5 5.66 7.56 6.77 


10.0 4.22 4.29 6.50 


0.5 6.4 6.3 2.9 
I I 2.5 10.4 7.3 8.4 
6 I2  I8 0 6 2 I8 10.0 11.8 8. I 8.6 


1 -  


0.5 5.2 6.3h 3.2 
1 .o 5.3 3.2 
2.5 6.5 4.8 5.9 
5.0 3.6 5.7 


3 


Urine Standards 


Intestinal Fluid 


Gastric Fluid MINUTES 
0 


-. c 


O n  = 6. N o  replicates run.  Standard curve upper limit 2 . 5  pg/ml.. 


-- 
0 6 12 I8 0 6 12 I8 


M I N U T E S  


Figure 3-Chromatograms from a radially compressed CI 8 column. Key: 
(A )  is a control gaslric fluid blank containing internal standard; (B)  is a 
gastricfluid standard; (C] is a control bile blank; (0) is a bile standard. All 
concentrations ofsulindac and its metabolites are at 0.5 pg/mL; the internal 
slandard concentrations are 6.0 pg/mLfor gastric and 25.0 pg/mL for bile 
siandards. 


incubated at room temperature (25-27OC) for 15 min. The pH was then ad- 
justed with the addition of 0.1 mL of phosphoric acid (28.3%). The internal 
standard (40 p L  for urine, 6 p L  for gastric fluid, and 25.0 pL for bile) and 
I mL of acetonitrile ( I  .5 mL for gastric and intestinal fluids) was mixed with 
the sample. In  all cases, the samples were vortex-mixed (30 s) and centrifuged 
(3500 rpm)I3. The organic layer was transferred to a tapered tube, the volume 
was reduced toO.l mL,  and then it was analyzed by HPLC (20-pL injection 
volume for urine, 35-pL for bile, and 40-pL for gastric fluid). 


Standard Curves-Plasma standards were prepared by mixing 1 m L  of 


Table 1-Linear Regression Parameters 


Slope Intercept r 2  Range, pg /mL 


Plasma 
Sulindac 
Sulindac Sulfone 
Sulindac Sulfide 


Sulindac 
Sulindac Sulfone 
Sulindac Sulfide 


Sulindac 
Sulindac Sulfone 
Sulindac Sulfide 


Sulindac 
Sulindac Sulfone 
Sulindac Sulfide 


Urine 


Bile 


Gastric 


0.3703 
0.31 19 
0.3517 


0.2942 
0.2647 
0.2677 


0.0967 
0.0955 
0.1 147 


1.0202 
0.7213 
0.8423 


-0.0232 
0.0326 
0.0084 


0.0072 
-0.0006 
-0.01 23 


0.0345 
0.001 I 


-0.01 39 


-0,0880 
-0.0402 
-0.123 1 


0.9999 
0.9999 
0.9998 


0.9996 
0.9996 
0.9980 


0.9999 
0.9998 
0.9995 


0.9998 
0.9996 
0.9950 


0.25-10 
0.25-10 
0.25-10 


0.5- I0 


0.5-10 
0.5-10 


0.5-10 


0.5-10 
0.5-10 


0.5-5.0 
0.5-5.0 
0.5-2.5 


control plasma wi th  the internal standard and appropriate volumes of 1, II. 
and I l l  to achieve concentrations from 0.25 to 10 pg/mL, e.g.. 0.25,0.5, 1.0, 
2.5, 5.0, and 10.0 pg/mL. From these standards. 0.3-ml. aliquots were re- 
moved and processed as above. 


Urine, bile, and gastric fluid standards ( I  mL) were prepared similarly but 
without the internal standard, which is unstable under the basic conditions 
required for conjugate hydrolysis. The samples were hydrolyzed, pH adjusted, 
spiked with internal standard, and processed as above. 


The standard curves were plotted with peak height ratios uersus concen- 
trations. A validation curve consisted of the above concentrations with six 
replicates per concentration (each replicate was prepared separately). A daily 
standard curve was assayed with the samples; unknown sample concentrations 
were interpolated from these daily curves. 


Recovery Values--Recovery values were measured by comparing the 
amount of labeled material prepared in a standard sample with the amount 
detected in acetonitrile after deprotcination and/or extraction. Standards of 
labeled sulindac ( [2-'4C]acetic acid, 26 pCi/mg)I4, and sulindac sulfonc 
([3H]methylene, vinyl, 50 pCi/mg), and sulindac sulfide (['H]methylene, 
2S6 pCi/mg) were prepared in concentrations of 0.25, 1.0, and 10.0 pg/mL 
(3,9) and processed. The acetonitrile extracts were measured for volume and 
counted for radioactivity. The radioactivity measured for the extracts was 
divided by the radioactivity of the standard solutions. 


RESULTS AND DISCUSSION 


This assay, a modification of an isocratic. reverse-phase HPLC method for 
the determination of sulindac in plasma (5). involves the use of a linear elution 
gradient to resolve sulindac and its metabolites from interfering peaks found 
in clinical plasma samples and other human fluids, e.g., urine, bile, and gastric 
fluid. The mobile phase of acetonitrile and potassium phosphate buffer (pH 
3.0) was adjusted so that separation from endogenous substanccs was achieved, 
the resolution of the sulfone metabolites and sulindac was enhanced, and the 
elution of the sulfide metabolite was hastened. 


Chromatographic separation using a linear elution gradient was achieved, 
initially. for plasma and urine on a stainless steel CIS columnlo at  40:60 ace- 
ton it rile^ potassium phosphate buffer (2 mL/min) changing to 6535 over 10 
min. Hold time and equilibration delay were set a t  5 min. These HPLC con- 
ditions gave an assay applicable only to plasma and urine fluids (Fig. I ) .  
Adaptation of the mobile phase conditions to a radially compressed C I S  car- 
tridge resulted in an assay applicable to plasma, urinc, bile, and gastric fluid. 
This latter assay elutes and resolves sulindac and its metabolites in  a chro- 
matographic manner similar to the former assay with the stainlesssteel col- 
umn. The chromatograms of plasma, urine, bile. and gastric fluid blanks did 
not show endogenous substances that would interfere with sulindac, its me- 


l 4  ["T]Sulindac. (Z)-5-fluoro-2-methyl-I-[ [4-(mcthyl-sulfinyl)phenyl] methyl- 
lenel-l H-inden~-3-[2-'~C]acetic acid. was prepared by Mr. Gregory. J.  Gatto, and Miss 
Jane Chan in the Radiochemical Synthesis Laboratoryof MSDRL. Rahwaj. h.J. under 
the direction of Dr. Holly E. Mertel. The procedure is unpublished. labeled carbon was 
introduced by treating cyano[2-'4C]acetic acid (American Radiochemical Co.. Sanford, 
Fla.) with 6-fluoro-2-methyl-l-indone. followed by h drolysis and dccarboxylation steps. 
The resulting 5-fluoro-2-methyl-l H-indene-3-[2-'~C]acetic acid was condensed with 
p-methyl-sul~nylbenzaldehydc to furnish the title tracer compound. A description of 
a related sequence is found in Canadian patent 1,027,967. March 14, 1978, (to John M. 
Chemerda and Seemon H. Pines). 
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Table 111-Human Urine, Bile, and Gastric Fluid Levels of Sulindac and 
Metabolites (200 mg im of Sulindac) 


Sulindac Sulindac 
Time0 Sulindac, pg/mL Sulfone, pg/mL Sulfide, pg/mL 


1.2 


i . 0  


0.0 


0.e 


0.4 


0.2 


CONCENTRATION. rg lmL 
2.0 


1.1 i 
L - 
- 


- 


- 
- 
7 


1.4 '.' 1 . * .  * *  0 


i 
Urine 


-1-0 
0-6 
6-24 


Bile 
0 -60 


60-80 
80-100 


100-120 
120- 140 
140- I60 
160- 180 
180- 200 
200-220 
220-240 
240-260 
260-280 
280-300 


Gastric Fluidd 
0- 160 


160- 180 
180-200 


0 
34.60 
11.60 


0 
9.15 


14.90 


0 
0 
0 


i 


0 


t x 


0 P 1 
0 0 0 0 


0 
0 
0 
0 
0 
0 
0 
0 
0.52 


1 
0 1.31 


2.42 
4.02 


0.56 
1.55 
2.6 I 


0 


a 0 
I .*  8.73 5.85 


8.24 
8.75 
8.42 
9.92 


5.50 
5.90 
5.87 
7.69 0.0 l . ~ ~ ~ ~ ~ ~ ~ ~ l ~  I I L I a L c - I ,  0 , .  


0 100 100 a 


TIME. MIN 


Figure 4-Plasma levels of sulindac and its two metabolites in one subject 
administered a single 200-mg im injection of sulindac. Key: 10) sulindac; 
(0) sulindac sulfone; (X) sulindac sulfide. 


at 60 min. Reaction conditions were set with a 15-min incubation period at 
room temperature. Similar results were found for bile and gastric fluid. 


Concentrations of sulindac and its metabolites in human plasma, urine, bile, 
and gastric fluid are represented in Fig. 4 and Table 111. The data are of one 
subject who received a single intramuscular injection of sulindac (200 mg). 


8.42 
7.98 
7.67 
9.40 


7.24 
7.1 1 
7.32 
8.84 


0.55 
0.62 
0.80 


- c  


3.96 
0 
3.66 
5.49 
4.96 
2.43 
9.49 
9.62 


0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


5.59 
4.83 
2.29 
7.92 


~~~ ~ . .  


200-220 
220-240 
240-260 
260-280 7.82 ~~~ ~~~ 


280-300 
300-320 
320-340 


6.39 
5.13 
I . I4  


8.16 
6.59 
2.47 CONCLUSIONS 


Gradient elution with acetonitrile and potassium phosphate buffer over a 
radially compressed. reverse. stationary phase provides the necessary selectivity 
of the assay for quantitation of sulindac and its metabolites in plasma, urine, 
bile, and gastric fluid. The advantages of this gradient system over other 
available isocratic assays (5,6) are: (a )  a cleaner chromatogram for the plasma 
medium, ( b )  a shorter cleanup procedure for plasma and urine, and ( c )  a 
broader application of the assay to other biological fluids. 


0 Time period: for urine in hours, for bile and gastric fluid in minutes. * 20-min pcriod 
collections gave 0.0 conc. c Only sulindac was found in the 100-1 20-min interval ( I  .55 
p mL) d The gastric fluid levels of sulindac and its melabolites are due to the rcflux 
ofbile into the stomach. 


tabolites, or indomethacin. Sulindac, sulindac sulfone, sulindac sulfide, and 
indomcthacin were completely resolved (Figs. 2 and 3). 


Acetonitrile dcproteination of plasma (4) provided a method with acceptable 
reproducibility and linearity. Organic extraction techniques (e.g., diethyl 
ether) consistently gave coefficients of variation of intraday replicates ex- 
ceeding 10%. 


Standard curves for I ,  11. and I l l  in plasma were linear over thc concen- 
tration range of 0.25- 10.0 pg/mL; urine and bile gave linear curves over the 
range of 0.5- I0 pg/mL; gastric fluid gave a linear curve over the range of 
0.5-5 pg/mL (Table I). Concentrations at 0.1 pg/mL in plasma and in urine 
could be detected, but poor reproducibility restricted the low concentrations 
to 0.5 pg/mL. Linearity is lost a t  the higher concentrations (tested at  20 and 
40 pg/mL) due to lower absorbance responses. 


The CV measured for the plasma assay of the three components gave an 
average of 4.7 f 2.7% over the linear concentration range. The urinary, bile, 
and gastric fluid assays gave average CVvalues of 6.04 f 1.6%, 7.80 f 2.5%, 
and 4.87 5 1.24%. Representative CVare  listed in Table 11. 


Recoveries of I ,  I I .  and Ill from plasma uia acetonitrile protein precipitation 
are 39.9 f 4.2%, 49.8 f 6.7%. and 86.3 f 3.7%, respectively. Similarly, rep- 
resentative recovery values for acetonitrile extraction (urine) are 58.2 f 7.4%, 
65.1 f 9.9%. and 96.7 f 6.9%. These values are mcans over three concen- 
trations. 


The hydrolysis of urine conjugates for total sulindac and its two metabolites 
by base catalysis were studied over time. Peak height values for sulindac and 
its metabolites reached a maximum in  the first I5 min and began to decline 
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Abstract 0 A specific radioimmunoassay (RIA) has been developed for the 
quantitation of a new opioid antagonist, nalmefene, in human plasma. The 
method employs a rabbit antiserum to an albumin conjugate of naltrexone- 
6-(O-carboxymethyl)oxime and ['H Jnaltrexone as  the radioligand. Assay 
specificity was achieved by extraction of nalmefene from plasma at pH 9 into 
ether prior to RIA. The procedure has a limit of sensitivity of 0.2 ng/mL of 
nalmefene using a 0.5-mL sample of plasma for analysis. The intra- and in- 
tcrassay coefficients of variation did not exceed 5.6 and 1 I%, respectively. The 
specificity of the RIA was eslablished by demonstrating excellent agreement 
( r  = 0.99) with a less sensitive and more time consuming HPLC procedure 
in the analysis of clinical plasma samples. The use of the RIA for the phar- 
macokinetic evaluation of nalmefene is illustrated with plasma concentration 
profiles of the drug in humans following intravenous and oral administra- 
tion. 


Keyphrases 0 Nalmefene-human plasma, RIA, compared with HPLC 0 
RIA-compared with HPLC, nalmefene, human plasma 


Nalmefene [ 1 7-(cyclopropylmethyl)-4,5a-epoxy-6-meth- 
yIenemorphinan-3,14-diol] is a potent, orally active narcotic 
antagonist (1) which is undergoing clinical evaluation in hu- 
mans. The drug is a structural analogue of naltrexone with an 
exocyclic methylene group in the 6-position. Hahn et al. ( 1 )  
indicated in preliminary pharmacology studies that orally 
administered nalmefene was about 50 times more potent than 
naloxone in its ability to antagonize the antinociceptive activity 
of an ED95 dose of morphine in either the mouse hot-plate or 
tail-clip procedures. Furthermore, nalmefene was 16 times 
more potent than naloxone in precipitating narcotic with- 
drawal in morphine-dependent rhesus monkeys. Recently, 
nalmefene has been shown to decrease the food and water in- 
take and weight gain in obese and lean Zucker rats, lending 
further support to a possible role for opioids in  the control of 
food intake (2). 


The present study was undertaken to develop a simple and 
specific radioimmunoassay (RIA) for nalmefene which would 
provide greater sensitivity and ease of operation than a recently 
reported high-performance liquid chromatographic (HPLC) 
procedure (3). I t  was hoped that the RIA might be utilized in 


a wide variety of human tolerance and pharmacokinetic studies 
that are under way with nalmefene. 


The initial approach taken in  the development of the RIA 
was to produce an antiserum which would cross-react almost 
equally well with nalmefene and naltrexone. Irl this way, high 
specific activity, commercially available [3H]naltrexone could 
be used as the radioligand for the assay. Furthermore, the 
hapten which was likely to elicit the production of such an 
antiserum could be readily prepared from naltrexone in a 
fashion similar to the recently reported synthesis of nalox- 
one-6-(O-carboxymethyl)oxime (4). now 


"1 


Nalmefene, R,=CH2, R2 = C H 2 4  
Naltrexone, R1 =O, Rz = C H 2 4  


Naloxone, R1 =0, R2 = CHzCH=CHz 
Hapten, R1 =N-O-CH2COOH, RZ = C H 2 4  


EXPERIMENTAL SECTION 


Preparation of lmmunogen and Antibody Production-The hapten, nal- 
trexone-6-(O-carboxymethyl)oxime', was covalently coupled to bovine serum 
albumin using the mixed anhydride procedure of Erlanger et al. (5). The re- 
sulting conjugate was dialyzed against 0.05 M NaHCO3, then water, and was 
then isolated by lyophilization. UV analysis of the immunogen indicated that 
-I7 moles of hapten were covalently coupled to 1 mot of albumin. 


Two New Zealand White rabbits were immunized intradermally and 
boosted intravenously with the immunogen as previously described by Dixon 
and Crews (6). Theantiserum with the highest titer of antibdies tonalmefene, 
obtained following the second booster immunization, was used for all subse- 
quent studies. The antiserum was divided into I -mL aliquots, lyophilized, and 
stored at  -2OOC. 


Radioimmunoassay Procedure-Plasma samples (0.1-0.5 mL) containing 


I S nthesized according to the procedure reported for naloxone-6-(O-methyl)oxime 
(4). Tyh e NMR, IR. and mass spectra were compatiblc with the proposed structure. 


002235491841 1 100- 1645$0 7.001 0 
@ 7984, American Phiirrnacmtical Association 


Journal of pharmaceutical Sciences I 1845 
Vol. 73, No. 7 7 ,  November 1984 







2 4 8 I D  1 2  I 4  I*  l a  1 0  2 2  1 4  


nouns 


Figure t -Plasma concentrations of nalmefene following an inirauenous 
injection (X) of 0.5 mg of nalmefene hydrochloride and an oral dose (a) of 
64 mg of nalmefene hydrochloride. 


either known or unknown concentrations of nalmefene were diluted with 0.1 
mL of I M borate buffer (pH 9) and extracted by vortexing with 2.5 mL of 
ether in a 12 X 75 mm disposable glass culture tube. Following brief centrif- 
ugation, the tubes were immersed in a shallow bath of 2-propanol-dry iceand 
the aqueous phases were frozen. The organic phase was decanted into a 12 
X 75 mm tube and the ether was evaporated using a water bath at  50°C. 


Each residue was dissolved in 0.1 mL of methanol and diluted with 0.4 mL 
of assay buffer2. Duplicate 0.2-mL aliquots of each extract were added to 12 
X 75 mm tubes followed consecutively by 30,000 dpm of [’q]naItrexone’ in 
0.2 mL of buffer and 0.2 mL of antiserum diluted 1:1O,OOO with buffer. After 
incubation at  4OC for 30 min, 0.5 mL of a well stirred suspension of dex- 
t ran-~harcoa l~  at  4OC was added to each tube, the contents were briefly 
vortexed and then allowed to stand at 4°C for -10 min. The tubes werecen- 
trifuged at 4OC for 10 min at 12OOXg and each supernatant, containing the 
antibody-bound radioligand. was decanted into a containing vial. After the 
addition of 10 mL of scintillation fluid5, the vial was assayed in a liquid scin- 
tillation counter. 


A calibration curve was generated using a four-parameter logistic curve- 
fitting program for a desk-top calculato6 (7). Both the plasma standards and 
unknown samples were taken through the entire extraction and RIA proce- 
dure. 


RESULTS AND DISCUSSION 


Radioimmunoassay Characteristic-Depending on the degree of sensitivity 
required. two different ranges of calibration curves were used. The more 
sensitive assay ranged from 0.2 to 8 ng/mL using a 0.5-mL sample of plasma 
for analysis, while the other used a 0.1 -mL sample and ranged from 2 to 100 
ng/mI.. In  both instances. the logit-log plots were linear and the interday 
coefficients of variation (n = 6) for both standard curves did not exceed 1 I %  
for any individual standard (range, 2.4- I 1%). Linear regression analysis of 
the mean concentrations of nalmefene found fiersus the amount of nalmefene 
present in each plasma standard ( n  = 6) gave correlation coefficients of 0.999 
and slopes within 6% of unity for both calibration curves. I f  necessary, un- 
known plasma samples with concentrations of nalmefene > 100 ng/mL were 
appropriately diluted to bring the concentrations within the range of the 2-100- 
ng/mL calibration curve. 


Using dextran--charcoal for the separation of antibody-bound and free 
radioligand, -50% of the [3H]naltrexone was bound in the presence of diluted 
antiserum alone while the nonspecific binding (no antiserum) was -4%. The 
recovery of nalmefene from plasma using the present extraction procedure 
was 85 f 4%; however. since both the standard and unknown plasma samples 


* Tris buffer (0.05 M) at pH 7.4 containing 0.1% gclatin (Knox) and 0.1% sodium 


Nallrcxonc [ IS.l6-’H], specific activity 34.8 C i /mM,  was purchased from N e w  


!Assay buffcr containing 0.05% (w/v) dcxtran T-70 (Sigma) and 0.5% (w/v) charcoal 


azidc. 


En  land Nuclear, Boston, Mass. and stored in methanol at -2OOC. 


(Schwartz-Mann) was stored at 4OC. 
Aquasol; New England Nuclear. 
TI -59:  Texas Instruments, Lubbock, Tcx. 


were handled in an identical fashion, no correction for recovery was neces- 
sary. 


Assay Specificity-As mentioned previously, nalmefene and naltrexone 
were expected to cross-react about equally well with the antiserum, thereby 
allowing the use of commercially available [3H]naltrexone as the radioligand 
for the quantitation of nalmefene. Cross-reactivity studies confirmed these 
expectations in that nalmefene exhibited an apparent cross-reactivity of 90% 
relative to naltrexone. At the same time 619-naltrexol. the major metabolite 
of naltrexone found in plasma (8). crass-reacted 40%. The latter observation 
is not surprising since little antigenic specificity can be expected at  the 6 po- 
sition where the hapten was coupled to albumin. Thus. this antiserum would 
be of little value for use i n  a specific RIA for naltrexone due to the extensive 
cross-reactivity of 6 /3-naltrexol. Naloxone, which only differs from naltrexone 
by having an N-ally1 function, cross-reacted 20% with the antiserum, an in- 
dication that the N-cyclopropylmethjl group on the hapten was not a potent 
antigenic determinant. 


During the initial developmental stages of the RIA, the apparent plasma 
concentrations of nalmefene in clinical samples were considerably higher when 
the plasma was assayed directly than following the extraction procedure 
outlined above. This was probably due to high concentrations of nalmefene 
glucuronide, in the presence of unconjugated nalmefene. cross-reacting to some 
extent with the antiserum. Therefore, the extraction step became a critical 
component of the assay procedure since nalmefene glucuronide would not be 
extracted into ether at alkaline pH. 


A definitive and rigorous evaluation of the specificity of the R I A  was made 
by comparing it with a recently established HPLC procedure (3). Clinical 
plasma samples obtained from four subjects who had received single oral doses 
of nalmefene hydrochloride (32 or 64 mg) were assayed by both analytical 
procedures and the joint determinations ( n  = 21) were subjected to linear 
regression analysis (RIA = y ) .  Over a concentration range of 4-58 ng/mL, 
the correlation coefficient, regression-line slope, and y-intercept were 0.998, 
0.996. and 0.38, respectively, which demonstrated excellent agreement be- 
tween the two procedures and validated the specificity of the RIA for the 
quantitation of intact nalmefene in clinical plasma samples. 


Nalmfene Plasma Concentrations in Humans-To illustrate the utility of 
the RIA, some typical plasma concentration profiles of nalmefene in subjects 
who had received various intravenous and oral doses of the drug are shown 
in Fig. 1. 


Following intravenous administration of 0.5 mg of nalmefene hydrochloride, 
the plasma concentrations of the intact drug declined rapidly over the first 
2 h, followed by a slower elimination phase up to 16 h. a t  which time the 
plasma concentration approached the limit of sensitivity of the assay (0.2 
ng/mL). For the subject who received a 64-mg dose orally in solution, a peak 
plasma concentration of 55 ng/mL was reached I .5 h after dosing and declined 
to 6 ng/mL after 24 h. 


In conclusion, a simple and specific RIA for the quantitation of nalmefene 
in  human plasma has been developed and validated by comparison with an 
eslablished YPLC procedure. The RIA provides adequate sensitivity to obtain 
pharmacokinetic profiles of the drug following both intravenous and oral 
administration to humans. By virtue of its simplicity, the assay can facilitate 
the analysis of the ever increasing number of plasma samples which are being 
generated during new drug development studies. 
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of the 75% form I sample. Ten aliquob of this sample were packed and scanned 
over the range 28 = 5-37', The calculated mean was 76.7% form 1. All 10 
assays were within the 74-79% range. The mean difference was 2.l%, and the 
SD add CV were 1.8 and 2.3%. respectively. When zinc oxide was not used 
as an internal standard and the peak height ratio, 125.1/1198. was used, the 
calculated mean percentage of form I for these samples was 55%, and the range 
was 49-6170. Incorporation of zinc oxide as the internal standard substantially 
increased the accuracy and precision of the assay method. The uncertainty 
in the ratios in Table I1  is -5%. This value is higher than the SD obtained from 
the repetitive testing of the 75% form I sample (Table I I ) ,  1.8%. and may be 
only a statistical anomaly. 


In Table 111 arc summarized the data obtained from the analysis of nine 
different mixtures of N-(4-hydroxyphenyl)retinamide. The mean difference 
for all nine mixtures was 2.3%. The largest differences between the known 
and calculated amounts of form I were -3 and +6%. 


In summary, this method represents a precise and accurate method, within 
f6%, for quantitation of the amount of N-(4-hydroxyphenyl)retinamide 
polymorph 1 present in samples of drug substance. The amount of form 11 can 
be calculated by difference. It appears that zinc oxide merits consideration 
for use as an internal standard in quantitative X-ray diffraction methods for 
other organic compounds. 
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Abstract 0 A study was designed to estimate the absolute bioavailability of 
ali~apride after intramuscular injection. oral administration as a solution or 
a tablet, and rectal administration as a suppository compared with that after 
intravenous injection. A balanced incomplete block-design trial was adopted. 
The intramuscular injection and the tablet administration showed identical 
results with those of the intravenous injection. On the contrary, the oral so- 
lution and the rectal suppository dosage forms gave lower absorption values, 
i .e.,  75 and 61% of the dose administered was absorbed, respectively. 


Keyphrases 0 Alizpride-bioavailability, intravenous. intramuscular, oral 
tablet, oral solution, rectal suppository 0 Bioavailability-alizpride, intra- 
venous, intramuscular, oral tablet, oral solution, rectal suppository 0 Phar- 
macokinetics--ahzapride, intravenous, intramuscular, oral tablet, oral so- 
lution, rectal suppository 


Alizapride', N - [ (  1 -allyl-2-pyrrolidinyl)methy1]-6-me- 
thoxy- 1 H-benzotriazole-5-carboxamide (I) ,  is a new drug with 
antiemetic properties (1 -3). It is used mainly in emergencies 
and is given intravenously in cancer patients (4), the pediatric 
population (3, and for internal medicine purposes (6). Chronic 
administration can be continued by intravenous, rectal, or even 
the oral routes of drug administration if patients are monitored 
well. For all these pharmaceutical forms, bioavailability results 
must be known to choose the appropriate dosage regimen for 
each route of drug administration. 


In a previous study (7),  it has been shown that the phar- 
macokinetics of alizapride were independent of the dose ad- 
ministered, in the dosage range of 50-200 mg, either by the 
intravenous or oral routes. In this report are described the 
pharmacokinetic results obtained after intramuscular, oral 
solution or tablets, and rectal administrations compared with 
those after intravenous injection. 


EXPERIMENTAL SECTION 


Materials-Alizapride was obtained commercially and showed no im- 
purities in two different TLC systems. All reagents for alizapride analysis in 
biological materials were of commercially available analytical grade and were 
used without further purification. 


Alizapride Analysis-Alizapride was measured in plasma and urine by using 
a previously described HPLC method (7). 


HPLC involved a single-step extraction, a reverse-phase chromatographic 


CO - NH - CH, 
I 


r / y  
N-NH 


I Plitican; Delagrange Laboratories. Paris, France I 
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Table I-Exwrimental Desien for AtizsDride Administration in 10 Subiects' 


Subject 
Form of Administration 


Intravenous Intramuscular Oral Tablet Oral Solution Rectal 
~~~~ ~ 


- 2 A 3 I 
B 2 3 


3 I 2 C 
2 1 3 


2 
D 
E 


2 F 3 
2 3 1 


3 I 
G 
H 


1 I 
J 


- 
1 - - 
- - 


- 
I 3 


I 


2 
2 3 


1 3 2 


- - 
- - 


- - 
- - 


- - 
- - 


a Numbers refer to the order of the forms adrninibtered separated by weekly intervals 


separation*, and fluorometric detection). Under the described conditions, the 
assay sensitivity was 5 ng/mL in plasma and 0.1 mg/L in urine, with a mean 
coefficient of variation of 3.9% between 25 and 2000 ng/mL. No endogenous 
interfering peaks appeared during the assays. 


Alizapride Administrations-Because of the five alizapride dosage forms 
to be tested, a balanced incomplete block design (8) was adopted to avoid a 
complete block design, which would have led to a very cumbersome protocol. 
Ten subjects gave informed consent to participate in the study. They were free 
from cardiac, renal, hepatic, and respiratory diseases and allergies by clinical 
and biological examinations. None of the subjects received any drugs for at 
least 15 d prior to the study. Each subject received thc same dose of 100 mg 
in three different forms at  intervals separated by 1 week. The order of the 
pharmaceutical form of drug administration was done in a random, balanced 
fashion so that each form could be administered at  least once. The experi- 
mental design for the drug administrations is indicated in Table I. with the 
numbers indicating the order of drug administration. All drugs were admin- 
istered after an overnight fast, and oral tablets were administered with 200 
mL of water. Subjects were allowed to have a light meal 4 h after drug ad- 
ministration. 


Sampling-A 7-mL heparinized blood sample was withdrawn at 0, 5, 10, 
15. 20, 30.45,60,90, and 120 min and 3,4,6,8, 10, 12, and 24 h after drug 


soo@l 


10 
0 2 4 6 8 10 12 


H O U R S  


Figure 1-Mean plasma concentrations of alizapride versus time obtained 
from six subjects after intravenous, intramuscular, or rectal route oJad- 
ministration. Key: (0) intravenous; (A) intramuscular; (0) rectal. 


* Bondapak CIS; Water Associates, Paris, France. ' JY3; Jobin et Yvon, Paris, France. 


administration. Urine samples were collected every 2 h during the first 12 h, 
once during the next 12 h. and every 24 h during the next 4 d. 


Cakulatim-Statistical and pharmacokinetic calculations were performed 
with a table microcomputefl. Pharmacokinetic parameters were obtained with 
previously developed programs (7.9). The interpretation of drug concentra- 
tions as a function of time was systematically performed according to three 
different pharmacokinetic models, i.e., one-, two-, or three-compartment open 
models by a Gauss-Newton algorithmic method. At each step, a statistical 
Fischer test with the least-squares criterion was used to evaluate the benefit 
of increasing the number of compartments. Pharmacokinetic parameters were 
then calculated by the equations of Wagner (10). Results were compared for 
the different pharmaceutical forms using an analysis of variance (ANOVA) 
adapted to the trial design (1 1,12). Furthermore, the symmetrical confidence 
intervals were estimated for the comparisons of the area under the curves and 
the amounts excreted unchanged in the urine after each administered form 
(8, 13). 


RESULTS AND DISCUSSIONS 
Intravemws Administration-The mean alizapride concentrations obtained 


from the six subjects receiving the intravenous form are shown in Figs. I and 
2. The corresponding mean pharmacokinetic parameters estimated from in- 


sooa 


iooa  


A E 500 . 
D 
c 


1 ao 


50 


10 
0 2 4 0 8 1 0 1 2  


HOURS 
Figure 2-Mean plasma concentrations of alizapride versus time obtained 
from six subjects after intravenous and oral administration as tablet or so- 
lution. Key: (0) intravenous; (A) tablet; (8)  solution. 


' Model 4051; Tektronix, Paris, France. 
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Table 11-Mean Values of tbe h rmcok ine t i c  Parameters Obtained after Administratian of Different Wnrmrceuticrl Forms of AUupride 


Alizapride Administration, 100 mg 
Parameter Intravenous Intramuscular Oral Tablets Oral Solutions Rectal 


- 0.00 
- 7.13 f 5.56 
- 0.1 3 f 0.06 


0.48 f 0.16 
2.04 f 0.51 


0.348 f 0.100 
0.66 f 0.12 
0.76 f 0.64 
90.4 f 18.7 
55.7 f 31.3 


0.10 f 0.05 
2.75 f 0.78 
0.88 f 0.54 
4.81 f 2.59 
2.14 f 0.54 
36.3 f 22.6 
61.4 f 11.3 ~ ~~ ~ 


3.80 f 0.62 
461.8 f 57.3 
372.0 f 58.0 


3162 I I :63 
517.1 f 160.2 
422.5 f 140.7 


80.5 f 5.4 81.4 f 8.6 


dividual results are presented in Table 11. The results show a rapid distribution 
phase corresponding to a half-life of 0.10 f 0.05 h (range, 0.062-0.1 5 h) and 
an elimination phase with a mean half-life of 2.75 f 0.78 h (range, 1.75-3.99 
h). The volumes of distribution were large [36.3 f 22.6 L (range, 14-68 L) 
for the central compartment and 61.4 f 1 1.3 L (range, 44.1-72.8 L) for the 
peripheral compartment]. The total clearance of elimination was moderate 
[461.8 f 57.3 mL/min (range, 405.5-533 mL/min)]. The mean unchanged 
drug urinary elimination curves of the six subjects are shown in Fig. 3. The 
overall urinary elimination of unchanged alizapride (80.51 f 5.4%) of the dose 
administered (range, 73.2-88.7%) indicates that urinary excretion is the main 
route of alizapride elimination. About 20% of the injected dose was not re- 
covered in this study. This cannot be explained by an insufficient amount of 
urine collected (Fig. 3). So the difference must be accounted for by metabolism 
or another route of elimination of unchanged drug or its metabolites, such as 
biliary excretion. It is noteworthy that in a previous study (7) it was shown 
that the chromatographic method was specific for the Unchanged drug, both 
in urine and plasma, and no extra peak appeared in the chromatograms. 
Therefore, from the data of alizapride urinary elimination, the renal clearance 
can be calculated to be 372.0 f 58.0 mL/min, indicating an active tubular 
proctss of alizapride excretion. 


Intramuscular Administration-The plot of mean plasma concentrations 
of alizapride versus time is shown in Fig. 1 ,  and the corresponding phar- 
macokinetic parameters arc presented in Table 11. The appearance of the drug 
in plasma is very rapid, corresponding to a rate constant of 7.1 3 f 5.56 h-l. 
Maximum concentrations were 848 f 193 ng/mL and occurred within 20 min 
after injection. The calculated parameters were very close to those observed 
after intravenous injection. It is noteworthy that the area under the plasma 
concentration curves (AUC) and the amount excreted unchanged in the urine 
are identical. 


Oral AdminiptRtion--The plot of the mean plasma concentrations of aliz- 
apride versus time obtained after the oral administration of tablets and so- 
lutions are shown in Fig. 2. The corresponding mean pharmacokinetic pa- 
rameters are listed in Table 11. The maximum plasma concentrations were 
higher after solution administration than after tablet administration (mean, 
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0.22 f 0.07 
2.68 f 0.68 


0.272 f 0.063 
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117.0 f 59.4 
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2.86 f 1.24 


585.0 f 265.0 
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0.17 f 0.10 
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- 
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- 


150.3 f 81.4 


2.32 f 0.69 
670.2 f 161.3 
425.0f 171.5 
61.8 f 9.8 
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930 f 350 ng/mL versus 740 f 90 ng/mL) and occurred slightly sooner after 
solution administration (0.57 f 0.34 h versus 0.69 f 0.47 h). Similarly, the 
lag time observed with the solution dosage form was two times lower than that 
of the tablet. Compared with the parameters obtained after the intravenous 
injection, the AUC values were lower (mean, 3.53 f 1.08 and 2.86 f 1.24 
mg-h/L, respectively, for the tablet and the solution), and the amount excreted 
unchanged in the urine decreased to 78.3 f 7.3 and 69.7 f 7.1 mg for the 
tablets and solutions, respectively. With these dosage forms, therefore, the 
bioavailability seemed to decrease, resulting in increased apparent volumes 
of distribution and total clearances, since these parameters were estimated 
on the assumption of total absorption. On the contrary, the elimination half- 
lives and the renal clearances, which are independent of the percentage of the 
dose administered that was absorbed, are identical with those obtained after 
intravenous injection. 


Rectal Administration-The plots of the mean plasma and urine concen- 
trations versus time are shown in Figs. 2 and 3, respectively. The corresponding 
pharmacokinetic parameters are listed in Table 11. The maximum plasma 
concentrations obtained with suppositories were the lowest (630 f 210 ng/ 
mL) and were seen last at 1.26 f 1.02 h after administration. The amounts 
absorbed from this form seemed to be low since the AUC was 2.32 f 0.69 
mg.h/L and the mean urinary elimination was 61.8 f 9.8 mg. The mean 
elimination half-lives and renal clearances were identical with those observed 
after intravenous injection. 


Blorvdlabitlty Wy-The absolute bioavailability of the four dosage forms 
was estimated from the AUC and the overall amounts of unchanged excreted 
drug. The ANOVA analyses corresponding to the trial design showed no 
statistical differences at  the 0.05 levels between subjects or time of drug ad- 
ministration for both parameters. 


The AUC ANOVA failed to show an overall difference between the dosage 
forms (&F = 2.996, but was very close to the significant value at the 0.05 level, 
(&F = 3.01). However, for the urinary excretion studies, ANOVA showed 
a significant difference in the tested form at the 0.01 level (&F = 5.47). The 
protected multiple Student t test (1 l), applied for comparisons of each dosage 
form against intravenous injections, showed that intramuscular and oral tablet 
administrations were not significantly different from the intravenous ad- 
ministration ( f  = 0.9 and 2.25, respectively). However, the oral solution and 
the rectal suppositories both differed significantly from the intravenous in- 
jection at the 0.01 level ( t  = 10.8 and 18.7, respectively). 


The difference observed between the two parameters can be explained by 
the greater variability observed with the AUC. This is shown by the estimation 
of the symmetrical confidence interval according to Westlake (8,13) which 
yielded 36.9 and 31.2% intervals for the tablet and the intramuscular forms 
when estimated from AUC and only 13.0 and 13.9% for the same forms, re- 
spectively. when estimated from amounts excreted in the urine. Due to this 
greater variability, the ANOVA was unable to show any difference, although 
it seemed to occur. 


It was surprising to find that the oral solution showed significantly lower 
bioavailability than did the tablet forms since, in most cases, solutions yielded 
higher bioavailabilities than did the solid forms. Such an observation has been 
made with two barbiturates, namely, cyclobarbital (14) and heptabarbital 
(1 5 ) .  Physiological explanations for such a phenomenen are difficult. Either 
a precipitation in the stomach and/or the intestinal tract or a delay in the 
transfer of the drug from the stomach to the intestine can occur (10). The latter 
was unlikely to have occurred with alizapride since it appeared very rapidly 
in the blood stream with both oral forms, and the maximum plasma concen- 
trations were obtained very rapidly. 


Differences in  the rate of absorption of the drug with the extravascular 
forms were tested by using the nonparametric Kruskal-Wallis test (1 1) for 
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the observed plasma maximum concentrations and the time at which they 
occurred. This test failed to show any difference between the four tested forms 
with the two chosen parameters. Therefore, the study of the bioavailability 
of intramuscular. oral solution, tablet, and rectal suppository administration 
compared with intravenous administration showed that the intramuscular 
dosage form and oral tablets gave results similar to those obtained by intra- 
venous injection, but the oral solution and the suppositories showed a mean 
lower bioavailability of 75 and 61 96, respectively. 
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Abstnct 0 The polymorphic transformations of phenylbutazone from meta- 
stable forms a and to stable form 8 were studied quantitatively at four 
temperature and five humidity levels by X-ray powder diffractometry. The 
transformation of form a conformed with the Avrami-Erofe’ev kinetic model 
and form B conformed with apparent first-order kinetics. In the two trans- 
formation systems, the induction periods depended on the storage conditions 
and were prolonged with lowering of temperature and humidity. The trans- 
formation rate of form a was not affected by humidity, whereas that of form 
B increased according to a rise in humidity. The temperature dependency of 
the transformation rate constant was remarkable. The Arrhenius treatment 
was applicable to the 0 - 8 transformation at low temperatures. The overall 
half-life, including induction period, revealed that form a was more stable 
than form B under any storage condition. A good linear relationship existed 
between the induction period and the transformation rate constant, irrespective 
of the storage conditions. The scanning electron photomicrographs of forms 
a and B demonstrated that acicular crystals of form 6 grew as the transfor- 
mation progressed. This could be confirmed as the change in particle diameter 
of the samples. 


Keyphrases 0 Phenylbutazone-polymorphic transformation, physico- 
chemical stability under different storage conditions 0 Polymorphic trans- 
formation-phenylbutazone, physicochemical stability under different storage 
conditions 0 Physicochemical stability-phenylbutazone, different storage 
conditions, polymorphic transformation 


The method for improving the bioavailability of a slightly 
soluble drug is an important problem in the preformulation 
study of solid dosage forms. Polymorphic transformation is 
often effective as a technique for increasing solubility. Since 
the solubility and dissolution rate of a metastable polymorph 
are usually higher than those of the stable form, the former is 
more desirable clinically than the latter; however, the former 
is not always preferable in physicochemical stability. It is well 
known that, irrespective of temperature, only one crystal form 
is thermodynamically stable and all other forms convert 


eventually to the stable one. A metastable form nevertheless 
may occasionally exhibit sufficient stability to ensure a rea- 
sonable shelf life. If a metastable form is used in a formulation 
because of its excellent dissolution properties, it is prerequisite 
to demonstrate that the metastable form is never transformed 
to a more stable form under usual storage conditions. 


Although some difficulties are involved in establishing a 
quantitative method for polymorphic transformation, there 
are several previous reports on the method (1 -8). Due to the 
complexity of solid-state reaction, the stability-indicating ki- 
netic interpretation has been fully discussed in only a few re- 
ports (1,7,8). The techniques described here are divided into 
three groups: IR spectrophotometry based on the quantitative 
Nujol mull technique (1-3, 6). differential scanning calo- 
rimetry (4,5), and X-ray powder diffractometry (7,8). Among 
these, X-ray diffractometry may be the most useful method 
because heat and liquid relating closely to polymorphic 
transformation are not involved in the measurement. 


In the present investigation, the stability profiles between 
the two metastable forms of phenylbutazone are comparatively 
evaluated. The preparation and characterization of the phe- 
nylbutazone polymorphism have been described previously 
(9-16). The polymorphic system has been reported to consist 
of a stable form (form b ) ,  four metastable forms (forms a, B, 
y, and c), and two pseudopolymorphs, among which form c has 
the highest solubility. For the reasons of high yield and sim- 
plicity of preparation, forms CY and p were chosen as poly- 
morphic models in this study. The transformations of these 
forms were measured quantitatively by X-ray powder dif- 
fractometry and thoroughly studied over long periods of time 
under different storage conditions. 
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Abstract The renal clearances of acetaminophen, acetaminophen glucu- 
ronide, and acetaminophen sulfate were determined in eight healthy adults 
2 h after administration of 1.5 g of acetaminophen. The renal clearance ratios 
(relative to creatinine) were 0.058 f 0.026.0.890 f 0.153, and 1.43 & 0.250 
(mean f SD), respectively. The renal clearance of acetaminophen increased 
with increasing urine flow rate, and that of acetaminophen sulfate decreased 
with increasing serum concentration of the conjugate. A strong positivecor- 
relation was found between the renal clearances of acetaminophen glucuronide 
and acetaminophen sulfate, possibly due to blood perfusion rate-depcndent 
renal tubular secretion of the two conjugates. The serum protein binding of 
acetaminophen (-20%) and acetaminophen glucuronide (<lo%) are minor. 
Acetaminophen sulfate is >SO% protein bound, as determined by equilibrium 
dialysis and ultrafiltration. The results of these studies are ( a )  consistent with 
previous reports of animal studies, indicating that renal excretion of acet- 
aminophen involves glomerular filtration and passive reabsorption and that 
acetaminophen sulfate is subject to active renal tubular secretion, and ( b )  
compatible with the reported Occurrence of renal tubular secretion of acet- 
aminophen glucuronide in animals. 


Keyphrases 0 Acetaminophen-renal clearance, serum protein binding, 
glucuronide and sulfate metabolites 0 Renal clearance-acetaminophen, 
serum protein binding glucuronide and sulfate conjugates 0 Protein bind- 
ing-acetaminophen, ligand and albumin concentration 


Acetaminophen, the widely used nonnarcotic analgesic and 
antipyretic agent, is eliminated primarily by formation of the 
glucuronide and sulfate conjugates (1 -3). These metabolites 
are excreted as such in the urine. While the renal clearance of 
the acetaminophen conjugates has been studied extensively 
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Figure 1 -Relationship between the apparent renal clearance of acetami- 
nophen su,/are (normalized to a body surjace area of 1.73 m2)  and the serum 
Concentration of acetaminophen sulfate; r = 0.718. p < 0.01. The open 
symbols are the data points of one outlier. which were not included in the 
statistical analysis; 0.01 mM acetaminophen = 1.51 pg/mL. 


in experimental animals (4-6), only limited information is 
available concerning their renal clearance in humans (7, 8). 
We have, therefore, determined the renal clearances of acet- 
aminophen, acetaminophen glucuronide, and acetaminophen 
sulfate in normal humans of both sexes and examined the 
concentration dependence of, and the interrelationship be- 
tween, these processes. Since proper interpretation of renal 
clearance data requires knowledge of the plasma or serum 
protein binding characteristics of the cleared substance, we 
have also determined the serum protein binding of acetami- 
nophen and its two major metabolites, and the effect of ligand 
and albumin concentration, respectively, on the protein binding 
of these compounds. 


EXPERIMENTAL SECTION 


Eight adults in apparent good health (two females and six males, weighing 
46-98 kg, 26-35 years old), received 1.5 g of acetaminophen in solution1 orally, 
after an overnight fast. Seven of these subjects received acetaminophen a 
second time, 8 months later, after a light, low-fat breakfast (as part of another 
study). The subjects were drug-free for at least 4 d prior to the study. Urine 
was collected from 1 to 3 h after administration of the drug, and a blood sample 
was obtained at the midpoint of the urine collection period. Urine and serum 
samples were stored at  -2OOC until assayed. The concentrations of acet- 
aminophen and its conjugates were determined by a slightly modified version 
of the HPLC assay of Adriaenssen and Prescott (9). A CIS column2 with a 
mobile phase of 10% methanol and 1% acetic acid in 0. I M potassium dihy- 
drogen phosphate solution was used. The assay has a sensitivity limit of 4 . 1  
pg/mL (in terms of acetaminophen) for acetaminophen, acetaminophen 
sulfate, and acetaminophen glucuronide. Serum and urine were also assayed 
for creatinine by a modified picrate method3. 


Renal clearancevalues were determined by dividing the urinary excretion 
rate of acetaminophen, its conjugates, or creatinine by the midpoint serum 
concentration of the respective compound. Clearance ratios were calculated 
by dividing the clearance of acetaminophen or its conjugates by the creatinine 
clearance. Body surface area was estimated by means of a nomogram (10) 
based on body weight and height. 


Multiple regression analysis was used to determine the relationships between 
the renal clearances of acetaminophen, or its conjugates, and urine flow rate, 
creatinine clearance, and Serum concentration ( I  I ) .  Bivariate linear regression 
equations were determined by the perpendicular least-squares method, in 
which it is assumed that both variables are subject to error (12). 


Serum protein binding measurements were made by equilibrium dialysis 
at 37OC against an equal volume, 0.3 mL, of 0.13 M phosphate buffer (pH 
7.4) and by ultrafiltration. In the equilibrium dialysis studies, acetaminophen 
and its conjugates were added to the buffer phase in amounts designed to 
produce serum concentrations similar to those found in the study samples. 
The buffer solutions were dialyzed against pooled blank human serum or FO- 
lutions of crystalline human albumin4; also, blank buffer was dialy7ed against 
samples of pooled serum obtained in this study. Preliminary experiments 
showed that the optimal equilibration time for acetaminophen, acetaminophen 
glucuronide, and acetaminophen sulfate was 6- 8 h. The protcin binding of 
acetaminophen, acetaminophen glucuronide, and acetaminophen sulfate over 
the concentration ranges of 0.10- 1.15 mM, 0.04-0.52 mM, and 0.1 I -  1.22 
mM, respectively, in human albumin solutions of varying concentrations 
(1.57-4.79 g/dL) was determined. Tris buffer (0.16 M)  was used instead of 
phosphate buffer in some of these experiments. 


Tylenol Elixir: McNeil Lab. Inc.. Fort Washington. Pa. 


Crcatinine Ki t  (No. 55s-A); Sigma Chemical Co.. St. Louis. Mo 
Calbiochem-Behring, La Jolla. Calif. 


2 p-Bondapak CIR: Waters Associates. Milford. Mass. 
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Table I-Renal Clearance of Acetaminophen, Acetaminopben Glucuronide, 
and Acetaminophen Sulfate in Normal Adults a 


Renal Clearance, 
Excretion Product mL/min/1.73 m* Clearance Ratiob 


Acetaminophen 6.32 f 1.93 0.058 f .026 


Acetaminophen 100 f 13.6 0.890 f . I53 
glucuronide (80.9-120) (0.770% 1.16) 


Acetaminophen 161 f 30.6C 1.43 f .250C 


(3.26-8.92) (0.030-. 103) 


sulfate ( 1  16-200) (1.05-1.86) 


Results expressed as mean f SD (range), n = 8, based on clearance values for each 
subject, which are the average of two determinations made on scparate occasions. The 
average renal clearance of creatinine ranged from 75.5 to 135 mL(m,in/1.73 mt. and 
average urine flow rates ranged from 15 to 75 mL/h/1.73 m2. Re alive tocreatinine. 
C One outlier with an average renal clearance of 74.9 mL/min/l.73 m2and an average 
clearance ratio of 0.628 was excluded. 


Ultrafiltration studies were performed with solutions of acetaminophen 
and its conjugates in pH 7.4 isotonic phosphate buffer (to examine the pos- 
sibility of membrane binding) and with serum obtained following the ad- 
ministration of acetaminophen. Approximately 2 mL of buffer solution or 
serum was placed in cellulose tubingS (0.83 mm o.d., molecular exclusion limit 
of 12,000-14,OOO Da) which was mounted in stoppered plastic centrifuge 
tubes. The tubes were centrifuged at 750Xg for 30 min at 3 7 T ,  and 0.10-0.15 
mL of ultrafiltrate was collected (13). 


Acetaminophen sulfate was synthesized in our laboratory6 by the method 
of Feigenbaum and Neuberg (14), and acetaminophen glucuronide was 
supplied’ (1 5). Total protein concentrations were determined by the biuret 
method (16). and the albumin fraction was determined by electropho- 
resis8. 


RESULTS 


The creatinine clearance values of the subjects in this study ranged from 
74 to 139 mL/min/ 1.73 m2. Urine flow rates ranged9 from 15 to 1 10 mL/ 
h/ 1.73 m*. The renal clearance values for acetaminophen, acetaminophen 
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Figure 2-Relationship between the apparent renal clearances of acetami- 
nophen sulfate (APAPSJ and acetaminophen glucuronide (APAPG); r = 
0.928, p < 0.001. Seven ofthe eight subjects received acetaminophen on two 
separate occasions [first dose (8). second dose (*)I, and the two data points 
for any one subject are connected by a dashed line. The open symbols are the 
data pointsfor one outlier, which were not included in the statistical anal- 
ysis. 
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9 This range is based on individual determinations while the ranges in Table 1 are 
averages of twodeterminations per subject. 
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Figure 3-Protein binding of acetaminophen in human albumin solution, 
determined by equilibrium dialysis. (A) Binding of acetaminophen over the 
Concentration range of 15-174 pg/mL in 4.79 g/dL (a) and 2.88 g/dL (8 )  
albumin solution. (BJ Binding (mean f S D ,  n = 9)  of acetaminophen over 
the same drug concentration range in albumin solutions of 1.57, 2.88.3.88, 
and 4.79 g/dL. 


glucuronide, and acetaminophen sulfate and the corresponding renal clearance 
ratios relative to creatinine are summarized in Table T I o .  The renal clearance 
ratio of acetaminophen sulfate was consistently larger than unity, indicative 
of net renal tubular secretion. The renal clearance ratio of acetaminophen was 
quite small, reflecting extensive renal tubular reabsorption since (as will be 
shown) the Serum protein binding of the drug is very limited. The body surface 
area-normalized renal clearance of acetaminophen increased with increasing 
normalized urine flow rate ( r  = 0.577, p < 0.05), but the urine flow rate had 
no apparent effect on the renal clearances of acetaminophen glucuronide or 
acetaminophen sulfate. 


The normalized renal clearance of acetaminophen sulfate decreased with 
increasing serum concentration of this conjugate (Table 11 and Fig. I ) .  A 
similar negative correlation (r = -0.771, p < 0.01) was found with respect 
to the acetaminophen sulfate-to-creatinine clearance ratio and acetaminophen 
sulfate serum concentration for concentrations <0.06 mM (this excludes a 
total of three sets of data from two subjects), but the correlation was not sta- 
tistically significant when all data were included. There was no apparent 
correlation between normalized renal clearance and serum concentration in 
the cases of acetaminophen and acetaminophen glucuronide, respectively 
(Table 11). Also, there was no statistically significant correlation between the 
normalized renal clearance of either conjugate and the serum concentration 
of acetaminophen. 


The absolute renal clearances of acetaminophen glucuronide and acet- 
aminophen sulfate for individual subjects (except one outlier) were strongly 
correlated (Fig. 2). A statistically significant correlation was found also with 
respect to normaliiad clearance values for the individual subjects ( r  = 0.876, 
p <O.OOI), again excluding the one outlier. The latter individual yielded, on 
two occasions, significantly lower renal clearance values for acetaminophen 
sulfate than any of the other subjects in the study, but renal clearancevalues 
for acetaminophen glucuronide (Fig. 2) and the serum-free fraction of acet- 
aminophen sulfate (-0.4) for this subject were in the normal range. 


Neither acetaminophen nor acetaminophen glucuronide was significantly 
protein bound in the serum of subjects who had taken acetaminophen or in 
human albumin solution and blank serum to which these compounds had been 
added in vitro (Table 111). On the other hand, acetaminophen sulfate was 


10 Individual urine and serum concentration data are available on request. 
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Table 11-Concentration Dependence of the Renal Clearance and Clearance Ratio of Acetaminophen, Acetaminophen Glueuronide, and Acetaminophen 
Sulfate a 


Range of Serum Range of Range of Correlation Coefficient 
Conc., Clearance, Clearance Clearance 
mM ml,/min/ 1.73 m2 RatioC Clearance Ratio 


Acetaminophen 0.070-0.200 3.26- I 1.3 0.030--0. I27 0.095 0.229 
Acetaminophen glucuronide 0.052-0.1 34 71.7- 132 0.530- I .  I69 -0.104 -0.086 
Acetaminophen sulfateb 0.01 8-0.083 1 15-233 0.889-2. I2 -0.7 I 8d -0. I45 


- ~ ~~ 


Ranges and correlation analyses based on I5 individual sets of ralues from eight subjects (all but one subject participated in two studies). One mM of acetaminophen glucuronide 
and acetaminophen sulfate is equal to 327 mg/L and 231 mg/L, respectively. One outlier (see footnote c in Table I)  was excluded. Relative to creatinine. d p  < 0.01, 


appreciably (>SO%) protein bound in all of these fluids. These results, obtained 
by equilibrium dialysis, were confirmed by ultrafiltration experiments. For 
example, the serum free fraction value (mean fSD, n = 3 or 4) of acetami- 
nophen sulfate was 0.460 f 0.021 by equilibrium dialysis and 0.425 f 0.021 
by ultrafiltration. Preliminary ultrafiltration experiments with protein-free 
aqueous solutions of acetaminophen and its two conjugates yielded average 
“free fraction” values consistently near unity (0.988- 1.07), indicative of 
negligible binding to the cellophane membrane. Freezing and thawing of serum 
(one or two times) had no apparent effect on the protein binding of acetami- 
nophen and its conjugates. 


The albumin binding of acetaminophen was independent of drug concen- 
tration over a wide range, but increased with increasing albumin concentration 
(Fig. 3). On the other hand, the albumin binding of acetaminophen sulfate 
decreased with increasing concentration of the conjugate and increased with 
increasing albumin concentration (Fig. 4). The protein binding of acetami- 
nophen glucuronide was very low (<lo%) and not significantly affected by 
its concentration or by the concentration of albumin”. 


DISCUSSION 


Acetaminophen, in nontoxic doses, has no apparent effect on renal creati- 
nine clearance in humans (17) and on glomerular filtration rate and other 
indices of renal function in experimental animals (18-20). Consistent with 
previous reports (7,8), the renal clearance of unmetabolized acetaminophen 
is quite low despite its negligible serum protein binding and is positively cor- 
related with urine flow rate (7). It is also independent of acetaminophen 
concentration in the serum, at least under the conditions of this investigation. 
These observations confirm studies in dogs which have shown that acetami- 
nophen undergoes glomerular filtration and renal tubular reabsorption by 
simple diffusion (4). The mean renal clearance of acetaminophen obtained 
in this investigation, 6.32 f I .93 mL/min/ 1.73 m2, is somewhat lower than 
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Figure 4-Protein binding of acetaminophen sulfate in human albumin so- 
lutions (1.57, 2.88. 3.88, and 4.79 gfdL), determined by equilibrium dialysis, 
at acetaminophen sulfate concentrations oj1.22 f 0.040 mM (mean f SD) 
(A). 0.564 f 0.038 mM (m), 0.252 f 0.021 mM (a), and0.107 f 0.007 mM 
P). 


II Unpublished results. 


that reported by Prescott et a / .  (8) for 12 normal subjects ( I  I .9 f 4.9 mL/ 
min/67 kg average body weight). This may be due to different urine flow rates 
in the two studies. In general, small differences in the average renal clearances 
of acetaminophen and its major metabolites, observed in this investigation 
and in that by Prescott etal. (8). may bedue to the fact that thedata reported 
here are based on a single serum concentration determination at the midpoint 
of a 2-h urine collection period while Prescott et a / .  emplojed the usually 
preferable area-under-the-curve method. However, the latter method would 
not reveal concentration depcndence of renal clearance if the determinations 
are based on the total area under the plasma concentration-time curve and 
total urinary excretion. The conditions of the present study ( i .e . ,  a constant 
absolute dose given to subjects of widely differing body weight) facilitated 
assessment of the possible serum concentration dependence of the renal 
clearances. 


Renal clearance values for the acetaminophen glucuronide and sulfate 
conjugates determined following administration of acetaminophen, rather 
than of the conjugates themselves, must be considered, in principle, as esti- 
mates of apparent renal clearances. This is because studies on isolated perfused 
rat kidneys (18 20) and isolated rat kidneycells(21) haveshown that renal 
tissues form acetaminophen glucuronide and sulfate conjugates, albeit at very 
low rates. These conjugates do not appear in the perfusate of isolated kidneys, 
but are immediately excreted in the urine. It is likely that the renal contribution 
to acetaminophen conjugation is also quantitatively negligible in humans since 
the elimination of acetaminophen by biotransformation is not impaired in 
anephric patients (22). 


Previous studies by Duggin and Mudge in dogs (4) and by Lin and Levy 
in rats (6) have shown that the renal clearance of acetaminophen sulfate is 
substantially higher than glomerular filtration rate at low serum concentra- 
tions of the conjugate and that the renal clearance decreases with increasing 
serum concentration. The present study in humans also yielded renal clearance 
ratios, relative to creatinine, appreciably higher than unity. This demonstrates 
that acetaminophen sulfate is subject to renal tubular secretion. While, in 
theory, similar results may be obtained if the conjugate was excreted only by 
glomerular filtration and formed at a high rate in the renal tissues, that pos- 
sibility is unlikely in view of the evidence reviewed in the preceding paragraph. 
Moreover, there was no relationship between the normalized apparent renal 
clearance of acetaminophen sulfate and the serum concentration of acet- 
aminophen. A relationship would be expected had there bcen appreciable renal 
synthesis of the conjugate. The renal clearance value obtained in this study 
(161 f 30.6 mL/min/l.73 m2) is in good agreement with that of Prescott et 
al. (166 29 mL/min) in 12 healthy volunteers, with an average body weight 
of 67 kg, who received a single dose of acetaminophen. 20 mg/kg (8). More 
direct comparison is not possible since Prescott er a / .  did not report individual 
or normalized average values or glomerular filtration rates. 


The apparent renal clearance of acetaminophen glucuronide determined 
in this study, 100 f 13.6 mL/min/l.73 m2, is also in reasonable agreement 


Table Ill-Serum Protein Binding of Acetaminophen, Acetaminophen 
Glucuronide, and Acetaminophen Sulfate a 


Free Fraction 
Acetaminophen Acetaminophen 


Acetaminophen Glucuronide Sulfate 


Serum after 0.819 f 0.018 0.923 f 0.009 0.460 f 0.021 
administration of 
acetaminophen 


Human albumin, 5% 0.818 f 0.013 0.928 f 0.012 0.469 f 0.019 
Blank serum 0.780 f 0.020 0.916 f 0.019 0.391 f 0.016 


0.844 f 0.017* 0.954 f 0.019b 0.387 f 0.015b 


a Results expressed as mean fSD (n = 3). Serum was dialy7ed for 6-8 h a t  3 7 O C  
against isotonic phosphate buffer, pH 7.4. The approximate concentrations of acerami- 
nophen, acetaminophen glucuronide. and acetaminophen sulfate a t  equilibrium were 
0.09.0.06, and 0.05 mM, respectively, in serum from medicated subjects, and 0.2,O.  I ,  
and 0.05 mM in albumin solution and blank serum. Determined by6-h dialysisagainst 
Tris buffer instead of phosphate buffer. 
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with that Uf Prescott er al. (8), 131 f 22 mL/min, but did not, on the average, 
exceed creatinine clearance. However, there were four individual renal 
clearance ratiovalues (of twosubjects) above unity: the highest of these was 
1.17. Thus, the results of the present study do not provide strong evidence for 
renal tubular secretion of acetaminophen glucuronide, perhaps because of 
the opposing effects of tubular secretion and reabsorption. Duggin and Mudge 
(4) found that acetaminophen glucuronide is subject to both processes in  the 
dog. 


This investigation revealed a striking positive correlation between the renal 
clearances of acetaminophen glucuronide and acetaminophen sulfate in 
normal human subjects. Such correlation could reflect the existence of a 
common renal tubular secretory (transport) process for the two conjugates. 
Alternatively, the secretion rate of both conjugates could be blood flow rate 
dependent, either in  terms of overall renal blood flow or with respect to the 
blood perfusion of the secretory region of the kidneys. We favor the second 
of these alternatives because of evidence suggesting separate renal transport 
processes for the two conjugates. First, probenecid has been found to inhibit 
the net renal tubular secretion of acetaminophen sulfate, but not that of the 
glucuronide, in dogs (4). Second, the present investigation identified one ap- 
parently healthy male subject, with normal creatinine, inorganic sulfate ( I7) ,  
and acetaminophen glueuronide renal clearances, but markedly subnormal 
renal clearance of acetaminophen sulfate during two experiments -8 months 
apart. Such selectivity suggests a dissociation of the secretory processes for 
acetaminophen glucuronide and sulfate or, alternatively, the existence of 
separate specialized reabsorption processes together with a common or sep- 
arate process(es) for renal tubular secretion of the two conjugates. 


The serum protein binding of acetaminophen and acetaminophen glucu- 
ronide is very limited, so that correction of the renal clearancevalues of these 
compounds for protein binding will have only a quantitatively small effect. 
On the other hand, acetaminophen sulfate was found to be appreciably bound 
to serum proteins, so that its renal clearance referenced to the unbound me- 
tabolite would be more than double the value reported in Table 111. While the 
limited protein binding of acetaminophen and acetominophen glucuronide 
is consistent with the results of previous studies (4,22,23), oneof these studies 
had also indicated that acetaminophen sulfate binding to serum proteins is 
similarly negligible. Consequently, the protein binding of acetaminophen 
sulfate was examined in considerable detail in this investigation. Appreciable 
(>50%) binding was found by equilibrium dialysis and ultrafiltration, with 
good agreement between the results of the two methods. These binding ex- 
periments were performed on serum obtained from acetaminophen-treated 
subjects, blank serum with acetaminophen and its two major conjugates added 
in uirro, and human albumin solution with added acetaminophenand conju- 
gates. All of these fluids yielded similar free fraction estimates. Moreover, 
protein binding was also determined in serum from rats pretreated with 
acetaminophen, with the following average results (percent binding, con- 
centration): acetaminophen 23%, 0.55 mM; acetaminophen glucuronide 5%, 
0.15 mM; acetaminophen sulfate 65%. 0.28 mM. Several studies by other 
investigators have shown that various organic sulfate esters are extensively 
bound to plasma proteins (24-26). 


Acetaminophen is almost entirely metabolized to the glucuronide and 
sulfate conjugates under ordinary conditions, and these conjugates are excreted 
in the urine. Renal failure results, therefore, in substantial accumulation of 
these metabolites in  plasma (22). The present study provides information 
relevant to the elimination of these metabolites by human subjects with normal 
renal function under conditions yielding serum concentrations of acetami- 
nophen and its glucuronide and sulfate conjugates in  the usual therapeutic 
range. 
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Abstract 0 A two-tank perfect-mixing tank model was used to simulate GI 
absorption. The effect of drug parameters (pK,, solubility, and intrinsic wall 
permeability) and system parameters (pl1 profile, volume of intestinal con- 
tents, and intestinal flow rate) on drug absorption were studied by numerical 
data simulation. When the dose did not exceed the solubility of the drug in 
the intestinal lumen, the fraction absorbed depcnded on the transit rate relative 
to the absorption rate and the pK, relative to the pt i  profile, but was inde- 
pendent of drug dose. Saturation of one or both tanks led to dose-dependent 
absorption. The model was used to simulate absorption of chlorothiazide. Good 
agreement between simulated and experimental data led to the conclusion 
that the physical characteristics of chlorothiazide, rather than a saturable 
transport mcchanism at the intestinal wall, may be responsible for the dose- 
dependent absorption observed for this drug. The model was also used to 
simulate hydrochlorothiaride absorption. By applying the same system pa- 
rameters used for chlorothiazide, the model simulation correctly predicted 
the dose proportionality of hydrochlorothiazide absorption. The lack of dose 
dependency in this case may be attributed to the higher solubility and pK,, 
of hydrochlorothiazide compared with chlorothiazide. 


Keyphrases 0 Absorption- GI dose-dependent, physicwhemical model 0 
Chlorothiazide-physicochemical model, dose-dependent GI absorption 0 
Hydrochlorothiazide-physicochcmical model, dose-independent GI ab- 
sorption 


Dose-dependent drug absorption is often attributed to ab- 
sorption uia a saturable (carrier-mediated) mechanism or to 
the existence of a so-called absorption window for the drug. 
I n  many cases, however, an alternative approach, which takes 
into account the physical and chemical factors of the drug and 
GI tract, provides a more reasonable explanation of the ob- 
served behavior. Shore et al. ( 1 )  were the first to recognize the 
importance of physical parameters to drug absorption in their 
classical pH-partition hypothesis of GI absorption. They 
postulated that the rate of absorption is fastest when the drug 
is in its un-ionized form, with the degree of ionization being 
a function of pH and, hence, location in the GI tract. Solubility 
and dissolution rate effects on absorption were studied by 
Strickcr (2, 3)  using mechanical in vitro systems to simulate 
absorption. Among his conclusions was the finding that vari- 
ability in absorption of some sulfonamides could be attributed 
to their limited and pH-dependent solubilities. 


Physiological parameters such as gastric emptying rate may 
also influence absorption. Clements et al. (4) have shown that 
for drugs, such as acetaminophen, which are poorly absorbed 
in the stomach, gastric emptying can be the rate-limiting step 
in absorption. If ,  in such a case, gastric emptying does not 
follow a monoexponential relationship, the apparent absorption 
rate will not be first order, even though the drug is absorbed 
by passive diffusion. In this report, it is demonstrated that the 
physicochemical properties of a drug, i.e., its solubility, pK,, 
and intrinsic absorption rate, can play a significant role in the 
determination of the relationship between the dose adminis- 
tered and the oral bioavailability. The drugs chosen as exam- 
ples are chlorothiazide and hydrochlorothiazide. For chlo- 
rothiazide, the fraction absorbed orally is known to decrease 
substantially with increasing dose. By contrast, hydrochloro- 
thiazide exhibits dose-proportional absorption (5-7). 


THEORETICAL SECTION 


A two-tank mixing tank model (Fig. I )  provides a simple but useful picture 
of intestinal absorption. Tank I represents the duodenum and, hence, has a 
smaller volume and lower pH than tank 2, which represents the jejunum and 
ileum. The following assumptions are incorporated into the model: 


I .  Absorption from the stomach is minor compared with intestinal ab- 
sorption. The model could be extended to a three mixing-tank model to ac- 
commodate cases in which this assumption is invalid. 


2. The drug dose is delivered to the duodenurn as a bolus. Dissolution is 
considered to be instantaneous compared with other processes such as ab- 
sorption and transit rate. The dissolution rate may, in fact, play an important 
role in determining the percentage absorbed; its effects will be examined in 
a future study. 


3. Uptake by the intestinal wall is a first-order process which does not in- 
volve a saturable carrier mechanism. 


4. Absorption of the ionized form is negligible compared with that of the 
un-ionized form. 


5 .  Transit is a first-order process. 
Depending on the drug and the dose administercd, three general cases 


I .  Neither tank becomes saturated after drug is administered. 
2. One tank becomes saturated after drug is administered. 
3. Both tanks become saturated after drug is administered. 


apply: 


The three cases are illustrated in Figs. 2 .3 .  and 4, respectively. The basic set 
of parameters used in the simulations is listed in the Appendix; deviations from 
these values are noted where appropriate in the figure legends. The following 
symbols arc used: X T ~ ,  the amount of drug in tank i ;  Vi, volume of tank i;f,,i, 
fraction un-ionized in tank i; Q, flow or transit rate; kai,  intrinsic absorption 
rate in tank i; XO, dose administered; C,;, saturation concentration in tank 
i ;  X,i, X,, = C,j.Vi; R ,  = X,,. apparent absorption rate under saturated con- 
ditions in tank i; 71, time at which XTI = X,I; T Z A .  time at which x T 2  = X,2 
( X T ~  increasing); and 72B.  time at  which Xr2 = X,2 (XT2 decreasing). 


Case 1-In this case, Xrl /  V I  and X T ~ /  V2 are always less than the satu- 
ration concentrations. Loss from tank I is given by: 


whereas loss from tank 2 is given by: 


Transit out of tank 2 represents drug which is not absorbed, i.e.: 


(Eq. 3) 


These equations can be solved by using Laplace transforms to yield (for XTI 
= Xoat t = 0): 


XTI = X@-Af  (Eq. 4) 


(Eq. 5 )  


where A = kalful + Ql/Vl and B = ka& + Q2/V2. The fraction of dose 
absorbed is then given by: 


/7= I - X k =  I - 


This result shows that the fraction absorbed depends on transit rate, intrinsic 
absorption rate of the un-ionized form, pK, of the drug, and gastrointestinal 
pH profile. Variations in transit rate and gastrointcstinal pH profilecan affect 
the fraction absorbed in  this case, but bioavailability is not dependent on the 
dose of the drug per se. 


(Eq. 7 )  Q ~ Q I  
XO V ~ V ~ ( k a l / u l  + Q~/V~)(kaz/uz + Qr/V2) 
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Figure I-Schematic of rhe two-tank perfect mixing tank model for oral drug 
absorption. 


Case 2-An example of the case in which one of the tanks becomes satu- 
rated occurs when the drug initially Saturates tank 1 but levels in tank 2 never 
reach saturation, e.g., absorption of a poorly soluble weak acid. In this case, 
it isconvenient to split thederivation into two parts: ( a )  from I = 0 t o r  = T I .  


the time at which concentration in  tank 1 drops back below saturation, and 
( h )  at times longer than 71. The second part is essentially described by the 
equations derived for case 1 by applying the appropriate boundary condition, 
i .e.,  XTlIVl = C,at t = 71. 


Solution of these equations by using Laplace transforms yields: 


The fraction of the dosc absorbed can be determined by calculating T I  and 
then evaluating XZ~T by using Eq. 13 for t = 0 - T and Eq. 3 for t = T I - . .  
(solved with initial conditions xT2  = X 3  and X,.OUT = X;!OUT at t = 71, the 
values of which are found from Eqs. 12 and 13, respectively); that is: 


M I N J T E S  


Figure 2- Theoretical levels of drug in tanks I and 2 with rime after ad-  
ministration of a dose lower than the saturation leoel in eirher rank. Case I 
equations apply throughout; the dosage is 25 mg. 
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Figure 3-Theoretical Ieoels of drug in ranks I and 2 with time after ad-  
ministration of a dose which exceeds the saturation Ieoel in tank I only (T 1 


= 17.4 min). The intrinsic absorption rate constant is 0 . 3  min-I for this 
simulation; the dosage is 250 mg. Case 2 equations apply from t = 0 to t = 
7 1 .  


Then, the fraction absorbed is given by: 


Since the term for X.z{h is a function of the dose administered in addition 
to the factors listed under case I ,  it appears that drugs which exceed their 
saturation solubilities in the GI tract will exhibit dose-dependent bioavail- 
ability. As expected, Eq. I3  indicates that as the dose increases, the fraction 
absorbed decreases. 


Case 3- In this case, both tanks achieve levels grcatcr than saturation. 
Assuming that tank 1 starts out above saturation, the times during which tank 
2 becomes saturated (T2A - T ~ B )  may or may not overlap the time, 71. at 
which tank I falls below solubility, as this will depend on the flow rate relative 
to the absorption rate, solubility at the tank pH values, and the differences 
in tank volumes. 


Differential equations governing drug levels when both tanks are saturated 
arc: 


R I  + QiXTi/vi  0%. 17) axT I --= 
at 


By using the example in which i z A  < 72B < 71, the explicit solutions are as 
follows when 7 2 ~  < r < T ~ B :  


\ 
_ _ _ -  \ I  \ 


I . . I I > c l  
' 0  20 4 0  6 0  80 10t 0 5 0  I00  IS0 
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Figure 4-Theoretical lecels of drug in tanks I and 2 with time after ad -  
ministration of a dose which exceeds the saturation level in both tanks (72n 
= 23, T2B = 71.  7 1  = 87 min). Case 3 equations apply from t = rzA to t = 
T2B. For this simulation, the dosage is 500 mg; pH2 = 7.0. 
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Figure 5-Eflect of solubility on the fraction of dose absorbed. Solubilities 
are expressed as the amount of drug required to saturate tank I .  
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where [ ~ ( T z B )  - C((TZA)] = 0 at  t < TZA. I > T 2 B  and I for TZA < t < 728. In 
this instance, T2A is found by substituting X,Z for XT2 in Eq. 12 and solving 
for I .  Similarly, 7 2 B  is found by substituting Xs2 for XT2 in Eq. 21. At times 
T ~ B  < t < T I .  case 2 differential equations apply, and at  t > T I ,  the system 
reverts to case I .  A second possible order for 71, T ~ A ,  and 728 would be T ~ A  


< 1 1  < T Z B .  The analogous set of equations for this order of T values may be 
found by applying appropriate initial conditions. 


A BASIC program incorporating initial value problem conditions for all 
possible orders of T I .  T ~ A ,  and 7 2 8  and a zero-finding routine to determine the 
T values was used to numerically evaluate the concentration-time profile and 
fraction absorbed for any given circumstance (see Appendix). 


RESULTS AND DISCUSSION 


Data were simulated under various conditions for the fraction absorbed 
uersus dose plots. To cover the usual dosage range for most drugs, doses of 
0-500 mg were studied. Parameters were initially chosen to simulate ab- 


2 -  
- - - -  - _ _ _ _ _  - - -  


____________________---.------. .-- - -  - - - - - _ _ _ _  ~ - - - - . .  ~ ......................................................................... 
OOSf I M G )  


Figure 6-Eflect of drugpK, on fraction of dose absorbed. Key topK,  values: 
(* .) 3.5: (- - -) 4.5; (- -) 6.7; (* - .) 7.9; (-) 10.0. 


sorption for a poorly absorbed, weakly acidic drug. The effect of changing each 
drug and system parameter was then investigated. A discussion of initial pa- 
rameter choices may be found in the Appendix. 


Drug-Related Parameters-Solubility-Figure 5 depicts the influence of 
drug solubility on the fraction absorbed. For this simulation, solubility refers 
to the level required to saturate tank I .  For weak acids, tank 1 is saturated at 
lower levels than tank 2, in which the pH is higher and the volume is larger. 
Figure 5 shows that the solubility has a very pronounced effect on the rela- 
tionship between the fraction absorbed and the dose administered. At very 
high solubility, the fraction absorbed is independent of dose since neither tank 
becomes saturated. In this case, the fraction absorbed depends on pK,, pH 
profile, relative absorption, and transit rates but not on dose, since case I 
applies. When the dose exceeds the solubility, case 2 equations apply, and the 
fraction absorbed varies with dose. The form of the function varies with the 
drug solubility. The sharpest decrease in the fraction absorbed occurs at doses 
slightly above the solubility. At doses well above the solubility, the fraction 
absorbed is low and varies little with dose. Therefore, the dose dependency 
of absorption depends on the dosage range administered in relation to the 
solubility. If the doses given are near the solubility. marked dependency of 
the fraction absorbed on the dose may occur, but i f  the doses given exceed the 
solubility by a large amount, absorption will be poor and vary little with 
dose. 


Drug pK,-Variation in drug pKo also causes a large effect on fraction 
absorbed as a function of dose (Fig. 6 ) .  Absorption of weakly acidic drugs with 
pK, values ranging from 3.5 to 10.0 was simulated. Simulations indicate that 
drugs with low pK, values (3.5 or 4.5) combined with poor intrinsic absorption 
rates would exhibit vcry poor absorption from the small intestine, with little 
dependency on dose. Even though the high pH relative to the drug pK, ensures 
adequate solubility, the fraction un-ionized is very low, and so little absorption 
occurs during the drug residence time. The high solubility in both tanks results 
in case 1 conditions at  all doses studied. which means that the percentage 
absorbed is independent of dose. Simulations for weaker acids indicate that 
absorption would be dose dependent in these cases. The fraction absorbed 
increases with increasing pK, because the fraction of drug available for ab- 
sorption, i .e . ,  in the un-ionized form, increases. When the pK, of thedrug is 
similar to or above the simulated intestinal pH, a high dose relative to the drug 
intrinsic solubility results in saturation in both tanks and, hence, case 3 
equations apply. This occurs for pK, = 7.9 at doses of >275 mg and for pK, 
= 10 at  doses of >225 mg under the conditions chosen (Fig. 6). When both 
tanks become saturated, the fraction absorbed decreases more rapidly with 
increasing dose than when only tank I is saturated. This is due to the further 
decrease in fraction available for absorption when both tanks are saturated. 
Overall, the drug pK. affects both the form of the fraction absorbed versus 
dose function and the percentage of drug absorbed. 


Intrinsic Absorption Rate Relative 10 Flow Rare-Figure 7 shows the 
impact of changing the ability of the drug to penetrate the membrane relative 
to the residence time of the drug in the system. The ratio of flow rate to in- 
trinsic absorption rate was varied from 1 :I  to 5W.1. The absorption rates were 
chosen to represent a large spectrum of intestinal wall permeabilities. The flow 
rate was varied from 2 mL/min, which represents an approximate minimum 
flow in the human jejunum after a meal (8). up to 10 mL/min [maximum flow 
rate observed in dogs and sheep is -6 mL/min (9)], thus covering the usual 
range of physiological values. When the absorption rate is on the same order 
as the flow rate, the fraction of dose absorbed is very high and virtually in- 


I - - -  1 
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Figure 7-Effect of absorption and transit rate on the fraction of dose ab- 
sorbed. Key: (- - -) Q = 2 mL/min, k, = 2 min-I; (-- -) Q = 2 mL/min. 
k, = 0.2 min-I; (- - -) Q = 2 mL/min, k, = 0.01 7 min-l; (* * .) Q = 5 mL/ 
min, k. = 0.017 min-': (- - -) Q = 10 mL/min. k, = 0.017 mitt-'. 
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Figure 8- Effect of tank columes on fraction of dose absorbed. Equal ool- 
umes were used in the rhree simularions. 


dependent of dose. However, when the flow rate is large compared with the 
absorption rate, absorption is much poorer and more dose dependent. At very 
high flow rates, the residence time of the drug in the system is too short for 
extensive drug absorption. In this case, the percentage of dose absorbed is low 
at all doses and less dose dependency occurs. The major effect of changing 
the intrinsic absorption rate relative to the flow rate appears to be a shift in 
the fraction absorbed oersus dose relationship. At extreme values, the form 
of the relationship is also affected. 


System Parameters-Tank Volumes---Figure 8 shows the effect of in- 
creasing tank volumes on the fraction absorbed uersus dose relationship. Equal 
tank volumes were used, ranging from 50 to 200 mL per tank. Increasing the 
tank volume has two effects. First, the level of drug required to saturate the 
tank increases. This changes to some degree the range of doses over which 
dose-dependent absorption occurs. Second, the drug residence time increases, 
so the drug is available for absorption for a longer period. This causes an up- 
ward shift in the fraction absorbed. The combined effect is that increasing 
the tank volume increases the fraction absorbed and decreases the dependency 
of absorption on dose. In  the analogous in c i w  situation, ingestion of a large 
volume of fluid with a poorly absorbed drug may improve the degree of ab- 
sorption. However, the effect may be attenuated if there is a concomitant in- 
crease in flow rate in the intestine. 


The effect of changing the relative tank volumes is shown in  Fig. 9. Tank 
volume ratios were varied from 1:l to 1 : l O .  Although the jejunum is much 
longer than the duodenum, substantial water reabsorption occurs throughout 
the upper intestine. Therefore, the relative volume in the duodenum compared 
with the jejunum is not as low as would be suggested from a purely geumetrical 
calculation. The volume ratios studied reflect these considerations. From the 
simulations, an increase in the tank volume ratio causes a small vertical shift 
in the fraction absorbed but has little effect on the shape of the curve. The shift 
is due to the increase in residence time with increasing total volume. The 
simulations shown in  Fig. 9 all fell in  the case 2 category, i.e., only the first 
tank was saturated. Since the tank 1 volume was held constant, the lack of 
change in the degree of dose dependency with volume ratio change is rea- 
sonable. Overall, changing the relative tank volumes appears to have little 
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Figure 9- Effect of relatirie lank colurnes on the fraction of dose absorbed. 
The rario is shown as  rank /:tank 2. 
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Figure 10-Effect of p H  profile on fraction of dose absorbed. Key: I - - )  pH1 
= 5.0, p H 2  = 6.7; (- -) pH1 = 6.7. p H 2  = 6.7; (- -- -) p t l l  = 5.0. p H 2  = 
8.0; (. * pH1 = 6.7, p H 2  = 8.0. 


effect on the dose dependency of absorption over a reasonable range of volume 
ratios. 


p H  Profile-Simulations of drug absorption with several pH profiles are 
shown in Fig. 10. These represent the rangc of pH profiles one might rea- 
sonably expect to encounter in a normal patient population: low pH (5.0- 6.7), 
high pH (6.7-8.0). flat pH profile (6.7). and sharp pH profile (5.0,8.0) were 
simulated at a fixed drug pK, of 6.7. The pH in tank 1 is the dominant factor 
in the determination of the shape of the fraction absorbed cersus dose rela- 
tionship. Within 2 units of the pK,, the lower the tank I pH relative to the pK,, 
the greater the fraction absorbed. This rcsults from the higher fraction in the 
un-ionized, absorbable form when the pH is below the pK,. The effect is only 
significant a t  doses in  the vicinity of the solubility in tank I and below, since 
at  high doses the solubility rather than the fraction un-ionized becomes the 
absorption-limiting factor. The pH in the second tank appears to determine 
the fraction absorbed. When the pH in tank 2 is similar to the pK,, solubility 
may be low enough to cause case 3 behavior. When the pH in  tank 2 is above 
the pK,, solubility is higher due to ionization, and case 2 conditions will be 
operative. 


From these simulations it appears that day-to-day and patient-to-patient 
variation in intestinal pH profilecan play a significant role in thedetermination 
of the extent of absorption for incompletely absorbed drugs. This explains in 
part the observation that drugs which are poorly absorbed often exhibit 
variable absorption. 


Model Assumptions-The assumptions made in the mixing tank model 
affect the simulations of the fraction absorbed uersus dose. For instance, it 
is assumed that there is bolus delivery to the duodenum and that dissolution 
is instantaneous in both tanks while the concentration is below saturation. This 
provides a rather crude approximation of the input and dissolution functions 
which occur after oral drug administration. Passage of monolithic dosage 
forms out of the stomach intact would be an example of bolus input, but in 
most cases, the dosage form breaks up in the stomach so that delivery to the 
duodenum occurs over an interval of at least several minutes. The dissolution 
rate may be. slow even for dosage forms designed for immediate drug release 
and particularly so for drugs with low solubility in intestinal fluids. I f  the 
dissolution rate is slow compared with the transit rate, absorption will be porer  
than predicted by the mixing tank model analysis. 


There are three assumptions which pertain to the absorption characteristics 
of the drug. First, absorption is negligible in  the stomach as compared with 
the small intestinc. It has becn shown experimentally that for weak acids, such 
as sulfonamides and barbiturates which would be expected to be relatively 
well absorbed from the stomach (from pH-partition considerations), ab- 
sorption occurs 5-10 times faster in  the small intestine (10). Second, drug 
absorption occurs principally in  the un-ionized rather than the ionized form. 
This is the basis of the pH-partition hypothesis ( I ) .  Both of these assumptions 
tend to underestimate the fraction absorbed, since absorption in the stomach 
or absorption of ionized drug would add to the overall cxtent of absorption. 
The third assumption wi th  respcct to drug absorption is that the drug is ab- 
sorbed by a first-order process. First-order absorption applies to a broad range 
of drugs and is a reasonable assumption in  the absence of specific data indi- 
cating that a saturable mechanism is in effect. 


System assumptions pertain to the selection of values for the pH profile, 
the volume in the intestine, and the flow rate. The pH profile is constrained 
by the range of values which occurs physiologically. The volume and flow rate 
are interrelated. The flow rate in the intestinc changes with ingestion of food 
and fluids, due to changes in gut motility and reabsorption of water. The as- 
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Figure 12-Fracrion absorbed versus dose simulatedfijr hydrochlorothiazide 
absorption. Dara are iaken Jrom Kej: I.?. Error bars indicate standard de- 
viations. The solid line is the simulated data. using parameter ualues listed 
in rhe Discussion and the Appcndix. 


for chlorothiazide were kept the same for hydrochlorothiazide. The drug 
parameters were changed to literature values of intrinsic solubility (609 mg/L) 
( I  3)  and pKo (8.8) ( I  3) and a lower estimate of the absorption rate constant 
(0.01 5 min-I) to reflect the higher polarity of hydrochlorothiazide. The ex- 
perimental data were taken from a study of eight subjects by Beerman and 
Groschinsky-Grind (14). Doses of 12.5. 25.50, and 75 mg were administered 
orally. Urinary excretion data indicated that absorption was dose proportional, 
-68% of the amount administered at  each dose. Simulation of the dose- 
fraction absorbed relationship using the model correctly predicted the dose 
proportionality of hydrochlorothiazide absorption. 


The difference in absorption behavior of hydrochlorothiazide from that of 
chlorothiaiide is partly attributable to its higher solubility-dose ratio and 
partly due to the higher pK,. Hydrochlorothiazide is in the un-ionized, a b  
sorbable form to at least a 90% extent in  both the duodenum and the jejunum, 
whereas chlorothiazidc is mainly in the ionized form at jejunal pH. These 
factors lead to the higher efficiency of absorption of hydrochlorothiazide that 
is observed clinically. 


APPENDIX: Numerical Analysis and Parameter Value Selection 


Although the initial value problems for cases I and 2 are analytically 
solvable with respect to their individual concentration-time profiles, the de- 
termination of T 2 A  and T 2 B  in case 3 is most conveniently achieved by using 
a zero-finding routine. In  a given trial, the particular case followed depends 
on the values of the parameters such as solubility, dose, pK,. flow rate, and 
intrinsic absorption rate of the drug. Also, case switching may occur with time 
as levels exceed or fall below saturation in the tanks. To accomodate all 
possibilities, a BASIC program was written that incorporated the three cases 
and allowed for case switching at  T I ,  T Z A ,  and 728.  Appropriate initial con- 
ditions were set for each case, depending on the order of T I ,  7 2 ~ .  and 728. I t  
was thereby possible to examine the effects on the concentration-time profile 
and fraction absorbed for a wide variety of parameter values. 


System parameters Vi volume of tank i 
pH, pH of tank i 
Q I  flow rate from tank i 


Derived systcm parameters KT Q I / V I  
K E  QJV2 


Drug parameters PKO 
solubility (intrinsic) 


Derived drug parameters k,i intrinsic absorption rate 
constant in tank i 


Csi 
f u i  


total drug solubility in tank i 
fraction un-ionized in tank i 


Drug variable xo dose 
Independent variable t time 
Dependent variables X ,  amount in tank i at  time t 


X I . o u ~  amount existing unabsorbed at  
time f 


Derived variables TI time when X I / V I  falls below 
dictating initial value CS 1 


c s 2  


cs 2 


problem switching 
T ~ , ,  


728 


time when X2/V2  first exceeds 


time when X 2 / V p  falls below 


Derived system/drug K,  = koJuiCsi 
parameters 


The H P  BASIC programs written for an H P  87 system are available on 
request from the authors. For the simulation of the chlorothiazide dose-de- 
pendent absorption, pH, and volumes in  the two mixing tanks were chosen 
to simulate duodenum and jejunum: pH1 = 5.5, V I  = 75 mL; pH2 = 7.7, V2 
= I50 mL. This flow rate was 2 mL/min, which is representative of physio- 
logical conditions (8). The pK, 16.7 (15) ]$  solubility [0.4 g/L at pH 4.0.65 
g/L at pH 7 (16)], and the usual range of doscs [SO 500 mg (5.6)] were taken 
from the literature. The intrinsic absorption rate constant (0.017 min-I) was 
estimated on the basis of the effective permeability and the surface area to 
volume ratio, i .e..  k,i = ( .SA,/Vi).ferr,  where 1 / f e f r  = ( I / f a q )  + ( l / f w ) .  
Effective permeability is considered to be a function of the drug and inde- 
pendent of the segment of small intestine under consideration, For chlo- 
rothiazide. cm/min. The ratio of surface 
area available for absorption to volume was estimated to be 250, a value be- 
tween the value calculated on a geometric basis using a filled cylinder model 
and the value calculated by dividing the estimated total intestinal surface area 
(including villi surface area) by the cylinder model volume. 


These parameter values were also used as a basis for simulationsof levels 
in tanks I and 2 in  the TheorericalSection and for the fraction absorbed versus 


was estimated to be 7 X 
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dose curves in the Results. Where other values were used, they are noted in 
the appropriate figure legends. I n  the Resulfs, values of important drug and 
system parameters were varied systematically to ascertain their effects on the 
dose dependency of absorption. 
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Abstract 0 Batch microcalorimetry was used to estimate directly the standard 
cnthalpies of the binding of small molecules to DNA. These values were 
compared w i t h  those obtained from spectrophotometric binding constants 
and van’t Hoff plots. The close agreement between the independently obtained 
cnthalpies indicates that the appropriate (best) binding model has four 
phosphates per binding site. Thermodynamic binding constants were obtained 
from apparent binding constants measured at different ionic strengths. From 
thcse and the measured standard enthalpies, standard free energies and 
standard entropies of binding were calculated. The weak. presumably external, 
binding alleged to occur a t  high formal molar concentration ratios of ligand 
LO DNA bases could not bc detected by a measurable heat of binding. 


Keyphrases 0 Microcalorimetry- binding of chemotherapeutic agcnts and 
related molecules to calf thymus DNA 0 Binding -chemotherapeutic agcnts 
‘ind related molecules to calf thymus DNA, microcalorimetry 0 DNA- 
microcalorimetry. binding of some chemotherapeutic agents and related 
inolecules to calf thymus DNA 


The binding of certain aromatic cations to nucleic acids for 
some time has been implicated as a primary process in  anti- 
bacterial, antiprotozoal, antiviral, mutagenic, and antineo- 
plastic activity ( 1  -7).  The changes in the thermal stability and 
the hydrodynamic and spectroscopic properties of DNA to 
which aromatic cations are bound have been suggested to in- 
dicate tha t  at high ratios of formal DNA base to cation con- 
centrations, intercalation of the flat aromatic portion of the 
ligand between adjacent base pairs on DNA occurs (8) .  In-  
tercalation (also called type 1 binding) entails insertion of the 
flat aromatic portion of the ligand between base pairs (8-10) 
or bases ( 1  1-12) on DNA, accompanied by a partial un-  
winding of the double helix. In  crystalline samples, X-ray 
diffraction spectrometry has provided direct evidence for the 
intercalation of the fungal antibiotic, dactinomycin, between 
the adjacent base pairs of Dh’A (13,  14). 


The intercalative mode of binding does not appear to extend 
to all ligand molecules bound to a DNA helix (4). Rather, it 
is believed that only one molecule of ligand can be accommo- 
dated in  an intercalative fashion for every four or five phos- 
phate groups of the DNA helix. When nearly all intercalative 
binding sites of a DNA double helix are occupied, further in- 
teraction of the DNA with  excess ligand is still able to occur. 
However, this binding is weaker than the intercalative binding, 
is not accompanied by hydrodynamic changes in  the DNA 
solutions, and is believed to entail the electrostatic association 
of the cationic ligands with the anionic phosphodicster linkages 
at the surface of the helix. This is referred to as external (or 
type 11) binding and occurs in solutions of low DNA base to 
ligand formal concentration ratios. At high ligand conccn- 
trations, some of the larger polycyclic aromatic molecules a p  
pear to be bound to the surface of DNA as dimcrs, because 
complexes can be spectroscopically distinguished in  which 
there are two ligand molecules bound for each DNA phosphate 
group ( 1  5 ) .  The apparent relationship of the reversible reac- 
tions of aromatic cations with nucleic acids to the antimicro- 
bial, antineoplastic, and mutagenic activities of the formcr has 
resulted in considerable interest in the qualitative and quan- 
titative investigation of these interactions. These studies have 
usually been concerned with the stoichiomctries and formation 
constants of the complexes formed between the ligands and 
the nucleic acids ( 1  -22), although more recent work has been 
centered about the kinetics of binding (16, 21). Techniques 
such as electronic absorption spectrophotometry, fluorometry, 
differential spectrophotometry, and circular dichroic spec- 
trophotometry have been employed to determine the amounts 
of bound and free ligand at each point in the titration of a so- 
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Abstract A simple and precise method for determining partition coefficients 
was developed utilizing a disposable injector. The method was used to deter- 
mine the partition ratio of iodochlorhydroxyquin between n-decane and 
phosphate-buffered saline, pIi 7.4. The partition ratio was found to be 1750 
with a coefficient of variation of 3%. Moreover, it was found that iodochlo- 
rhydroxyquin did not associate in n-decane at a concentration < I  X lo-' M. 
The acid dissociation constants and the partition coefficient of the undisso- 
ciated species were determined. These values corresponded well with the values 
obtained from spectrophotometric methods. 


Keyphrases 0 lodochlorhydroxyquin-pdrtition coefficients, acid dissociation 
constants 0 Improved partition method --partition coefficients, dissociation 
constants, iodochlorhydroxyquin 


lodochlorhydroxyquin (5-chloro-7-iodo-8-quinolinol; I ) ,  
an amphoteric molecule sparingly water soluble at neutral or 
slightly acidic pH values, has been studied in v i m  using a ra- 
dionuclide-labeled compound ( 1 ). Repeated administrations 
of I to beagle dogs led to neurological disorders with con- 
comitant demonstration of I in the central nervous system 
(CNS) by quantitative GC measurements (2). Intestinal ab- 
sorption, renal excretion, and the distribution of I to various 
tissues, especially to the CNS, were thought to be influenced 
by the concentration of the undissociated spccies. The acid 
dissociation constants and partition coefficient of the undis- 
sociated species have not been reported, primarily because I 
is extremely insoluble in water and is strongly adsorbed onto 
glassware. 


Special glassware was used to determine the partition ratio 
of long-chain fatty acids between n-heptane and an aqueous 
phosphate buffer (3); however, accurate values > 1000 were 
not determined. Using a disposable injector, we have developed 
a more precise and convenient method for determining large 
partition ratios. This methodology has been used to determine 
the partition coefficient of the undissociated species and acid 
dissociation constants of I .  


EXPERIMENTAL SECTION 


Syntheses of Tritiated Analogues of 5-Chloro-7-W8q11idid-Tritiated 
1 was synthesized according to the method reported by Urakubo and Kid0 (4) 
(Scheme I). To a mixture of 2-amino-4-chlorophenol' (14.4 mg, 0. I mmol), 
4-chloro-2-nitropheno11 (8.8 mg, 0.05 mmol), glycerol2 (0. I I mmol), and 
[ I  (3)-3H]glycero13 (1.6 mCi, 2.3 Ci/rnmol) was added 21 p L  of concentrated 
sulfuric acid. The mixture was refluxed at  125OC for 2 h, and then the re- 
maining 4-chloro-2-nitrophenol was removed by sublimation (the temperature 
was increased to 160°C for 15 min). The residual material was extracted twice 
with 1.5 mL of distilled water and with the same volume of 7% H2S04. The 
total aqueous phase was adjusted to pH 5 with 30% NaOH, and the resulting 
precipitate was removed by centrifugation and washed with distilled water 
to give 5-~hIoro-8-[2(4)-~H]quinolinol as a gray powder, which was purified 
by sublimation at  14OOC. This afforded 10.7 mg (60% yield) of crystalline 


I Tokyo Kasci. Tokyo. 
Kanto Kagaku. Tokyo. 
Ethanol solution: Amersham International. Amersham. Buckinghamshire HP 79LL, 


Fngland. 


CI CI ... CI 
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Scheme I 
material. mp I 2 9 T  (a radiochemical yield of 26%). 8-[2(4)-3H]Quinolinol 
was synthesized in a similar manner (30% yield), mp 76OC. 


Preparation of 5-Cbloro-7-iod0-8-~2(4)-~HJquinolinol-5-ChIoro-8- 
[2(4)-3H]quinolinol (8.6 mg) was dissolved in 3 mL of 60 mM glycine buffer 
(pH 1.35) and was iodinated with iodine monochloride as  described by Hales 
and Randle ( 5 ) .  The excess reagent was decomposed by adding 0.5 M 
NazS203, the precipitate was washed twice with the buffer, twice with distilled 
water, and was then dried under reduced pressure over phosphorus pentoxide 
to give 12.1 mg (83% yield) of 5-chlor0-7-iod0-8-[2-(4)-~H]quinolinol as a 
white solid, mp 173OC (dec.). 


The chromatographic behavior (TLC. silica gel) and the melting points 
of these labeled compounds were identical with those of authentic cold ma- 
terials (6). The radiochemical purity of tritiated I was determined to be 99.3% 
by an isotopic recrystallization method. 


Other Chemicels-n-Decanel, reagent grade, was purified by shaking 
several times with concentrated sulfuric acid until the acidic layer became 
colorless, and was then distilled under reduced pressure. The buffers were 0.02 
M, containing 0.1 3 M NaCl and 5 m M  EDTA to prevent the interference of 
metal ions; pH values of the buffer were adjusted with an accuracy of fO.O1. 
The scintillation cocktail consisted of 5 g of 2.5-diphenyloxazole (PPO)4 and 
I34 mg of 2,2'-p-phenylene-bis(4-methyl-5-phenyloxazole) (dimethyl 
POPOP)5 per liter of toluene2. All other chemicals were of the highest purity 
available. 


The General Procedure for the Measurement of Partition Ratios-A glass 
tube (19 mm i.d. X 37 mm depth) containing 3.5 mL of buffer was covered 
with a polyethylene cap with two holes (4 mm i.d. and 1 mm i.d., respectively). 
A 25-gauge disposable needle6 was inserted into the tube through the larger 
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Figure I-Time course of partition equilibrium ofiodochlorhydroxyquin 
between n-decane and 0.02 M phosphate-O.i3 M NaCI-5 m M  EDTA buffer 
(pH 7.4) at 25°C. /3H]lodochlorhydroxyquin was initially added to the 
organic layer. 


' Nakarai Kagaku. Kyoto. 


6 Terumo. Tokyo. 
Eastman Kodak. Rochester, N.Y. 
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Table I--Determination of the Dissociation Constants of lodochlorhvdroxvauin at 25°C 


I n  Dilute Hydrochloric Acid 


HCI. M 


0.01 17 
0.0092 
0.0075 
0.0057 
0.0048 
0.0039 
0.0028 
0.0023 


Mean f SD 


PH 


2.02 
2.12 
2.21 
2.32 
2.39 
2.48 
2.6 I 
2.70 


A 266 - 
A252.5 


1.102 
1.100 
I .026 
0.96 1 
1.000 
0.913 
0.824 
0.794 


[-+I log - 
ICFl 


0. I80 
0.176 
0.035 


-0.078 
-0.01 I 
-0. I59 
-0.306 
-0.357 


PKI '  


2.20 
2.30 
2.25 
2.24 
2.38 
2.32 
2.30 
2.34 


~Ki .0" 


2.15 
2.25 
2.20 
2.20 
2.34 
2.29 
2.28 
2.32 
2.25 f 0.07 


In 1 mM Sodium Carbonate Buffer 


P" 
A 266 


A252.5 
P K ~ '  


8.10 1.164 0.208 8.3 I 8.33 
8.20 I ,306 0.055 8.26 8.28 
8.29 1.37s -0.022 8.27 8.29 
8.40 1.463 -0. I25 8.28 8.30 
8.41 1.426 -0.08 1 8.33 8.35 
8.50 1.540 -0.224 8.28 8.30 
8.58 1.554 -0.243 8.34 8.36 
8.70 1.594 -0.299 8.40 8.43 


Mean f SD 8.33 f 0.05 


pKl.0 was calculated from Eq. 9. pK2.o was calculated from Fq. 10 


hole of the cap and fixed so that the tip of the needle almost reached the bot- 
tom. A disposable tuberculine syringe (2.5 mL)b was connected to the needle. 
The n-decane solution of [3H]iodochlorhydroxyquin (0.2 mL) was gently 
placed on the aqueous layer with a microsyringe through the smaller hole of 
the cap. The tubes were gently shaken by a reciprocating shaker' 73 times per 
min for 3 h a! 25 f OSOC. After the equilibration, 2 mL of the aqueous layer 
was removed (wi th  the tubcrculine syringe) and the solution was transferred 
to a weighed scintillation vial. The vial was weighed again to accurately de- 
termine the volume of the sample. Aftcr removal of the polyethylene cap with 
the needle, 50 p L  of the organic laycr was removed and transferred to a 
weighed scintillation vial. The volume was again determined by weighing the 
vial. Ten milliliters of the scintillation cocktail was added to each vial and the 
radioactivity was counted with a liquid scintillation counter8. The vial con- 
taining the aqueous sample was shaken 100 times before counting. 


RESULTS AND DISCUSSION 


Determination of the Partition Ratio of I by the Partition Method-The 
partition ratio is defined as follows: 


Radioactivity in organic phase 
Radioactivity in aqueous phase 


Partition ratio = (Eq. 1 )  


Figure I shows that the partition equilibrium was reached after 3 h and was 
maintained for 1 1 7  h with a variation of 13%. As shown in Fig. 2, the partition 
ratios of I, 8-quinolino1, and 5-chloro-8-quinolinol at pH 7.4 were measured 
over a widcconccntration range. Since the partition ratios remained constant, 
i t  appeared that the 8-quinolinols did not associate in a manner similar to the 
fatty acids (3). The partition ratio of I was 1750, while those of 8-quinolinol 
and 5-chloro-8-quinolinol were 24.1 and 247. respectively. 


Determination of the Dissociation Constants of I by the Partition 
Method-The partition ratio (Eq. 2) assumes that the ionized formsof I arc 
not found in  the organic phase and that un-ionized molecules of I arc found 
in  both phases. 


' BT-21: Yamato Kagaku. Tokyo. 
8 Tri-Carb Modcl3255: Packard Instruments, Downers Grove, 111. 
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CONCENTRATION IN RDECANE, M 
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CONCENTRATION IN PHOSPHATE-BUFFERED SALINE. M 


Figure 2-Effect of concentration on the partition ratio of iodochiorhy- 
droxyquin (I)# 5-chloro-8-quinolinol (11). and 8-quinolinol (Ill) between 
n-decane and phosphate-buffered saline (pH 7.4)  al 25°C. Key: (W radio- 
isotope method; (0) values from the spectrophotometrtc measurement. 
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Figure 3-Effect of pH on (he partition ratio of iodochlorhydroxyquin be- 
tween n-decane and the 0.02 M bujjer-0.13 M NaCI-5 m M  EDTA system 
at 25°C. Key: (v) glycine-hydrochloric acid; ( 0 )  acetate; (a) phosphate; 
(A) Tris-HCI and (8 )  glycine-sodium hydroxide: (-) hypothetical curve 
for Eq. 3. 


In  Eq. 2, the subscripts o and w indicate the organic and the aqueous phases, 
respectively. [CF], [CF+], [CF-1. and (H+)  represent the concentration of 
the molecular, the cationic, and the anionic forms of I ,  and the activity of the 
hydrogen ion, respectively. The partition coefficient, K,, is expressed as K, 
= [CF),/[CF],. The dissociation constants of I in  acidic and basic media are 
expressed as KI’ = [CF],(H+)/[CF+],, and K2’ = [CF-],(Hf)/[CFlw. 
respectively. Accordingly, those constants may be calculated from the pH 
profile of the partition ratio. 


The partition ratio at various pH values ( I  .2-9.8) was measured using five 
buffer systems. Figure 3 shows that the pH profile of the partition ratios in 
I was a bell-shaped curve with a maximum at pH 5.6. The constants, Kp, KI’, 
and K2‘ were estimated from the data in Fig. 3 as follows: K ,  = 2230 f 43 
(CV1.9%).n= 1l;K1’=5.6 X 10-4,pKI’=3.25;Ki= 1.29 X 10-8,pK< 
= 7.89. Consequently, Eq. 2 can be expressed as: 


The solid line in  Fig. 3 is the hypothetical curve for Eq. 3, and it agrces well 
with the observed values in  the pH range of 3-10. 


Inquiry of the Partition Method by a Spectrophotometric Approach- 
Compound f and its ionized forms show characteristic UV absorption. The 
dissociation constants of such compounds. in general, can be calculated from 
the spectral data. The spectrophotometric method is based on the general 
equation: 


A = [CF+]cc t [CFIc” t [CF-]ca (Eq. 4) 


where A, total absorbance, is the sum of the respective absorbance of each 
species, and en, cc, and ta represent the molar extinction coefficients of the 
un-ionized, cationic, and anionic forms of I, respectively. When the pH value 
is lower than pK2’ - 2 or higher than pKl’ t 2, the term [CF-1 or [CF+] can 
be neglected. respectively. In this case, pKI‘ and pK2’ are  as  follows: 


(Eq. 5 )  
K F + l  
ICF1 


PKI’ = pH + log - 


Both the anionic and cationic forms of I showed an absorption maximum at 


O I O I  
0 1 2 3 4 5 0 10 20 30 40 50 60 70 80 90 100 


METHANOL CONTENT. % w l w  


Figure 4-Effect of methanol content in aqueous solution on the c of iodo- 
chlorhydroxyquin at 252.5 (A) and 266(B) nm. 


266 nm, and the values of € 2 ~ ~  or e2&. calculated from the spectrophotometric 
data by dissolving I in I mM sodium carbonate buffer or in diluted hydro- 
chloric acid, were 3.81 X 104 and 2.80 X 104, respectively. However, the value 
of tn could not be determined because I was sparingly soluble in the neutral 
aqueous solution. Accordingly, we estimated chmXn (252.5 nm) and c26bn as 
I .2 X 104 and 0.42 X 104, respectively, by extrapolating the c values measured 
in the various concentrations of methanol (Fig. 4). c252.SCand f25Z.Ja were found 
to be 2.00 X lo4 and 1.92 X lo4, respectively. Thus, Eqs. 5 and 6 may be ex- 
pressed a s  follows: 


The dissociation constants of I were calculated from the data listed in Table 
1. Similarly pKl.0 and pK2.0. calculated from the following Debye-Hiickel 
equations, were 2.25 and 8.33 at  25OC, respectively. 


PKI’ = pK1.0 t 0.509\/7 


pKz’ = pK2.o - 0.509\/7 
(Eq. 9) 


(Eq. 10) 


where I represents the ionic strength. 
The values ~ K I ’  and pK2’, obtained from the spectrophotometric results 


a t  the same temperature and the same ionic strength as the partition method, 
were 3.17 f 0.1 1 and 8.05 f 0.08 at  2SoC, respectively, and agree well with 
those obtained by the partition method. 
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the observed plasma maximum concentrations and the time at which they 
occurred. This test failed to show any difference between the four tested forms 
with the two chosen parameters. Therefore, the study of the bioavailability 
of intramuscular. oral solution, tablet, and rectal suppository administration 
compared with intravenous administration showed that the intramuscular 
dosage form and oral tablets gave results similar to those obtained by intra- 
venous injection, but the oral solution and the suppositories showed a mean 
lower bioavailability of 75 and 61 96, respectively. 
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Abstnct 0 The polymorphic transformations of phenylbutazone from meta- 
stable forms a and to stable form 8 were studied quantitatively at four 
temperature and five humidity levels by X-ray powder diffractometry. The 
transformation of form a conformed with the Avrami-Erofe’ev kinetic model 
and form B conformed with apparent first-order kinetics. In the two trans- 
formation systems, the induction periods depended on the storage conditions 
and were prolonged with lowering of temperature and humidity. The trans- 
formation rate of form a was not affected by humidity, whereas that of form 
B increased according to a rise in humidity. The temperature dependency of 
the transformation rate constant was remarkable. The Arrhenius treatment 
was applicable to the 0 - 8 transformation at low temperatures. The overall 
half-life, including induction period, revealed that form a was more stable 
than form B under any storage condition. A good linear relationship existed 
between the induction period and the transformation rate constant, irrespective 
of the storage conditions. The scanning electron photomicrographs of forms 
a and B demonstrated that acicular crystals of form 6 grew as the transfor- 
mation progressed. This could be confirmed as the change in particle diameter 
of the samples. 


Keyphrases 0 Phenylbutazone-polymorphic transformation, physico- 
chemical stability under different storage conditions 0 Polymorphic trans- 
formation-phenylbutazone, physicochemical stability under different storage 
conditions 0 Physicochemical stability-phenylbutazone, different storage 
conditions, polymorphic transformation 


The method for improving the bioavailability of a slightly 
soluble drug is an important problem in the preformulation 
study of solid dosage forms. Polymorphic transformation is 
often effective as a technique for increasing solubility. Since 
the solubility and dissolution rate of a metastable polymorph 
are usually higher than those of the stable form, the former is 
more desirable clinically than the latter; however, the former 
is not always preferable in physicochemical stability. It is well 
known that, irrespective of temperature, only one crystal form 
is thermodynamically stable and all other forms convert 


eventually to the stable one. A metastable form nevertheless 
may occasionally exhibit sufficient stability to ensure a rea- 
sonable shelf life. If a metastable form is used in a formulation 
because of its excellent dissolution properties, it is prerequisite 
to demonstrate that the metastable form is never transformed 
to a more stable form under usual storage conditions. 


Although some difficulties are involved in establishing a 
quantitative method for polymorphic transformation, there 
are several previous reports on the method (1 -8). Due to the 
complexity of solid-state reaction, the stability-indicating ki- 
netic interpretation has been fully discussed in only a few re- 
ports (1,7,8). The techniques described here are divided into 
three groups: IR spectrophotometry based on the quantitative 
Nujol mull technique (1-3, 6). differential scanning calo- 
rimetry (4,5), and X-ray powder diffractometry (7,8). Among 
these, X-ray diffractometry may be the most useful method 
because heat and liquid relating closely to polymorphic 
transformation are not involved in the measurement. 


In the present investigation, the stability profiles between 
the two metastable forms of phenylbutazone are comparatively 
evaluated. The preparation and characterization of the phe- 
nylbutazone polymorphism have been described previously 
(9-16). The polymorphic system has been reported to consist 
of a stable form (form b ) ,  four metastable forms (forms a, B, 
y, and c), and two pseudopolymorphs, among which form c has 
the highest solubility. For the reasons of high yield and sim- 
plicity of preparation, forms CY and p were chosen as poly- 
morphic models in this study. The transformations of these 
forms were measured quantitatively by X-ray powder dif- 
fractometry and thoroughly studied over long periods of time 
under different storage conditions. 
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Figure 1-X-ray diffraction patterns of forms a and /3 before and after 
milling. Key: (a) before milling: (bJ after milling. 


EXPERIMENTAL SECTION 


Preparation and Characterization of Polymorplc-Form 6-A single batch 
of commercial phenylbutazone' was used as received. The drug was confirmed 
to be form 6 by X-ray powder diffraction analysis, differential scanning cal- 
orimetry (DSC), and IR spectroscopy. 


Form a-An acetone solution (20% w/v) of the drug was evaporated to 
dryness under reduced pressure at O'C by using a rotary evaporator. 


Form /%The same solution as that used for form a was poured into 10 
volumes of distilled water and stirred vigorously at room temperature. The 
separated crystals were removed by filtration through a sintered-glass funnel 
and dried under reduced pressure. These modifications were also characterized 
as forms a and 8, respectively, according to a previously described method 
(16). 


To expose the maximum surface area to ambient moisture, all modifications 
were micronized with a pin mill2 at 26,960 rpm. The specific surface area 
diameters of the milled forms a and 0, measured by an air permeability 
method (17), were 3.2 and 2.8 pm, respectively. The particle densities of forms 
a, 8, and 6 were determined with an air comparison pycnometer3. The X-ray 
powder diffraction patterns and the DSC data of the samples before and after 
milling indicated that no polymorphic transformation occurred during the 
milling operation (Figs. 1 and 2). 


Determination of Transformation Rate-Preparation of Calibration Curves 
by X-ray Powder Dgfracrometry-Known quantities of form a or 8 were 
thoroughly mixed with form 8 in various proportions in a mortar. The mixtures 
(250 mg each) were subjected to X-ray powder diffraction analysis. The X-ray 
diffraction pattern was recorded according to a previously described method 
(16). The instrument was set as follows: ( a )  35 kV, 7 mA; ( b )  1' beam slit and 
0.2' detector slit; (c) count range, 1000 cps; ( d )  time constant, 1 s; ( e )  range 
of diffraction angle 20 = 30-5'; v) scanning speed, 4'/min; and ( g )  chart 
speed, 40 mm/min. 


Although the X-ray diffraction pattern of form 6 obviously differed from 
that of forms a and p (16). most of the peaks characterized by these forms 
in the mixture were not fully separated due to the close vicinity of the dif- 
fraction angles. Figure 3 represents the typical X-ray diffraction patterns of 
various proportions for a-6 and 8-6 binary mixtures by weight basis. The 
changes in peaks (arrows) accompanying various mixing ratios were especially 
remarkable at the diffraction angles of 6.6', 7.1°, 19.1', and 20.1' for the 
0-6 system and at 15.6', 16.4', 20.1°, and 21.0' for the 8-6 system. These 


Ciba-Geigy (Japan) Ltd. 


Model 930; Beckman-Toshiba Co. Ltd., Tokyo, Japan. 
* Contraplex-Labormiihle 63C; Alpine AG, Federal Republic of Germany, 
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Figure 2-DSC curves for forms a and 8 before (-) and afrer (- - -) milling. 
Sample weights: 7.30,9.21,8.19, and 8.01 mg (from top to bottom); heating 
rate. lO"C/min; sensitivity, A20 mJ/s. 


peaks consisted of the individual peak characterizing each form. Thus, the 
diffraction intensity ratios of the two adjacent diffraction angles were plotted 
against the weight fraction of each component (Fig. 4). Despite the fluctuation 
of the individual diffraction intensity, these plots were always reproducible 
to give a smooth curve for any of the mixing ratios. Since curve a (Fig. 4) for 
the a-6 system approached infinity at the lower weight fraction of form 8, 
the reciprocal values of intensity ratios were regressed with curve b (Fig. 4), 
and their terminal regions were made up for each other (thick line of the left 
panel, Fig. 4). Although the calibration data for the a-6 and 8-6 systems could 
be obtained as straight lines on the middle part of log-probability and semi- 
logarithmic scales, respectively, they deviated from these lines on the terminal 
regions. Therefore, the original calibration curves were used. The conversion 
rates for the two systems were expressed by the mean of values estimated from 
the two calibration curves. 


The changes in diffraction intensity at these angles are shown for the actual 
transformation system in Fig. 5 .  The time course change in relative diffraction 
intensity was clearly observed, indicating the validity of this method. 


Preparation of Calibration Curves by Differential Scanning Calorime- 
try-For purposes of comparison with the X-ray powder diffractometry 
method, DSC was employed for determining the conversion rate. Similarly 
to X-ray powder diffractometry, preparation of an exactly equal amount of 
mixed samples of varying weight ratios was attempted to accomplish the 
plotting of DSC data. This was almost impossible from a technical point of 
view; therefore, the following method was alternatively employed. Different 
amounts of form a or 8 were accurately weighed and thermograms of these 
pure samples were recorded in a closed pan system. The DSC4 operation 
conditions were: ( a )  heating rate, S'C/min; ( b )  sensitivity, A5 mJ/s; (c) chart 
speed, 40 mm/min; ( d )  flow rate of nitrogen gas, 30 mL/min. Forms a and 
8 exhibited endothermic peaks at 91.0-92.0'C and 95.O-96S0C, respectively, 


~ ~~ ~ 


4 DSC-30; Shimadzu Co., Kyoto, Japan. 
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Diffraction angle , 2e(degree) 
Figure 3-X-ray diffraction patterns of a-6 and p-6 binary mixtures in 
various ratios. Key: (a) a-6 system; (6) 8-6 system. The fraction in the graph 
represents the form a vorm /3t/form 6 weight ratio. 


which subsequently underwent polymorphic transformations to show exo- 
thermic peaks at  93.0-94.0°C and 96.5-98.0°C, respectively. Two areas 
consisting of an area surrounded by both an endothermic peak curve and a 
line connecting the starting point of the endothermic peak with the top of the 
exothermic peak and another area surrounded by the same curve and the line 
connecting the same point with the terminal point of the exothermic peak were 
regarded as areas A and B, respectively (Fig. 6). The areas were measured 
by a gravimetric technique and were plotted against sample weight. Good 
straight lines were obtained between both parameters for the two systems. 
The conversion rate was expressed as  the ratio of the mean of the twovalues 
estimated with lines A and B to the weight of sample on an aluminum pan. 


Storage Conditions and Sampling of Polymorpbs- About 1.2 g of a sample 
was placed in a vial as lightly as possible and storcd over saturated solutions 
of various salts placed in laboratory desiccators. The desiccators were kept 
in  a thermostat4 cabinet. The samples for thermal analysis were placed on 
an aluminum pan and stored in the same desiccators. The temperatures and 
humidities used were ?5,40,50, and 6OoC and 0,30,50.70, and 8Wo relative 
humidity, respectively. Phosphorus pentoxide was used to provide a limiting 
hrimidity of Wo relative humidity at 6OOC. The stored sample was withdrawn 
from each vial at various time intervals for X-ray powder diffractometry. After 
the measurement, the sample was returned to the vial for further storage. 


Scanning Electron Microscopy-The scanning electron photomicrographs 
of the samples stored at 60°C and 8Wo relative humidity were taken with a 
microscope5 at magnifications ranging from 600X to 2000X. 


4 . 0  


RESULTS AND DISCUSSION 


Kinetic Interpretation of Transformation Processes-Since the solid-state 
reaction is essentially a surface phenomenon, the solid-solid transformation 
of a metastable polymorph may require a long period of time under mild stress 
condition. The residual percentage was determined by the X-ray powder 
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Figure 4--Calibration curves for forms a and p by X-ray diffractometry Key: 
(intensity ratio for form a) (0) 20.1"/19.1'; (0) 6.6"/7.1" (a) or 7.1"/6.6" 
(b); (intensity ratio for form 8) (0) 20.1"/21.0"; (0 )  lJ.6°/16.4". 


diffraction method (Fig. 7). The typical transformation profiles of the forms 
obtained under the extreme stress condition of 60°C are illustrated. Form /3 
underwent transformation more rapidly than form a at any humidity. A 
distinct difference on the pattern of curves was scen between forms a and 0, 
suggesting a different mechanism of transformation; the best-fitting curves 


In1 tial 6 
94 days 


125 days 
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Diffraction angle , 2e(degree) 
Figure 5-Changes in X-ray diffraction intensities of forms a and p under 
polymorphic transformations. Key: (a) a - 6 transformation at 40°C and 
80% relative humidity. (b) fi  - 6 transformation at 40°C and 30% relatice 
humidity. The number in the graph represents the numher of days after 
storage was begun. 
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Table I-Values of m. for a - 6 and B - 6 Polvmorphic Transformation Rate huntions 


Transforma tion 
System 


Tempcrature. 
"C 


Relative Humidity, 90 
0 30 50 70 80 


25 
40 
50 
60 


- b  NC' NC NC NC 
- NC NC 2.10 I .93 
- 1.91 I .98 I .93 1.76 


1 .57d - 1.99 2.04 1.89 
25 - 0.98 I .03 0.88 1.01 


- 0.94 0.84 0.99 0.89 40 
50 - 1 .oo 1.01 0.98 0.96 
60 I .02 - I .02 0.82 0.98 


8-6  


s",?. 2 .b  Experiment was not carried out. Not calculated; m value could not k calculated because the transformation did not p r d  at all or proceededonly to a small 
extent. ew data were available. 


Table 11-Correlation Coefficients for the m Values in Table I 


Transformation Temperature, Relative Humidity, 90 
Svstem O C  0 30 50 70 80 


a - 6  


8-6 


25 - 0  NCb NC NC NC 
40 - NC NC 0.952 (6)' 0.994 (7) 
50 - 0.998 (5) 0.995 (9) 0.994 (8) 0.998 (8) 
60 1 .Ooo (4) - 0.987 (6) 0.996 (6) 0.998 (6) 
25 
40 
50 
60 


0.968 (10) 0.986 (10) 0.940 (5) 0.991 (10) 
0.772 (5) 0.999 (4) 0.990 (5) 0.995 (6) 
I .Ooo ( 5 )  0.991 (7) 0.994 (5) 1.OOo (5) . ,  


0.98g (71 - I .ooo (4i 0.990 (4) 0.999 (41 . .  . .  . ,  . ,  ~~ 


a Experimcnl was not carried out. b Not calculated; coefficient of correlation could not k calculated becaw the transformation did not p r d  at all or proceeded only to a 
small extent. Number of plots are indicated in parenthcscs. 


for form a were all sigmoidal in shape, whereas those for form 8 were expo- 
nential. Similar profiles were obtained for the samples stored under other 
conditions of temperature and humidity. A common feature was the presence 
of an induction period similar to that obtained by Moustafa el al. ( I ,  2), which 
varied depending on the storage condition. 


Figure 8 shows the comparison of the residual percentage determined by 
X-ray diffractometry with that determined by the DSC for the same sample 
as shown in Fig. 7. Irrespective of the humidity level, a good correspondence 
was obtained after the middle stage of the a - 6 transformation. However. 
in the earlier stage of the a - 6 transformation and throughout the entire 
process of 8 - 6 transformation, such a correspondence could not be estab- 
lished; the DSC resulted in an overestimation of the conversion ratk. These 
results indicate that during the course of heating some further transformation 
occurred before the transition peak was observed. The DSC thus proved to 
be inadequate for determining the conversion rate in the present transfor- 
mation systems; therefore, the subsequent determinations were carried out 
by the X-ray powder diffractometry method alone. 


To confirm the conformance of isothermal kinetic data to theoretical kinetic 
equations, an interpretation method by Hancock and Sharp (18) was applied 
10 the accompanying Avrami-Erofe'ev equation (19): 


In [-In ( I  - a)] = m-In I + In B (El. I )  


40 


-6 


g 
30 6 
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0 2 4 6 8 0  2 4 6 8 
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Figure 6-Calibration curves for forms a and 8 by DSC. Key (0)  form a; 
(0 )  form 8. The straight lines A and B indicate the areas A and B. respec- 
tively. 


where a and I represent a conversion rate of polymorph and storage time, 
respectively. B is a constant, and m is the constant relating to the mechanism 
of transformation. In the present transformation systems, Eq. I should be 
modified as: 


In [-In ( I  - a)] = m4n ( I  - ri) t In B (Eq. 2) 


where I ,  is the induction period. Equation 2 indicates that a linear relationship 
of a gradient m exists betwcen the values of -In ( I  - a) and t - ti on the 
double logarithmic scale. The best-fitting values for m and t i .  which should 
giOe the maximum coefficient of correlation, were calculated from the con- 
version rates to be <80% by the computer-aided least-squares method. The 
values for rn and the correlation coefficients are given In Tables 1 and 11. re- 
spectively. 


Although several values were somewhat abnormal due to the paucity of 
data, the integer m values for a - 6 and 8 - 6 transformations were rounded 
up to 2 and I from their mean values of I .95 and 0.96, respectively. Equations 
3 and 4 are, consequently, derived from Eq. 2: 


(Eq. 3) 


(Eq. 4) 


[-In ( I  - = k l ( t  - I , )  (a - 6 transformation) 


In ( 1  - a) = - k z ( t  - I , )  (8 -. 6 transformation) 


U 
0 . 1 


0 5 10 15 20 25 30 35 40 
Tim. h 


Figure 7- Time course of a - 6 and B -  6 transformalions at 60°C. Key; 
( 0  + 10%; (AA). 50%; (0 W /  70%; ( 0 0 / 8 0 %  relarioe humidity. 
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Table Ill-Correlation Coefficients for Transformation Models 


100 


a 


0 


; 20 
aJ a A 


~ ~ ~~ 


Transformation Tempera ture Relative Humidity, % 
System OC 0 30 50 70 80 


a - 6  25 NC' NC NC NC b -. 


40 ._ NC NC 0.960 f6jd 0.992 ( 7 )  
50 -. 0.981 (5) 0.995 (9) 0.994 (8) 0.994 (8) 
60 0.986 (4)  - b  0.987 ( 6 )  0.993 (6) 0.997 (6) 


25 - -0.969 ( 1  0) -0.967 ( 10) -0.966 (5) -0.944 (10) 
40 
so .- -0.994 (5)  -0.988 (7) -0.993 (5) -I.000(5 
60 -0.991 ( 7 )  - -0.999 (4)  -0.976 (4)  -0.998 (43 


Number of plots are indicated in parentheses. 


- -0.995 (5) -0.993 (4) -0.995 ( 5 )  -0.991 (6) 
8-6 


a Sce Eqs. 3 and 4 in the text. Experiment was not carried out. hot calculated; coefficient of correlation could not be calculated because the transformation did not p r d  
at  all or p r d e d  only to a small extent. 


Table IV-Overall Half-Lives Under Different Storage Conditions (days) 


Transformation 
System 


~ ~ ~ ~~~~ 


Temperature Relative Humidity, % 
OC 0 30 50 70 80 


a--6 


B--6 


25 
40 
50 
60 


25 
40 
50 
60 


- a  NC NC NC NC 
- NC NC 41 1 346 


165 142 1 5 1  123 
1.28 - 0.79 0.74 0.74 
- 


- 456 455 436 
- 100 98 79 
__ 12.0 9. I 6.3 5.5 
0.40 - 0.24 0.21 0.18 


Experiment was not carried out. Half-life could not be calculated because the transformation did not proceed at all or proceeded only to a small extent. 


where kl and k 2  are transformation rate constants. The values for both 
transformation systems in Fig. 7 were plotted according to Eqs. 3 and 4 (Fig. 
9). All values gave straight lines under all storage conditions; hence, the re- 
gression analyses were repeated by using Eqs. 3 and 4 to calculate the values 
of I , ,  k l ,  and k2 (Table 111). 


The m value of 2 suggests that a - 6 transformation is controlled by a 
nucleation-and-growth reaction and that the growth of the stable form may 
take place by a one- or two-dimensional mechanism (20). According to a re- 
action model (21) conforming to this kinetic expression (Eq. 3). which de- 
scribed the first formation followed by growth of potential nuclei on the surface 
of the drug, the nucleation was rapid and complete. Therefore, the growth 
appeared to be two-dimensional. On the contrary, the result of the f3  - 6 
transformation y d o r m i n g  to the first-order kinetics suggests that the rate 
of transformation is controlled by random nucleation (cJ instantaneous nu- 
cleation for a - -6 tramformation) in an assemblage of an identical reactant 
fragment (21). 


Effects of Temperature and Humidity on the Induction Period and Trans- 
formation Rate Constnnt-Since the induction period and transformation rate 
depend on the mobility of constituent atoms or molecules of the solid, they 
must vary considerably with temperature. The effects of temperature and 
humidity on the induction period on semilogarithmic scales are illustrated 
in Fig. 10, in which the relative humidity is converted to absolute humidity 
to provide a thorough understanding of the water contents. The right terminal 
point of each regression line represents the limiting absolute humidity cor- 
responding to 100% relative humidity at the designated temperature. Tem- 
perature affected the induction period more markedly than did humidity. The 


A A 


/ t / . / I  
E u o t  
I 0, / t t / * /  I 


Reslduol oercentage t y  osc method 


Figure 8-Relationship berween residual percentages offorms a and at 
60°C determined by X-ray diffractometry and those determined by dgfer- 
enrial sconning calorimerry. Key: ( 0 + j 0%; (A A) 50%; ( 0  .) 70%: (0 0 )  
80% relative humidity. 


Tlme. h 


0 
0 10 20 30 40 


Tlme. h 


Figure 9- Applicability of the Avrami-Erofe'eu (19)  equation to a - -6 
transformation and of first-order kineric model to f3 - 6 transformation 
a160"C(seeEqs. 3and4).  Key: ( 0  +)O%;(AA)50%:(0.) 70%;(00)80% 
relative humidity. 


The water content remainin in dried air over phosphorus pentoxide in a desiccator 
is 2.5 X mg/L (cJ Ref. 227. 


Journal of Pharmaceutical Sciences I 1457 
Vol. 73, No. 10, October 1984 







1000. 


- 0 .  - 
I 


1 0 U 
\ Y 


0 0 


- -1.0- 
- 


-2.0- 


1 .o 


0 - 
I 
- 
>. 
0 


\ iL 
u -1.0 


- 
d 8 


- 2 - 0 -  


-3 .0  


Form a I 


Form a 
t - n o  (1  L 


: /  - 


-/ 0, --13 = ' 
4k4-4 - 


1 1 .  


1.0 


- 0 


8 -1.0 


B -2.0 


-3.0 


- 
> 


, r - 
- 


3 


- 


-0 


- 


- 
- 


0 
0 


-3.0 
2.9 3.0 3.1 3.2 3.3 : 


Form B 9 


I . 
W 


I 
I 3.0 3.1 3.2 3.3 3.4 


I / T  x 1000 


Figure 12-Arrheniusplot for a - 6 and /3 - 6 tramformatiom at dijjerent 
absolute humidities. Key: (0) 0. 20,40. and 60 g/cm3for (Y - 6 tramfor- 
mation; (V) 0 g/cm3, (A) 20 g/cm3. (W)  40 g/cm3. (@) and 60g/cm3 for j3 - 
6 transformation. 


of the straight line. Although the linearity and/or temperature dependency 
of the slope at higher humidities were blurry due to insufficient data. the ac- 
tivation energy for transformation was found to increase gradually with an 
increase in humidity. The dehydration processes from crystals entrapping 
water of crystallization were also affected by temperature and water vapor 
pressure (23, 24). e.g., the activation energy for dehydration increases with 
a rise in water vapor pressure (24). However, the roleof water in the present 
transformation systems fundamentally differed from that in the dehydration 
reaction. Since the transformation rate is a function ofseveral variables pos- 
sessing different temperature coefficients, this result is not easily ex- 
plained. 


The activation energies thus determined at absolute humidities of 0 and 
20 g/m3 were -21.7 and 25.1 kcal/mol, respectively. Thcse. values were much 
smaller than the activation energy of -203 kcal/mol ( I  1) that was determined 
by the method of Kissinger ( 2 5 ) .  Weaker intermolecular actionssuch asvan 
der Waals forces or hydrogen bonds are predominant in polymorphs; therefore, 
the transformation must not require a higher activation energy. The validity 
of this suggestion may be supported by the facts that the activation energy 
for the polymorphic transformation in binaphthyl is -60 kcal/mol and that 
for p-dichlorobenzene is much smaller (1  7 kcal/mol) (26). It is also interesting 
to note that the activation energy for loss of water from cytosine monohydrate 
is -25 kcal/mol (26). 


The rate constants at 6OoC in the two transformation systems were ab- 
normally higher than those estimated by extrapolating the regression lines, 
suggesting that the activation encrgies became high at -60°C. Additional 
information on other transformation systems is needed to understand why a 
change in activation energy accompanies a rise in  temperature. It has been 
reported that since not all solid-state reactions conform to the Arrhenius 
treatment, the activation energy is not nccessarily constant with temperature 
(27, 28). 


The kinetic behavior during thc induction period and in the transformation 
rate constant suggest the close relationship between them. The double-loga- 
rithmic plotting of both factors gave a good straight line, irrespective of the 
storage conditions for the two transformation systems (Fig. 13). It was verified 


2.0 I 1 
Form 1 


r - -0.946 


Form 6 \ 
- 4 . 0 1  , , , , , I , , , , , 


- 3 . 0  -2.0 -1.0 0 1.0 2.0 -3.0 -2.0 -1.0 0 1.0 2.0 3.0  
log t, 


Figure 13- Relationships between induction period ond tromformation rate 
constant for a - d and /3 - 6 transformations. Key: (V) 25°C; ( A  A) 40°C; 
(0 m) 50°C; (0.) 60°C. The plots for a - 6 transformation at 25"Ccould 
not be obtoined wirhin the time course of this inoestrgation. 







Figure 14-Scanning electron photomicrographs representing various stages in crystal growth accompanying a - 6 and @ - I3  transformations at 60°C 
and 80% relaiive humidity. Key: (a) initial. ZOOOX. (b) 50% transformed, ZOOOX; (c) 80% transformed. 600X. 


that prolongation of the induction period led to the subsequent lowering of 
the rate constant, resulting in further stability. These results indicate that the 
induction stage is a process that induces control of transformation. The re- 
gression analyses showed that these factors were closely correlated with each 
other at a 5% level of significance. Hence, the following regression equations 
were obtained: 


kl  X f y s 6  = 0.167 (a - d transformation) (ES. 5 )  


k2 X tpss  = 0.319 (j3 - I3  transformation) (Eq. 6 )  
It is possible to estimate an approximate induction period for the j3 - 6 


transformation by substituting the rate constant under a given storage con- 
dition (obtained from Fig. 12) into Eq. 6. Assuming that the Arrhenius 
treatment of the a - 6 transformation was applicable in the same temperature 
range as that of the @ - 6 transformation, the induction period should require 
not less than -8.8 years a t  25OC. 


Microscopic Characterization of Transformation Processes-The mor- 
phological changes of the crystal surface in the course of transformation were 
traced by scanning electron photomicroscopy. Figure 14 shows the photomi- 
crographs of forms a and j3 which were transformed by 50 and 80% at  6OoC 
and 8% relative humidity in intact samples. Due to minute sizes, any newly 
born crystal nuclei could not be discriminated in the early stage of transfor- 
mation. The Occurrence and growth of whiskers characterizing form 6 were 
clearly observed during mid and late transformations. Thc whiskers were 
thicker and longer in the a - 6 transformation than in the j3 - 6 transfor- 
mation. This result may be explained by the fact that the transformation of 
form a is slower than that of form j3, as shown above. Since the transformation 
rate of form a is independent of moisture, the interface must advance from 
the nuclei surface into the crystal entity accompanying the growth of the stable 
form. This view IS not contradictory to the previous statement that the growth 
of the stable phase may be two-dimensional. The knots (arrows in the photos) 
of sesame seed-sized form a crystals, which are distributed over the surface. 
of acicular crystals of form 6, became thin as the transformation progressed, 
suggesting their uptake into the crystal entity. 


The particle densities of forms a, @, and 6 were almost identical, with the 
measured values being 1.21, 1.21. and 1.19 g/cm3, respectively. Therefore, 


it is believed that no visible change in the volume of one crystal occurs during 
transformation. The fact that acicular crystals much larger than intact crystals 
in volume are nevertheless growing suggests strongly the sintering of crystals 
a t  the potential nuclei formation sites. In this sense, the mechanism of the 


1 
I00 i o  60 4b 20 b' 


Residual percentage o f  Form a or B 
Figure 15--Changes in particle diameter of samples under transformation. 
Key: (0) a - 6 transformation; (0) j3 - 6 rransjormation. Each point 
represents mean f S D  (n = 15). 


Journal of Pharmaceutlcal Sciences I 1459 
Vol. 73, No. 10, October 1984 







present whisker growth is quite different from that of whisker growth on an 
ethenzamide tablet which is liable to sublimation (29). 


The morphological changes were quantitatively confirmed in Fig. 15, in 
which the specific surface area diameter of the sample was plotted against 
the percent conversion of form a or 6. The growth curves of forms a and j3 
showed a quite similar pattern to the BET-type adsorption isotherm and 
consisted of three stages: ( a )  a rapidly growing stage up to an -10% conversion 
rate; (b) a cessation stage without evident increase in particle diameter; (c) 
a regrowing stage of whiskers. The increasing rate of particle diameter of form 
a a t  an 80% conversion rate was -2.8 times as high as that of form j3, indi- 
cating that a higher increasing rate of the diameter was induced by slower 
transforma tion. 


In addition to showing the fundamental guideline for solution of a stability 
problem of polymorphic forms, the practical significance of controlling am- 
bient factors which can maintain the integrity of the selected form has been 
suggested. A more detailed explanation of the relationship between crystal 
growth and mechanism of transformation is not available a t  the present time, 
and further studies are required to draw definite conclusions. 
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Abstract 0 The kinetics of digoxin and analogues (metabolites) in the sub- 
compartments of blood, erythrocytes and plasma, were first order and con- 
centration independent. The rate and extent of red blood cell partitioning of 
the tested compounds were. according to first-order kinetics, identical in the 
presence and absence of structurally related compounds and dependent on 
lipophilicity and temperature; red blood cell penetration was a reversible 
process. Erythrocyte partitioning of digoxin and its analogues was postulated 
to be by passive diffusion. There was significant intracellular binding of the 
compounds, and hemoglobin was the major ligand. The kinetics of red blood 
cell partitioning of the individual compounds were fitted according to a closed 
two- or three-compartment model. The latter indicated the existence of two 
kinetically separable compartments within the red blood cells. Model-inde- 
pendent mean transit times of red blood cell-plasma water partitioning of the 
compounds depended largely on the lipophilicity and were a thousand times 
greater for the least lipophilic analogues than for the most lipophilic deriva- 
tives. Red blood cell partitioning ofdigoxin and its metabolites under inuiuo 
and in uifro conditions, were equivalent. Plasma protein binding of the tested 
compounds was concentration independent, unaltered in  the presence of the 
analogues, and temperature independent between 24OC and 37OC. Binding 
to albumin in buffer solution was significantly larger than to albumin in plasma 
for all the compounds. Binding of digoxin and its analogues to albumin in 
buffer solution increased with increasing lipophilicity of the compounds. 


Keyphrsses 0 Digoxin-kinetics of red blood cell partitioning, plasma protein 
binding, analogues 0 Red blood cell partitioning-digoxin and analogues, 
kinetics, plasma protein binding 0 Plasma protein binding-digoxin and 
analogues, kinetics of red blood cell partitioning 0 Kinetics-digoxin and 
analogues in blood, plasma protein binding, red blood cell partitioning 


The overall goal of the present study was the further (1)  
elucidation of the kinetics of digoxin (I) and its analogues (i.e., 
metabolites) in the subcompartments of blood, plasma and red 
blood cells (Scheme I). The individual goals were to (a) de- 
lineate the kinetics of red blood cell partitioning, (b) investigate 
the influence of temperature and drug lipophilicity on cellular 
uptake, ( c )  assess the gross intracellular distribution of the 
compounds, and (d) make a comparative study of the binding 
of the compounds to albumin and plasma protein. 


Special emphasis was put on the delineation of the kinetics 
of red blood cell partitioning of the tested compounds. A review 
of the pharmacokinetic literature on this subject indicated that 
the significance of the kinetics of drugs in this subcompartment 
of blood has not been adequately appreciated by pharmacok- 
ineticists. The extent of red blood cell uptake has been deter- 
mined for drugs in some studies; the rate of such uptake has 
been studied only exceptionally (2). Often tacit assumptions 
have been made that either red blood cell partitioning of the 
drug is negligible or equilibration between plasma and cells 
is instantaneous if drug uptake into the erythrocytes is sig- 


distribution 


11 
unbound drug in plasma water 


% 
drug in erythrocytes 


/ 
bound drug in plasma 


elimination 
Scheme I-Drug in the blood compartments. 


nificant. Concentrations of drugs usually have been assessed 
in plasma, not whole blood, in pharmacokinetic studies. Ob- 
viously, temperature-independent red blood cell partitioning 
has been presumed for the drugs in most of the studies, since 
no effort appears to have been made to maintain the temper- 
ature of the blood samples after their withdrawal until sepa- 
ration of plasma and erythrocytes. This paper will show con- 
clusively that these a priori assumptions are unwarranted and 
may lead to biased values of pharmacokinetic parameters. 


EXPERIMENTAL SECTION 


Materials-The following unlabeled and labeled compounds were used: 
digoxin' ( I ) ,  digitoxin' (11). 8-methyldigoxin] ( I l l ) ,  dihydrodigoxinl (IV), 
digoxigenin bis(digitoxoside)' (V), digoxigenin digitoxoside' (VI). epidi- 
goxigenin', digitoxigenin bis(digitoxoside)l, digitoxigenin digitoxoside', di- 
goxin-16'-glucuronide2 (VII), [ 12a-3H]digoxin1, D-methyl[ 1 2a-)H]digoxin1, 
[ I  2a-3H]digoxigenin bis(digitoxoside)l, [ 1 2a-3H]digoxigenin digitoxoside', 
[21.22-3H]digitoxin2, dihydro[ 1 2a-3H]digoxin2, and [ 12a-)H]digoxin- 
I 6'-glucuronide2. The compounds with the label in the a-position were syn- 
thesized according to the method of von Wartburget al. (3) and had the fol- 
lowing specific activities: [)H]I, 1460 pCi/mg; [3H]111, 910 pCi/mg; 
12,772 pCi/mg; [3H]V, 552 pCi/mg; [3H]VI, 457 pCi/mg; [3H]VII, 1570 
pCi/mg. [3H]II was synthesized according to the method of Haberland and 
Merten (4) and had a specific activity of 509 pCi/mg. The radiochemical 
purities of the labeled compounds were investigated using different TLC 
systems, asdescribed elsewhere (5,6), and were: [)H]I, >94.5%; [)H]II, IW, 
['H]III, >95.9%; ['HIIV, 100%; [)H]V, >92.5%; [3H]VI, >95.9%; [3H]VII, 
>98.0%0. 


n-Octanol was obtained commercially3; heparinized ( 5  USP U/mL) or 
citratcd (3.69 mg/mL sodium citrate and 0.46 mg/mL citric acid) blood and 
plasma samples were obtained from healthy volunteers who had no prior drug 
intake4 for 168 h. Human albumin (fraction V, fatty acid free) (AB15 ABz6) 
and hemoglobin (HB)5 (type IV, crystalized twice) were purchased. Three 
different buffers were used: ( a )  0.067 M KH~P04,0.067 M Na2HP04, and 
0.1 13 M NaCl (pH 7.4,0.300 Osmol. ionic strength: 0.23) (7), (b) 0.001 M 
KH2P04,O.oOl M Na2HP04.0.157 M NaCI, 0.006 M glucose, 0.004 M KCI, 
0.003 M CaC12, and 0.002 M MgCl2 (pH 7.2,0.356 Osmol, ionic strength: 
0.18). and (c) 0.05 M Tris, 0.042 M HCI, and 0.060 M NaCl (pH 7.4,0.304 
Osmol, ionic strength: 0.15). Buffers band c represented a slight modification 
of the original buffers employed previously (8.9). 


Determination of Apparent &tad-Water Partition Coefficients of Digoxin 
and Analogue-Partition coefficients were determined for [3H]I-[3H]VII 
at 24OC using twice-distilled water ([3H]I-[3H]Vl) or phosphate buffer a 
([3H]VII). The octanol was allowed to equilibrate with water with gentle 
shaking for 24 h. Only water-saturated octanol and octanol-saturated water 
were used in the partitioning experiments. The experiments were performed 
in 15-mL tubes equipped with glass stoppers. The compounds were added to 
tubes containing, initially, only the water phase (2.5 mL) spiked with drug 
concentrations of 40 ng/mL ([3H]I, [3H]III-[3H]VI), 100 ng/mL ([)H]II), 
and 200 ng/mL ([3H]VII); the octanol phases were added subsequently. The 
stoppered tubes were then shaken vigorously for 45 min. Preliminary exper- 
iments had indicated that this time permitted thecompounds to reach e q u i -  
librium. After centrifugation, the phases were separated and aliquots (200 
pL) were taken from both phases for determination of radioactivity. Two 
experiments were performcd with each of the compounds tested. 


Boehringer Mannhcim. FRG. 
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Fluka AG, Buchs, Switzerland. 
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' Blood Bank, Kantonsspital, Basel. Switzerland. 
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Table I-Apparent Ervthrocvte-Buffer and Ervthrocvte-Plasma Partition Coefficients for Dieoxin and Analoeues at Different Temwratures 


Compounds* 37°C nc 24OC nc 14OC nc 4 o c  nc 


[)HI11 2.51 f 0.061 3 1.95 f 0.097 5 1.59 1 1.23 f 0.124 8 


13H1111 I .28 (1.23. 1.33) 2 1.1 1 f 0.027 3 0.877 f 0.095 5 
0.090 (0.084,0.097) 2 0.055 (0.046.0.064) 2 


. .  
0.946 (0.9'1 7.0.976) 2 0.882 (0.842.0.922) 2 


[)H]IV 1.47 (i.44, I :49) ' 


PH11 1.49 f 0.03 1 
1.09(1.03, 1.15) 


. -  
1.13 (1.06. 1.19) 


2 1.34 i 0 . 0 2 7  4 
2 1.02 f 0.01 3 4 
3 I .29 f 0.056 7 
2 0.997 f 0.026 3 


13HlV 1.31 l1.30: 1.32\ 2 1.15 f 0.061 
L ,  


1.01 (0.95; 1.07j 2 0.862 f 0.010 


0.966 f 0.028 3 0.838 f 0.045 
[)H]VI 1.21 f 0.031 4 1.19 f 0.032 


4 
3 
3 
3 


1.02 1 


0.900 f 0.104 4 


0.884 f 0.032 7 


0.875 f 0.009 4 


0.932 f 0.043 3 


[ 'HIVII 0.762 1 
0.625 1 


0 Mean f SD; individual values are reported in parentheses. The upper value is P+ the lower value is Pelc. In  order of decreasing lipophilicity. Number of mean values considered, 
averages of 3-5 individual determinations in blood of 1-7 donors. 


Erythrocyte Partitioning of Digoxin and Analogues-The goals of these 
experiments were to investigate the red blood cell-buffer or -plasma distri- 
bution of the compounds prior to and at partition equilibrium, and to determine 
whether the partitioning was temperature dependent. The experiments used 
erythrocytes obtained from different donors (n = 2-8) for the partitioning 
of each individual compound. 


Erythrocyte suspensions in buffer a or in plasma, with physiological he- 
matocrits of 40% (lo), were employed. The procedure used for the determi- 
nation of drug partitioning into red blood cells was the centrifugal method, 
which has previously beendescribed in detail (7). Briefly, the suspensions had 
volumes of 10 mL and were kept in 15-mL glass-stoppered tubes. Immediately 
after drug addition, the tubes containing the suspensions were shaken vigor- 
ously for 15 s and were then rotated for the duration of the experiments. 
Samples of the suspensions were taken as  early as possible following drug 
addition (10.3 min) and at appropriate intervals thereafter. The samples were 
immediately centrifuged for intervals ranging from 0.5 (early samples) to 5 
min (later samples). The time of removal of the separated buffer or plasma 
phases was taken as the sampling time. The concentrated erythrocyte phases 
had hematocrits ranging between 50 and 95%. Aliquots (IOO-SOOpL) were 
taken from the separated erythrocyte. buffer, or plasma phases, and the ra- 
dioactivity was determined. 


Erythrocyte buffer partitioning studies were conducted at 37OC, 24OC. and 
4°C with all the labeled compounds; additional experiments at 14OC were 
performed with [)HI11 and [3H]VI. Erythrocyte plasma partitioning was 
investigated at 37OC and 24OC with all the labeled compounds. The temper- 
atures were maintained throughout the experiments, including the final 
centrifugation of the red blood cell suspensions. The pH was in the 7.35-7.45 
range. Only fresh erythrocyte suspensions were used. For a delineation of the 
type of kinetics involved, the partitioning of all the compounds with the ex- 
ception of [3H]VII was investigated systematically a t  24OC at drug concen- 
trations of 5 ,  10, and I 0 0  ng/mL. Additional experiments at 24OC studied 
the red blood cell partitioning of the (labeled) compounds (10 ng/mL) in the 
presence of the (unlabeled) analogues (100 ng/mL each). Reversibility of red 
blood cell partitioning was checked at 24OC by resuspending drug-containing 
erythrocytes in fresh buffer a (1 I ) .  


The stability of the compounds during their incubation with erythrocytes 
in buffer or plasma at  37OC was checked for all compounds except [)H]II. 
Plasma and buffer aliquots taken at  different times after incubation were 
analyzed by specific column chromatography or TLC, as  described previously 
(6). The results showed that the compounds were stable under these experi- 
mental conditions. Estimats for the precision of the red blood cell partitioning 
values were obtained by repetitive determination of the ratios of the eryth- 
rocytes to buffer or plasma concentrations in suspensions with red blood cells 
from a particular donor. The coefficient of variation (CV) values ranged be- 
tween I and 8% for the compounds. except [3H]II. Considerably larger CY 


values (20-80%) were obtained for this compound with red blood cell plasma 
suspensions. This was due to the comparatively low erythrocyte concentrations 
of this drug in the plasma suspensions. 


The possible influence of buffer composition on red blood cell partitioning 
of [)HI1 and its analogues was also studied. Red blood cells from different 
donors were divided up in equal parts and suspended either in buffer a or buffer 
c. Red blood cell partitioning from the two buffers at 37OC was then studied 
with all the compounds except [3H]VII. The results of these experiments 
showed that red blood cell partitioning from buffer a was significantly larger 
than from buffer c for all thecompounds tested, although the respective mean 
red blood cell-to-buffer concentration ratios differed by only 1-1 5%. These 
results indicated that red blood cell partitionings of the nonelectrolytic 
[3H]l-[3H]Vl were influenced by buffer composition. Differences in ionic 
strength, pH, and molecular composition of the two buffers used may have 
been responsible for the observed discrepancy. 


Only buffer a was used in the definitive partitioning experiments with ['HI1 
and its analogues. Buffer a was preferred because it had been used successfully 
in the past (7, 12) in equivalent experiments with other compounds and 
guaranteed a pH equivalent to that in plasma water (13). 


In  Vivo Erythrocyte Partitioning of Digoxin and Metabolites-Tritiated 
digoxin (0.6 and 1.2 mg) was administered intravenously (bolus) and orally 
to three healthy volunteers aged 21 -25 years. Blood was obtained over a period 
of 144 h after administration of thedrug. After blood withdrawal, there was 
a lapse of 30 min before separation of the plasma and erythrocytes. During 
this interval the samples were kept at a temperature of 24OC. Plasma of the 
samples was then divided into two parts. In one part [3H]I and its separable, 
known, apolar metabolites (['H]IV-[)H)VI) and unknown polar metabolites 
were assayed by specific methods (6); in the other part, total radioactivity was 
measured. Total radioactivity was also determined in the separated erythro- 
cytes of the samples. 


Binding of Digoxin and Analogues to Hemolysate, Hemoglobin, Albumin, 
and Plasma Protein-Details of the equilibrium dialysis method employed 
in these investigations have been reported previously ( I ) .  The experiments 
were performed at 37OC or 24OC and within a pH range of 7.30-7.50. The 
hemolysate suspensions and the protein solutions were dialyzed against buffer 
for 6.5 h. Equilibrium between the free drug concentrations in plasma and 
buffer was established within this time intcrval. Aliquots (100-500 r L )  were 
then taken from both chambers of the dialysis apparatus, and the radioactivity 
was determined. 


The binding to hemolysate and albumin was investigated for all the com- 
pounds. The binding to hemoglobin was studied with ['HI1 and [)H]II. Plasma 
protein binding wasinvestigated with [3H]II, [3H]111, and [3H]VII.There- 
sults obtained with [)HI1 and [3H]IV-(3H]VI have been reported previously 


Hemolysate Binding-Red blood cells from one donor were separated from 
(1). 


Table 11-Linearity of the Red Blood Cell Partitioning Kinetics of Digoxin and Analogues at 24°C 


Pelsb 
Compound' 5 ng/mL 10 ng/mL 10 ng/mLC 100 ng/mL 


i 3 ~ i 1  


1.82 ( I  .75, 1.87) 
l.lO(1.05, 1.14) 
1.39 (1.38. 1.39) 
1.29 (1.22. 1.36) 


2.03 (2.01,2.06) 
1.13 (1.13, 1.13) 
1.36 (1.33. 1.39) 


1.93 (1.88, 1.97) 
1.19 (1.07, 1.30) 
1.31 (1.30. 1.33) 
1.26 (1.24. 1.28) 


2.06 (2.01, 2.10) 
1.13 (1.13. 1.13) 
1.35 (1.32, 1.39) 
1.3 I ( I  .24. 1.371 


' 3 H j V  1.15 (1.08; 1.22j 1.17 (i.10; 1.24j 1.19 (1.16, 1.21) 
I3H]VI 1.19 (1.13, 1.25) 1.20 (1.18, 1.22) I .23 ( I  .22, 1.24) I .23 ( I  .22. I .23) 


In the order of decreasin lip0 hilicity n (Number of individual values considered) = 2. obtained from one donor. Individual values are in parentheses. Molar ratio of labeled 
drug to each of the unlabele$ana~gues = 0. I .  
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plasma by centrifugation. After removal of the buffy coat, the cells were 
washed five times and suspended in buffer a. Lysis was then induced by ex- 
posing the red cells to a temperature of -2OOC for 2 h. Membrane-free he- 
molysates (hemoglobin concentration 140 g/L) were then obtained by ul- 
tracentrifugation' at 20,000 rpm for 20 min. Binding and/or partitioning to 
hemolysate was determined for [)HI11 (20, 50, and 100 ng/mL) and [)HI1 
and [3H]lIl-[3H]VlI (20 ng/mL) at  37OC. There was significant net trans- 
port of fluid during dialysis, leading to a 10-2O?h decrease of the initial he- 
moglobin concentrations in the hemolysates. From 2 to 6 dialysis experiments 
were run in parallel with the hemolysates for each compound. 


Hemoglobin Binding-The binding to hemoglobin was investigated with 
[)HI1 and [3H]II (20 ng/mL) by dialysis against buffer a at  37OC. There was 
significant net transport of fluid during dialysis leading to a 10-209i decrease 
of the initial hemoglobin concentrations of 140 g/L. The binding to diluted 
hemoglobin (7 g/L) was also investigated. There was no net transport of fluid 
in these experiments. Two dialysis experiments were run in parallel. 


Albumin Binding-Albumin binding was studied with all the compounds 


nu 


t h  3 


VI: R, = OH, R l  =OH,  Rs = b0 
CHa OH 


' Sorvall Ultracentrifuge, RC-2B; Ivan Sorvall Inc.. USA. 
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Figure I-Semilogarithmic plot of the averaged apparent red blood 
cell-buffer partition coefficient, Pelcu (0). and the averaged true red 
blood cell partition coefficient, Pedeu (0) against the reciprocal of the 
absolute temperature l/T for l 3 H ] I l  ( A )  and 13H]VI (B). There was 
an apparent linear dependency of Pelcv on In in contrast to a nonlinear 
relationship between Pcdew and l / r .  


(20 ng/mL) at a physiological concentration of the protein (45 g/L)  (14). 
Buffer a was used, and the experiments were conducted at 3 7 T .  Albumin 
ABI and ABz were employed in these studies: the binding of ['HI11 was with 
both albumins, the binding of [)HI1 and [3H]IV-[3H]VI with albumin AB,, 
and the binding of [3H]III and [3H]VII with albumin AB2. Between 2 and 
lodialysis experiments were run with albumin for each compound. The CV 
values of replicate albumin binding determinations were 1% for ()H)II and 
3-7% for the rest of the compounds. 


Preliminary experiments had shown that binding of [)HI1 (20 ng/mL) to 
albumin was not influenced by the buffer used. [-'HI1 was 34.2 f 2.67% (n 
= 10) and 35.9% (35.2, 36.6; n = 2) bound to albumin when buffers a and c 
were used, respectively. This suggested that the [3H]I-albumin interaction 
was not influenced by the phosphate ion concentration of buffer a .  


Plasma Protein Binding-Plasma with physiological albumin content 
(42-54 g/L)  (14) obtained from different donors was used. The binding of 
[3H]III and [3H]VII was studied at  concentrations of 5.10, and 100 ng/mL 
(initial concentrations after spiking plasma prior to initiation of dialysis) with 
the plasma of two donors. ['HI11 was investigated at  concentrations of 100 
and 1000 ng/mL with the plasma of seven donors. In addition, the plasma 
binding of these three labeled compounds in the presence of unlabeled ana- 
logues was studied. The plasma binding of [3H]III and [3H]VII ( 5  ng/mL) 
was studied in the presence of all the other analogues (unlabeled I-VII, 100 
ng/mL each), and the plasma binding of ['HI11 ( 5  and 100 ng/mL) was de- 
termined in the presence of unlabeled digitoxigenin bis(digitoxoside) and 
digitoxigenin digitoxoside (100 ng/mL each). From 4 to 8 dialysis experiments 
were run in parallel with the plasma of a particular donor for each compound. 
The CVvalues for replicate determinations of the plasma protein binding were 
1% for [3H]II and 7-15% for the rest of the compounds. 


Analytical Procedures-The details of the liquid scintillation method used 
have been given previously (10). Briefly, 100-5OO-pL aliquots from plasma 
buffers a, b, and c and octanol were analyzed in duplicate, either directly60r 
after combustion9. The radioactivity in erythrocytes, hemoglobin solutions, 
and hemolysates was measured only after combustion. The red blood cells were 
lysed prior to combustion. The hemoglobin concentrations in the hemoglobin 
and hemolysate binding studies were measured spectrophotometrically after 
transformation to hemoglobin cyanide (1  5). 


RESULTS 


The i values given in the text and in the Tables refer to the standard de- 
viation, SD, of the means, and n is the number of observations considered. 
Values for SD and n are  only given in the text for mean values which are not 
listed in the Tables. 


Octnnol-Water Partition Coefficients of Digoxin and Analogues--Apparent 
octanol-water partition coefficients at 24OC (P) of [3H]I and its analogues 
were calculated from the ratio of the concentration in the organic phase to 
the concentration in the aqueous phase at  equilibrium. The mean P values for 
the individual compounds were (n = 2): [)HI[, 16.6 (16.5, 16.7); [3H]II, 98.2 
(96.8.99.5); [3H]III, 38.6 (38.3, 38.8); (3H]IV. 17.6 (17.5, 17.6); [)H]V, 15.6 
(15.2, 16.0); [)H]VI, 11.6(11.4, 11.8); [3H]V11,0.024(0.023,0.024). 


Erythrocyte Partitioning of Digoxin and Analogues-Equilibrium Kinet- 
ics-Red blood cell-buffer and red blood cell-plasma partition coefficients. 
Pelc. and Pel,, respectively, were obtained for the compounds under different 
experimental conditions and are listed in Tables I ,  11, and 111 as mean values 
for erythrocytes from different donors. Red blood cell partitioning of all the 
tested compounds was linear and concentration independent (Table I I ) ,  in- 
dicating that first-order kinetics were operative. The values for Pelc. of the 
individual compounds were identical in the presence and absence of large 
concentrations of the respective analogues (Table 11). This implied the exis- 


8 Packard Tri-Carb Nos. 3280 and 3255; Pdckard Instruments, Downers Grove, 


9 Model 4101; Intertechnique. Plaisir. Francc. 
111. 







Table 111-Revenibility of the Red Blood Cell Partitioning Kinetics of 
Digoxin and Analogues at  24°C 


PC/GO 
Suspension Resuspension 


Compound Experiments nb Experiments nb 


I’H11 1.39 f 0.040 8 1.38 f 0.088 3 
[’HjV 1.07(1.04,1.10) 2 113(1.11,1.15)  2 
[’HJVI 1 .  I6 f 0.038 8 1.14 f 0.061 4 


Mean f SD; individual values in parentheses. Number of individual values con- 
sidered, obtained from one donor. 


tence of binding and/or partitioning sites of large capacity within the red blood 
cells. The equivalency of Pelc. for the individual compounds in suspension and 
resuspension experiments (Table 111) suggested reversibility of the red blood 
cell partitioning kinetics. For all thecompounds tested, Pe/cu is greater than 
Pelc, indicating significant plasma protein binding of the compounds. 


There was no clear-cut relationship between the magnitude of P,/,, and 
lipophilicity (P) of the compounds (Table I). Red cell partitioning from buffer 
or plasma was clearly temperature dependent and decreased with decreasing 
temperature (Table I). Semilogarithmic plots of P,/,, against l /T .  the re- 
ciprocal of the absolute temperature, yielded apparent straight lines for all 
the compounds tested (Fig. 1). The Pelc, values of 13H]I and its analogues in 
the experiments conducted at  4OC were >0.70 (Table I). the partition coef- 
ficient value predicted for compounds solely distributed within the intracellular 
water phase of the red blood cells (2, 16). This implied binding and/or par- 
titioning of the compounds in nonaqueous phases within the red blood cells, 
even at  this low temperature. 


However, Pelcu, as defined, did not characterize the distribution of the 
compounds between a nonaqucous and an aqueous phase as required (17), 
but defined equilibrium conditions existing in mixed nonaqueous-aqueous 
(cellular) and aqueous (extracellular) phases. In conceiving the red blood cells 
as a two-phase (nonaqucous-aqueous) system, a true partition coefficient, 
Pa/%, was defined as the ratio of the bound/partitioned concentration in the 
nonaqueous phase to the unbound concentration in the aqueous phase of the 
cells. Values for Pcb/=, were calculated (see Appendix I). Similarly, the per- 
centage of drug truly bound/partitioned within the nonaqueous phase of the 
red cells, BE. was computed (see Appendix I) for the different compounds. 
The values obtained for 


When Pcb/eu was plotted semiIogarithmically against I /T, curves were 
obtained with all thecompounds (Fig. I ) .  This was in contrast to the apparent 
linear relationship obtained previously with semilogarithmic plots of Pelc. 
against I /T(Fig.  I ) .  


Nonequilibrium Kinetics-Time-dependent concentration curves were 
not obtained for the compounds under all the experimental conditions. With 
the most hydrophilic compound of the series, [3H]VII, erythrocyte parti- 
tionings at  temperatures of 4°C and 24°C were such slow processes that 
substantial hemolysis occurred long before the red blood cell partitionings 
were at equilibrium. With the more lipophilic compounds, however, red blood 
cell uptake was so fast that partition equilibrium was nearly or completely 
reached within the interval needed for centrifuging the very first sample taken 
after admixing the compounds ([3H]I-[3H]V at  37OC, [)HI11 and [3H]III 
a t  24°C). 


Semilogarithmic plots against time of (B - B, ) / (Bo  - B,) and of (Epq 
- E ) / E , ,  derived respectively from the experimental data obtained in 
erythrocytes and buffer (see Appendix 11). gave equivalent results and could 
be fitted by the same line (Figs. 2 and 3). Red blood cell partitioning of the 
compounds was characterized by a single distribution phase in most of the 
experimental settings. However, two distribution phases were clearly distin- 
guishable with [’HI1 and [3H]IV-[3H]VI (Fig. 3) at 4OC and with [’HIVII 
a t  37°C. The respective concentration-time data in the erythrocytes, e, in 
buffer, c., and in  plasma, c, of all the experiments were fitted using the non- 


and BE are listed in Table 1V. 
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Figure 2-semilogarithmic plots of (B - Beq)/(Bo - Beq) and (Ecq - E)/Ecq. 
calculated from the experimental data for buffer and erythrocytes. respec- 
tively,for / ’ H / I I l  at  4°C. A red blood cell suspension in buffer was spiked 
with drug. and a single distribution phase was observed. The erythrocyte and 
buffer data could be filled to \he some line. 


linear least-squares estimation program TOPFIT (18). The program yielded 
values for the microscopic rate constants (Figs. 4-7) and equilibrium con- 
centrations in erythrocytes, buffer, or plasma. The respective volumes of the 
red blood cell and buffer/plasma phases, hematocrit (Hc) and “plasmacrit” 
( I  - Hc), which were known in  all the experiments, were fixed and not iter- 
ated. 


Except for [3H]VII, all data sets from the experiments were fitted indi- 
vidually and the fitting of the concentrations in erythrocytes, buffer, or plasma 
was simultaneous. The data sets obtained for [3H]VII showed larger vari- 
ability. The respective results of the two experiments performed with this 
compound in suspensions of red blood cells in buffer or in plasma were aver- 
aged and then fitted. Equal weights were given to all the erythrocyte, buffer, 
or plasma data. This was justified since the concentration range of all the 
experimental data was rather small. Attempts were made to fit all the data 
sets to a closed two-compartment model (Figs. 5-7); however, systematically 
deviating fits were obtained in those cases where two distribution phases had 
been seen previously in the graphic analysis of the data (Fig. 3). Adequate 
fits resulted when these data were fitted to a closed three-compartment model 
(Fig. 4). 


A detailed analysis was performed with the data that had been fitted to the 
three-compartment model. Attempts were made to interpret, physiologically, 
the two erythrocyte compartments, El and E2, which were separable in these 
experiments (see the Scheme in Fig. 4). Plasma membrane, cellular water, 
and hemoglobin were expected to contain significant amounts/concentrations 
of thecompounds (9, 19) and, thus, could be the physiological equivalents of 
the two erythrocyte compartments. However, it must be clearly realized that 
compartments El and E2 and the corresponding rate constants obtained in 
the kinetic analysis were interchangeable; these two compartments could be 
attributed to the cellular constituents and barriers as follows: ( a )  El = plasma 
membrane + water, E2 = hemoglobin; (b) El = plasma membrane, Ez = 


Table IV-Compartmental Distribution and True Partitioning of Digoxin and Analogues in Red Blood Cells a t  4°C. 


(ellc”),? (e2/cu),, ( e i / e h .  (ez/e)q, 
Compound x 102 x 102 nc x 102 x 102 (e1/e2), P%/C” BE nd 


26 (24,28) 61 (56.66) 2 30 70 0.43 0.29 f 0.1 5 22 f 8.8 4 
22 f 4.5 62 f 4.8 5 26 74 0.35 0.26 f 0.05 21 f 2.9 7 


20 f 0.8 4 16 f 2.0 69 f 6.1 6 19 81 0.23 0.25 f 0.01 
26 f 3.6 3 19 f 6.7 74 f 6.5 4 20 80 0.25 0.33 f 0.06 


6.7 69 1 8.8 91 0.10 


el -, e2-. e [(el t e&], and c . ~  respectively thedrug concentrations in the erythrocytecompartments (El, El. E) and plasma water (buffer) (B) at equilibrium. wereobtained 
from f;ttingsuit%e data to the closed three-compartment model (see Fig. 4. Appendix I / ) .  The values for P and j3 (eb/e)*,were predicted from P, *, depicting the red blood 
cells as consistingg of a nonaqueous and an aqueous phase of fractional volume 0.7. The values of (el/e)- and K 9 . e ~ )  ofthe individual compounds shouldbe compared, respectively, 
to Pa,% and BE. The values are mean f SD, with individual values in  parenthescs. I n  order of decreasing lipphil%ty. Number of experiments performed in blood of different 
donors. Number of mean values considered; averages of 3-5 individual determinations in blood of 3-7 donors. 
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Figure 3 --Semilogarithmic plot for I 3 H ]  VI under same conditions as in Fig. 
2. The inset is for the initial data on an expanded time scale. Two distribution 
phases were separable. The erythrocyte and buffer data could befitted to 
the Same line 


water + hemoglobin; ( c )  El = hemoglobin, E2 = plasma membrane + water; 
and (d )  El = water t hemoglobin, EZ = plasma membrane. 


The respective concentrations in the r d  blood cell compartments, relative 
to the concentration in buffer [ ( e , / c , ) -  and ( e 2 / ~ ~ ) ~ ] ,  were calculated from 
the microscopic rate constants obtained from the fits (see Appendix I / ) .  
Similarly, the respective compartmental concentrations in the erythrocytes 
at equilibrium, as a percentage of the total concentration in the red blood cells, 
10z(e,/e)y and 102(e2/e)w and the ratio of the compartmental concentrations 
at equilibrium. (el/ez)- ,  were computed (Table IV). It is interesting to note 
that, on average, ( P ~ / C , ) ~  was 0.65 f 0.05 for the tested compounds (Table 
IV). which is close 100.7 (2, 16). the value predicted for the ratio of (e,/c&. 
In addition, 102(el/e),  of the individual compounds were similar to the 
predicted individual values for PE (Table IV). Furthermore, the (e l /e& 
values for the individual analogues agreed with the individually predicted P,,/, 
values (Table IV). This suggested that (e l ) -  and (e& obtained from the 
kinetic analysis on the assumption of a three-compartment model were 
equivalent, respectively, to eb and e,  calculated on consideration of the 
physiology of erythrocytes and the P,/,, for the compounds. Hence, the most 
probable physiological equivalents of compartments El and E z  were, re- 
spectively, hemoglobin and cellular water + plasma membrane (alternative 
c above), on the assumption that the plasma membranedid not contain sig- 
nificant amounts of the drugs. 


It became necessary to compare the partitioning kinetics of all the com- 
pounds under all the different experimental conditions. HeJce, there was a 
need for a model-independent parameter. Mean transit time, t ,  which has been 
used repeatedly in pharmacokinctis data analysis (20.21). appeared to be most 
appropriate for this purpose. The I values for the individual experiments were 
calculated from the ratio of the area under the first moment curve (AUMC-) 


to the area under the plasma concentration time curve (AUC,) (21) or from 
the microscopic ratesonstants obtained in the fits (see Appendix 11). The 
values so obtained for t are listed in Table V. An upper limit for t was estimated 
in experiments where red blood cell partition equilibrium of thesompounds 
was reached very quickly. There was wide variation among the t va_lues ob- 
tained for the compounds in the different experimental settings; t ranged 
between <0.5 and 3800 min. Mean transit time clearly decreased with in- 
creasing lipophilicity (P) of the compounds (Table !. Fig. 8). For the ex- 
periments conducted at 4OC and 24OC, plots of log ( I / I )  against log P yielded 
straight lines for the tested compounds (Fig. 8). Mean transit times of ['HI1 
and its analogues were also highly dependent on absolute temperature. The 
quantitative evaluation of this dependency, using the data obtained with 
['HIVI and plotting log ( l / t )  against I / T ,  showed that the relationship was 
nonlinear (Fig. 9). 


The values obtained for 5 with erythrocyte buffer suspensions were signif- 
icantly larger than with erythrocyte plasma suspensions for all the compounds 
tested; the differences ranged between 10-25% (Table IV). This implies that 
plasma protein binding and unbinding were not rate limiting and were much 
raster processes than r@ blood cell partitioning and repartitioning. Attempts 
were made to predict ( I ) ,  k p ~ .  and k ~ p  in red blood cell plasma suspension 
experimentsat 24OC for ['HI1 and [3H]IV-[3H]Vl from I ,  E BE, and ~ E B  in 
red blood cell buffer suspensions, which had been previously obtained in ex- 
periments conducted at  an equivalent temperature (see Appendix I I I ) .  There 
was good agreement between predicted and experimentally measured pa- 
rapeters for the tested compounds in the r d  blood cell plasma suspensions 


= 96.9 (f8.50)%*(t)cxp, k p ~ , d  = 103.1 (f~O.4)%-kp~,,, and 
kEp.prcd = 104.4 (fl0.2)%*kEP,exp (n = 4)]. 


The similarity of the respectively obtained mean tra_nsit time values on 
partitioning of [)H]VI from buffer into red blood cells ( I  = 5.1-min) and on 
repartitioning of the compound from erythrocytes into buffer ( I  = 4.9 min) 
(Fig. 6) suggested complete revcrsibility of the kinetics. Attempts were made 
to estimate mean transit times of repartitioning from red blood cells into buffer 
and plasma at  37OC for the gompounds that reached partition equilibrium 
veryquickly ([3H]I-[3H]V:! < 1.5 min, Table V). It wasassumed that the 
temperature dependency of t for [3H]VI in the range of 4O-37OC was also 
representative for the other analogues and that the equilibrium of the plasm! 
protein interaction with the compounds was instantaneous. The estimated t 
values for the analogues in the red blood cell buffer suspensions at 37OC were: 
0.008 min for [3H]II; 0.036 min for ['HIIII; 0.307 min for ['HIIV; 0.536 min 
for ['HI]; and 1.39 min for ['HJV (Appendix I I I ) .  The corresponding values 
in the red blood cell plasma suspensions were smaller, on average 80% of the 
estimates obtained in the red blood cell buffer suspensions, for the slowly 
plasma-bound compounds (['HI1 and [3H]III-[3H]V). In contrast, the es- 
timated mean transit times in the two suspensions differed widely for the highly 
plasma-bound ['H]11. The value in suspensions inplasma was clearly smaller 
[ ( I )  = 0.001 min] than in suspensions in buffer [ t  = 0.008]. 


Mean transit times for blood flowing through the sinusoids of the liver and 
the capillaries of the proximal tubules of the kidney were reported to be 10 
and 2.5 s, respectively (22, 23). This suggested that, for the most lipophilic 
analogues (['HI11 and [3H]111), all of the amounts in the red blood cells could 
repartition during a single pass through the eliminating organs and, hence, 
could become available for extraction. For the least lipophilic analogues 
([3H]V-[3H]Vll), onlysmall fractions of the amounts residing in the red blood 
cells could repartition and were available for extraction. 


In Vivo Red Cell Partitioning of Digoxin and Metabolites-Mean in viuo 
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Figure 4- Typical linear plot of the respective concentrations in 
erythrocytes (e) (@) and in buffer (c,) (0) against time for 13H]Vat 
4°C. A red blood cell suspension in bufler was spiked: the erythrocyte 
and buffer data were fitted simultaneously to the closed three-com- 
partment model shown. The inset is a plot of the initial data on an ex- 
panded time scale. 
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Table V-Mean Transit Time of Red Blood Cell Partitioning of Digoxin and Analogues from Buffer or Plasma at Different Temperatures 


7 in Buffer or (7) in Plasma, min* 
Compounda 4oc  nc 24OC nc 37OC nc 


~ 


[3H]II 1.65 f 0.32 
[3H]III 7.46 f 0.98 
[3H]IV 30.3 f 1.29 


V H I I  63.1 f 8.64 


~ 3 ~ 1 ~  248 f 39.1 


[3H]VI 407 f 43.3 


[ ~ H I V I I  


5 <0.50 
4 <0.50 
3 I. 14 (1.03, 1.24) 


0.95 (0.91,0.98) 
6 1.99 (1.56, 2.41) 


1.59 (1.44, I .73) 
6 5.17 (5.03, 5.31) 


4.23 (3.85, 4.61) 
4 7.35 (7.21, 7.49) 


6.70 (6.05, 7.34) 


2 
2 
2 
2 
2 
2 
2 
2 
2 
2 


<0.50 
<0.50 
<0.50 


<0.50 


<0.50 


1.70 (1.63, 1.78) 2 
3807 1 
3098 1 


a In the order of decreasing li philicity. Mean f SD; individual values in parentheses. When multiple values arc given, the upper value is in buffcr, the lower value in plasma; 
all single values are in buffer. c c u m b e r  of experiments performed in  blood of different donors. 


red blood cell-plasma partition coefficients, FClcin L.iuo, wcre determined from 
the ratio of the total radioactivity in erythrocytes to total radioactivity in 
plasma in all the blood samples obtained in the pharmacokinetic studies. The 
Pc/cin ciuo values found were dose independent, but showed a clear time de- 
pendency: they were only constant for periods of -2 h after intravenous and 
oral administration of the drug and increased significantly a t  later times. This 
was most probably due to a slow red blood cell partitioning of polar derivatives 
of ['Hll, which were consistently measurable in the plasma samples of thc 
volunteers. Pe/cin uiuO values obtained within the initial 2 h after drug ad- 
ministration were considered for %comparison with in oitro red blood cell 
partitioning values. Estimates for P,/,i" uirro were made from the individual 
red cell partitioning values of [3H]I and its apolar metabolites ([3H]IV- 
[3H]VI), previously obtained under in oitro conditions at 24OC (P,/c.l in u i r ro)  


and the concentrations of the individual compounds measured in plasma of 
the volunteers (ccqin aiuo) in accordance with: 


4 x ( p  . i n  uifro 
c/c.i 1 * C q . i  -  in uirro = 


It was assumed that Pelc = 0 for the measured polar derivatives of [3H]I. This 
was in accordance with the insignificant red blood cell partitioning found for 
the polar [3H]VII within comparable time intervals a t  37'C. 


Mean red blood cell partitioning in ~ i v o  and in oitro at 24OC were found 
to be similar in the intravenous experiments [PClcin uiuO = 0.943 f 0.154 ( n  
- - 6), F,/,jn u l f m  = 0.97 I f 0.01 2 ( n  = 6 ) ]  and oral experiments OiU0 


= 0.975 f 0.148 ( n  = 6), pc,cin = 0.955 f 0.023 (n  = 6)]. This suggested 
that results on the kinetics of red blood cell partitioning obtained under in oitro 
conditions are valid and allow conclusions regarding in oiuo conditions. 


Binding of Digoxin and A M I O ~ U ~ S  to Hemolysate, Hemoglobin, Albumin, 
and Plasma Protein-The percentage of drug bound to hemolysate (PHB), 
to hemoglobin (BHB). to albumin (@he), and to plasma protein (&B) were 
obtained with the equilibrinm dialysis method. The respective values are given 
in Table Vl (see Appendix I). Estimates for of the compounds were also 
obtained by the red blood cell partitioning method and are included in Table 
VI (see Appendix I). 


Binding to Hemolysate-Except for [3H]VII, all the compounds showed 
significant binding to hemolysate (hemoglobin concentration, 1 10 g/L) at  
37OC (Table VI). The / ~ H B ,  values obtained for [3H]l and its analogues ranged 


between 47.1% ([3H]II) and -5.1% ([3H]VII). The apparent negative value 
observed with [3H]VII indicated that this compound was completely unbound 
and, hence, was excluded from volumes where binding of the other analogues 
occurred (12. 24). The binding of [3H]II to hemolysate was concentration 
independent over the range studied (20-100 ng/mL). Estimates of &B, in 
hemolysates (hemoglobin concentration, 110 g/L) were significantly and 
consistently smaller than in intact cells (hemoglobin concentration, 330 
g/L) (25) (Fig. 10). indicating a diminished binding capacity of the former. 
This was either due to the much lower hemoglobin concentration in the he- 
molysates or suggested additional binding/partitioning to constituents other 
than hemoglobin in the intact cells. There existed a significant positive linear 
correlation between the values obtained for BE and &B. [BE = 27.4 (14.7 1) + 1.11 (f0.214)-&~,, r = 0.919 (Fig. lo)]. 


Binding to Hemoglobin-The respective values for the binding of ['HI1 
and 13H]11 to hemoglobin (l lOg/L) werej3He = 22.0and71.4%(TableVI). 
The former value was in agreement with the value previously obtained for the 
binding of [3H]I to hemolysate (BHB, = 19.7%). In contrast, binding of [3H]II 
was much greater with hemoglobin = 71.4%) than with hemolysate @HB, 
= 47.1%) (Table VI). It is possible that existing differences in conformation 
or aggregation of hemoglobin in the two preparations affect the highly bound 
[3H]11 more than the lesser-bound [3H]I. The binding of [3H]II to diluted 
hemoglobin (7 g/L) was significant [&B = 19.0 (1 5.6 and 22.3; n = 2)] and 
suggested that results on the membrane binding of compounds reported in 
the literature (19). which had k n  obtained with red cell ghosts not freed from 
hemoglobin (14 g/L), must be interpreted with due caution. 


Binding to Albumin-The values for the binding of ['HI1 and its analogues 
to albumin are listed in Table VI. The bindings of [3H]II to albumins ABI 
and A& were DAB, = 97.0% and B A B ~  = 97.9%. The similarity of these results 
implied equivalence of the two albumins. Binding of the compounds tested 
ranged between f l ~ ~  = 97% (13H]II) and DAB = 27% (['HIVII). Albumin 
binding increased with increasing lipophilicity (P) of the compounds [@AB 
= 24.3 (f 1.78) + 0.748 (f 0.043)?, r = 0.9921. 


Binding to Plasma Protein-The mean values obtained for the plasma 
protein binding of [3H]ll, [3H]III, and [3H]VII together with the previously 
reported ( I )  values for 13H]I and [3H]IV-[3H]VI are given in Table VI. All 
the values were obtained with the equilibrium dialysis method. Plasma protein 
binding of [3H]11, [3H]111, and [3H]VlI was concentration independent over 
the range studied and was unaltered in the presence of large concentrations 
of analogues. This was in accordance with the binding characteristics previ- 
ously found with [3H]I and [3H]IV-[3H]VI (1).  Plasma protein bindingsof 


Figure 5-linear plot of the respective concentrations in 
erythrocytes (e) (0) and in buffer (c.) (0) against time 
for l3H]l1I  at 24°C. A red blood cell suspension in bufler 
was spiked: the erythrocyte and bufler data werejilted 
simultaneously to the closed two-compartment model 
shown. 
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[3H] I I  at experimental temperatures of 24OC [pep = 96.7 i 0.38% (n  = 1 I ) ]  
and 37OC [PPB = 95.1 f 1.90% ( n  = 5)] were similar. 


The binding to plasma protein was consistently smaller than to albumin 
for [3H]I and all the analogues tested (Table VI). A highly significant positive 
correlation existed between binding to albumin and to plasma protein for the 
compounds[P,,e= - l 5 . 9 ( f 8 . 3 6 ) +  1 .07 ( f0 .164)~p~ ,r=0 .894] .There  
was.excellent agreement between the respective plasma protein binding esti- 
mates of the compounds obtained from the red blood cell partitioning proce- 
dure and the equilibrium dialysis method (Table VI). Plasma protein binding 
of 13H]I and its analogues using the red blood cell partitioning method was 
temperature independent within the tested range of 24-37OC (Table VI). 


DISCUSSION 


Octnnol-Water Partition Coefficient of Digoxin and Its Analogues-The 
partition coefficient values obtained for [3H] 1 and its analogues in the present 
study were-except for [3H]11-in agreement with those reported previously 
by Cohnen et al. (26); a significantly higher P value was found for [3H] 11 in 
the present study. The reason for this discrepancy was not apparent, since 
equivalent experimental methods were used in both studies. A significant linear 
correlation existed between the R,  values by partition chromatography re- 
ported by Cohnen et al. (26) and the log P values obtained in the prcsent study 
[R,(30, = 1.36 (i 0.069)ex - 1.47 (f O.O91)4og P, r = 0.9951. 


Erytbrocyte Partitioning of Digoxin and Its Analogues-Red blood cell 
partitioning kinetics of [)HI1 and its analogues were first order over a con- 
siderable concentration range, unaltered in the prescnce of large concentrations 
of analogues (Table 11) and clearly temperature dependent (Table I). This 
suggested that red blood cell uptake of the compounds was a passive process. 
Its temperature dependency indicated that partitioning into the plasma 
membrane, diffusion through unstirred water layers, and/or interaction with 
hemoglobin could be rate limiting. Membrane diffusion through pores (27) 
was excluded for [3H]I  and its analogues on consideration of the molecular 
weights of the compounds and the pore radius (4 A) of the red blood cell 
plasma membrane (28-32). 


The three-compartment model kinetics found for the less lipophilic ana- 
logues "H]V and [3H]VI at  4OC (Figs. 3 and 4) and [3H]VII a t  37OC indi- 
cated that two rate-limiting steps-one faster, one slower-were operative 
in  these cases. Clearly the processes could be composite. In accordance with 
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Figure 6-Linear plot of the respective concentrations in erythrocytes (e) 
(m) and in plasma (c) (0) against time f ~ r / ~ H I V a t  24°C. A red bloodcell 
suspension in plasma was spiked; the data were fitted to the two-com- 
partment model shown. The inyet is a plot of the initial data on an expanded 
time scale. 


the previous physiological interpretation of the erythrocyte compartments, 
the slower process represented partitioning into the plasma membrane and/or 
diffusion through intracellular water; the faster process was equivalent to 
binding to hemoglobin. However, in considering the degree of acceleration 
of the kinetics of red blood cell partitioning of the compounds found on ele- 
vating the temperature, it was concluded that diffusion through water was 
most probably not a rate-limiting process (3 I ) .  The three-compartment model 
collapsed into a two-compartment model with the more lipophilic analogues 
at  the lowest temperature ([3H]II -[3H]III; Figs. 2 and 5 )  and with all the 
analogues except [3H]VII a t  the higher temperatures. This finding suggested 
that the slower of the two processes was accelerated by an increase in tem- 
perature or lipophilicity of the compounds and approached the rate of the 
faster process, so that apparently two-compartment kinetics with a single 
rate-limiting process evolved in these cases. 


Equilibrium Kinetics-Red blood cell partition coefficients for [)HI- 
IV-[3H]VII have not been reported thus far in the literature; however, values 
for [3H)I-13H]III have been published. Mean Pelc, and Pelc values of 0.97 
(0.93, I .01; n = 2) and 0.89 f 0.030 (n = 3), respectively, had been obtained 
previously by Hinderling et al. ( 5 ) .  The latter value was confirmed by the 
results of the present study [Pelc = 0.88 (0.842,0.922; n = 2)]; however, the 
former value was significantly smaller than the corresponding value of the 
present study [Pelc, = 1.1 1 i 0.027 (n  = 3)]. Although it cannot beexcluded 
that the discrepancy was caused by the use of plasma water instead of buffer 
a in the previous study, there was indications that the value of the former study 
was biased. Abshagen et al. (19), using radiolabeled compounds, reported 
mean red blood cell partitioning values of six donors for [3H]I and [3H]II a t  
37OC. The values were obtained on consideration of one drug concentration 
only ([)H]I: 51 ng/mL; [)H]II: 69 ng/mL). Their respective Pelh and Pelc 
values were 0.90 and 0.90 for [3H]I and 1.37 and 0.09 for [3H]II. The former 
three values were significantly smaller than those found in the present study 


Pelcu = 1.49, Pelc = 1.13; [)H]11: Pelcu = 2.51); there wasagreement 
regarding the last value. Attempts to compute estimates for the plasma protein 
binding of the two compounds using the respective Pelh and Pelc values (see 
Appendix I )  of Abshagen et al. ( I  9) yielded f l p ~  = 0% for [)HI I and flpe = 
93.1% for [)H]II. The former value was clearly lower than the values given 
in the literature for the plasma binding of [3H]I [BPB = 23-29% (equilibrium 
dialysis, 37OC. normal human serum-plasma) (33-37)] and there was no 
ready explanation for this bias. The latter value was within the range of the 


rx 
W 
LL Figure 7-  Linear plot of the respective concentrations in 


bufjer (c,) (0) and in erythrocyte ie) (0) against time for 
13H]VI at 24°C. Red bloodcells suspended in bufjer and 
spiked with the compound were separated centrifugally 
and then resuspended in fresh bufjer. The data were fitted 
according to the two-compartment model shown. 
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Table VI-Percent Binding of Digoxin and Analogues to Hemolysate, Albumin, and Plasma Protein at 37°C and 24°C * 


-30- 


-20- z 
r 


w 
9 - 1 0 -  


PHe. BAB PPB 
Compound 3 7 T h  nc 37OCb nd 37OCh ne 3 7 ' 0  24OCf 


[)HI11 47.1 (45.1.49.2) 2 97.2 f 0.690 12 95.6 f 1.59 7 96.4 97.2 
[)HI Ill 12.3 (10.3, 14.2) 2 57.3 (55.6, 58.9) 2 25.1 (24.7, 25.4) 2 26.2 20.8 


18.2 (18.0, 18.4) 2 33.9 f 2.64 6 22.3 f 2.00 3 25.9 23.8 [:;;;' 19.7 (18.8, 20.5) 2 34.2 f 2.67 10 22.3 f 1.43 3 24.2 22.8 
15.6 (13.4, 17.7) 2 33.0 (32.3, 33.6) 2 22.4 f 2.55 3 23.0 24.9 
7.45 (6.50, 8.40) 2 35.8 (34.9, 36.7) 2 26.2 f 1.61 3 20.4 29.5 


[3H]VII -5.05 (-2.10, -8.00) 2 26.8 (24.9, 28.7) 2 13.9 (13.6, 14.2) 2 
1:;l;l 


0 Mean f S D  individual values in parentheses. The compounds are listed in order of decreasing lipophilicity. Equilibrium dialysis method. Number of individual determinations 
Number of mean values considered; averages of considered, obtained in hcmolysates of one donor. 


two determinations in plasma of 2-7 donors. f Red blood cell partitioning method. 
Number of individual values considered obtained, in plasma of one donor. 


values reported in the literature for the plasma binding of [)HI11 [PPB = 
92-97% (equilibrium dialysis, 37OC. normal human serum- plasma) (33-35, 


Nonequilibrium Kinetics -Gardner et al. (9) reported mean data on the 
kinetics of red blood cell partitioning for [)H]I (9-94 ng/mL) at  37°C. An 
apparent t value of 13 min could be calculated from those results. This value 
was much larger than the corresponding estimate o f t  < 0.5 min obtained in 
the present study. The discrepancy was possibly due to differences in the 
methods employed. The procedure of Gardner et al. used a different buffer 
and the red blood cell suspensions had much lower hematocrits (5-10%); the 
incubated red blood cell suspensions were repeatedly washed (at nonspecified 
temperatures) prior to the final ultracentrifugal separation of the cells and 
buffer. The surprisingly low values for Pelcu of 0.65 and 0.40 at concentrations 
of 9 and 94 ng/mL of the drug, respectively, calculated from their data, in- 
dicated that the washing procedure used may have led to a substantial loss 
of drug from the cells. 


Binding of Digoxin and Its Analogues to Hemolysate, Hemoglobin, and 
Plasma Protein- Hemoglobin (per se and in hemolysate preparations) was 
shown to bind significantly all the compounds tested with the exception of 
[)H]VII (Table Vl). A statistically significant linear correlation existed be- 
tween binding to hemolysatc and binding to intact cells for [3H]I-[3H]VI (Fig. 
10). These results suggested that hemoglobin was the major rcd blood cell 
constituent that interacted with the compounds. An important binding of the 
analogues to constituents other than hemoglobin could not be excluded; 
however, the finding that low concentrations of hemoglobin (7 g/L)  bound 
substantial amounts of [)HI11 suggested that reported plasma membrane 
binding values (9, 19) could be overestimations, since the membrane prcpa- 
rations used in these studies were not free of hemoglobin. 


The differences in  the binding of [)HI1 and its analogues to hemolysate, 


3 ~ 1 .  


r----l 
1 0  1L 


I - ' - . ,  


10 2 0  


LOG P 
Figure 8-Logarithmic plot ofthe reciprocal ofthe averaged mean transit 
time, I / t ,  against the octanol- water part it ion cwfficient , P, for 1 HI I - [ )  HI VI 
at an experimental temperature of 4°C. Red blood cell suspensions in bufjer 
were spikfd with the compou_nds. There was an apparent linear dependency 
of log (111) on log P [log (l/t) = -5.00 (f0.608) + 2.49 (f0 0428) * log P, 
r = 0.9951. Corresponding plots are given in the inset for [ ) H ] I  and [)HI- 
I V - [ I H /  VI in red blood cell buffer suspensions (*) and in red blood cell- 
plasma suspensions (0) at an experimental temperature of24" C. 


hemoglobin, and suspensions of intact cells observed in the present study could 
be explained by the nonequivalence of the three preparations. The cell sus- 
pensions had larger hemoglobin concentrations and included additional 
constituents with binding potential. In addition, conformation and aggregation 
of hemoglobin in the different preparations were possibly not identical. 


The binding of [)HI1 and its analogues in albumin preparations was con- 
sistently larger than in plasma. Albumin was reported to be the sole protein 
in plasma to interact with [)HI1 and [)HI11 (38, 39). The different binding 
performance observed could be due to a nonidentical conformation or 
aggregation of the commercially available albumin in buffer a and of the 
"natural" albumin in  plasma water. Alternatively, and more likely, this dis- 
crepancy was due to a difference in the concentrations of free fatty acids in 
the albumin preparations and in the plasma used. Free fatty acidsat physio- 
logical concentrations in plasma were shown to interfere with the binding of 
drugs to albumin (40). Elevated concentrations of free fatty acids were re- 
ported to decrease, significantly, the binding of [)HI1 and [)HI11 in plasma 
(41). 


Data on the binding of ['HI1 and [3H]II toalbumin at 37OC. obtained with 
equilibrium dialysis methods, are reported in the literaturc. Lukas and de 
Martino (38) reported = 23% for [)H]I, employing an albumin with a 
significant free fatty acid content. This value was clearly smaller than PAB 
= 34.2% for [)HI1 found in the present study, which used a fatty acid-free 
albumin preparation (Table VI). Brock (39) reported a value of PAB = 96.6% 
for [)HI11 with no specification as to the fatty acid content of the albumin used. 
This value was close to the DAB = 97.2% obtained in the present study (Table 
VI). 


Widely varying plasma protein binding values were reported for [3H)I and 
[3H]11 in the literature (35). The discrepancies were most likely due to dif- 
ferences in the methodologies and experimental conditions used in the studies. 
For a discussion of the results of the present study, only those data reported 
in the literature that had been obtained on application of equivalent procedures 
(equilibrium dialysis, individual plasma of healthy volunteers, temperature 
37OC. pH 7.4) were considered. The average percent plasma protein binding 
found for [3H]II ( j 3 p ~  = 95.6%, Table VI)  in the present study was within the 
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F i e  9-lineor plot ofthe logarirhm ofthe reciprocal ofthe averaged mean 
transit time, I/t, against the reciprocal ofthe absolute temperature. l / T .  fcr 
[)H]VI at 4°C. 14"C, 24°C. and 37°C. The relationship between log ( I l l )  
and I/T was nonlinear. Key: (a) red blood cell-buffer suspensions; (0 )  red 
blood cell-plasma suspensions. 
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Figure 10-Linear plot ofthe percentage bound in intact erythrocytes, BE, 
against the percentage bound in hemolysate. BHB'./or f3H]I-f3H]VI at 37°C. 
There was an apparent linear relationship between BE and B H ~  [ B E :  36.7 
( f1 .19)  t 0.762 (*0.0502) * BHB,. r = 0.9921. 


range of the values given in the literature I92.3-97.3% (33-35, 38)]. The 
corresponding value for [3H]III, BPB = 25.15, in the present study was close 
to the flpe = 25.8% reported by Kramer et al. (34), but exceeded the value 
reported by Dengler et al. (42) u p 6  = 14%) for this drug. The plasma binding 
of [3H)VII (Bpe = 13.996) in the present study was similar to the sole value 
reported in the literature [Bpe = 16% (43)] for this drug. The temperature 
independence of the plasma binding of [3H]I and its analogues for the range 
of 24-37°C observed in the present study was in agreement with equivalent 
findingsof earlier studies with ['HI11 (35, 39). 


CONCLUSIONS 


The present study showed that red blood cell partitioning under in uiuo and 
in vitro conditions gave equivalent results. The rate and extent of the red blood 
cell partitioning of [3H] I and its analogues were according to first-order ki- 
netics, identical in the presence and absence of structurally related compounds, 
and dependent on lipophilicity and temperature. The kinetics of red blood cell 
partitioning were reversible. Except for the rather strong temperature de- 
pendence found, the results were in accordance with passive diffusion as the 
underlying process (44,45). The kinetics of red blood cell partitioning of the 
compounds from plasma could be predicted from the results obtained in 
analogous experiments with red blood cell buffer suspensions. The rate con- 
stants of red blood cell partitioning and repartitioning were much smaller than 
the rate constants of plasma protein binding and unbinding for the compounds 
tested. 


Mean transit timcs of partitioning between red blood cells and plasma water 
were largely different for the compounds tested and varied at 37°C more than 
1000-fold. Similarly, large differences in the kinetics of red blood cell parti- 
tioning were reported by Schanker et al. (2) for a series of basic compounds 
which differed in lipophilicity. Measured and estimated values for the mean 
transit time of the compounds at 37°C indicated that there could be significant 
repartitioning from red blood cells into plasma during a single passage of blood 
through the eliminatory organs with the more lipophilic analogues. In contrast. 
only insignificant red blood cell repartitioning occurred with the less lipophilic 
analogues. 


Plasma membrane partitioning appeared to be the rate-limiting step in the 
red blood cell penetration of the compounds. All  the compounds tested-with 
the exception of [3H)VII-exerted significant binding/partitioning in a 
"nonaqucous" phase of the red blood cells. Hemoglobin was the major ligate 
among the erythrocyte constituents. 


Plasma protein bindings of [)HI1 and its analogues were concentration 
independent and unaltered in the presence of structurally related compounds. 
Binding of ['HI1 and the analogues to plasma did not simply reflect the in- 
teraction between the individual compounds and albumin, but included the 
interfering action of fatty acids. Albumin binding of the compounds increased 
with increasing lipophilicity. 


In contrast to plasma protein binding, erythrocyte partitioning of the tested 
compounds was temperature dependent within the range of 24-37OC. Tem- 
perature-dependent repartitioning of the compounds from the red blood cells 
into plasma on lowering the temperature from 37°C to 24°C was low for the 
tested compounds, leading to an increase in the plasma concentrations of 2-6%. 
However, it is entirely feasible that for drugs with more extensive red blood 
cell partitioning, temperature-dependent red blood cell repartitioning could 
lead to important artifactual changes in the plasma concentration. 


The study demonstrated that the delineation of the kinetics of digoxin and 
analogues in the subcompartments of blood (erthrocytes and plasma) was 
mandatory and that apriori assumptions regarding the rate and extent of red 
blood cell partitioning of drugs are unwarranted. In defining clearance in the 
well-stirred (46) or parallel-tube models (47), it was assumed that drug rep- 
artitioning from red blood cells into plasma water was instantaneous, so that 
the unbound fraction was maintained during the passage of blood through 
the eliminatory organs. However, the results of this study suggest that this 
may not generally be true. Hence, in the reported literature, clearance values 
of drugs estimated without experimentally testing the kinetics of red blood 
cell partitioning may be biased. 


APPENDIX I: Calculations for Partition Coefficients and 
Percentages Bound 


Apparent Red Blood Cell-Buffer (P+J and Red Blood Cell-Plasma Par- 
tition Coefficients (P&-Red blood cell-buffer and red blood cell-plasma 
partition coefficients of drugs have been defined previously (48): 


where c , , , ~ ,  cq [i.e.,  (c, + C b ) q ] ,  and eq [i.e.,  (e ,  + e&] represent, re- 
spectively, the unbound concentration of a drug in plasma water (buffer), the 
total (bound + unbound) concentration in plasma, and the total (bound + 
unbound) concentration in red blood cells at equilibrium. 
True Red Blood Cell Partition Coefficient-The red blood cell partition 


coefficient, P,,/%,, may be defined as the ratio of the unbound to bound red 
blood cell concentration of a drug at equilibrium: 


'Cb/eY = (eb/edeq (Eq. 3A) 


On the assumption that the concentration of a nonelectrolytic drug in the 
aqueous phase of the red blood cells at  equilibrium is qua1 to the known 
concentration in the surrounding plasma water (buffer), c , , ~ ,  and by setting 
the fractional volume of the red cell water phase equal to 0.7 (2, 16). e,  can 
be calculated: 


eu.q - - 0.7 - c . , ~  (Eq. 4A) 


In substituting eb,- with ( e  - eJq  and eu,cq with 0.7.r,,,, an expression for 
Pcb/cu is obtained: 


Pcb/c" = !b - 1 
0.7 


Percentage of Drug Bound and/or Partitioned in Red Blood Cells-The 
percentage of a compound bound to and/or partitioned into the nonaqueous 
phase of red cells, BE. was defined according to: 


On substitution of Eq. 4A into Eq. 6 A  an expression for BE is obtained: 


BE = 102[1 - (0~7/Pe/c,,)~ (Es. 7A) 


Respective Percentages of Drug Bound to Hemolysate, Hemoglobin, Al- 
bumin, and Plasma Protein-In the studies which employed the equilibrium 
dialysis method, the percentage of bound drug, @, was obtained from: 


In the studies which used the red blood cell partitioning method to estimate 
plasma protein binding, / 3 p ~  was calculated from Eq. 9A as reported previously 
(7): 


APPENDIX I 1  Compartmental Models 
Closed Two-Compartment Model (Figs. 4-6)-The integrated equations 


for this model and the initial conditions, B = Bo and E = 0, are in accordance 
with (49): 
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Alternatively, iB, can be calculated and exprcssed in terms of the microscopic 
rate constants in accordance with: 


where Bo(Do),  B, and E represent the dose and the amounts of drug in the 
plasma water (buffer) and red blood cells, respectively. Equation 10A can be 
transformed into: 


Solving Eqs. IOA and I IA for r = 0) (at equilibrium) yields respectively: 


(Eq. 13A) 


(Eq. 14A) 


where B ,  and E, are, respectively, the amounts in plasma water (buffer) 
and red blood cells at equilibrium. Substituting Eq. 13A into Eq. 12A and 
rearranging gives: 


k B E  * Bo 
Ee,  


k B E  -k k E B  = - 


Equation 15A can be formulated in terms of the amounts of drug in the red 
blood cells: 


(Eq. 16A) 
E,-E 


E, 
- = e-(kne+kee)r 


Plots of In [ ( B  - B , ) / ( B o  - Bq)] or In [ (Eq - E ) / E , ]  against time yield 
identical negative slopes ef  BE t k E B )  and intercepts of 1.0 (see Fig. 2). 


The mean transit time, r. for the closed two-compartment model is obtained 
in accordance with (21): 


AUC- 
- AUMC- - [ (Bo - B e q ) / ( l  - H C ) ~ / ( ~ B E  + k E e ) 2  - 1 


 BE + k E B  
=-_ - 


[ (Bo  - &)/ ( I  - H c ) l / ( k e ~  -+ ~ E B )  


( ~ q .  1 7 ~ )  


Closed Three-Compartment Model (Fig. 4)--The integrated equations for 
this model and the initial conditions, B = 610 and El = E2 = 0, are in accor- 
dance with (49): 


-I) 


k E i B  t k t 1 ~ 2  + k E i E i  


( ~ E , B  + ~ E , E ~  t k E 2 E , ) ’  - k E I B  * ~ E ~ E ,  t ~ E ~ B  - k B E l  


k e e l ( k s l e 2  + k t z s l )  + ~ E , B  * ~ F ~ E ,  


(Eq. 23A) 
- k i x  - ~ E ~ E ,  


-I 
( k E I E z  + k t z E l ) 2  + ~ E , B  ~ E ~ E  


This alternative way of calculating 7 from the microscopic rate constants of 
compartmental systems will be presented in a forthcoming paperlo. 


Calculation of Quilibrium Concentrations of Drugs in Erythrocytes (el,, 
e+,, and e,) and Plasma Water/Buf‘fer (c,) Using the Microscopic Rate 
Constants Obtained from the Fits (Table 1V)-- Two-Compartment Model: 


k B E  I - H c  
k ~ e  HC 


P,,l,, = - * - (Eq. 26A) 


Three-Compartment Model: 


(Eq. 30A) 


APPENDIX 111: Prediction of Apparent Mean Transit Time and Rate 
Constants of a Drug in a Erythrocyte Plasma Suspension from Its True 


Mean Transit Time and Rate Constants in an Erythrocyte Buffer 
Slrrpension Assuming a Two-Compartment Model 


The values of the apparent (i), k p E ,  and k E p  for a drug in a red blood cell 
plasma suspension are expected to be different from the values of the true t ,  
k e ~ ,  and k ~ e  for the same drug in a red blood cell buffer suspension. Plasma 
protein binding affects cxtent and rate of drug partitioning into red blood cells 
in a suspension in plasma. On the assumption that drug binding to and un- 
binding from plasma protein is much faster than dr?g partitioning into an! 
repartitioning from red blood cells, predictions of ( I ) .  k p E ,  and k E p  from I, 
&BE, and ~ E B ,  respectively, are possible. 


where: 


Equation 18A can be transformed and written in a form which is equivalent 
to Eqs. 15A and 16A of the two-compartment model: 


Similarly plotsof In [(B - B , ) / ( B o  - Bq)] or In [(E? - E ) / E , ]  against 
time have an intercept of I .O and a terminal logarithmic linear phase with a 
negative slope of 0. By, respectively, extrapolating and using peeling-off 
techniques, the intercepts, K 2 .  K 1 ,  and the slope a of the faster exponential 
term can be obtained (see Fig. 3). 


The mean transit time for the closed three-compartment model with mea- 
surements in compartment B, r B ,  can be computed in accordance with 
(21): 


The plasma binding-induced alteration of the equilibrium conditions and 
its impact on the magnitude of the parameters in a red blood cell suspension 
in plasma relative to a red blood cell suspension in buffer is considered first. 
Equation 16A can be reformulated: 


for a red blood cell buffer suspension experiment and: 


(Eq. 33A) 


(Eq. 34A) 


for %red cell p!asma suspcnsion experiment. Solving Eqs. 33A and 34A for 
r = t and r = ( t ) ,  respectively, yields: 


E, - 1  - /Eq = ( 1  - e-‘/’) = 0.632 (Eq. 35A) 


(Ei)=(i)/(Eq) = ( 1  - e-‘=(‘))  = 0.632 (Eq. 36A) 


(Eq. 22A) 
R. Spcrb and P. 11. Hinderling. unpublished results 
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Equations 35A and 36_A indicate that after a lapse of 7 after drug adminis- 
tration to buffer or of (1) after administration of drug to plasma, 63.2% of the 
amounts, respectively, residing in  the erythrocytes a t  partition equilibrium 
have reached the cells,(Analogously for a drug “administration” into red blood 
cells, after a lapse of r following drug administration, 63.2% of the amounts, 
respectively, residing in plasma at partition equilibrium have reached the 
plasma.) 


In the following fractional equilibria [El-,; = ( I  - e-7)&.+ (El)--,.(i) 
= ( I  - e-7) . (Eeq)]  of a drug and th_e respective tim_es for their attainment 
in  red blood cell suspensions, t = y-r and ( f )  = - y - ( r ) ,  where y is a dimen- 
sionless fraction (0 < y 5 I ) ,  will be considered. The respective fractional 
equilibria in a red blood cell suspension in plasma and in buffer are not 
equivalent for a plasma protein-bound drug. The shift in the equilibrium 
toward the plasma site in the former suspension affects the magnitudeof the 
parameters. This effect can. however, be assessed theoretically in an eryth- 
rocyte buffer suspension. Fractional equilibrium conditions equivalent l o  those 
in an erythrocyte plasma suspension are reached at  some time, t = y-t’, after 
addition of drug lo a red blood cell buffer suspension [E,+ = (1 - e-’)E’q]. 
Intuit_ively, the corresponding new mean transit time, t ’ ,  should be smaller 


since the new fractional equilibrium is reached earlier than the true fractional 
equilibrium in a r-ed blood cell in buffer suspension. 


The ratio of y-f tot’, r ,  can be calculated from: 


than I (and accordingly k’BE, and k’EB should be larger than kBE and kEB) 


(Eq. 37A) 


After substituting Eqs. IA, 2A, 9A, 24A, 25A, and 35A and rearranging, Eq. 
37A can be reformulated: 


and k’BE and k’EB are then obtained from: 


k’sE = kBE * 


k‘EB = kEB - 
(Eq. 39A) 


(Eq. 40A) 


The plasma binding-induced reduction of the amounts of drug that can 
partition into the red blood cells is now considered. In a red blood cell plasma 
suspension only the unbound drug fraction in  plasma is available for cell 
partitioning. The magnitude of the apparent partitioning constant, kpE. ref- 
erenced to the total (bound + unbound) drug concentration in plasma, will 
be affected in accordance with: 


Y 


Y 


Hence, if plasma protein binding and red blood cell buffer partitioning of a 
drug are known, the apparent parameters (1). kpE, and kEp i i a n  erythrocyte 
plasma suspension can be predicted from the true parameters ( r ,  kBE, and kEB) 
obtained for the drug in an erythrocyte buffer suspension according to: 
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Abstract 0 The absorption and disposition of ethambutol was examined in 
six rabbits in  a three-way crossover study. Each rabbit received 45-mg/kg 
doses of ethambutol in three treatments: one intravenous injection, and two 
oral solutions, ethambutol alone and ethambutol in the presence of aluminum 
hydroxide (40 mg/kg). Half-lives of ethambutol ranged from 2.26 to 5.20 h 
when administered alone and 2.18 to 4.00 h when coadministered with the 
antacid; the difference was not significant (r, > 0.3). Mean clearance after 
the oral administrations ( 1  89.2 mL/min/kg) was significantly greater than 
the mean intravcnous clearance (43.7 mL/min/kg) (p < 0.01), suggesting 
a first-pass metabolism of ethambutol when administered nonparenterally 
to rabbits. The volume of disiribution ranged from 5.5 to 17.8 L/kg, suggesting 
an extensive distribution of ethambutol outside the central compartment and, 
possibly, a localized deposit within the body tissues. Mean bioavailability of 
ethambutol was -28% and was not affected by the presence of aluminum 
hydroxide. The rate of ethambutol absorption, however, was slightly delayed 
by the antacid. 


Keyphrases 0 Ethambutol-pharmacokinetics in rabbits, coadministration 
with aluminum hydroxide 0 Aluminum hydroxide- -effect on ethambutol 
absorption in rabbits 0 Bioavailability-absorption of ethambutol in rabbits. 
coadministration with aluminum hydroxide 


Ethambutol (I), an antitubercular agent, is prescribed alone 
or in combination with other drugs for the treatment of tu- 
berculosis. The absorption and excretion of I has been studied 
in rats and mice ( I ) ,  dogs (2,3), and humans (4-6). The me- 
dian lethal dose (LDso) of racemic I in noninfected adult mice 
was 12,800 mg/kg when administered orally, 1600 mg/kg 
when administered subcutaneously, 800- 1600 mg/kg when 
administered intraperitoneally, and 200-400 mg/kg when 
administered intravenously (1) .  Since I is well absorbed in mice 
and the drug metabolites are pharmacologically inactive (3), 
the remarkable discrepancies in  LDso following different ad- 
ministration routes suggest a first-pass metaboiism of the drug 
when taken nonparcnterally. A part of this study was thus 
designed to investigate the effect of first-pass metabolism on 
the availability of I in rabbits. 


Pharmacokinetic studies comparing the intravenous and oral 
administrations of I to humans have demonstrated rapid and 
adequate absorption, with bioavailabilities of 70-80% (6, 7). 
The oral solution and tablets of I were equally well absorbed 
in humans (6), suggesting a gastric emptying rate- rather than 
dissolution rate-limited absorption of the drug. Aluminum ion 
is a known inhibitor of gastric emptying, and its effect on drug 
absorption has been documented (8). Mattila et al. (9) have 
investigated the effect of aluminum hydroxide on the ab- 
sorption of I in humans; the results were erratic. Since the 
results of Matilla et al. (9) were inconclusive, this study also 
seeks to clarify the effect of aluminum hydroxide on the ab- 
sorption of I using the rabbit model. 


EXPERIMENTAL SECl’ION 


Materials-All materials used in this study were the same as those used 
in a previous investigation (10). 


Animal Experiments-Six male New Zealand White rabbits (weight, 
2.8-4.1 kg) were studied in a three-way crossover manner. Each rabbit re- 
ceived 45-mg/kg doses of I in three separate treatments: as an intravenous 
injection, as  an oral solution, and as  an oral solution in  the presence of alu- 
minum hydroxide (40 mg/kg). Gastric emptying of solid food residues was 
induced by fasting for 38-42 h before drug administration. Water was allowed 
ad libiium during fasting; food and water were withheld over the experimental 
period. A 2-week washout interval was implemented between the crossover 
studies. 
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Figure 1-Semilogariihmic pfasma concentration versus time plotsjor rabbii 
6 administered ethambutol (45 mg/kg) intravenously (0 )  and orally (A, 
without aluminum hydroxide; 0. with the antacid). 
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dose curves in the Results. Where other values were used, they are noted in 
the appropriate figure legends. I n  the Resulfs, values of important drug and 
system parameters were varied systematically to ascertain their effects on the 
dose dependency of absorption. 
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Abstract 0 Batch microcalorimetry was used to estimate directly the standard 
cnthalpies of the binding of small molecules to DNA. These values were 
compared w i t h  those obtained from spectrophotometric binding constants 
and van’t Hoff plots. The close agreement between the independently obtained 
cnthalpies indicates that the appropriate (best) binding model has four 
phosphates per binding site. Thermodynamic binding constants were obtained 
from apparent binding constants measured at different ionic strengths. From 
thcse and the measured standard enthalpies, standard free energies and 
standard entropies of binding were calculated. The weak. presumably external, 
binding alleged to occur a t  high formal molar concentration ratios of ligand 
LO DNA bases could not bc detected by a measurable heat of binding. 


Keyphrases 0 Microcalorimetry- binding of chemotherapeutic agcnts and 
related molecules to calf thymus DNA 0 Binding -chemotherapeutic agcnts 
‘ind related molecules to calf thymus DNA, microcalorimetry 0 DNA- 
microcalorimetry. binding of some chemotherapeutic agents and related 
inolecules to calf thymus DNA 


The binding of certain aromatic cations to nucleic acids for 
some time has been implicated as a primary process in  anti- 
bacterial, antiprotozoal, antiviral, mutagenic, and antineo- 
plastic activity ( 1  -7).  The changes in the thermal stability and 
the hydrodynamic and spectroscopic properties of DNA to 
which aromatic cations are bound have been suggested to in- 
dicate tha t  at high ratios of formal DNA base to cation con- 
centrations, intercalation of the flat aromatic portion of the 
ligand between adjacent base pairs on DNA occurs (8) .  In-  
tercalation (also called type 1 binding) entails insertion of the 
flat aromatic portion of the ligand between base pairs (8-10) 
or bases ( 1  1-12) on DNA, accompanied by a partial un-  
winding of the double helix. In  crystalline samples, X-ray 
diffraction spectrometry has provided direct evidence for the 
intercalation of the fungal antibiotic, dactinomycin, between 
the adjacent base pairs of Dh’A (13,  14). 


The intercalative mode of binding does not appear to extend 
to all ligand molecules bound to a DNA helix (4). Rather, it 
is believed that only one molecule of ligand can be accommo- 
dated in  an intercalative fashion for every four or five phos- 
phate groups of the DNA helix. When nearly all intercalative 
binding sites of a DNA double helix are occupied, further in- 
teraction of the DNA with  excess ligand is still able to occur. 
However, this binding is weaker than the intercalative binding, 
is not accompanied by hydrodynamic changes in  the DNA 
solutions, and is believed to entail the electrostatic association 
of the cationic ligands with the anionic phosphodicster linkages 
at the surface of the helix. This is referred to as external (or 
type 11) binding and occurs in solutions of low DNA base to 
ligand formal concentration ratios. At high ligand conccn- 
trations, some of the larger polycyclic aromatic molecules a p  
pear to be bound to the surface of DNA as dimcrs, because 
complexes can be spectroscopically distinguished in  which 
there are two ligand molecules bound for each DNA phosphate 
group ( 1  5 ) .  The apparent relationship of the reversible reac- 
tions of aromatic cations with nucleic acids to the antimicro- 
bial, antineoplastic, and mutagenic activities of the formcr has 
resulted in considerable interest in the qualitative and quan- 
titative investigation of these interactions. These studies have 
usually been concerned with the stoichiomctries and formation 
constants of the complexes formed between the ligands and 
the nucleic acids ( 1  -22), although more recent work has been 
centered about the kinetics of binding (16, 21). Techniques 
such as electronic absorption spectrophotometry, fluorometry, 
differential spectrophotometry, and circular dichroic spec- 
trophotometry have been employed to determine the amounts 
of bound and free ligand at each point in the titration of a so- 
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lution of the frcc ligand with a concentrated solution of nucleic 
acid. 


THEORETICAL SECTION 


Methods for evaluating equilibrium association constants for the binding 
o f  small molecules to D N A  arc generally derived froin the independent-site 
model. developed by Scatchard (23). to deal with the binding o f  small mole- 
cules to proteins and the extension of this model bq McChceand von Hippel 
(24) to include ligand cooperativity. Peacocke and Skcrrett (25) redefined 
the parameters of the Scatchard equations to allow their application to nuclcic 
acids. In  this approach, the ligand i s  titrated with a solution of D N A  o f  known 
phosphate concentration, and the concentriition o f  free ligand [ B ]  i s  detcr- 
mined at each point i n  the titration either by direct spectrophotometry or by 
spcctrophotometry subsequent to separation of free and bound ligand by 
equilibrium dialysis or some other suitable method. From the formal ligand 
concentration CB,  the former D N A  phosphate concentration Cp, and the 
equilibrium free ligand concentration. the average number o f  bound ligand 
molccules (occupied binding sites) per phosphate ( r )  i s  calculated at each point 
i n  the titration: 


For two classes o f  independent. noninteracting binding sites I (intercalative) 
and 11 (external): 


where nl and rill are the reciprocals of the numbers o f  phosphates in  each typc 
o f  binding s i te  and K I  and K I I  are the equilibrium association constants. be- 
longing to class I and class I I binding, respectively. The reactions characterized 
by K l  and K I I  may be written: 


B + S ,  7 BSI (Eq. 3) 


B + SII BSII (Eq. 4 )  


and: 


where SI and Sll are the type I and type II binding sites on D N A .  The equi- 
l ibr ia may be written: 


and: 


(Eq. 5 )  


(Eq. 6) 


A plot o f  r i l e ]  uersus r is then constructed. This plot is generally hyperbolic 
in  appearance, and i f  the components o f  the sysiem are sufficiently dilute so 
that no ligand aggregation occurs on the polymer, the plot is usually considered 
to represent a superposition o f  thc type I and type II processes. I f  K1 and K I I  
differ by at least an order o f  magnitude, the type I and type 11 binding may 
be resolved intostraight lines at the high and low r / [ B I  extrcma. respectively, 
o f the r / [R ] r r r sus r  plot. In  thiscasc.theextremaofthc hyperbolaarelinearly 
extrapolated to the r / l B ]  and r axes. The line of steep slope (at low values o f  
r )  is associated with the type I (intcrcalative) binding and hasa slope - K I  and 
an intercept on the r / [ B ]  axis o f  Klnl + K I I I I I I .  The line o f  shallow slope (at 
high valucsof r) associated with the type I I  (external) binding h 
- K I I  and an intercept on the r-axis o f  nl + nII. 


I lowcvcr. the extrapolation o f  the legs o f  the hyperbolic plot to obtain slopes 
and intercepts places an inordinately high degree o f  reliance on the data at 
the cxtrema of the titrations. I t  is a1 the cxtrema that the data. regardless of 
how they were obtained. are thc least precise. 


During the course of invcstigations in  this laboratory (26) o f  the binding 
o f  the singly charged cation o f  3-aminoacridine, at p H  5.9 (pK, = 8.04) and 
ionic strength 5.0 X todoublc-stranded calf thymus DKA, i t  was found 
that at high values o f  r / [ 8 ] ,  there was sufficient curvature in the extremum 
of'the plot of r / [B )  cersus r that i t  was very difficult to make reasonable linear 
extrapolation to the r / [  B]-axis. This led us to hypothesix that the reaction 
represented by Eqs. 3 and 5 might bc inappropriate to  repracnt, even quali- 
tatively. the type I binding. A n  attempt was made to rewrite the type I binding 
reaction in  a way that might f i t  the experimental data. A reaction of the 
form: 


B + 4 s  3 B(S)4 (Eq. 7)  


was chosen. in which an integral number of binding sites, 4, would react with 


B H +  to form the typc I complex B ( S ) 4 .  The equilibrium expression corrc- 
sponding to Eq. 7 would then bc: 


(Eq. 8) 


Since n phosphates arc associated with each type I complex: 


(Eq. 9)  I N  . 4 = I1 


where ni i s  the numbcr of phosphates associated with one type I site, S. In  most 
binding studies, i t  has been demonstrated that the type I binding i s  charac- 
terizcd by n = 4 or 5. Howcver. i n  our empirical approach, values o f  4 = 1 - 4  
and o f  nr = 1 6 were tried in Eqs. 8 and 9. I t  was found that the bcst straight 
lines could be obtained when rn = 2 and 4 = 2 ( i .e .< two sites per complex. each 
site having twophosphates). Hence, for the type I binding o f  the 3-aminoac- 
r idinium nionocalion: 


(Eq. 10) 


corresponding to the essentially terniolecular overall reaction: 


B + 2s +: B(S)z (Eq. I I )  


The reaction shown in  Eq. I 1  i s  di f f icult  to rationalize i f  both sites which 
react with 8 l i e  on the same D N A  molecule. as indeed they must. unless in- 
tercalation involves the bridging o f  ligand between two distinct macromolc- 
cules. To test the thermodynamic feasib~lity of the variously propscd reaction 
models ( 4  = I, ni c 4: 4 = I, ni = 5; and 4 = 2, nt = 2) for thc intercalative 
binding o f  small molecules to D N A .  i t  was decided to attempt to determine 
the standard enthalpy o f  binding (AH') for the reactions of several cationic 
drugs and dye5 with calf  thymus D N A .  These values o f  AH' could bcdctcr- 
mined from van? l l o f f  plots o f  the appropriately calculated apparent binding 
constants as i t  function o f  temperature. I t  should be mentioned that the oc- 
currence of a reasonably linear van'( H o f f  plot alone might be a n  indication 
o f  the chemical significance o f  the way in which the equilibrium expression 
i s  written. Thc valucs o f  AIf' taken from the van't H o f f  plots could then be 
compared with enthalpies o f  reaction ( A H )  determined directly by micro- 
calorimetry. Since the standard state for a solute in dilute solution is taken 
to bc the infinitely dilute solution at standard conditions, the calorimetrically 
determined values of A/I may be taken to approximate AH' very well in each 
case because the concentrations o f  the reactants wil l  be kept very low 


M). Agreement between the graphically and calorimetrically 
determined values of AH' then should lend support to the vdidity o f  the model 
used in  the calculation o f  the equilibrium constants giving t he bcst valucs o f  
AH'. Additionally, once the appropriate intercalative binding model is known 
and the bcst values o f  A//' are in hand. i t  should be possible to determine 
thermodynamic binding constants by extrapolation to infinite dilution and 
then to determine the standard entropy o f  binding (AS"). Assessments o f  the 
relative impr tancc of DNA-l igand interactions and ligand water intcractions 
in the binding process could then bc attempted. With these objectives in mind, 
the following study o f  the binding o f  four compounds to calf thymus DNA 
was undertaken. 


EXPERIMEKTAI, SECT ION 


The pH was maintained throughout this study at 5.50 with an acetic 
acid-sodium acetate buffer to ensure that al l  ligands utilized were in only onc 
state o f  protonation and thereby obviate thc ncccsit) to correct for competitive 
prototropic equilibria. 


l th id iun i  bromide' and 9-aniinoacridinc hydrochloride2 were recrystallized 
from 9S% ethanol. Doxorubicin hydrochloride3 was used without further 
purificiition. 3-Aniinoacridinc was prepared by the procedureof Mar t in  and 
Tong (27). Thc sodium salt o f  calf  thymus DNA4 was used without further 
purification. 


The molar iibsorptivity o f  each ligand was dctcrmincd by accurately 
weighing iind dissolvingciich compound in  ii 10-nil. volumetric flask and then 
delivering successive SO-pI. aliquots o f  this stock solution into 9.00 ml. o f  p H  
5.50 buffer and recording the long-wavelength absorption spectra. A Beer's 
law plot was constructed for each ligand. with the final concentration o f  ligand 
equal to or grcittcr than the final concentrittion employed in  the determination 
o f  the D N A -  Iigand binding constants. I.incarity was observed in  al l  cases. 
indicating that aggregation o f  the free ligand in  solution was negligible within 
thc concentration range employed. 


I Aldrich Chcmical Co.. Milwaukcc. WIL 
Pf;ilt? and Biiucr. Stanford. Conn. 
Girl from Adri;i Lsboralorics. Columbus. Ohio. 
Calbicchcrn. 1.;1 Jollu. Calif.  
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The molar absorptivity of the intercalated form of each ligand was dctcr- 
mincd an:ilogously by edding the stock solution to a concentrated solution of 
DUA and recording the absorption spectra after each addition. A Beer's law 
plot was thcn constructed and found to be linear. This indicates that succes- 
sively bound ligands have identical molar absorptivities, irrespective of the 
degree of saturation of polymer. The final conccntration of bound ligand was 
equal to or greater than the conccntration used in the determination of the 
intrinsic association constant. Variation of tcnipcraturc and/or ionic strength 
had nocffect on the mcasurcd molar absorptivitics. Theexact molar absorp- 
tivity of native calf thymus DNA is disputed in the literature (28-30). Values 
range from 6300 L m ~ l - ~ . c m - '  (29) to 6600 Lmol-'.cm-' (3 I ) ,  with the 
wavelength maximum at either 259 (31) or 260 nm (29). Throughout this 
study. the concentrations of DNA solutions wcre determined absorptiome- 
trically at 259 nm with a corresponding molar absorptivity of 6500 L-mol-'. 
cm-l. All absorptiometric measurements were carried out on a recording 
UV-visible spectroph~tometer~, using cylindrical 5-cm quartz cells. 


The intrinsic association constants of all ligands with native double-stranded 
DNA were determined as a function of temperature and ionic strength. A 
measured volume and concentration of ligand was added to a known volume 
and concentration of DNA prior to the titration. Absorption spectra of the 
precquilibrated DNA-ligand solution were then recorded at temperatures 
and ionic strengths corresponding to those from which intrinsic association 
constants were calculated. The titration was then carried out differentially 
by placing an identical volume of the preequilibrated DNA solution in both 
the sample and reference compartments. The preequilibration of the DNA 
solution with ligand ensures that the concentration of unbound ligand is 
measurable from the outset and allows the differential spectral technique to 
be optimized for that region of the titration. Aliquots of the known concen- 
tration of ligand solution were then added with a micropipet6 to the sample 
cell, and the resulting rise in the absorption spectra was rccorded. The transfer 
of ligand solutions was found to be more reproducible than the more commonly 
uscd method of transferring the DNA solution, owing to the relatively high 
viscosity of the latter. Absorption spectra of all ligands during the titration 
wcre recorded starting at wavelengths at least 20 nm greater than the first 
observable absorbance and ending -20 nm below the analytical wavelength 
of choice. Analytical wavelengths were chosen according to the ligand and 
were at the long-wavelength maxima of the free drug. The titrations were 
performed in duplicate for at least three temperatures between 15OC and 4OoC 
for each ligand and at ionic strengths of 0. I ,  0.05. and 0.01, The temperature 
in the absorbance cell was monitored by a submersible temperature probe and 
maintained with a constant-temperature bath' and a jacketed cell compart- 
ment. At least 10 points, and usually 20 points, were acquired in  each titra- 
tion. 


The conservation of mass of the ligand requires that: 


C B =  [B] + [BS] (Eq. 1.2) 


whcre B and BS are the free and bound ligand. respectively, and CB is the total 
concentration of ligand. At any point in the titration, assuming no aggregative 
binding. the absorbance is: 


AT = ~ B [ B ] /  -k tw[BS]/ (Eq. 13) 


where AT is the total absorbance at the analytical wavelength of choice, and 
I is the optical path length of the sample cell. Combination of Eqs. I2 and I3  
gives: 


and: 


ior the concentration of free and bound ligand ar any point i n  the titration. 
The heat generated by the binding of the ligands by DNA was measured 


wi th  a batch microcalorimeter*. The reaction cells employed in the batch 
microcalorimeter are of the mixing type, each having two compartments into 
which liquid reactant can be introduced. The maximum volume that can be 
contained within each divided cell is 4.5 and 2.5 mL to minimize the hear of 
dilution and maximize concentration. DNA was introduced into the 4.5-mL 
compartment, and the ligand was introduced into the 2.5-mL chamber. The 
temperature within the microcalorimeter was maintained at 25.00 f 0.01 "C 


wi th  a thcrmostatically controlled air bath9 with an external adjunct water 
bathlo. The temperature inside thesealed microcalorimctcr was checked with 
a calibrated thermostat embedded in  a heat sink. The microcalorimeter a t  
thermal equilibrium was rotated, allowing the reactants to mix, and the heat 
of reaction was recorded. The output from the microcalorimcter was recorded 
on a linear strip chart recorder with a disk-driven intcgratorll. The micro- 
calorimeter wascalibrated with an electrical calibration current which passed 
through the reactant cell for a measured period of timcI2. A comparison of 
the signal from thecalibration run with that measured for the heat of reaction 
of ligand with DNA yields an exact molar enthalpy of reaction. The heat of 
dilution of both reactants was measured and subtracted from the measured 
heat of reaction. The apparent enthalpy of binding can be calculated from: 


0 Al l  =- 
CB Vif BS 


(Eq. 16) 


where Q is the measured heat, V, is the initial volume of ligand. CB is the initial 
concentration of ligand, and/Bs is the fraction of the total ligand bound by 
the DNA at the end of the reaction. An a priori knowledge of the intrinsic 
association constant at the same temperature and ionic strength is necessary 
to c a l c u l a t e f ~ .  However, to a first approximation, the value of the binding 
is not necessary since an excess of DNA was used, such thatfw was >0.95. 
The error incurred in this assumption is <5% of the final value. The heat of 
binding for each compound was measured at ionic strengths ofO.I,O.O5, and 
0.01. Data were analyzed using the facilities of the Northeast Regional Data 
Center". 


RESULTS AND DISCUSSION 


lntcrcalative binding of a cationic ligand with native DNA entails the 
slipping of the aromatic drug in betwccn adjacent base pairs on the double 
helix. Concomitantly. the molar absorptivity of the ligand decreases dra- 
matically. The concentration of free and bound ligand can be evaluated at cach 
point in the titrations by Eqs. 14and 15. These values weresubsequently used 
for the evaluation of apparent binding constants from Eqs. 8 and 9 with values 
of m = 1-6 and 9 = 1-4, as  described previously (26). Particular attention 
was paid to the values of m = 4, 9 = 1 and m = 5 , 9  = I (corresponding to the 
modified Scatchard treatment of type I binding), m = 3, y = 1 (corresponding 
to the suggested stoichiometry for type 11 binding), and m = 2 . 9  = 2 [for the 
termolecular treatment of type I binding (26)]. Of these, only values of m = 
4. q = I and m = 2, 9 = 2 yielded binding constants which did not exhibit 
systematic variance and were positive over the entire titration interval. I n  
addition, the values of m = 4, 9 = 1 gave estimated errors in  the binding 
constants which were consistently less than those calculated by using values 
of m = 2 , 9  = 1. However, both models gave feasible results. and each must 
be considered further. 


Binding data for each compound at a different absolute temperature (7) 
were treated in the manner described above, with values of m = 4.9 = 1 (bi- 
molecular overall reaction) and m = 2, q = 2 (termolecular overall reaction). 
The logarithms of the apparent binding constants calculated therefrom are 
plotted against reciprocal absolute temperature (van't Hoff plots) in Figs. 1 
and 2. respectively. The best first-order least-squares lines for thesedata arc 
also shown. the slopes of which should be -AH0/2.303R, where R is the 
universal gas constant. The calculated values of AHo arc listed in Table I .  The 
van't Hoff plots are apparently linear, with the deviations from linearity being 
very similar for both models. I f  the linearity of the plots is taken as a criterion 
for the validity of a binding model, then both models appear to be equally 
correct. However, a major difference bctween them is the magnitudcsof the 
resultant values of AHo which arc significantly larger for the termolecular 
model than those from the bimolecular model. Thus, to establish the appro- 
priate model, the standard enthalpies of binding of each compound to DNA 
must be measured by an independent experimcntal procedure. 


The calorimetric measurement of the binding enthalpics was therefore 
performed by batch microcalorimetry. The major advantage of batch mi- 
crocalorimetry over the more commonly used flow calorimetry is the relatively 
small amounts of reagents required for the analysis. The heats of binding were 
found to be virtually identical at three ionic strengths and wcre subsequently 
averaged, and the resulting standard enthalpies for each compound werc 
calculated (Table I ) .  The calorimetrically determined enthalpies arc in 
agreement with the values described above for the bimolecular model and 
significantly different from the termolecular values. This agreement of the 
standard enthalpies of binding, which were determined independently by 
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l a b l e  I-Thermodynamic Parameters of the Binding of Ligands to DNA 


Ligand AH", kcalmol-' AH", kcal-mol-' AH. kcal.mol-' AGO, kcal-mol-1 AS", cal.deg-lmol- 


Ethidium bromide 6.2 f 0.5 l o &  I -7.5 f 0.2 -9.30 f 0.04 6.0 f 0.7 
9-Aminoacridine 6.3 f 0.5 13 f 2 -6.1 f 0.2 -8.70 f 0.07 8.7 f 0.7 
3-Aminoacridinc 7 f l  I I  & 2  -6.9 f 0.2 -7.69 f 0.05 2.6 f 0.7 
Doxoru bicin 5.3 f 0.5 6.6 f 0.7 -5.4 f 0.3 -9.9 f 0.1 15f I 


~~ ~ ~~ ~ 


a From Ihc Icasl-squares elope of thc van't Holr plot. Bimolecular modcl (m = 4, y = I ) .  Tcrmolccular modcl ( n t  = 2, (I = 2). Froin calorimetry. 


rpectrophotometry and calorimetry, is strong evidence for the bimolecular 
model with four bases per binding site ( m  = 4,9 = I ). 


The determination of enthalpic contributions to the binding process inevi- 
tably leads to questions about the corresponding entropic contributions and 
to the standard free energy of the system. To calculate the standard free energy 
of binding from the association constant for the DNA-ligand interaction, the 
thermodynamic association constant must be known. Only from the ther- 
modynamic constant can the standard free energy of binding (AGO) be cal- 
culated. The standard entropy of binding (AS") can then be calculated from 
AGO and the standard enthalpy of binding, AH", using: 


AGO - AH" 
T 


AS" = 


The majority of reported association constants in  the literature for 
DNA-ligand interactions are apparent equilibrium association constants. 
The use of an apparent association constant in the calculation of the free en- 
ergy of binding does no1 yield AGO but rather an entity which varies with the 
ionic strength. The calculated entropy of binding will then also appear to 
fluctuate with ionic strength. However, the determination of a thermodynamic 
affinity constant extrapolated to zero ionic strength allows the direct and 
unambiguous determination of AC" and, subsequently, AS", which are 
thermodynamic constants of the reaction. 


The Debye-Hiickel relationship (Eq. 18) can serve as a starting point from 
which to correct the apparent association constants for ionic screening of the 
various reactants. The activity coefficient of the ith species c a n  be calculated 
from: 
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Figure 2- Vun't Hoff p1or.c for the indicated compounds. assuming a Ier- 
niolecirlar niodel (m = 2. q = 21. 


where A is a constant dependent on the temperature and dielectric constant 
of the solute, Z, is the charge on the ith species in solution, and /.L is the ionic 
strength of the solution. 


The thermodynamic equilibrium constant K O  can be rclated to the apparent 
constant K by: 


(Eq. 19) 


where the subscripts of the activity coefficients refer to the reactant species. 
Combination of Eqs. 18 and 19 yields, in logarithmic form: 


log K = log K O  + c- 
1 + / . L l f Z  


(Eq. 20) 


I t  is then possible to extract a thermodynamic association constant. Even 
if  the Debye-Hiickel equation is not quite correct for DNA solutions, the fact 
that log K O  is an intercept and not a slope minimizes thedependenceon how 
y, is calculated. The apparent association constants a t  three ionic strengths 
and the thermodynamic association constant taken from the corresponding 
least-squares intercept arc given for each ligand in Table I I .  The association 
constants agrec well with the results of other workers (32-36). Values for all 
thermodynamic parameters are given i n  Table I .  Note that the precision of 
the calorimetrically obtained cnthalpies is better than that which could be 
obtained from spectrophotornetric data. 


Examination of the thermodynamic parameters gives somc insight into the 
molecular forces which control the binding process. A favorable cnthalpy of 
binding should be evident with large, planar. aromatic molecules. Their pla- 
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l ab le  II-Parameters For the Binding of Iigands to DNA 


Molar Absorptivit) X 
I.-niol-’-cm-l Log K‘ 


1.igiind Wavelength. nm Frcc Bound jl = 0.100 jl = 0.050 p = 0.010 Log K ”  * 
tthidium bromide 480 j.60 f 0.06 2.46 f 0.04 5.61 f 0.02 5.93 f 0.02 6.36 f 0.04 6.82 f 0.03 


3-hminoacridine 452 12.60 f 0. I I 8.50 ir 0.06 4.70 f 0.03 4.95 f 0.01 5.2H f 0.05 5.64 f 0.04 
Doxoru bicin 4x0 10.00 f 0. I S  5.96 f 0.02 6.60 f 0.07 6.80 f 0.03 7.00 f 0.09 7.25 f 0.07 


9-hniinoacridinc 422 7.48 0.16 2 . ~ 4  0.02 5.08 f 0.07 5.54 f 0.02 5.87 f 0.01 6.38 f 0.05 


a Apparent equilibrium associalion constants. Equilibrium association constant5 extrapolated to p = 0. 


Table Ill-Variation in the Measured Heat of Binding Due to the Fraction of Ligand Bound’ 


Percent Concentration, X M Molar Enthalpy 
Bound Total Drug Bound Drug Free Drug of Binding, kcal/mol Total DNA 


99 
95 
90 
85 
80 


3.36 
3.50 
3.70 
3.92 
4.16 


3.33 
3.33 . ~. 


3.33 
3.33 
3.33 


0.03 
0.170 
0.370 
0.590 
0.803 


6.74 
?.39 . 


I .82 
I .64 
I .55 


-6.2 
-6.2 
-6. I 
-6.3 
-6.2 


70 4.76 3.33 1.43 I .46 -6.2 
60 5.55 3.33 2.22 1.41 -6.3 
50 6.66 3.33 3.33 I .39 -6.2 


a T = 2S°C; p = 0.010 for 9-aminoacridine. 


narity allows their insertion into the DNA helix with minimal disturbance 
of the DNA structure. Larger compounds enhance the opportunity for the 
van der Waals binding interaction between the ligand and the DNA bases. 
The largest binding enthalpy for ligands studied herein is that of ethidium 
bromide. In contrast to 9-aminoacridinc and 3-aminoacridinc, which also 
contain tricyclic aromatic ring systems. ethidium bromide has an exocyclic 
phenyl substituent which might at first bc expected to stcrically inhibit its 
intercalation. However. the observed large enthalpy of binding relative to those 
of the aminodcridincs suggests that the phenyl ring of ethidium bromide 
reinforces binding. This would seem to indicate that the phenyl substituent 
serves to extend the area of the ligand which is bound to the DNA base pairs. 
perhaps by becoming coplanar with the aromatic nucleus of the ligand. In 
contrast, doxorubicin, which exhibits the least-favorable binding enthalpy, 
has a nonplanar ring linearly annulated with the aromatic system and an 
exocyclic amino sugar group. The weakness of the enthalpic binding contri- 
bution may be attributed toeither the stcric inhibition of the insertion of the 
planar portion ofthe molecule into the DNA helix or to thedisruption of the 
DKA structure by the intercalation of the buckled ring segment or the amino 
sugar side chain. 


The entropy of binding is probably influenced mainly by changes in the 
translational frccdom due to the binding or release of solvent molecules by 
thc ligands and/or the DNA. This is evidenced by the entropy of binding for 
doxorubicin which is much larger than that observed for the other ligands. 
The binding of the doxorubicin can be expected to displace water from its 
amino sugar side chain. In addition, the structure of the DNA helix and its 
accompanying waters of hydration may be disrupted significantly if  the 
buckled ring or the aniinosugar group makes contact with the double helix. 
Because of the limited number of compounds investigated in this study and 
the substantial structural differences between them. i t  would probably be 
premature and excasively speculative to attcmpt to account for the differences 
bctwecn their enthalpies and entropies of binding to DNA in any but those 
most obvious examples just cited. 


Batch microcalorimetry can be used to investigate type I I  binding as well. 
The only condition necessary for the separation or type I and type I I  binding 
is that their heats of complexation be different and measurable. In  that type 
II binding becomes prevalent in the presence of an cxccss concentration of 
free ligand, type I I  binding should demonstrate a heat of interaction in this 
region of titraiion, and an enthalpyof binding should be measurable by mi- 
crocalorimetry. By using excess DNA. the heat for intercalative binding can 
bc accurately calculated at any known concentration of DNA and ligand. By 
using these calculated values as a reference and by repeating the measurement 
with cxccss free ligand, any deviation from the reference value will be taken 
as being due to external binding. Table Ill shows the results of this experiment. 
Even in  the presence of an excess free ligand concentration, which isequal to 
the total concentration of bound ligdnd, the measured enthalpy of binding is 
invariant from the reference value for intrrcalative binding. The heats of 
binding were checked at a number of bound ligand-free ligand concentrations, 
and in  all cases the resulting enthalpy was equal to the reference value within 
experimental error. 


The lack of a measurable heat of binding for type II interactions can be 
explained in two ways. First, type I 1  binding may have a small, unmeasurable 


heat of complexation, such that the batch microcalorimeter cannot detect this 
heat above the reference value. Second, type II binding may be an artihct of 
the Scatchard plot. As such, external binding may not occur for nonaggrega- 
ling Iigands. For ligands which aggregate, if the concentration is maintained 
at a low value, external binding again may not occur. 


The inaccuracy in measuring the exact concentration of free and bound 
ligand. when either is in  a large CXCCSS, is great. Such is the case for external 
binding. in  which it is an excess of free ligand that creates the difficulties. The 
curvature in  the modified Scatchard plots is probably due to this inability t o  
accurately measure free and bound ligand concentrations. 
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Abstract 0 Metal-binding stability constants for a series of N- and N,N‘-  
substituted thioureas with Cu(l l ) ,Ni( l l ) ,  AI(III), and Fe(ll1) ions werede- 
termincd by potentiometric titration. The sequence of constants for thiourea. 
N-methylthiourea, and N,N’-dimethylthiourea indicated steric effects of the 
methyl groups and that both nitrogen and sulfur were involved in the com- 
plexation. The magnitude of the constants was somewhat lower than those 
of the simple peptides. The mechanism of protection against ionizing radiation 
by thioureas is probably due to hydrogen-atom transfer rather than binding 
of metal ions that catalyze cellular oxidations. 


Keyphrases 0 Thioureas- metal-ion complexes, stability constants, antira- 
diation protection 0 Antiradiation protection-thioureas. metal-ion com- 
plexes, stability constants Stability constants-thioureas, metal-ion com- 
plexes, antiradiation protection 


Metal-ion complexation has been shown or postulated to be 
involved in a number of biological activities. The effect of 
complexing agents such as dithiocarbamates ( I )  and some 
thioureas (2) on the inhibition of dopamine-P-oxidase, a 
copper-containing enzyme, is well known. Metal-ion com- 
plexation has also been postulated for the antithyroid activity 
of thiouracil (3 ) ,  the inhibitory effects of dithiocarbamates 
against Mycobacterium tuberculosis (4), and the fungistatic 
effects of dithiocarbamates and other complcxing agents ( 5 ) .  
The nitrate reductasc complex of Neurospora crassa is also 
sensitive to inhibition by metal-binding agents, including 
thiourea ( 6 ) ,  and polyphenol oxidase is also inhibitcd by 
thiosinamine (allylthiourea) (7). 


Several postulations (8- 10) regarding the protective effects 
of a number of metal-binding radiation-protective agents have 
also been made. Although thiourea and its simple derivatives 
have some protective ability for whole-body irradiation of 
animals, these effects have not been appreciable. Thioureas 
have, however, shown substantial radiation-protective effects 
in other systems, such as mouse lung ( 1  I ) ,  human erythrocytes 
( I  2),  T2 phage ( 1  3), Ehrlich ascites cells (14), and macro- 
molecules ( 1  5 )  (Table 1). The radiation-protective effects of 
thiourea have been attributed to metal binding ( 1  I ) .  


With such a significant number of postulations involving 
the metal-binding aspects of thioureas, i t  is surprising to find 
that, other than for thiourea itself (1 6 ) ,  metal-binding abilities 
of substituted thioureas have not been determined. Stability 
constants for a series of cyclic thioureas, including mercap- 
toimidazoles and mercaptouracils, were determined with 
copper, iron, and aluminum ions ( 1  7), and the constants were 
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surprisingly high. It was considered important, therefore, to 
measure the metal-binding stability constants for a series of 
alkyl, aralkyl, and cyclic thioureas. Knowledge of the magni- 
tude of the constants would indicate whether thiourea com- 
plexes were capable of existence in the presence of cellular 
complexing agents, such as peptides, or whether thiourea might 
function as a transient metal complexer. 


Compounds of the general structures 1-111 were measured 
for binding abilities to Cu(lI), Ni(ll), AI(II1) and Fe(lI1) ions 
using the method of potentiomctric titration. 


RNHCNHR RNHCNHCH~CH-CQI, HN/C\NH 
9 6 P 


1 II ( X I  m 
0 0  


R =  H,CH, R =  H.CH, X CCHzC, CHZ- CH, 


EXPERIMENTAL SECTION 


Materials-Analytical reagent-grade’ aluminum chloride hexahydrate, 
cupric chloride dihydrate, ferric nitrate nonahydrate, and nickel(ll) chloride 
hexahydrate were used for the metal complexation determination. Carbon- 
ate-free 0.01 M KOH was prepared according to the method of Armstrong 
(18). Solutions of the metal salts were prepared in boiled distilled water and 
stored in polyethylene bottles under nitrogen; they were diluted quantitatively 
with carbon dioxide-free water just prior to use. Normalities were checked 
against potassium biphthalatc. 


The organic ligands were obtained commercially*. N-Methyl-N’-phen- 
ethylthiourea was reported previously ( 19), and N-methyl-N’-phenyl-2- 
propylthiourea was described earlier (20). Purity was ascertained by TLC 
using chromagram sheets3. Solutions (0.1%) of the compounds in ethanol were 
spotted, and the sheets were developed with ben7ene-methanol (8:2); spots 
were detected with iodine vapor. 


Ionization Constants--The method of Albert and Serjcant (21) was used, 
which consisted of titrations of 0.001 M solutions of the compounds in 95% 
ethanol with 0.01 M KOH in O.5-mL portions. The pH was recorded with a 
pH metefi with glass and calomel electrodes after each addition. Each titration 
thus yielded 10 pH values, giving 10 values for the pK,, which were averaged 
(Table 11). Since most of the pH values fell outside the 5-9 range, corrections 
were made for hydrogen-ion concentrations. 


Stability Constants- Potentiometric titrations Here carried out under ni- 
trogen in 95% ethanol at 25OC with the described pH meter. Volumes of 50 
mL of the 0.001 M solutions of the organic ligands were titrated with 0.01 M 
KOH in 0.5-mL portions, first in  the absence of metal ions, and then in the 


I J. T. Baker Analyzed Reagents. * Aldrich Chemical Co.. Eastman Organ~c Chemicals, or Fisher Scientific Co 
Eastman Organic Chemicals. ‘ Beckman Instruments. 
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Analogue, in Cream Formulations by Liquid Chromatography 
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Abstract 0 A rapid and sensitive high-performance liquid chromatographic 
quantitation of meclocycline ( I )  in a cream formulation is described. The 
acidified methanolic extract of the sample was diluted with mobile phase and 
analyzed on a reverse-phase column by using a mobile phase consisting of 
EDTA buffer (pH 6.6)-tetrahydrofuran (85: I5 v/v). The method gave linear, 
quantitative, and reproducible results with a detection limit of 0.4 ppm for 
meclocycline. 


Keypbrases o Meclocycline-tetracycline analogue, cream formulations, 
HPLC o Cream formulations-meclocycline, tetracycline analogue, 
HPLC 


Meclocycline sulfosalicylate ( I ) ,  a 7-chloro-6-methylenc- 
5-hydroxy-derivative of tetracycline, is marketed as a topical 
antibiotic cream formulation' for the treatment of acne. 
Methods for quantitating meclocycline and its impurities have 
not been reported. However, high-performance liquid chro- 
matographic (HPLC) methods have been shown to be most 
effective for separating tetracyclines and their degradation 
products. These HPLC methods have been extensively re- 
viewed (1). The reverse-phase mode has become the most 
widely used column packing for tetracyclines with a mobile 
phase at a low pH range (1.2-2.5), which is generally not 
recommended for bonded silica columns. In  an additional 
method, a microparticulate phenyl column and single-step 
gradient elution at pH 2.2 are used (2). These types of systems 
have been found not to be applicable to the separation of 
meclocycline and its impurities. It has been preferred to have 
a system with a less acidic mobile phase, not only to prolong 
the lifetime of the column but to retard the degradation of 
tetracyclines known to occur at low pH (3). Among the various 
reverse-phase packing, Vydac TP C18 has been found to be 
very suitable for use with mobile phases in the near neutral 
region for the separation of tetracyclines and their degradation 
products (4). By utilizing this column and a mobile phase of 
tetrahydrofuran in ammonium EDTA buffer at  pH 6.6, a 
baseline separation of meclocycline, and its potential degra- 
dation products and impurities in pharmaceutical cream was 
achieved. In this report is described a rapid, linear, and re- 
producible method for the quantitation of meclocycline in a 
cream formulation. 


EXPERIMENTAL SECTION 


Materials- Meclocycline sulfosalicylate2 (I)  (4S,4aR,5S,5a R, I 2aS)- 
7-chloro-4- (dimethylamino)-  1,4,4a,5,5a,6,1 I ,  1 Za-oc tahydro-  
3.5,10.12,12a-pentahydroxy -6- methylene- I ,  I I -dioxo-2-naphthacenecar- 
boxamide, mono(5-sulfosalicylate), was used in all experiments as received. 
For the cream samples, a 1% w/w formulation of meclocycline sulfosalicylate 
cream' was used. Te t rahydrof~ran~ was HPLC grade; EDTA4 and all thc 
other chemicals and solvents were analytical reagent grade. 


~~ ~~ 


I Meclan Cream (1%); Ortho Pharmaceutical Corp.. Raritan. N.J. * Pfizer Inc.. New York. N.Y. ' Burdick & Jackson Laboratories, Inc.. Muskegon. Mich. 
J. T. Baker Chemical Co., Phillipsburg, N.J. 


Preparation of Mobile Phase-EDTA (0.6 g) was mixed with 2 mL of 
methanol and dissolved in 15 mL of concentrated ammonium hydroxide. 
Approximately 1800 mL of distilled water was added, and the pH was adjusted 
to precisely 6.6 with glacial acetic acid. The solution was diluted to 2 L with 
distilled water. The 0.001 M ammonium EDTA buffer solution was filtered 
through a fluoropore membrane filter (0.5 pm), mixed with tetrahydrofuran 
in the ratio of 85:lS v/v, and deaerated under vacuum. 


Chromatographic System-A liquid chromatographs equipped with an 
automatic sample injector6 was used for all HPLC work. The column was 
packed with octadecylsilane material bonded to microparticulate silica gel 
(10 pm)'. The columns were periodically purged with 95% ethyl alcohol (form 
111)* for optimum resolution. Sincc the columns were obtained from the 
manufacturer preservcd in denatured alcohol, no column conditioning was 
necessary. The flow rate was0.8 mL/min, and a 10-mV strip chart recorder 
was employed at a chart speed of 0.5 cm/min. 


Standard Solution Preparation-A portion (30-SO mg) of the reference 
standard, meclocycline sulfosalicylatc (I) (or 25 mg of USP meclocycline base 
reference standard) was weighed to the nearest 0.1 mg and dissolved in and 
diluted to 100 mL with methanol. A 2.0-mL aliquot of the solution described 
above was diluted to 50.0 mL with mobile phase. The solution was filtered 
through a Swinney filter with a syringe and used as  an external standard. 
Filters9 (0.5 pm) were used and stored in methanol prior to use. 


Sample Preparation-A portion of the meclocycline sulfosalicylate cream 
(equivalent to -8 mg of I or -S mg of meclocycline base) was weighed to the 
nearest 0.1 mg into a 50-mL stoppered centrifuge tube. Equal volumes of 
methanol (20 mL) and 0.01 25 M sulfuric acid (20 mL) were added to the tube. 
The sample was thoroughly dispersed by a combination of sonication (-60 
min) and vortexing (2 min). Inadequate dispersing produced poor recoveries. 
The dispersed mixture was quantitatively transferred into a 50-mL volumetric 
flask and diluted to volume with methanol. After centrifugation at  -2000Xg 
for 10 min, a 5.0-mL aliquot of the supernatant liquid was diluted to 50.0 mL 
with the mobile phase. Thc mixture was filtered through a Swinney filter as 
describcd above. The samples should not be stored in the mobile phase solution 
longer than a day, or loss of meclocycline will be observed. 


A ~ l y t i d  Pracedure-Chromatograms for all standards and samples were 
obtained at  ambient temperature by injecting 10-pL aliquots at a detector 
sensitivity of 0.02 AUFS. When the flow rate was 0.8 mL/min, the average 
retention time of meclocycline was 7 min, although depending on the column 
condition the retention time can vary between 5.5 and 8.5 min. By small ad- 
justments of tetrahydrofuran in the mobile phase, the retention time may be 
varied to the desired value. The rcsolution factors are  3.0 for methacycline 
and meclocycline and 1.7 for C-4-epimeclocycline and meclocycline, and the 
tailing factor for meclocycline is 1.0. For quantitation of meclocycline, samples 
were injected with an automatic sample injector and bracketed with standards 
in the sequence: STD-I, STD-1, STD-2, STD-2, SAMP-I, SAMP-I, 
SAMP-2, SAMP-2, STD-I, STD-I, STD-2; STD-2 (where STD is the 
standard solution and SAMP is the sample solution). A basic program de- 
signed for a computer systemlo was used for quantitation of the samples of 
meclocyclinc in sequence with the standards as  listed above. The percentage 
of meclocycline base in the cream by weight was calcuiated by: (Aymp X w,d 
X P)/(As,d X WBamp X SO). The peak areas and weights, in milligrams, of 
sample and standard, are Aqmp, Wsamp. and Art& wstd. respectively. The 
potency1' ( P )  of meclocycline IS usually equivalent to not lcss than 620pg/mg 


~~ 


5 Model 440 244 equipped with a model 6000A pumping system and a model 440 


' Vydac 201 TP reverse phase (25 cm X 3.2 mm i.d,): Separations Group. Hesperia. 


8 Sargent Welch Scientific Co. Skokie. 111. 


10 HP3356; tiewlett-Packard Co.. Palo Alto, Calif. 
' 1  Meclocycline sulfosalicylate occurs a?, a monohydrate with a maximum theoretical 


potency of 669 pg/mg relative to the pure anhydrous base. which has been assigned a 
putency of 1000 pg/mg. 


UV detecror operated at 340 nm; Watcrs Associates. Milford. Mass. 


Calif. 


WISP 710A; Waters Associates. 


Fluorophore FHL P04700; Milliporc Corp. 
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Figure I-Typical chromatogram of cream placebo (a ) ,  standard I (6). and 
a I %  cream sample preparation of I ( c ) .  Key: ( A )  methacycline; ( E )  C-4- 
epimer of I ;  ( C )  I .  Conditions: mobile phase, 0.001 M ammonium EDTA 
buffer @ P H  6.6)-tetrahydrofuran (8515): column. reverse-phase7, 25 cm 
X 3.2 mm i.d.;flow rate, 0.8 mL1min; detector, UV at 340 nm. 


and usually in the area of 665-670 pg/mg1*, and for USP meclocycline base 
it is lo00 pg/mg. 


RESULTS AND DISCUSSION 


Typical chromatograms obtained for the cream placebo, standard meclo- 
cycline sulfosalicylate (I), and a 1% cream sample preparation of I are shown 
in Fig. I .  The system gave a baseline separation for meclocycline. metha- 
cycline, and the C-4-epimer of meclocycline a t  ambient temperature. Mec- 
locycline eluted with an average retention time of 7 min. The peak at  4 min 
corresponded to methacyclihe, an impurity always present in the raw material 
but never present a t  >3% of the total weight. The peak at  5 min was identified 
to be the C-4-epimer of meclocycline ( 5 ) .  By varying the relative amount of 
tetrahydrofuran in the mobile phase, the retention times of meclocycline and 
impurities could easily be Hhifted. The objective was to keep the retention time 
of meclocycline in the range of 5.5-8.5 min. The ammonium EDTA buffer 
in the mobile phase was a crucial ingredient to give well-defined and sharp 
peaks on HPLC chromatograms. It was also necessary to dilute the sample 
with the mobile phase in the sample preparation. I f  only methanol was utilized, 
leading peaks were observed. The wavelength of 340 nm was selected for 
maximum sensitivity and for the least amount of interference from UV-ab- 
sorbing components of cream excipients. The minimum detection for meclo- 
cycline was 0.4 ppm at 340 nm. 


The potency was deterrnincd by a microbiological assay method. 


Table I-Recovery of Meclocycline Base from Spiked Cream Placebo' 


Theoretical Percent Recoveryb 
Label Claim, % Peak Arcas Peak Heights 


80 


100 


120 


Average 
SD 
RSD 


101 
97.0 
96.0 


100 
96.2 
98.5 


96.8 96.0 
98.1 98.2 


- 96.9 - 97.6 


f I .83% f l . S I %  
f I .87% f 1 54% 


Xh = 91.1% X g  = 97.8% 


Representativeof 80- 120% of theoretical label claim; label claim is 1% w/w rnec- 
locycline base. Meclocycline base. 


The results of recovcry studies performed on cream placebos spiked with 
I areshowninTable1.Thespikingcovered therangeof80-1200kofthe the- 
oretical label claim, which is usually I% meclocycline base by weight. The 
recoveries. ranging from 96 to 101%, were comparable whether peak areas 
or heights were used. The data demonstrate the method to give linear. quan- 
titative, and reproducible results with a minimum of sample handling. 


A few other commercially available reverse-phase columns ( C I ~ ~ ~ . ' ~ ,  
ODSi5, and CsI5) were tested under the same operating conditions but were 
found to be not suitable. It seems that meclocycline was bound on these col- 
umns and would not elute until purged with methanol. When the solvent 
system was changed to consist of 1% phosphoric acid-methanol (45:SS). the 
C l s f 3  reverse-phase column gave a separation of methacycline and meclo- 
cycline, but no separation of meclocycline and its C-4-cpimer was observed. 
Since the pH of the latter mobile phase was -2, meclocyeline was assumed 
to be mainly in the ionic form with a protonated dimethylamino group. which 
is analogous to other tetracyclines (6). It therefore seems that on reverse-phase 
columns, the C-4 isomers of meclocycline cannot be separated as ionic species 
but rather as  doubly charged zwitterions, the most likely form of tetracyclines 
between pH 3.0 and 6.5 reported previously (6). 


In conclusion, the described method gives a rapid and reproducible quan- 
titation of meclocycline in the cream formulation of meclocycline sulfosali- 
cylate. 
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Abstract Flurogestone acetate is a synthetic progestin useful for estrus 
synchronization in sheep. The estrus synchronization is achieved by inserting 
the drug-impregnated vaginal sponge in the sheep for up to I5 d, during which 
time flurogestone acetate is administered continuously by intravaginal ab- 
sorption to suppress estrus and ovulation. The sponge is then withdrawn to 
regain estrus within 2-4 d. A review of the literature suggests that the ana- 
lytical methods currently available are not specific. sensitive, and rapid enough. 
A stability-indicating high-performance liquid chromatographic method was 
developed, which is capable of characterizing the stability kinetics of flu- 
rogestone acetate under various environmental conditions and quantifying 
the release and absorption profiles of the drug from the vaginal sponges. 


Keyphrases 0 Flurogestone acetate-stability-indicating HPLC method, 
stability kinetics 0 HPLC-stability-indicating method, flurogestone acetate 
0 Stability kinetics-flurogestone acetate 


Flurogestone acetate (1) is a synthetic progestin used in 
sheep for estrus synchronization (1). The objective for devel- 
oping an effective treatment for estrus synchronization is to 
establish a stage at  which estrus can be induced to make the 
females fertile in a desired season. Estrus synchronization is 
achieved by prolonged continuous administration of fluroge- 
stone acetate-releasing vaginal sponges to the sheep for 15 d; 
2-4 d after withdrawal of the sponges most sheep regain their 
estrus. 


Over the years, flurogestone acetate has been assayed by GC 
(2), gravimetric analysis (2), and radioactive tracers (3). 
However, these methods lack assay specificity, speed, sensi- 
tivity, and/or convenience; therefore, a high-performance 
liquid chromatographic (HPLC) method was developed to 
provide a rapid, quantitative, and specific assay for this drug 
in the presence of its degradation products. This assay was used 
to study several stability characteristics of flurogestone acetate, 
including the effects of acid, base, and temperature. 


EXPERIMENTAL SECTION 


Materials-A high-performance liquid chromatograph equipped with a 
reciprocating-piston pump', injector*, UV detector (254 nm)3, and a strip- 
chart rmrdefl  was employed in conjunction with a 10-pm (3.9 mm X 30 cm) 
CIS columns for separation. 


CHa 
t = o  0 


OZC", 


0 0  
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All chemicals and reagents were analytical grade unless indicated. Flu- 
rogestone acetate6, testosterone'. anhydrous dibasic sodium phosphates, an- 
hydrous citric acid*, dibasic potassium phosphates, monobasic potassium 
phosphates, and glass-distilled methanol9 were used as received. Deionized 
waterlo was freshly prepared and used throughout the study. 


Analytical Procedure-A fixed quantity of testosterone was added to each 
sample as an internal standard to mure  injection-tdnjcction reproducibility. 
Aliquots were injected into the HPLC column and the peak height ratios of 
flurogestone acetate to testosterone were then determined and compared with 
the standard curve for calculation of the flurogestone acetate concentration. 
Methanol-water (5050)  was used as the mobile phase. The column and the 
solvent were at ambient temperature. At a solvent flow rate of 2 mL/min, the 
retention times for flurogestone acetate and testosterone were -21 and -32 
min, respectively. 


Standard Calibration Curve-The standard stock solution of flurogestone 
acetate and testosterone (internal standard) were prepared in methanol and 
stored at 4OC. The flurogestone acetate stock solution was diluted as necessary. 
The standard calibration curves were constructed by plotting peak height ratio 
uersus flurogestone acetate concentration. A straight-line fit of the data was 
made by linear regression analysis, and the correlation coefficient was de- 
termined. 


Stability Studies-EJfect oJpH-Three methanolic stock solutions (which 
contained 1.00-1.49 mg/mL of flurogestone acetate) were prepared and then 
diluted to 71.5,39.8, and 5.03 pg/mL with 0.1 M HCI (pH 1.0). 0.1 M NaOH 
(pH 13). and simulated vaginal fluid (pH 7.3), respectively. The simulated 
vaginal fluid was prepared from 870 mL of 0.4 M Na2HPOs and 130 mL of 
0.2 M citric acid made up to 2 L with water. The diluted acidic, basic, and 
simulated vaginal fluid solutions were placed in well-sealed glass containers 
and stored at  94°C (by reflux), 3OoC. and 38OC (shaken in a water baths), 
respectively, until the completion of the study. Aliquots (1 mL of the acidic 
solution or 2 mL of either basic or simulated vaginal fluid solutions) were 
withdrawn periodically from each flask and assayed for flurogestone acetate 


I B 


, 1 


0 10 20 30 40 
MINWS 


Figure 1 -Representative chromatogram for flurogestone acetate (A) and 
testosterone (El.  as internal standard. Arrow indicates the time of injec- 
tion. 


I Model 6000A; Waters Associates. Milford, Mass. 
2 Model U6K; Waters Associates. 
3 Model 440, Waters Associates. ' Omniscribc Rmder; Houston Instruments, Austin. Ten. 
5 a-Bondapack Clg; Waters Associates. 


6 h r l c  Laboratories, Skokic. 111. 
'Sigma C+ical Co, St. Louis. Mo. 
8 Fisher Scientific. Fair Lawn, N.J. 
9 J. T. Baker Chemical Co.. Phillipsburg, N.J. 


10 Nanopurc; Sybron/Barnstead. Boston. Mass. 
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Figwe 2-Chromatogram offlurogestone acetate (A) after 95 h in 0.1 M HCI 
(pH 1.0) at 94°C. Key: (1-12) degradation products with retention times a t  
2.02, 3.19. 3.74.4.71.5.82. 7.73. 8.81. 9.56, 11.15. 12.61. 13.23. and 15.28 
min; (B) testosterone (internal standard). 


and its degradation products. However, the acidic and basic solutions were 
first neutralized to pH 5.5 and 6.59, respectively. with I mL of 0.1 M KzHPO4 
(pH 9.3) or 2 mL of 0.2 M KHzPO4 (pH 4.46); after vortexing, 50 pL of 
testosterone (0.61 or 0.13 mg/mL) was added to each sample. An aliquot 
(-100 pL) of each sample was assayed by the HPLC method. 


Effect of Temperature-Flurogestone acetate stock solution prepared in 
simulated vaginal fluid (5.75 pg/mL) was placed in well-sealed glass con- 
tainers and stored in a shaking water bath at 38OC, 7OoC, 8OoC, and 9OOC. 
Each experiment was performed in triplicate. An aliquot (2  mL) was with- 
drawn periodically from each flask and, after cooling. 50 pL of testosterone 
(0.1 13 mg/mL) was added. The sample ( I 0 0  pL) was then assayed by the 
HPLC method for flurogestone acetate and degradation products. 


Treatment of Data-Semilogarithmic plots of the flurogestone acetate 
concentration as a function of time were constructed to evaluate the kinetics 
and rates of drug degradation. An Arrhenius plot (4) was then constructed 
from the kinetic data obtained from the studies with different temperatures. 
The line of best fit was determined by linear regression analysis. 


RESULTS AND DISCUSSION 


Cluomrtognpbic Data-A typical chromatogram for flurogestone acetate 
in the presence of testosterone (the internal standard) is shown in Fig. 1. Peaks 
for flurogestone acetate and testosterone are observed at retention times of 
21.2 and 31.5 min, respectively. No interfering peaks were detected in  the 
40-min run time. The standard curve constructed for flurogestone acetate was 
linear over the concentration ranges of 0-10 and 10-40 pg/mL ( r  > 0.99) 
when the peak height ratioof flurogestone acetate to testosterone was used. 


0 10 20 30 
MINUTES 


Figurc 3-Chromatogram offlurogestone acetate after 24 h in 0.1 M NaOH 
(pH 13) at 30°C. Key: (1-8) degradation products with retetuion times at 3.65. 
4.16, 5.08,6.00, 6.88.8.34, 11.69. and 14.75 min; (B) testosterone (internal 
standard). 


0 10 20 30 
MINUTES 


Figure 4-Chromatogram ofjlurogestone acetate (A)  after 22 din simulated 
oaginaljluid (pH 7.3) at 38°C. with testosterone (B)  as internal standard. 
Very little degradation was observed. 


The retention time varied slightly from day to day and with the pH of the in- 
jected solution. 


The sensitivity of detection for flurogestone acetate at an injection volume 
of 50 pL  was - 0.65 pg/mL (at 0.005 AUFS), which was equivalent to the 
injection of 28 ng of drug into the column. The assay sensitivity can be im- 
proved substantially by increasing the injection volume, by using a less-polar 
mobile phase (by increasing the ratioof methanol to water, e.g., from 5050 
to 70:30), or by changing the detector wavelength from the conventional 254 
nm to 236-238 nm, which is the maximum absorbance for flurogestone acetate 
(c = 17,520) (5). 


Solution Stability and Effect of Acid and Base-The HPLC method was 
used to study the solution stability of flurogestonc acetate and to detect the 
degradation products, if any, under various conditions. Flurogestone acetate 
solutions in 0.1 M HCI (pH I ) ,  0.1 M NaOH (pH 13) ,  or simulated vaginal 
fluid (pH 7.3) were stored at various elevated temperatures for different in- 
tervals; samples were taken periodically for chromatographic assay. The 
samples from 0.1 M HCI solutions at 94OC yielded 12 well-defined peaks of 
degradation products (Fig. 2); 8 degradation-product peaks formed under 
alkaline conditions at  3OoC (Fig. 3). Under the chromatographic conditions 
all the degradation peaks appear before I8 min and none interfered with the 
primary peaks of flurogestone acetate (at 21.2 min) or testosterone (at 31.5 
rnin). The samples from the simulated vaginal fluid (pH 7.3) at 38OC (the 
vaginal temperature of the sheep) yielded only a very small degradation peak 
after 22 d (Fig. 4). 


A semilogarithmic plot of flurogestone acetate concentrations as a function 
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Figure 5-Degradation profiles ofjlurogestone acetate in basic (a), acidic 
(b). and simulated oaginalfluid (c) solutions. Key: (a)pH 13 (30°C). k = 0.053 
min-I; (b) pH I (94"C), k = 0.023 h-I: (c) pH 7.3 (38°C). k = 0.0018 
d-I. 
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Figure 6- Time course for the appearance of various degradation products 
offlurogestone acetate in 0.1 M HCI (pH I )  at 94°C. Key: ( I  -12) degradation 
product peaks in Fig. 2. 


of time yields a linear relationship, indicating that the degradation could follow 
first-order kinetics (Fig. 5 ) .  The data in Fig. 5 indicate that the degradation 
of flurogestone acetate is most rapid at pH 13, intermediate a t  pH I ,  and 
slowest a t  pH 7.3. The apparent first-order half-life determined from these 
first-order kinetic plots is I3 min at pH 13,30.1 h at pH 1, and -370 d at  pH 
7.3, respectively. 


Flurogestone acetate degradation, subject to both acid and base catalysis, 
is minimized at pH 7.3 (the vaginal pH of the sheep). The drug degradation 
profiles (Figs. 6 and 7) illustrate the time course for the appearance and dis- 
appearance of degradation products in acidic (pH I )  and alkaline (pH 13) 
solutions. 


Tbermal Stability in Simulated Vaginal Fluid-The thermal stability of 
flurogestone acetate in simulated vaginal fluid was studied at  70°C,,800C, 
and 90OC. The semilogarithmic plot of drug concentration as a function of 
time was linear at various temperatures (Fig. 8), indicating first-order deg- 
radation kinetics. The apparent first-order degradation kinetic constants 
determined from the slope of these linear plots are 0.0490.0.1 303, and 0.3941 
d-l at 7OoC, 8OoC, and 9OoC, respectively. The results suggest that the 
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Figure 7- Time course for the appearance of various degradation products 
ofjlurogesione acetate in 0.1 M NaOH (pH 13) at 30°C. Key: (1-8) degra- 
daiion product peaks in chromatogram in Fig. 3. 
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Figure I-Thermal stability offlurogestone acetate in the simulated vaginal 
jluid (pH 7.3) at 70°C (m), 80°C (A), and 90"C(O). Thefirst-order degra- 
dation constants were calculated to be 0.0490 d-'  (7O"CJ. 0.1303 d-l (80°C). 
and 0.3941 d-I (90°C). 


thermal degradation of flurogestone acetate could follow the Arrhenius re- 
lationship (4) of 


where k is the apparent rate constant of degradation obtained from the kinetic 
plots in Fig. 8, R is the gas constant ( I  .98 cal/mol.K), 7 is the absolute ttm- 
perature (K), E ,  is the energy of activation, and A is the frequcniy factor. 
The exponential relationship between the apparent first-order rate constants 
( k )  obtained and the reciprocal of the absolute temperature is shown in Fig. 
9. Extrapolation of the data obtained at elevated temperatures to the vaginal 
temperature (38°C) results in a predicted first-order rateof O.OOIOtFi, which 
compares favorably (95% confidence limit) with the rate constant ol;0.0018 
d-l obtained experimentally at 38°C. E ,  and A values. derived from the slope 
and intercept, are 25.55 kcaljmol and 9.27 X l o i 4  d-I. respectively. 


The potential utility of the temperature-dependent relationship is deter- 
mined by the controlling mechanism of degradation (6). Since the E ,  value 
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Figure 9-Arrhenius plot (-) of the thermal degradation rate constants 
of flurogestone acetate in the simulated vaginaljluid ( p H  7.3)  with 95% 
confidence limits ( -  - -) (7.8).  Thefilled data points are actual data obtained 
experimentally; the open data point is the calculated value extrapolated/rom 
the Arrhenius plot of the data at elevated temperatures: E, = 2535  kcall 
mol. 
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(25.55 kcal/mol) is rather high, the degradation of flurogesrone acetate (in 
vaginal fluid) could be the result o fa  solvolytic process, which generally has 
an energy of activation in the range of 10-30 kcal/mol (6). Thc higher the 
value of E,. the greater the thermal stability of the drug. 


CONCLUSIONS 


The HPLC method dcveloped is specific and allows a good separation of 
flurogestone acetate from its degradation products. The degradation is both 
acid- and base-catalyzed, but is much slower in the simulated vaginal fluid 
(pH 7.3). Thermodynamic studies indicate that the degradation in simulated 
vaginal fluid is very slow, as it requires a fairly high energy of activation (25.55 
kcal/mol). 


This assay should be suitable for determination of the release kinetics of 
flurogestone acetate from the vaginal sponges and its absorption rate through 
the vaginal wall. Since it is also a stability-indicating method, the metabolism 
of flurogestone acetate, if any, in the simulated vaginal fluid or vaginal m u m a  
could be detected (9). 
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Abstract 0 A relatively simple and easily constructed in ~ A r o  system was 
developed for studying the mechanism of release and intravaginal absorption 
of flurogestone acetate from vaginal sponges. The stability-indicating high- 
performance liquid chromatographic method dcvcloped earlier was used to 
provide a rapid, reproducible, and sensitive assay. The in vitro intravaginal 
release/permeation system developed was capable of determining the rate 
of flurogestone acetate release from vaginal sponges and, simultaneously, the 
rate of absorption through the vaginal wall. The design, calibration, and ap- 
plicability of the system. and the release and absorption profiles of the drug 
from vaginal sponges in this system are discussed. 


Keyphrases 0 Drug release-flurogestone acetate, intravaginal, sheep 0 
Flurogestone acetate-intravaginal release and permeation measurement 
in vitro 0 Intravaginal administration-flurogestone acetate, sheep 


In 1975, the use of flurogestone acetate-releasing vaginal 
sponges (Fig. 1) to replace the conventional daily injection of 
progesterone for estrus synchronization in sheep was intro- 
duced ( 1). On intravaginal administration, the polyurethane 
sponges release the drug continuously for 15 d, this suppresses 
estrus and ovulation. Two to four days after removal of the 
sponges, the sheep reenter estrus and ovulate. During this 
period, artificial insemination can be performed at a prede- 
termined schedule to promote a specific breeding program 
(2). 


Knowledge of the pattern and rate of drug release is essential 
for an understanding of the action of flurogestone acetate- 
impregnated sponges in the vagina (3). Development of a 


suitable in vitro drug release/permeation system is essential 
to understand the mechanisms of drug release and permeation 
under in vim conditions (4). Currently, the release profiles are 
determined by extracting the residual drug content in the 
vaginal sponges and then assaying it by GC (2) or by radio- 
activity count ( 5 ) .  However, these in situ experiments require 
the use of large numbers of animals over an extended period 
of time. Also, the lack of assay sensitivity can jeopardize the 


Figure 1 -Diagrammatic illustration of the flurogestone ace tate-releasing 
vaginal sponges 1. 


I Synchrc-Mate Pessary; G. D. Searle and Co.. Chicago, 111. 
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Abstract 0 The absorption and disposition of ethambutol was examined in 
six rabbits in  a three-way crossover study. Each rabbit received 45-mg/kg 
doses of ethambutol in three treatments: one intravenous injection, and two 
oral solutions, ethambutol alone and ethambutol in the presence of aluminum 
hydroxide (40 mg/kg). Half-lives of ethambutol ranged from 2.26 to 5.20 h 
when administered alone and 2.18 to 4.00 h when coadministered with the 
antacid; the difference was not significant (r, > 0.3). Mean clearance after 
the oral administrations ( 1  89.2 mL/min/kg) was significantly greater than 
the mean intravcnous clearance (43.7 mL/min/kg) (p < 0.01), suggesting 
a first-pass metabolism of ethambutol when administered nonparenterally 
to rabbits. The volume of disiribution ranged from 5.5 to 17.8 L/kg, suggesting 
an extensive distribution of ethambutol outside the central compartment and, 
possibly, a localized deposit within the body tissues. Mean bioavailability of 
ethambutol was -28% and was not affected by the presence of aluminum 
hydroxide. The rate of ethambutol absorption, however, was slightly delayed 
by the antacid. 


Keyphrases 0 Ethambutol-pharmacokinetics in rabbits, coadministration 
with aluminum hydroxide 0 Aluminum hydroxide- -effect on ethambutol 
absorption in rabbits 0 Bioavailability-absorption of ethambutol in rabbits. 
coadministration with aluminum hydroxide 


Ethambutol (I), an antitubercular agent, is prescribed alone 
or in combination with other drugs for the treatment of tu- 
berculosis. The absorption and excretion of I has been studied 
in rats and mice ( I ) ,  dogs (2,3), and humans (4-6). The me- 
dian lethal dose (LDso) of racemic I in noninfected adult mice 
was 12,800 mg/kg when administered orally, 1600 mg/kg 
when administered subcutaneously, 800- 1600 mg/kg when 
administered intraperitoneally, and 200-400 mg/kg when 
administered intravenously (1) .  Since I is well absorbed in mice 
and the drug metabolites are pharmacologically inactive (3), 
the remarkable discrepancies in  LDso following different ad- 
ministration routes suggest a first-pass metaboiism of the drug 
when taken nonparcnterally. A part of this study was thus 
designed to investigate the effect of first-pass metabolism on 
the availability of I in rabbits. 


Pharmacokinetic studies comparing the intravenous and oral 
administrations of I to humans have demonstrated rapid and 
adequate absorption, with bioavailabilities of 70-80% (6, 7). 
The oral solution and tablets of I were equally well absorbed 
in humans (6), suggesting a gastric emptying rate- rather than 
dissolution rate-limited absorption of the drug. Aluminum ion 
is a known inhibitor of gastric emptying, and its effect on drug 
absorption has been documented (8). Mattila et al. (9) have 
investigated the effect of aluminum hydroxide on the ab- 
sorption of I in humans; the results were erratic. Since the 
results of Matilla et al. (9) were inconclusive, this study also 
seeks to clarify the effect of aluminum hydroxide on the ab- 
sorption of I using the rabbit model. 


EXPERIMENTAL SECl’ION 


Materials-All materials used in this study were the same as those used 
in a previous investigation (10). 


Animal Experiments-Six male New Zealand White rabbits (weight, 
2.8-4.1 kg) were studied in a three-way crossover manner. Each rabbit re- 
ceived 45-mg/kg doses of I in three separate treatments: as an intravenous 
injection, as  an oral solution, and as  an oral solution in  the presence of alu- 
minum hydroxide (40 mg/kg). Gastric emptying of solid food residues was 
induced by fasting for 38-42 h before drug administration. Water was allowed 
ad libiium during fasting; food and water were withheld over the experimental 
period. A 2-week washout interval was implemented between the crossover 
studies. 
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Figure 1-Semilogariihmic pfasma concentration versus time plotsjor rabbii 
6 administered ethambutol (45 mg/kg) intravenously (0 )  and orally (A, 
without aluminum hydroxide; 0. with the antacid). 
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Table I-Mean Plasma I Levels after Single Doses of I (45 mp/kp) a s  Three Treatments 


Plasma I Concentration, pg/mL 
Treatmenta 0.15h 0.25h 0.5h I.Oh 1.5h 2.0h 2.5h 3.0h 4.0h 5.0h 6.0h 7.0h 8.0h 


A 
Mean 20.23 10.84 5.34 4.09 3.1 I 2.21 2.13 1.64 1.66 1.35 0.90 0.77 0.70 
SD 6.20 3.09 1.62 2.1 I 1.81 1.13 0.73 0.81 1.20 0.61 0.49 0.49 0.47 


B 
Mean .- 0.74 2.44 1.52 0.76 0.55 0.37 0.29 0.26 0.18 0.18 0.13 0.12 
SD -. 0.20 0.96 0.44 0.27 0.17 0.12 0.07 0.07 0.07 0.07 0.07 0.07 


Mean - 0.74 1.73 1.56 0.81 0.56 0.46 0.37 0.24 0.19 0.15 0.12 0.09 
SD - 0.44 0.61 0.56 0.37 0.20 0.17 0.10 0.07 0.12 0.05 0.05 0.05 


C 


Treatments: (A)  intravenous injection; (9) oral solution with I alone; (C) oral solution with I and aluminum hydroxide; n = 6 


In the case of the intravenous injection. I was administered uia the ear vein 
by a slow push ever 5 rnin. As oral solutions, 1 was prepared in 70 mL of warm, 
deionized water and administered cia the mouth by intubation. The intubation 
line was flushed with 30 mL of warm water to ensure that the complete dose 
was deposited into the stomach. Blood samples were collected from the ear 
vein at 0 (blank), 0.15 (injection only), 0.25,0.5, 1.0, 1.5,2, 2.5, 3,4.5,6, 7. 
and 8 h. Hourly urine aliquots were collected from two rabbits by urethral 
catheter for the first 8 h; thereafter. cumulative 16-h urine samples were 
collected by natural voiding while rabbits were housed in the metabolism 
cage. 


Blood Cell-to-Plasma Partition Ratio-Aliquots ( I  mL) of heparinized 
whole blood were incubated with I (concentrations of 0.5, 1, and 2 pg/mL) 
at  37OC for 30 min. Immediately after incubation, plasma was separated by 
centrifugation and stored at -2OOC until analysis. The blood cell-to-plasma 
partitton ratio was calculated as [ C b / C p  - ( I  - H)]/H. where H is the he- 
matocrit. 


Analytical Procedure---/\ GC procedure, as previously described, was used 
for sample analysis ( I  0). The GC procedure normally provides a lower de- 
tection limit of 0.25 Fg/mL. Since plasma levels of I after administration of 
the oral solutions werc usually low, the procedure was manipulated to ac- 
commodate thc concentration of 0.1 pg/mL. 


Phannacokinetic Analysis- -The 8-phase half-life ( r  , p ~ )  was obtained by 
fitting the plasma data to a two-compartment model by the NONLIN pro- 
gram (1 I ) .  Total body clearance (CL,) and the noncompartmental steady-state 
volume of distribution (Vd, , )  were determined as: 


CL, = dose/AUC, (Es. 1) 


Vd,  = dose(AUMC,)/(AUC,)2 (Eu. 2) 


where AUC is the area under the plasma concentration versus time curve, 
and AUMC is the area under the first moment of the plasma curve (12). Both 
areas were calculated by the trapezoidal rule in corljunction with an area ex- 
trapolation method. The first plasma datum dhs assumed to be zero in the 
case of the oral administrations; the first plasma datum after intravenous 
administration was a NONLIN-generated initial concentration. 


Bioavailability was determined by the AUC method, taking into account 
the half-life change due to alternate routes of drug administration: 


where iv indicates the intravenous administration route. and po indicates the 
oral administration route. In the two rabbits for which urine was collected at  
24 h, bioavailability was also determined by the urinary recovery method: 


(Es. 4) 
(Ae.24 + CL, AUCZ~.. . , )~ 
(Ae.24 + CL, - AUC2.+,)iv 


F =  


Table 11-Half-lives of I after Single Doses of I(45 mg/kg) a s  Three 
Treatments a 


Half-life, h 
Rabbit Treatment A Treatment B Treatment c 


I 4.67 
2 4.08 
3 4.49 
4 3.42 


5.20 3.77 
3.58 3.37 
3.66 4.00 
2.65 2.18 


5 1.96 2.26 2.58 
6 4.59 2.83 2.62 


Mean f SD 3.87 f 1.03* 3.36 f 1.05b 3.09 f 0.736 


Treatments: (A) intravenous injection; (R) oral solution with I alone: (C) oral solution 
wi th  I and aluminum hydroxide. * Half-lives of I after treatments A, 9, and C are not 
significantly different (p > 0.3); n = 6 .  


. where Ae,24 is the amount of drug excreted in the 24-h urine sample, and CL, 
is the average renal clearance as determined from the drug excretion rates 
during the first 8 h. The extrapolated area (AUC24 -.,) was calculated as 
Cp.24/fl, where the 24-h plasma concentration was extrapolated from C,,s 
using the elimination rate constant, 8. 


Statistical Analysis-Mean pharmawkinetic parameters between any two 
treatments were tested for significance of difference by paired I test statis- 
tics. 


RESULTS AND DISCUSSION 


Table I describes the mean plasma data for rabbits that received 1 after 
treatment protocols A. B, and C. At the end of the 8-h sampling period, the 
residual level of I after intravenous injection was six times that after admin- 
istration of the oral solutions. Figure I depicts a representative plasma profile 
in rabbit 6. Durjng the first hour of intravenous injection, plasma eoncen- 
trations of I dropped rapidly, indicating a fast distribution of the drug into 
the peripheral tissue compartment. Overall, the log-linear phase began at 1-3 
h after drug injection and exhibited a half-life range of I .96-4.67 h. After the 
oral administrations of I, a rapid distribution of the drug was also observed 
in all rabbits. Peak plasma concentrations were reached within I h. and a 
slightly delayed peak time was observed for I in combination with aluminum 
hydroxide. The log-linear phase did not begin until 1.5 h after oral solution 
administration, and the time to reach distribution equilibrium was as late as 
3 h in some rabbits. I t  should be noted that the delayed stomach emptying as 
induced by fasting might lead to prolonged absorption and overestimation of 
half-life measurements (1 3). In the presence of aluminum hydroxide, I ex- 
hibited half-lives of 2.18-4.00 h, as compared with 2.26-5.20 h for I admin- 
istered alone. The mean half-life of 1 was not significantly altered by the 
coadministration of aluminum hydroxide (3.36 f 1.05 oersus 3.09 f 0.73 h; 
p > 0.3). In Table 11, the mean half-lives of I i n  the three treatments are 
compared; all rabbits exhibited similar half-lives, irrespective of the route of 
administration and the presence of aluminum hydroxide. 


Values for the steady-state volume of distribution of 1, derived on the basis 
of venous data after intravenous administration, are shown in Table 111. A 
wide range was observed for the volume of distribution of I (5.5- 17.8 L/kg; 
mean, 8.5 f 1.9 L/kg). Chiou (14) has reported that Vd,, estimated with 
venous data could be 20-120% higher than that derived on the basis of arterial 
concentration. By taking into consideration the arteriovenous difference, the 
volume obtained is still several times the body weight of the rabbit (assuming 
a density of I g/mL). This indicates that in  addition to the extensive distri- 
bution, I was probably deposited locally in the rabbit body tissues. Ethambutol 
has been known to be extensively distributed into the viscera and tissues of 
animals and humans. Pujet and Pujet ( 1  5) have reported a preferential dis- 
tribution of 1 in the deep layers of the lung. Furthermore. in oioo and in  oiiro 


Table 111-Total Body Clearance and Volume of Distribution of I after 
Single Doses of I(45 mg/kg) as  Three Treatments 


Vd,,. L/kg CI.,, mL/min/kg 
Rabbit Treatment A Treatment B Treatment C Treatment A 


1 70.4 120.6 139.4 17.8 
- 
3 
4 
5 


2 35.3 196.3 199 5 7 8  
28.6 175.6 
29.8 261.3 


182.5 
272.7 


. .. 
6.4 
5.5 


76. I 178.9 249.2 8. I 
6 22.3 148.2 145.8 5.6 


Mean f SD 43.7 f 23.26 180.2 f 46.06 198.2 f 54.0b 8.5 f 4.6 


Treatments: (A) intravenous injection; (B) oral solution with I alone; (C) oral solution 
with I and aluminum hydroxide. Oral clearances are not significantly different (p > 
0.1); however, oral clearance and intravenous clearance are statistically different (p < 
0.01); n = 6. 
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studies have demonstrated a favorable partition of I into erythrocytes in hu- 
mans (4, 6). The blood-cell-to plasma partition ratio averaged 1.25 in all 
rabbits for the concenration range thus investigated. 


Values for total body clearance of I after the three treatments are sum- 
marized in Table 111. Two oral studies, I alone and I in combination with 
aluminum hydroxide, yielded virtually the same clearance (180.2 f 47.9 
versus 198.2 f 54.0 mL/min/kg), indicating that aluminum hydroxide had 
no effect on the elimination of I. However, the total clearance after oral ad- 
ministration was significantly greater than the intravenous clearance (1 89.2 
uersus 43.7 mL/min/kg; p < 0.01), suggesting a first-pass metabolism for 
1. Previous studies with mice, rats, and dogs did not document first-pass me- 
tabolism of 1 since intravenous and oral studies were not carried out in a 
crossover manner (2.3). The difference in  LDso among various routes of ad- 
ministration in mice could be due partly to the rate of absorption into the 
circulatory system. However, the magnitude of difference in L D J ~  observed 
( I )  between oral and intravenous administrations (12,800 uersus 400 mg/kg) 
supported our proposition of first-pass metabolism in rabbits. Poor absorption 
of I in rabbits could be an alternative argument; however, we found < I  %of 
orally administered I in rabbit feces. 


Renal excretion of I was studied in two rabbits after intravenous and oral 
administrations. Renal clearances, computed as Ae,8/AUC+.a, averaged 
2.5 mL/min/kg. Thcre was no significant change in renal clearance between 
studies utilizing the oral and intravenous administration routes. The fraction 
of I dose excreted unchanged after intravenous studies averaged 5.2%. which 
is considerably lower than the corresponding figures of 30 and 70% in dogs 
and humans, respectively (1 0). 


The bioavailability data for 1. alone and in combination with aluminum 
hydroxide, were calculated with Eq. 3 and are shown in Table IV. It should 
be noted that the validity of Eq. 3 is based on the assumption that Vda(CL,//3) 
remains the same, in spite of a change in (3 (16). Although the AUC method 
was used in all rabbits for bioavailability determination, the urinary recovery 
method was simultaneously applied to two rabbits for cross-examination. For 
rabbit 1, the urinary recovery method yielded a somewhat higher bioavail- 
ability than the AUC method (62.9 uerms 57.5%). whereas for rabbit 5 ,  both 
methods yielded virtually the same rcsults (30.1 versus 30.0%). On the av- 
erage. 28% of the oral 1 dose was bioavailable to the circulatory system. 
Without correction for half-life change with Eq. 3, the mean bioavailability 
was somewhat lower (25%). The low bioavailability also supported the hy- 
pothesis of first-pass metabolism of I in rabbits, as previously suggested on 
the basis of clearance measurements (Table 111). As the hepatic blood flow 
(Qb) in rabbits has been reported to be 60 mL/min/kg (17), the extent of 
hepatic first-pass effect for I was approximated as  CLI/Qb where CLI is the 
mean plasma clearance after intravenous administration. A mean of 73% (43.7 
of 60) of the dose of 1 was estimated to undergo first-pass metabolism. This 
is consistent with the bioavailability of 2 5 2 8 %  in rabbits reported here. 


The aluminum hydroxide dose of 40 mg/kg, as used in this study, was three 
times the therapeutic dose of the antacid used in humans on a weight basis. 
In the study of Mattila ef  al. (9), a 60-mg/kg dose was used. In virro, alumi- 
num ion at 5 X M inhibits the contractile response of human and rat 
gastric strips to acetylcholine by >SO% (1 8). The in uifro effect of aluminum 
ion on the contractile response of rabbit gastric strips has not been investigated. 
The aluminum concentration achieved in uiuo in the stomach of rabbits re- 
ceiving aluminum hydroxide (2 X lo-* M) was much higher than that used 
in uitro. It was felt that such a concentration would be sufficient to significantly 
delay gastric emptying in rabbits. 


With regard to the absorption of 1, the rabbit may not be an ideal model 
for comparison with human data; however, rabbits demonstrated a consistent, 
although insignificant, response to aluminum hydroxide. On the contrary, 
humans responded to aluminum hydroxide erratically, making it difficult to 
make a conclusion on the effect of the antacid on the bioavailability of 1. I n  
summary, the concomitant administration of aluminum hydroxide appeared 


Table IV-Bioavailability of I after Two Oral Treatments. 


Bioavailability, 9i of Intravenous Lhsc 
Rabbit Treatment B Treatment C 


I 52.40 (67.57)b 62.52 (58.30)b 
2 20.48 21.38 
3 19.97 17.58 
4 14.71 17.12 
5 36.87 (30.28)b 23.17 (29.98)b 
6 24.44 26.82 


Mean f SDc 28.15 f 14.01 28.10 i 17.24 


Treatments: (B) solution with I alone; (C) solution with I and aluminum hydroxide. 
Numbers in  parentheses denote bioavailability determined by the urinary recovery 


method. c n = 6 .  


to have slightly delayed the absorption of I in some rabbits, as  reflected by a 
prolonged peak time; the extent of absorption, however, was insignificantly 
altered by the presence of the antacid. 
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Abstract 0 Metal-binding stability constants for a series of N- and N,N‘-  
substituted thioureas with Cu(l l ) ,Ni( l l ) ,  AI(III), and Fe(ll1) ions werede- 
termincd by potentiometric titration. The sequence of constants for thiourea. 
N-methylthiourea, and N,N’-dimethylthiourea indicated steric effects of the 
methyl groups and that both nitrogen and sulfur were involved in the com- 
plexation. The magnitude of the constants was somewhat lower than those 
of the simple peptides. The mechanism of protection against ionizing radiation 
by thioureas is probably due to hydrogen-atom transfer rather than binding 
of metal ions that catalyze cellular oxidations. 


Keyphrases 0 Thioureas- metal-ion complexes, stability constants, antira- 
diation protection 0 Antiradiation protection-thioureas. metal-ion com- 
plexes, stability constants Stability constants-thioureas, metal-ion com- 
plexes, antiradiation protection 


Metal-ion complexation has been shown or postulated to be 
involved in a number of biological activities. The effect of 
complexing agents such as dithiocarbamates ( I )  and some 
thioureas (2) on the inhibition of dopamine-P-oxidase, a 
copper-containing enzyme, is well known. Metal-ion com- 
plexation has also been postulated for the antithyroid activity 
of thiouracil (3 ) ,  the inhibitory effects of dithiocarbamates 
against Mycobacterium tuberculosis (4), and the fungistatic 
effects of dithiocarbamates and other complcxing agents ( 5 ) .  
The nitrate reductasc complex of Neurospora crassa is also 
sensitive to inhibition by metal-binding agents, including 
thiourea ( 6 ) ,  and polyphenol oxidase is also inhibitcd by 
thiosinamine (allylthiourea) (7). 


Several postulations (8- 10) regarding the protective effects 
of a number of metal-binding radiation-protective agents have 
also been made. Although thiourea and its simple derivatives 
have some protective ability for whole-body irradiation of 
animals, these effects have not been appreciable. Thioureas 
have, however, shown substantial radiation-protective effects 
in other systems, such as mouse lung ( 1  I ) ,  human erythrocytes 
( I  2),  T2 phage ( 1  3), Ehrlich ascites cells (14), and macro- 
molecules ( 1  5 )  (Table 1). The radiation-protective effects of 
thiourea have been attributed to metal binding ( 1  I ) .  


With such a significant number of postulations involving 
the metal-binding aspects of thioureas, i t  is surprising to find 
that, other than for thiourea itself (1 6 ) ,  metal-binding abilities 
of substituted thioureas have not been determined. Stability 
constants for a series of cyclic thioureas, including mercap- 
toimidazoles and mercaptouracils, were determined with 
copper, iron, and aluminum ions ( 1  7), and the constants were 
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surprisingly high. It was considered important, therefore, to 
measure the metal-binding stability constants for a series of 
alkyl, aralkyl, and cyclic thioureas. Knowledge of the magni- 
tude of the constants would indicate whether thiourea com- 
plexes were capable of existence in the presence of cellular 
complexing agents, such as peptides, or whether thiourea might 
function as a transient metal complexer. 


Compounds of the general structures 1-111 were measured 
for binding abilities to Cu(lI), Ni(ll), AI(II1) and Fe(lI1) ions 
using the method of potentiomctric titration. 


RNHCNHR RNHCNHCH~CH-CQI, HN/C\NH 
9 6 P 


1 II ( X I  m 
0 0  


R =  H,CH, R =  H.CH, X CCHzC, CHZ- CH, 


EXPERIMENTAL SECTION 


Materials-Analytical reagent-grade’ aluminum chloride hexahydrate, 
cupric chloride dihydrate, ferric nitrate nonahydrate, and nickel(ll) chloride 
hexahydrate were used for the metal complexation determination. Carbon- 
ate-free 0.01 M KOH was prepared according to the method of Armstrong 
(18). Solutions of the metal salts were prepared in boiled distilled water and 
stored in polyethylene bottles under nitrogen; they were diluted quantitatively 
with carbon dioxide-free water just prior to use. Normalities were checked 
against potassium biphthalatc. 


The organic ligands were obtained commercially*. N-Methyl-N’-phen- 
ethylthiourea was reported previously ( 19), and N-methyl-N’-phenyl-2- 
propylthiourea was described earlier (20). Purity was ascertained by TLC 
using chromagram sheets3. Solutions (0.1%) of the compounds in ethanol were 
spotted, and the sheets were developed with ben7ene-methanol (8:2); spots 
were detected with iodine vapor. 


Ionization Constants--The method of Albert and Serjcant (21) was used, 
which consisted of titrations of 0.001 M solutions of the compounds in 95% 
ethanol with 0.01 M KOH in O.5-mL portions. The pH was recorded with a 
pH metefi with glass and calomel electrodes after each addition. Each titration 
thus yielded 10 pH values, giving 10 values for the pK,, which were averaged 
(Table 11). Since most of the pH values fell outside the 5-9 range, corrections 
were made for hydrogen-ion concentrations. 


Stability Constants- Potentiometric titrations Here carried out under ni- 
trogen in 95% ethanol at 25OC with the described pH meter. Volumes of 50 
mL of the 0.001 M solutions of the organic ligands were titrated with 0.01 M 
KOH in 0.5-mL portions, first in  the absence of metal ions, and then in the 


I J. T. Baker Analyzed Reagents. * Aldrich Chemical Co.. Eastman Organ~c Chemicals, or Fisher Scientific Co 
Eastman Organic Chemicals. ‘ Beckman Instruments. 
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Table I-Radiation Protection by Thioureas 


Test Radiation 
Compound System Dose Protection Ref. 


Thiourea 


Methylthiourea 


Mice 


Mice 


875 rad 


650-700 rad 


Increased 31 


No effect on 32 
1 i fes pa n 


lifespan 


lifespan 


lifespan 


lifespan 


lifespan 


lifespan 


lifespan 


Allylthiourea Mice 700 rad No effect on 8 


Phenylthiourea Mice 650 -700 rad No effect on 32 


a-Naphthylthiourea Mice 200 rad No effect on 33 


Ethyl isothiourea Mice 800 rad Increased 34 


Sulfanilylthiourca Mice 900 rad Increased 35 


Guanylt hiourea Mice 900 rad lncreased 35 


Thiourea Human 84 krad Protection 12 


Thiourea T2 phage 1000 rad/s Protection 13 
Thiourea Ehrlich 4000 rad Protection 14 


erythrocytes 


ascites cells 


erythrocytes 
Allylthiourea Human 84 krad Protection 12 


Table 11-Ionization Constants 


Compound PKO 


Thiourea 2.54b 
N-Methylthiourea 3.06 
N,N’-Dimethylthiourea 2.98 
N-Methyl-N’-phenethylthiourea 3.12 
N-Methyl-N’-phenyl-2-propylthiourea 3.04 
2-lmidazolidinethione 3.08 
2-Thiobarbituric acid 4.15 
Thioacetamide 3.34 


a Determined in 95%ethanol at 25°C. Literature value (H,O) is 2.03: T. J .  Lane, 
J .  A. Ryan, and J .  L. Walter, J .  Am. Chem. Sor.. 78,5560 (1956). 


presence of O.OOO5 mol of divalent metal salt or 0.00033 mol of trivalent metal 
salt. 


Volumes of 50 mL of the same quantities of the metal salts were also titrated 
with 0.01 M KOH. The pH readings were recorded 2 min after each addition 
of titrant to allow equilibrium to be reached. Solvent concentration at the end 
of the titrations (if all 10 additions were made) was-72% ethanol. 


Calculations were performed as previously described (17) with a computer. 
The log K values obtained for the divalent metal complexes are recorded in 
Table 111; values for the trivalent metal complexes are recorded inTable IV. 
Values for K I ,  K z ,  and K3 were obtained from Eqs. 1-3, according to Flood 
and Loras (22) and Albert (23): 


- 
K I  = 


n 
( I  - T i )  [ L - ]  


( i i -  I )  
(2  - T i )  [ L - ]  


K 2  = 


(Ti  - 2) 
(3  - T i )  [L-1 


K 3  = 


where Ti is the average number of ligand molecules bound by a metal ion at  
any stage in complcx formation and [L - ]  is the concentration of the free 
chelating species. 


Table Ill-Stability Constants for Cu(l1) and Ni(l1) Complexes (25°C) 


Formation curves were plotted (Tiuersus -log L-)  to show whether stepwise 
complexation may have taken place. Nosteps were shown in the plots, prob- 
ably because of the closeness of the log K values. 


RESULTS AND DISC~SSION 


The K I  values for the AI(I1I) and Fe(ll1) complexes were not uncovered, 
with the exception of the ferric complex of thioacetamide, possibly because 
of lack of stepwise corr~plexation (no values for ii below I were obtained). No 
values for the ferric complex of 2-thiobarbituric acid were obtained because 
of precipitate formation at  the beginning of the titration. Values for K2 for 
the Cu(ll) and Ni(ll) complexes were not obtained because of the formation 
of precipitates, with the exception of the complexes of 2-thiobarbituric acid. 
Although log f i  values could not be obtained in  most cases, for the purposes 
of comparison and for determining whether thiouFea complexes are capable 
of existence in  the presence of cellular complcxing agents, the constants found 
should suffice. 


The sequence of stability constants of thiourea, N-methylthiourea. and 
N,N’-dimethylthiourea allow some conclusions regarding structure of the 
complexes. The complexes of N-methylthiourea showed decreased stability 
constants, compared with those of thiourea, for the aluminum and ferric 
systems, but increased constants for the cupric and nickel systems. For the 
latter systems. where only K ,  values wereobserved, steric effects of the methyl 
group would be minimal. For the aluminum and ferric systems, the decrease 
in stability constants may be attributed to steric effects, since 2.1 and 3.1 
complexes are involved. These sequences suggest that both the sulfur and a 
nitrogen atom are involved in bond formation or the complexes. 


With the complexes of ~,N’-dimethylthiourea. the additional methyl group 
caused a decrease in constants for all four metal ions observed. Two methyl 
groups apparently cause steric hindrance of the I : ]  complexes as well. The 
longer-chain substituents gave somewhat higher constants than thc methyl 
groups, so the a-methylene groups were less interfering than the methyl 
groups. For the cyclic thioureas, particularly 2-thiobarbituric acid, wherc steric 
hindrance would be less than for the open-chain complexes, the stability 
constants were the largest of the series. I t  is also possible that some degree of 
aromaticity is possible with 2-thiobarbituric acid. 


Cu(lI) Complexes~ Ni( l l )  Complexes 
Compound log K I  1% K 2  1% pz log K I  log K2 1% 82 


Thiourea 1.3gb 1 .oo 
N -  Met hylthiourea I .61 1.39 
N.N’-Dimethylthiourea I .35 1.33 
N-Methyl-N’-phenethylthiourea 1.51 1.47 
N-Methyl-N’-phenyl-2-propylthiourea I .44 I .45 
2-lmidatolidinethione 1.66 I .40 
2-Thiobarbituric acid 4.35 3.19 8.14 3.76 3.18 6.94 
Thioacetamide 2.30 I .69 


w a i  estimated by Bjcrrum to be -2: 1.. G. SillCn and A .  E. Martell, “Stability Constants of Mctal-Ion Complexes,“ Thc Chemical Sociciy. London, 1964. p. 359. 
a The product of Cu(ll) and thiourea isclaimed to bea Cu(1) complex: E. 1. Onstott and H. A. Laitinen. J .  Am. Chem. Soc .72,4724 (1950). The log /3~ for Cu(l1) and thiourea 
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Table IV-Stability Cnnstants for AI(II1) and Fe(ll1) Complexes (25°C) 


Compound 


Thiourea 
N-Methylthiourea 
N.N’-Dimethylthiourea 
N-Methvl-,~’-Dhcnethvlt hiourca 


3.01 
2.73 
2.61 
3.79 


N-Methyl-N’-bhenyl-Z-propylthiourca 3.59 
2-1 midamlidinethionc 3.61 
2-Thiobarbituric acid 5.15 
Thioacetamidc 3.06 


I .69 
1.90 
1.81 
2.2 I 
2.21 
2.12 
3.29 
2.23 4.12 


3.55 
3.00 
2.87 
3.59 


3.92 


3.40 


2.16 
2.16 
2.28 
2.41 
2.84 
2.40 


2.25 9.77 


I t  has been shown previously (17) that stability constants for metal com- 
plexes of 2-mercaptoimidazoles and mercaptopyrimidines were relatively high, 
and that both sulfur and nitrogen were involved in bond formation to give 
four-membered rings. Four-membered metal chelate rings have also bcen 
reported for dithiocarbamatcs and xanthates (24). and for dithiocarboxylates 
(25). Ruthcnium coniplcxcs of thioureas have also bcen postulated to involve 
the sulfur and nitrogen in four-membered rings (26). 


I f  complexation to sulfur alonc were involved, the presence of N-methyl 
substituents would be expected to increase stability constants by clectron re- 
lease. But the probable cffcct of steric hindrance by the methyl groups, as 
indicated for thedccreased stabilityof 2.1 and 3.1 Al(111)and Fe(l l l )com- 
plexes, allow the postulation of four-mcmbcred chelate rings involving bonding 
to both sulfur and nitrogen ( I V  and V). 


S- M+or++ 
(“N = 7- 9 I t  M+or 


HN= C --.N - CH, H -  y- 2or3 
H C”3 


1p v 
The magnitude of the metal-binding stability constants observed is some- 


what lower than that for simple peptidcs I.og K ,  values reported for the Cu(l I )  
and Ni( l l )  complexes of glycyl-L)l.-alaninc, for instance, are 5.92 and 4.08, 
respectively (27). Although metal complexes of thioureas, with the possible 
exception of cyclic thioureas, should not bc expected to exist in the presence 
of cellular peptides for any appreciable period, they should be capable of 
binding to the metal constituents of metalloenzymes. 


Wheeler and Ribot (28) observed the protective effect of thiourea and 
methylthioureas for radiation damage to a synthetic polymer. Presence of the 
methyl groups distinctly lowered the protective ability of thiourea. I t  would 
not appcar in this system that metal ions are involved in the radiation damage. 
which must be due largely to the radicals resulting from radiolysis of water. 
I n  this case, the ability of the thioureas to act similarly to the thiol radia- 
tion-protectors, in transferring hydrogen atoms to the radiation-produced 
radicals (29). would appear to offer a more probable mechanism of protection. 
The ability of thioureas to enter a thione-thiol equilibrium would make hy-  
drogen atom transfer a realistic possibility, and in view of the rather low 
metal-binding stability constants for thiourcas, a more likely mechanism than 
the ability 10 bind copper or iron ions. which catalyze cellular oxidations. A 
previous attempt to relate metal-binding ability to radiation protection of a 
series of aminoalkyl disulfides and rhiosulfates did not give a positive corre- 
lation (30). 


Involvement of thioureas with mctallocniymcs, such as doparnine-P-ox- 
idase, nitrate reductase. or polyphenol oxidase, is still a likely possibility by 
complexation of the metal constituent. however. A correlation between 
metal-binding ability and the antimicrobial effects of cyclic thioureas has 
already bcen observed ( I  7). possibly through the inhibition of metalloenzyme 
activity. 
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Preparation of Alkoxyquinoline Derivatives and Their 
Evaluation as Potential Central Nervous System 
Stimulants 
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Abstract 0 A variety of substituted amides of 6,7-dimethoxy-2-hydroxy- 
quinoline-3-carboxylic acid were synthesized. Three of these compounds, 
tested as  potential central nervous system stimulants, showed no marked bi- 
ological activity. 


Keyphrases 0 Alkoxyquinoline derivatives-potential C N S  stimulants, 
synthesis a Stimulants-CNS, alkoxyquinoline derivatives, synthesis 


The analeptic activity of aromatic heterocyclic tetrazoles 
( l), such as nikethamide, ethamivan, and their N-ethylamides 
(2, 3) is well known. In addition, the N,N-diethylamides of 
numerous ring systems (such as pyrazole, thiazole, isoxazole, 
and the imidazolopyrimidines) as well as some xanthines and 
pyridines show analeptic activity (2,4). Some CNS-sympa- 
thomimetic drugs such as the benzyl-, morpholinyl-, and pi- 
peridyl-N-ethylamide derivatives (2,3) are also employed as 
psychomotor stimulants to elevate the mood or to improve the 
sense of well being of patients suffering from certain psychi- 
atric depressions. The biological effects of the aforementioned 
drugs could be explained by the incorporation of a nitrogen 
atom in the ring systems ( 5 ) ,  possibly providing resistance to 
enzymatic inactivation by steric protection of the amino groups 
(6), as in the case of phenmetrazine or methylphenidate. 
Similarly, N-alkyl groups, which are substituted with more 
bulky groups than methyl, diminished activity; the absence of 
the aromatic nucleus or its replacement by an alkyl group re- 
sulted in compounds of little or no activity (6). On the other 
hand, iproniazide (7), a monamine oxidase (MAO) inhibitor, 
appears to reverse the action of reserpine. 


Since maximum M A 0  inhibition and analeptic activity are 


Table I-Newly Synthesized Alkoxyquinoline Derivatives (11-XVI) 


shown by compounds similar to amphetamine, e.g., phen- 
iprazine and a nitrogenisostere of methamphetamine (8), the 
present work describes the synthesis of potential CNS-stim- 
dating agents, which have both aminoalkane and heterocyclic 
structural systems, such as quinoline. A series of substituted 
amides derived from 2-hydroxy-6,7-dimethoxyquinoline-3- 
carboxylic acid, which appeared likely to possess a CNS- 
stimulating effect, were prepared. In addition, the unsubsti- 
tuted hydrazide derivatives of the compounds were alkylated 
to overcome the insignificant M A 0  inhibitory properties of 
unsubstituted hydrazines (9, 10). In the present investigation, 
the 6,7-dimethoxyquinoline system was varied to obtain 3- 
carboxylic acid hydrazides and hydrazone4 (Scheme I) for 
evaluation as CNS stimulants. 


EXPERIMENTAL SECTION 


C~mistry---6,7-Dimerhoxy-2-hydroxyquinoline-3-carboxylic Acid 
Hydrazide (1X)-Hydrazine hydrate (0.1 mol) was added to a suspension 
of 6,7-dimethoxy-3-ethoxycarbonyl-2-hydroxyquinoline ( I )  ( 1  1) (0.02 mol) 
in ethanol (200 mL). The mixture was heated a t  reflux for 3 h. The hydrazide 
was removed by filtration, washed with water, dried, and recrystallized (Table 
1). 


Interaction o/6,7-Dimetho.~y-3-erhoxycarbonyl-2-hydroxyquinoline and 
Phenylhydrarines ( X  and XI)-Phenylhydrazinc or 2,4-dinitrophenylhy- 
drazine (0.02 mol) was added to a suspension of 6.7-dimcthoxy-3-cthoxy- 


H3C0 


I 11-XVI 
Scheme I 


Compound R’ R2 
Molecular 
Formulaa mp, “C Yield,% 


V l l l  H 


I X  
X 


XI 
XI1 


X l l l  
X I V  
xv 


X V I  


H NH2 300g 
H NHCbHs 300 
H NHCsH3(3,5-N02) 300h 
H N=CHC6H4@-OCH,) 3001 
rj N=CHCaH4(o-N02) 30@f 
H N=CHC6H4@-OH) 300‘ 
H N=CHChH,(3,4-OCH,) 3001 
H N=C HC H=C H C H 6H 5 3w 


a Elemcnral analyses for C and H were obtained for II -XVI;  VI I ,  V111. X. and X I  were alsa analyzed for N. Unlessotherwise indicated, all values were within f 0.490 of the theoretical 
value. Calc. for C, 50.31; H. 4.97. Found: C. 50.26; H. 4.80. Recrystallized from methanol (cf Ref. 11) .  Recrystallized from methanol. Recrystallized from AcOtl. 1 Recrystallized 
from dimethylformamide. Recrystallized from water. Recrystallized from ethanol-water. 
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carbonyl-2-hydroxyquinoline ( I )  (0.01 mol) in ethanol (20 mL). The mixture 
was heated at reflux for 2 h. The solid was removed by filtration and recrys- 
tallizcd. 
6,7-Dimethoxy-2-hydroxyquinoline-3-carboxylic Acid Hydrazones 


(XII-XV1)-The appropriate aldehyde (0.02 mol) was added to 6.7-dime- 
thoxy-2-hydroxyquinoline-3-carboxylic acid hydrazide (IX) (0.01 mol) in 
glacial acetic acid. The mixture was heated at reflux for I h, and the material 
was removed by filtration and recrysldllized. 


Interaction of 6.7-Dimethoxy-2-hydroxyquinoline-3-carboxyIic Acid 
Hydrazide and Acid Anhydrides (Vlland Vil l )  -A mixture of the hydrazide 
(IX) (0.01 mol) and the appropriate acid anhydride (0.02 mol) in glacial acetic 
acid (30 mL) was heated at reflux for 3 h. The mixture was allowed to stand 
ovcrnight. The material was removed by filtration and recrystallized. For Vlll 
'H-NMR'  (CDCI3): 6 7.25 (s, I ,  OH), 8.1 -7.0 (m. 7, ArH), 4.3 (s, I ,  NH), 
and 3.7 ppm (m, 6 .2  OCH3). 


Interaction of 6.7-Dimethoxy-3-ethoxycarbon~vl-2-hydroxyquinoline and 
DqJerentAmines (11- VI)-A mixture of 6,7-dimet hoxy-3-cthoxycarbonyl- 
2-hydroxyquinoline ( I )  (0.01 mol) and the appropriate amine (0.02 mol) was 
heated at reflux in methanol (20 mL) for 3 h. Approximately 15 mL of the 
solvent was removed under reduced pressure, the residue was cooled, and the 
solid material was removed by filtration and recrystallized from a suitable 
solvent. For I I .  'H-NMR (CDCI3): d 6.8 (s, I ,OH),  8.1-7.03 (m. 3. ArH), 
4.2 (s, I ,  NH), 3.8 (m, 6, 2 OCH,). and 1.5 ppm (s. 3, CH3). For V [6,7- 
dimethoxy-3-(piperidinocarbonyl)-2-hydroxyquinoline], MS: m/z 3 I6 (M+), 


t CHJ)], and 173 [M - (CsHloN + CO t OCH3)J. 
Biological Screening-Three compounds (111, V, and VII) of this series of 


alkoxyquinolines were used for preliminary pharmacological screening as CNS 
stimulants. Each was suspended in distilled water and administered to albino 
mice by oral intubation and intraperitoneal injection in doses up to I g/kg of 
body weight. The behavior and normal characteristics of the animals (heart 
rate, locomotor activity, reflexes, etc.) were recorded bcfore and for 24 h after 
administration of the compounds. 


232 (M - CsHioN), 204 [M - (CjHioN + CO)] ,  I89 [M - (CsHioN + CO 


RESULTS AND DISCUSSION 


The animals given 111 showed transient increases in respiratory rate (from 
198 to 300/min) 5 min after administration and returned to normal values 


7 min later. Otherwise, there were no signs of C N S  stimulation of the animals 
a t  the doses studied. There was no change in animal behavior, activity. and 
locomotion. None of the animals showed any signs of toxicity or mortality 
within 24 h after administration of the different compounds i n  the doses 
given. 


From the biological screening, i t  is obvious that the tested compounds, al- 
though they are structurally related to the well-known carboxamide and 
N.R.'-alkylated derivatives of heterocyclic types of compounds, do not have 
a marked M A 0  inhibitory action. This leads to the conclusion that these 
bioisostere moieties of the fused heterocyclic systems structurally related to 
the quinoline series are biologically inactive as C N S  stimulants. 
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Determination of Phenylbutazone in Tablets by Nuclear 
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Absmct 0 A method for the quantitative analysis of phenylbutazone in tablets 
using NMR is reported. The method is both accurate and precise. Using 
synthetic mixtures, the mean recovery value f S D  was 100.5 f 0.86%. The 
N M R  results of commercial preparations are compared with those obtained 
by the USP XX procedure. The NMR spectrum. in addition, provides a very 
specific means of identification for phenylbutazone. 


Keyphrnses 0 Phenylbutazone-NMR analysis, comparative analyses 0 
NMR-phenylbutazone, comparative analyses 


Phenylbutazone, 4-butyl- 1,2-diphenyl-3,5-pyrazolidi- 
nedione (I), a synthetic pyrazolone derivative chemically re- 
lated to aminopyrine, has anti-inflammatory, antipyretic, 
analgesic, and mild uricosuric properties (1). Approaches to 
the quantitative determination of phenylbutazone in tablets 
have varied. Tomaskova (2) reported a GC method using 
flame-ionization detection. A quantitative IR spectroscopic 
method was described by Pawelcyzk and Marciniec (3). Dif- 
ferential spectrophotornetry, relying on the differences in 
absorption between acidic and basic species of phenylbutazone, 


was employed by Bezakova et al. (4). Other assay techniques 
have included separation on an ion-exchange column followed 
by titration (5) and acid hydrolysis to form benzidine, which 
was subsequently oxidized, and determined colorimetrically 
(6). The method of USP XX for the assay of phenylbutazone 
in tablets entails an ether-based extraction with a UV spec- 
trophotometric determination (7). All these approaches require 
either lengthy sample preparations and/or nonspecific de- 
terminations. In contrast, nuclear magnetic resonance spec- 
trometry (NMR) offers the advantages of minimal sample 
preparation, simplicity and specificity for the active ingre- 
dient. 


NMR studies on phenylbutazone have dealt with its car- 
bon-13 spectrum (8), degradation products (9, lo), and the 
monitoring of its dissolution kinetics (1 1). However, this 
technique has not been applied to the quantitative determi- 
nation of the drug in pharmaceuticals. This paper describes 
a method in which a carbon tetrachloride-nitromethane 
mixture is used as the solvent and hexamethylcyclotrisiloxane 
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(25.55 kcal/mol) is rather high, the degradation of flurogesrone acetate (in 
vaginal fluid) could be the result o fa  solvolytic process, which generally has 
an energy of activation in the range of 10-30 kcal/mol (6). Thc higher the 
value of E,. the greater the thermal stability of the drug. 


CONCLUSIONS 


The HPLC method dcveloped is specific and allows a good separation of 
flurogestone acetate from its degradation products. The degradation is both 
acid- and base-catalyzed, but is much slower in the simulated vaginal fluid 
(pH 7.3). Thermodynamic studies indicate that the degradation in simulated 
vaginal fluid is very slow, as it requires a fairly high energy of activation (25.55 
kcal/mol). 


This assay should be suitable for determination of the release kinetics of 
flurogestone acetate from the vaginal sponges and its absorption rate through 
the vaginal wall. Since it is also a stability-indicating method, the metabolism 
of flurogestone acetate, if any, in the simulated vaginal fluid or vaginal m u m a  
could be detected (9). 
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Abstract 0 A relatively simple and easily constructed in ~ A r o  system was 
developed for studying the mechanism of release and intravaginal absorption 
of flurogestone acetate from vaginal sponges. The stability-indicating high- 
performance liquid chromatographic method dcvcloped earlier was used to 
provide a rapid, reproducible, and sensitive assay. The in vitro intravaginal 
release/permeation system developed was capable of determining the rate 
of flurogestone acetate release from vaginal sponges and, simultaneously, the 
rate of absorption through the vaginal wall. The design, calibration, and ap- 
plicability of the system. and the release and absorption profiles of the drug 
from vaginal sponges in this system are discussed. 


Keyphrases 0 Drug release-flurogestone acetate, intravaginal, sheep 0 
Flurogestone acetate-intravaginal release and permeation measurement 
in vitro 0 Intravaginal administration-flurogestone acetate, sheep 


In 1975, the use of flurogestone acetate-releasing vaginal 
sponges (Fig. 1) to replace the conventional daily injection of 
progesterone for estrus synchronization in sheep was intro- 
duced ( 1). On intravaginal administration, the polyurethane 
sponges release the drug continuously for 15 d, this suppresses 
estrus and ovulation. Two to four days after removal of the 
sponges, the sheep reenter estrus and ovulate. During this 
period, artificial insemination can be performed at a prede- 
termined schedule to promote a specific breeding program 
(2). 


Knowledge of the pattern and rate of drug release is essential 
for an understanding of the action of flurogestone acetate- 
impregnated sponges in the vagina (3). Development of a 


suitable in vitro drug release/permeation system is essential 
to understand the mechanisms of drug release and permeation 
under in vim conditions (4). Currently, the release profiles are 
determined by extracting the residual drug content in the 
vaginal sponges and then assaying it by GC (2) or by radio- 
activity count ( 5 ) .  However, these in situ experiments require 
the use of large numbers of animals over an extended period 
of time. Also, the lack of assay sensitivity can jeopardize the 


Figure 1 -Diagrammatic illustration of the flurogestone ace tate-releasing 
vaginal sponges 1. 


I Synchrc-Mate Pessary; G. D. Searle and Co.. Chicago, 111. 
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Figure 2-lntravagi~I releaselpermeation system designed to measure the 
in vitro release of flurogestone acetate from vaginal sponges and vaginal 
absorption profiles from various solutions offlurogestone acetate. 


accurate determination of the kinetics of the drug-release 
profile. One prime concern in making release/permeability 
measurements is determining the rates reliably and in as short 
a time as possible. The development of such a technique could 
also make possible the direct measurement of the drug-release 
flux (6 ) .  


With these considerations in mind, a relatively simple and 
easily constructed in uitro intravaginal drug release/perme- 
ation system was designed. In conjunction with the HPLC 
method (7), a reproducible technique for determining the drug 
release kinetics was developed. The release rates of fluroge- 
stone acetate from the vaginal sponges and the permeation 
rates of the drug through the vaginal mucosa were investi- 
gated. 


EXPERIMENTAL SECTION 


Materials-All chemicals and reagents were analytical grade unless oth- 
erwise indicated. Flurogestone acetate2, testosterone3, anhydrous dibasic 
sodium phosphate4, anhydrous citric acid4, polyethylene glycol 400 (laboratory 


200. 


loo.  


a 
P 
8 20 .  


0 1 0 2 0 3 0 4 0 5 0  
POLYETHYLENE a Y C O L  400. % 


Figure 3-Exponential relationship between solution solubility (C,J and the 
volume fraction (% vlv) ofthe polyethylene glycol 400 in rhe simulated oaginal 
fluid at 38" C. 


2 Searle Laboratories. Skokie, 111. 
3 Sigma Chemical Co., St .  Louis, Mo. 


Fisher Scientific, Fair Lawn, N.J. 


Table I-Composition of Elution Media' Containing Various Vdume 
Fractions of Polyethylene Glycol 400 in Simulated Vaginal Fluid 


~~ 


Polyethylene Glycol 0.02 M 0.04 M Polyethylene Glycol 
400 Conc., Citric Acid, Na2HP04. 400 Volume. 


?6 v / v  m L  mL mL 


0 
10 
20 
30 
40 
50 


95 405 
100 400 
135 365 
170 330 
200 300 
235 265 


0 
100 
200 
300 
400 
500 


@ The final volume was made up to lo00 rnL with distilled water; pH = 7.3. 


grade)', and glassdistilled methanol' were used as received. Freshly prepared 
deionized water6 was used throughout the study. 


Drug ReleaseIPermeation System-The system' developed for studying 
the pattern of drug release/permeation is shown schematically in Fig. 2. Each 
of the donor and receptor cells holds up to 1 L of elution medium which is 
thermostated at  38OC (the vaginal temperature of the sheep) by a circulating 
water bath*. The impeller assembly can be rotated at a constant speed (30-400 
rpm) by a six-station heavy-duty magnetic stirrer (42 X 44 X 12 cm). All six 
diffusion cells (three pairs) are operated simultaneously at  the same speed 
by a single control. 


High-Performance Liquid Chromatography-A chromatograph quipped 
with a reciprocating-piston pump9, injectorlo, UV detector (at 254 nm)]', and 
a stripchart recorderI2 ( I  -10 mV) was employed in  conjunction with a 5-pm 
(3.9 mm X 15 c m ) C l s  column13 for separation. Theoperatingconditionsof 
the HPLC method (7) were slightly modified. A less-polar mobile phase of 
the methanol-water (65:35) was used. The column and solvent were main- 
tained at ambient temperature. At a solvent flow rate of 1 mL/min, the re- 
tention times for flurogestone acetate and testosterone (internal standard) 
were reduced to -4 and -8 min, respectively, to facilitate the assay proce- 
dure. 
Drug Delivery Device-The vaginal sponges, each containing 40 mg of 


flurogestone acetate, were commercially availableI4. Each polyurethane 
sponge was loaded (with hypodermic syringes) with 2 mL of solution con- 
taining 20 mg/mL of the drug in acetone-absolute ethanol (1:4). The sponges 


c e r v i x  


v a g i n a  


b l a d d e r  


h y m e n  


u r e t h r a  


l a b i a  


c l i t o r i s  
Figure 4-Sheep vagina that has been cut open vertically. A piece of mucosa 
(5 X 5 cm). separated from the wall, i s  sandwiched herween dgfusion cells 
f i r  permeation studies. 


~~~ ~ ~ ~ 


Burdick & Jackson Laboratories, Muskegon. Mich. 
Nanopure; Sybron/Barnstead. Boston. Mass. ' BellcoGlass. Vineland. N.J. * Water Bath Model SO; Fisher Scientific Co.. Springfield. N.J. 
Model 6000 A; Waters Associates. Milford, Mass. 


lo Model U6K; Waters Associates. 
Model 440; Waters Associates. 


t 2  Omniscribc Recorder; Houston Instruments. Austin. Tex. 
l 3  5-pm Spherical CIS; Waters Associates. 
I 4  Chronogcst vaginal sponges (40 rng of flurogestone acetate) (800 Grade); Intervet. 


France. 
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Table 11-Operating Conditions and the Experimentally Obtained 
Hydrodynamic Parameters 


~~ 


Polyethylene 
Glycol Rotation Kinematic 


%v/v rpm cm2/s cm2/s cm/s Shra cmb 
400, Speed, ViscosiIy, D X lo6, k X lo4, 6D x 104, 


0 60 0.007 4.47 22.2 
165 0.007 4.47 31.8 
295 0.007 4.47 52.5 


20 60 0.016 1.96 6.18 
165 0.016 1.96 15.6 
295 0.016 1.96 26.5 


40 60 0.045 0.695 1.02 
165 0.045 0.695 2.31 
295 0.045 0.695 4.95 


~ 


995 20.1 
1421 14.1 
2347 8.5 
631 31.7 


1595 12.6 
2706 7.4 
294 68.0 
664 30.1 


1425 14.0 
Sherwood number (see text). p Calculated from Eq. 2. 


were then placed, thread up (Fig. l ) ,  on polyethylene over a wire grid and 
allowed to dry overnight (8). 


Elution Medium-The elution medium was prepared by mixing a given 
volume of polyethylene glycol 400 with a concentrated solution of simulated 
vaginal fluid and then diluted to 1 L with distilled water (Table 1). The con- 
centrated simulated vaginal fluid was prepared by mixing various quantities 
of 0.04 M Na2HP04 and 0.02 M citric acid. After the addition of polyethylene 
glycol 400, the water was added. The pH of the elution medium was 7.3 f 0.5 
(the vaginal pH of sheep). 


Determination of Drug Solubility-The solubility of flurogestone acetate 
at the study temperatures was determined by vigorously mixing an excess of 
drug particles in 10 mL of elution medium containing various volume fractions 
of polyethylene glycol 400. At equilibrium (24 h), samples were rapidly filtered 
through preheated syringes equipped with a filter holder. The clear filtrate 
was then assayed by HPLC. An exponential relationship between the solubility 
of the drug and the volume fraction of polyethylene glycol 400 was found (Fig. 
3), as expected (9), from the following: 


log C, = log CSVF + e .f (Eq. 1) 
where, C, and C ~ V F  denote the solubilities of flurogestone acetate i n  the 
polyethylene glycol 400-simulapd vaginal fluid and in pure simulated vaginal 
fluid, respectively; e is the slope of the log solubility uersus volume fraction 
profile; and f is the volume fraction of polyethylene glycol 400 (v/v) added. 
The solubility of the drug (CSVF = 5.4 pg/mL) was enhanced remarkably 
by the addition of polyethylene glycol 400, the perfect sink condition was thus 
maintained. 


Calibration of the System-Time to Reach 38°C-The donor and receptor 
compartments were maintained at  38OC, and then 600 or 1000 mL of simu- 
lated vaginal fluid (at room temperature) was poured intoeach compartment 


U- 42- Et 


22? 


t 1 20 


18 b b 1; ;8 24 30 38 ;2 i6'- 
MINUTES HOURS 


Figure 5-Time required for the solution temperature in the donor and re- 
ceptor Compartments to reach the equilibrium temperature of 38°C (vaginal 
temperature of the sheep) from room temperature (n = 3);stirringspeed 360 
rpm. 


Y Y 
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2 11000 mL 


I I 


0 1 2 3 4 I 6 


MINUTES 


Figure 6-Time required for the solution in the receptor compartment to 
reach a theoretical concentration after addition of a known concentration 
ofjlurogestone acetate stock soluiion to the donor solution (n = 3). 


while the stirrer rotated at 330 rpm. Temperature of the elution medium in 
the receptor compartment was measuredI5 every 3 min until the equilibrium 
temperature of 38OC was reached. 


Hydrodynamics of Mixing-After the simulated vaginal fluid solution in 
each compartment reached 38OC, known concentrations of flurogestone ac- 
etate (0.5,1 .O mL) was added to the donor solution, while the stirrer rotated 
at 330 rpm. Samples were removed from the receptor solution every 30-60 
s until the theoretical concentration was reached. Samples were then assayed 
fnr the drue bv HPLC. 


Drug Release Study-A vaginal sponge containing 40 mg of flurogestone 
acetate was inserted into the flange opening of the donor compartment and 
an impermeable barrier was sandwiched between the two compartments (Fig. 
2). The magnetic stirrer was turned on and adjusted to 330 rpm. Then, 1000 
mL of the elution medium containing various volume fractions of polyethylene 
glycol 400 (preheated to 38OC) was poured into each of the compartments. 
At scheduled intervals, a 2-mL aliquot of elution medium was withdrawn, but 
not replaced, from each compartment and assayed for the drug by HPLC. 


Drug Permeation Study-The sheep's vaginal6 was cut open vertically (10, 
1 1)  and the mu- was separated from the wall (Fig. 4). The vaginal m u m a  
was sandwiched between the donor and receptor compartments and clamped. 
Six hundred milliliters of saturated or unsaturated flurogestone acetate so- 
lution (40% polyethylene glycol 400 in simulated vaginal fluid) and 600 mL 
of drug-free solution (20% polyethylene glycol 400 in simulated vaginal fluid) 
were added to thz donor and receptor compartments, respectively. Samples 
were removed from the receptor compartment at scheduled intervals for the 
duration of the experiment. Aliquots were assayed for the drug by HPLC. 


Analytical Procedure-The HPLC assay procedure developed earlier (7) 
was utilized here. A fixed quantity of testosterone was added to each sample 
as an internal standard to ensure the injection-to-injection reproducibility 
required. Aliquots were injected into the HPLC column, and the peak height 
ratios of flurogestone acetate to testosterone were determined and compared 
with the standard curve for the calculation of flurogestone acetate concen- 
trations. 


RESULTS AND DISCUSSION 


After assembly, the entire in uitro intravaginal release/permeation system 
(Fig. 2) is totally enclosed so that solvent loss is minimized during a long-term 
experiment. When a sponge is inserted into the flange opening, the drug-release 
profile from the sponge can be studied. When the vaginal mucosa is present, 
permeation can be evaluated. When both are present, release and permeation 
can be investigated simultaneously. 


The impeller assembly of the intravagiqal release/permeation system 
provides excellent stirring (up to 400 rpm), which significantly reduces the 
thickness of the hydrodynamic diffusion layer on the surface of sponge and 


I s  Thermalert Model TH-6D; Baily Instruments, Saddle Brook. N.J. 
l 6  Dealeman Meats; Warren Township, N.J. 


1468 I Journal of Pharmaceutical Sciences 
Vol. 73. No. 10, October 1984 







t 
12 - 


HouRS”2 


Figure 7-Linear relationship between the cumulative amount offlurogestone 
acetate (Q) released from the vaginal sponge (containing 40 mg of the drug) 
into lo00 mL of elution medium (at nonsink conditions) and the square root 
of time (t ’I2). Note the change in the slopes at -3 h. Key: (A) 0% polyethylene 
glycol 400.8.64 mgfh ‘I2; (B)  20% polyethylene glycol 400.2.14 mglh ‘I*; (C) 
30% polyethylene glycol 400, 2.40 mg/h ‘I2; (0) 4.95 mg/h ‘I2; (E)  4.89 mg/ 
h ‘I*. 


mucosa (Table 11). The thickness of the hydrodynamic diffusion layer (6~) 
is related to the Sherwood number (Sh)  ( I  2) by the following: 


(Es. 2) 
where y is the radius of the sponge, E is the porosity of the sponge, Sh, is the 
Sherwood number around the radian of the sponge, D is the diffusion coeffi- 
cient. and k is the mass transfer coefficient. When the Sherwood number is 
>200, the thickness of the diffusion layer is very small (12); therefore, the 
effect of solution hydrodynamics on the release of drug from the sponge is 
negligibly small. This is consistent with the experimental results (Table 
11). 


It is critically important that the magnitude of 6~ be held constant (and 
as small as possible) so the real mechanisms of drug release and permeation 
can be obtained and a meaningful comparison between experimental obser- 
vations can be made. A rotation speed of 330 rpm was used, which maintains 
a constant thickness of hydrodynamic diffusion layer of <I4 X cm on 
the immediate surface of the sponge, and also provides a homogenous drug 
concentration in the elution medium. Additionally, a drug-stable and water- 
miscible polymer, i.e. polyethylene glycol, was added to the simulated vaginal 
fluid (elution medium) to enhance the solubility of the drug and to simulate 
the biological sink. Under these conditions, the cell sensitivity is fairly high, 
so that hourly measurements of drug release/permeation flux is feasible. The 
drug release/permeation profile is followed closely by directly assaying the 
drug concentration in the elution medium. Although the construction of this 
system is relatively simple, the rate of drug release/permeation can be de- 
termined reliably in  a short period of time. 


The results indicate that it requires 30 and 48 min, respectively, for the 
elution media (2 X 600 mL and 2 X lo00 mL) to reach the equilibrium tem- 
perature of 38°C from room temperature (22OC) (Fig. 5) .  Therefore, the 
solutions were always preheated to 38OC before each experiment. For both 
volumes of solutions (i.e.,  2 X 600 mL and 2 X lo00 mL), it took only 3 min 


Table 111-Effect of Polyethylene Glycol 400 Concentration on Rate of 
Drug Release from Vaginal Sponges a 


Polvethvlene Kinematic 


6~ = y t /Sh ,  = Dfk 


. 
Glicol h00. Viscosity, Qftl/*, mg/hl/2 b 


90 v/v cm2/s Initial Steady State 


0 
20 
30 
40 
50 


0.007 8.64 - 
0.018 4.95 2.14 
0.028 4.89 2.40 
0.044 2.67 2.67 
0.072 2.55 2.55 


Each contains 40 rng of flurogestone acetate. Calculated from Figs. 7 and 8. 


“ t 


mwRS”2 
Figure 8-Linear releationship between the cumulative amount off7uroge- 
stone acetate (Q) released from the vaginal sponge (containing 40 mg of the 
drug) into-1000 mL of elution medium (at sink condition) and square root 
of time (t‘f2). Note that there is no change in slope. Key: (A) 5W~poiyethylene 
glycol 400. 2.55 mglh ‘I2; (B) 40% polyethylene glycol 400. 2.67 mg/h’/*. 


to reach the theoretical concentration when a rotation speed of 330 rpm was 
applied (Fig. 6 ) .  indicating very rapid mixing even in large volumes. 


The release profiles of flurogcstone acetate from vaginal sponges into 
simulated vaginal fluid containing various volume fractions of polyethylene 
glycol 400 were evaluated. The quantity of drug released was initially high 
and then decreased. This pattern of a nonlinear drug-release profile was also 
observed earlier in both in oitro (1 3-1 7) and in vioo (18, 19) studies of ma- 
trix-type drug dispersing devices. 


Theoretically, when the matrix diffusion is the rate-controlling factor for 
the drug-release process, the release of drug from an insoluble, inert, polymeric 
matrix (like the polyurethane sponge in this study) is best described by the 
following (16): 


Q = [$ (2A - tCs)Cst]”* 


where Q is the cumulative amount of drug released, D is the diffusivity, c is 


n -  


a -  


HOURS 


Figure 9-finear relationship between the cumulative amount offlurogestone 
acetate permeating the vaginal mucosa into 600 mL of elution medium and 
time (t). Note that a zero-order absorption pattern was obtained. The donor 
solution contained 40% polyethylene glycol 400; the receptor solution con- 
tained 20%polyethylencglycol400. Bars represent SE. Key: (A) Cb * 116.2 
pdmL (36.48 pglcrn2/d); (B) l/zCb = 66.3 pg/mL (20.68 pg/crn*/d); (C) ‘hC& 
= 30.96 pglmL (9.98 pg/cm*/d). 
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DONOR FLUROGESTONE ACETATE CONC . WglrnL 


Fipw 10-Linear dependence of the steady-state intravaginal rate of ab- 
sorption across an isolated vaginal mucosa on the concentration offluroge- 
stone acetate in the donor solution (mucosa side). A Po value of 0.31 I cm/d 
is obtained from the slope. 


the porosity, and T is the tortuosity in the sponge matrix; A is the initial loading 
dose of drug in the sponge; C. is the solubility of the drug in the elution me- 
dium; and t is time. The theoretical model described in Eq. 3 indicates that 
the cumulative amount of drug released should be a linear function of the 
square root of time (t1l2). Experimentally, this Q uersw t 1 / 2  linearity was 
achieved (Figs. 7 and 8). There was, however, a break in the slope of the Q 
versus f 1 / 2  line when the elution medium was at non-sink conditions (0-30% 
polyethylene glycol 400-simulated vaginal fluid) (Fig. 7). On the other hand, 
perfect Q versus t1 l2 linearity was achieved when the elution medium was at 
sink conditions (40-5096 polyethylene glycol 400-simulated vaginal fluid) 
(Fig. 8). 


The results clearly indicate that the release of drug from the vaginal sponge 
can  be divided into two steps: the initial release, which is controlled by the 
dissolution process of solid drug from the surface of the vaginal sponge, and 
the steady-state release (which prevails after complete dissolution of the 
surface drug), in which the drug dispersed inside the sponge matrix is released 
by the matrix diffusion-controlled mechanism. This is illustrated by comparing 
the Qltl/* values generated in various combinations of polyethylene glycol 
400 and simulated vaginal fluid (Table Ill). It h a s  been reported that the initial 
release rates are remarkably affected by the solution hydrodynamics on the 
surface of the sponge, depending on both the fluid viscosity and the impeller 
rotation speed (12). As viscosity of the solution increases (from 0 to 50% 
polyethylene glycol 400), theinitial rate of drug release decreases. On the other 
hand, the effect of solution hydrodynamics on the steady-state release rates 
is rather negligible and, therefore, the rates become fairly independent of 
polyethylene glycol 400 concentration. As polyethylene glycol 400 concen- 
tration goes beyond 3w0, the steady-state rate of release stays at essentially 
the samelevel (2.54 f 0.14 mg/hIl2). 


The permeation profiles of flurogestone acetate from the WO polyethylene 
glycol 400-simulated vaginal fluid solution (which contains various drug 
concentrations) through the vaginal mucosa were investigated (Fig. 9). The 
cumulative amount of drug absorbed (Q) was a linear function of time. As 
the concentration of flurogestone acetate in the donor compartment decreases 
(from a 100% to a 25% saturated solution), the rate of drug permeation, 
through the vaginal mucow was observed to decrease proportionally (Fig. 10). 
The steady-state permeation rate, (at),, across the vaginal mucosal barrier 
is defined by: 


( Q / t ) v  =a Pv.ACv (Eq. 4) 


where P, and AC, are the permeability coefficient and the concentration 
gradient across the vaginal barrier, respectively. From the slope of the re- 
gression line of versus AC”, a permeability coefficient of 0.3 11 cm/d 
was determined for the intravaginal permeation of flurogestone acetate 
through the vaginal mucosa of sheep. 


CONCLUSIONS 
A relatively simple drug release/permeation system was designed for the 


measurement of in vitro drug release and permeation profiles. The system 
developed is capable of maintaining sink conditions by the use of water-mis- 
cible polyethylene glycol 400. which tends to simulate the biological sink. By 
doing so. it is expected to achieve a better in uitro-in vivo correlation. The 
effect of the diffusion boundary layer on the release and permeation of the 
drug is minimized by maintaining a thin, but constant, thickness of the hy- 
drodynamic diffusion layer on the surface of the sponge and vaginal m u m .  
This was accomplished by constant stirring and maintaining a fixed temper- 
ature throughout the experiments. The release of flurogestone acetate from 
the vaginal sponge followed a surface dissolution-matrix diffusion-type 
consecutive release. The initial rate was apparently influenced by both the 
fluid viscosity and impeller rotation speed. The steady-state release, which 
is described by a linear Q versus rl/* profile, was then established. The in- 
travaginal absorption rate of the drug from the solution was observed to be 
constant and was proportional to the flurogestone acetate concentration in 
the donor solution. An intravaginal permeability coefficient of 0.31 1 cm/d 
was determined. It is surprising to note that the release rate of flurogestone 
acetate from the sponge is much faster than the rate of absorption (compare 
Fig. 8 with Fig. 9). An ideal device should deliver the drug at a rate equal to 
the rate of absorption. This could be achieved by making the device release 
the drug in zero-order fashion. Since the dose of flurogestone acetate required 
for estrus synchronization in sheep is only 0.3-0.4 mg/d, a slower release rate 
than that of the present sponge would be desired. It is apparent that an in- 
travaginal drug delivery system which releases the drug at a slower, but con- 
stant, rate should be developed. 
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Abstract 0 The in uifro interaction of selected drugs with coffee, tea, gallic 
acid, and gallotannic acid was examined by mixing solutionsof drug with each 
of these four preparations. Results of these experiments indicate that signif- 
icant precipitation occurs for a variety of agents, including several pheno- 
thiazines, amitriptyline, haloperidol, imipramine, and loxapine. The strong 
complex which is formed between these drugs and tannins is probably the basis 
of the interaction of these drugs with coffee and tea. Although precipitates 
did occur with a number of neuroleptics, two members of this drug class, 
thiothixene and molindone, failed to interact with the solutions used. 


Keyphrases 0 Tricyclic antidepressants-in uitro interaction with coffee, 
tea, gallotannic acid, and gallic acid 0 Neuroleptics-in uifro interaction with 
coffee, tea, gallotannic acid, and gallic acid 


The interaction of certain antipsychotic agents with tea and 
coffee has received some attention in  recent years. Mikkelsen 
( I )  first reported that increased consumption of coffee may 
reduce the effectiveness of phenothiazines. Soon after, Hirsch 
(2) and Kulhaneck et al. ( 3 )  reported that in oitro mixing of 
a number of neuroleptics, including chlorpromazine, halo- 
peridol, and fluphenazine (but not trifluoperazine), with coffee 
or tea led to the formation of a precipitate. Cheeseman and 
Neal (4) have studied the interaction of chlorpromazine with 
coffee and tea in more detail and have found that simultaneous 
oral administration of tea with chlorpromazine completely 
abolished the cataleptic effects of this drug in rats. Concern 
about the possible effects which precipitation of antipsychotics 
could have on their bioavailability in humans led Bowen et al. 
( 5 )  to study the possible interaction of coffee and tea with these 
four drugs in female patients. Using a dopamine receptor assay 
(6) ,  plasma drug concentrations were measured during se- 
quential weekly periods of normal coffee and tea intake, ab- 
stinence from these beverages, and finally resumption of in- 
take. On the basis of plasma drug levels and behavioral scores 
(7), they concluded that withdrawal of coffee and tea did not 
increase drug bioavailability. However, neither the amounts 
of coffee and tea used in this study nor the timing of beverage 
intake with respect to drug administration were specified. 
Furthermore, the time intervals used in the overall design of 
this experiment were questionable. 


In the present study, we report results on the in oitro inter- 
action of coffee, tea, gallotannic acid, and gallic acid with a 
variety of neuroleptic agents, as well as amitriptyline and 
imipramine. 


EXPERIMENTAL SECTION 


The drugs used in this study included amitriptyline hydrochloride’. chlor- 
promazine hydrochloride2, haloperido13, imipramine hydrochloride2, loxapine 
hydrochloride4, molindone hydrochloride5, prochlorperazine hydrochloride6, 


I Mcrck. Sharp and Dohme Co. 
Sigma Chemical Co., St. Louis. Mo. 
McNeill Laboratories. Inc. 
Lederle Laboratories. 
Endo, Inc. 
Smith Kline and French Laboratories. 


thioridazine hydrochloride7, thiothixene hydrochlorides, and trifluoperazine 
hydrochloridez. Gallotannic acid9 and gallic acid2 were commercially obtained. 
The buffer solutions used in these studies were McIlvaine’s buffer (0.1 M citric 
acid-0.2 M sodium dihydrogen phosphate, pl l  2-8) and Clark and Lub’s 
buffer (0.1 M potassium chloride-0.1 M hydrochloric acid, pl4 I ) .  


pH Variability Studies-Portions (1  mL) of an aqueous solution of drug 
(20 mg/mL) werediluted with 1 mLof buffer. Thissolution was then added 
to a mixture of aqueous gallotannic acid ( I  mL, 20 mg/mL) and buffer (3  mL) 
to achieve final concentrations of drug and gallotannic acid of 3.3 mg/mL 
each. The resulting precipitate was removed by f i l t r a t i ~ n ’ ~ .  A portlon 
of the filtrate (2  mL) was acidified by the addition of 2 M HCI in a dropaise 
manner and adjusted to pH 2 by addition of 2 mL of buffer. A saturated so- 
lution of lead acetate (2  mL) was added to the acidified filtrate, and the re- 
sulting precipitate was removed by filtration. The concentration of free drug 
in the filtrate was determined by comparing the UV absorbance of appro- 
priately diluted samples with a standard curve of absorbanceoersus concen- 
tration. Experiments designed to study the interaction of gallotannic acid with 
various drugs a t  specific pH values were carried out in  an identical manner. 
Studies assessing the effects of reduced drug concentration on precipitation 
were also carried out in an identical fashion with drug concentrations of 2 
mg/mL (fora l:lOdilution).Samplescontainingdrugat a 1:IOdilutionre- 
quired an additional extraction step because of the high concentration of tannin 
relative to drug. During this step, 2 mL of the lead acetate filtrate was adjusted 
to pH 10 by addition of 1 M NaOH in a dropwise manner. This solution was 
then extracted three times with 2-mL portions of distilled ethyl acetate. The 
combined ethyl acetate fractions were washed with water, dried with anhy- 
drous sodium sulfate, filtered, and evaporated. The remaining residue was 
dissolved in 4 mL of buffer (pH 2) before dilution and UV absorption mea- 
surement. 


Studies to estimate the effects of mutual dilution of drug and tannin were 
conducted by using buffered solutions of drug and gallotannic acid which were 
diluted 1:s with distilled water before mixing and filtration. The filtrate (2  
mL) was then mixed with 2 mL of buffer (pH 2). treated Hith 2 mL of lead 
acetate, and filtered before U V  absorption measurements. 


Experiments with Coffee and Tea-Measurements of the interaction of 
coffee and tea with neuroleptic agents were carried out by mixing aqueous 
solutions of drugs with these beverages in the following proportions: for 
amitriptyline. haloperidol, and loxapine, 1 mL of drug solution (10 mg/mL) 
with 2.5 mL of beverage; for thiothixene, 1 mL of drug solution (5 mg/mL) 
with 0.65 mL of beverage. All other studies were conducted with I mL of drug 
solution (20 mg/mL) and 5 mL of beverage. Coffee was prepared by dissolving 
2 g of instant coffee in I50 mL of boiling distilled water. Tea infusions were 
prepared by steeping one tea bag containing 2.5 g of black tea in 150 mL of 
boiling water for 5 min. The pH resulting from addition of drug to tea or coffee 
varied between 4.5 and 5.0. In the experiments with tea, the resulting pre- 
cipitates were filtered, and 2-mL portions of the filtrate were diluted with 
buffer, treated with lead acetate, and filtered as described above. In  the ex- 
periments with coffee, the drug precipitates and lead-tannin precipitates were 
removed by centrifugation at 4000 rpm for 8 min. Extractions and UV ab- 
sorption measurements were then carried out as described above. 


Otber Studies-Studies designed to examine the reversibility of the inter- 
action between chlorpromazine and gallotannic acid in an aqueous medium 
were conducted by mixing buffered (pH 5) solutions of drug and gallotannic 
acid as described above. The resulting suspension was placed in a dialysis bag 
made from benzoylated dialysis tubing2 (exclusion range, 1200-2000). The 
bag was immersed in four volumes of buffer and stirred at room temperature 
for 24 h. The suspension within the dialysis bag was then filtered. Portions 
of this filtrate, as  well as the dialysate, were then treated with lead acetate, 
filtered, and diluted in preparation for the UV absorption measurement. The 
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Table I-Interactions of Neuroleptics and Antidepressants with Callotannic Acid, Tea, Coffee, and Gallic Acid a 


Drug 


Drug- 
Percent Drug Precipitated Percent Drug Precipitated Percent Drug Gallic 


by Gallot&nic AcidC by yea . Precipitated Acidd 
20 mg/mL 2 mg/ml. 20 mg/ml. 2 mg/mL by Coffee Interactions 


Amitriptyline hydrochloride (245 nm) 
Chlorpromazine hydrochloride (305 nm) 
Haloperidol hydrochloride (252 nm) 
Imipramine hydrochloride (252 nm) 
Loxapine hydrochloride (295 nm) 
Molindone hydrochloride 
Prochlorperazine hydrochloride (305 nm) 
Thioridazine hydrochloride (31 2 nm) 
Thiothixene 
Trifluoperazine hydrochloride (305 nm) 


43 f 2 (5) 
91 f I ( 6 )  
41 f 4 ( 6 )  
6 4 f  l ( 6 )  
80 f 5 (6) 


nr 
98 f I (5) 
91 f I ( 4 )  


nr 
88 f I (6)  


nd 
6 9 f  I 


nd 
5 4 f  1 
72 f 4 


nr 
8 4 f  I 
76 f 2 


nr 
61 f I 


1 2 f  I nd 
51 f 2  69 f I 


3 f l  nd 
62 f I nd 


nd nd 
nr nr 


8 4 f  I 9 4 f  1 
71 f 1 78 f I 


nr nr 
51 f 2  8 0 %  1 


nd 
1 9 f 2  


nd 
nd 
nd 
nr 


65 f I 
55 f l g  


nr 
31 f 1 


nrf 
t 
nr 
nr 
nr 
nr 
t 
t 
nr 
t 


a Values listed are averages of triplicate determinations taken at drug concentrations of 20 and 2 mg/ml.. Numbers in parentheses indicate wavelengths a t  which measurements 
were made. Numbers in parentheses indicate pH vaues at which these determinations were made. The pH values represent the highest pH which could be uscd without precipitating 
the free base formsof these drugs. All determinations were made with pH 5 buffer. nd---Percent drug precipitated was not determined due to weak drug absorptions and interfering 
absorptions due to constituents in coffee and tea. In the case of loxapine, measurements were not made due to inability to extract drug into the organic phase. 1 nr-No precipitate 
was formed on mixture of these substances. 8 Duplicate experiments indicated that 678 drug precipitation occurred when the same brand of decaffeinated coffee was mlxed with 
thioridazine. 


resulting absorbances for these fractions were compared with those obtained 
from a dialysis experiment using chlorpromazine alone, which was dissolved 
in buffer (pH 5). A similar procedure was used to examine the reversibility 
of the interaction between chlorpromazine and the condensed tannins present 
in tea. A solution of drug and tea were mixed as  described above, and this 
mixture was placed in a dialysis bag which was immersed in  water for 24 h 
with stirring. 


In  a separate experiment, a buffered solution of chlorpromazine was mixed 
with tea or gallotannic acid. A portion of the rcsulting suspension was cen- 
trifuged at 4000 rpm for 8 min. The supernatant was decanted, and the re- 
maining pellet was washed by resuspending in distilled water and centrifuging. 
After decanting the resulting supernatant, the drug precipitate was washed 
once more and then dissolved in 6 mL of a 1:l  methano-water. Several drops 
of this solution were treated with 3% ferric chloride in 0.5 M HCI. Another 
portion of this solution was spotted on a TLC plate”, which was developed 
in methanol and visualized under short-wavelength UV light. 


RESULTS AND DISCUSSION 


In  Table I the interactions which occurred between the various drugs and 
the solutions are listed. Although drug precipitation was most pronounced 
with phenothiazines. it also occurred with other drugs as well. The observation 
of precipitate formation between trifluoperazine and coffee or tea is contrary 
to the results reported by Hirsch (2). 


It is not surprising that tannins interact with many of the drugs examined 
in this study. Both hydrolyzable tannins (e.g., gallotannic acid) and condensed 
tannins, such as those present in tea and coffee, are known for their ability to 
precipitate metals, proteins, and certain organic compounds (8- 10). The 
historic use of gallotannic acid as an antidote for alkaloid poisoning is based 
on its ability to form precipitates with many such natural products (1 I). 
Gallotannic acid complexes with morphine and cyanocobalamin have been 
examined as possible sustained dosage forms (12.13). The effects of tannins 
on the absorption of iron and thiamine have also been studied. Roy and Mu- 
kherjee (14) have studied the effects of food tannins on iron metabolism. 
Morck et al. ( 1  5) have recently demonstrated that both coffee and tea can 
inhibit iron absorption in humans. In studies of the interaction between gal- 
lotannic acid and thiamine (16). i t  has been suggested that excessive intake 
of tea can contribute to thiamine deficiency, possibly because the phenolic 
groups of the tannins found in tea participate in ring opening and oxidation 
reactions of thiamine (17). 


The phenothiazines used in these studies formed a precipitate with gallic 
acid, which is a constituent of both condensed and hydrolyzable tannins. 
Cheeseman and Neal have reported precipitation of chlorpromazine with 
solutions of sodium benzoate and sodium salicylate (4). They have suggested 
that these agents could account for the observed interactions of neuroleptics 
with coffee and tea. However, the concentrations of the aromatic acids used 
in the studies of Cheeseman and Neal, as well as the gallic acid solutions used 
in this study, are much higher than those which could exist in coffee and tea. 
On the other hand, the concentrations of tannins found in tea are high enough 
to account for the degree of drug precipitation seen in Table I. The differences 
in the amounts of drug prccipitated by coffcc and tea reflect the differences 
in tannin content (tea, 10-15%; coffce, 3-5%). In addition, ferric chloride 


treatment of a washed chlorpromatine-tea precipitate resulted in the pro- 
duction of a dark-green color, which is indicative of polyphenolic compounds. 
such as  the condensed tannins present in tea. Furthermore, tea which was 
pretreated with lead acetate to remove tannins failed to produce a precipitate 
when mixed with chlorpromazine. 


Experiments were carried out by using thioridazine with regular and de- 
caffeinated coffee to test the possible cffects of caffeine on drug precipitation. 
The results show very little difference in the amount of drug precipitated with 
the two varieties of coffee. Thus, any competition which may exist between 
caffcine and drug in complexing with tannins results in a minimal decline in 
drug precipitation. Although caffeine may not alter drug precipitation in tea 
or coffee, it could exert significant influence on the therapeutic effects of 
phenothiazines by producing pharmacokinetic or pharmacodynamic inter- 
actions. Such interactions may result from effects of caffeine on microsomal 
metabolism of antipsychotics (18) or from possible pharmacological antag- 
onism (19). Evidence for a pharmacological effect is conflicting. Morpurgo 
(20) has reported that caffeine citrate (10 mg/kg) totally inhibited the cat- 
aleptic effects of phenothiazines in rats within 1 h after administration. On 
the other hand, Cheeseman and Neal have found that the caffeine content 
in tca did not account for the total loss of chlorpromazine-induced catalepsy 
in rats when tea was administered simultaneously (4). The doses of chlor- 
promazine and caffeine uscd in  this experiment were 8 and 15 mg/kg, re- 
spectively. 


The effects of pH and dilution on drug precipitation were studied in some 
detail to learn more of the drug-tannin intcraction. The results shown in Fig. 
I indicate that the percent precipitation of imipramine. loxapine. and thio- 
ridazinc increases as the pH increases from 1 to 6.  A similar trend holds for 
all other drugs listed in Table I when mixcd with either gallotannic acid or 
tea. Furthermore, dilution studies indicate that a significant amount of 
chlorpromazine (59%) is precipitated, even when drug and gallotannic acid 
are both diluted 1.5 before mixing. Experiments with tea and chlorpromazine 
diluted 1:s resulted in a 36% drug precipitation. As indicated in Table I, a 
10-fold dilution of drug alone also had little effect on total drug precipitation. 
Such increases in drug precipitation which occur with dilution are consistent 
with the results of Cheeseman and Neal (4). who have reported increases in 
percent chlorpromazine precipitation as  the chlorpromazine-tea ratio is re- 
duced. 


Additional experiments have indicated that the drug-tannin complex is 
strong i n  the sense that the majority of drug remains cornplexed with tannin 
after prolonged dialysis. Dialysis of the chlorpromazine-gallotannic acid 
precipitate at pH 5 for 24 h showed that 90% of total drug remained com- 
plexed. Dialysis of a chlorpromazine-tea precipitate showcd that 62% of the 
drug remained complexed after 24 h. However, although the complex between 
chlorpromazinc and tannins is strong, it is not irreversible, and it does not 
produce a modification of the drug moleculc. Dissolution of the precipitate 
in methanol-watcr ( l : l ) ,  followed by TLC showed the presence of chlorpro- 
mazine. This result is in agrecmcnt with the findings of Kulhaneck ef al. (3). 
who have reported that fluophenazine and haloperidol were liberated un- 
changed by dissolving drug-tea precipitates in water. 


CONCLUSIONS 


The prcscnt studies identify tannins as the major contributory factor in the 
precipitation of various neuroleptics and tricyclic antidepressants by coffee 
and tea. They also indicate that tea and coffee can precipitate significant ‘ I  Silica gel 60 F-254. 
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Figure 1 -pH variability of drug-gallotannic acid interaction. Plots represent 
results with thioridazine (-). loxapine (- - - - -1. and imipramine (- -). 
Each point represents the average of three determinations. At pH 3, loxapine 
produced a j n e  precipitate which could not be isolated by filtration or cen- 
trifugation. However, no precipitate was formed with this drug at pH 2. 


amounts of these drugs, especially phenothiazines. It is possible that the effects 
of gastric acidity, along with GI secretions and motility, may drastically reduce 
the amount of drug complexed in the intestine. However, studies on the effects 
of pH and dilution indicate that any drug-tannin complexation which may 
occur in the GI tract should be maximal in the intestine, where most drug 
absorption occurs. Furthermore, dilution studies indicate that gallotannic acid 
and tea precipitate significant amounts of drug even at  somewhat diluted 
concentrations, suggesting that dilution in the intestine may not completely 
eliminate drug-tannin interactions. Finally, dialysis experiments show that 
the chlorpromazine-gallotannic acid complex is quite stable at nearly neutral 
pH. Thus, once formed, the drug-tannin precipitate may not be readily soluble 
in the intestine. 


Studies in rats have shown that simultaneous administration of tea can 


abolish the cataleptic effects of chlorpromazine. Whether this effect is due 
to caffeine or other components in tea is open to question. Bowen et al. ( 5 )  
have reported that abstinence from tea or coffee had no effect on the bio- 
availability of several neuroleptics studied. However, the time and amounts 
of coffee and tea intake in this study were not specified. It is interesting to note 
that Bogner and Walsh (21) have compared the absorption of a sustained- 
release complex of gallotannic acid and radiolabeled phenylephrine hydro- 
chloride with that of phenylephrine hydrochloride alone in human volunteers. 
The results indicated that use of the drug-tannin complex prolonged the time 
at which peak radioactivity was observed in the blood and r e d u d  levels of 
peak radioactivity. A reduction in total radioactivity versus time (-25%) also 
occurred during the 24-h period in which measurements were taken. Prolonged 
absorption such as  that observed in this study may have an especially signif- 
icant role in affecting blood and tissue levels of drugs, such as chlorpromazine, 
which undergo significant metabolism in the intestine (22.23). More detailed 
studies need to be carried out on the possible in uivo interaction of coffee and 
tea with neuroleptics and tricyclic antidepressants. 
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Abstract 0 As part of a long-range plan to decipher the mechanism of mass 
transfer of corticosteroids across skin. the permeation of ['HJhydrocortisone 
through hairless mouse skin was characterized by in c:i/ro diffusion cell 
techniques. Age and anatomical site-related behaviors were explored mainly 
with whole skin but also with skin stripped of its horny layer. Permeability 
of the mouse skin was low shortly after birth and increased during the singular 
normal hair cycle exhibited by thc SKH-hr-'  mouse strain. The return to a 
hairless state over a period of 20- 35 d was accompanied by decrcascd per- 
meability of hydrocortisone. A permeability coefficient of -2 X cm/h 
was found for the mature mouse. For whole skin, there was nodifference in  
the permeabilities of dorsal and abdominal skin sections, but for stratum 
corneum-free membranes and dermal membranes, the abdominal site ap- 
peared to be more permeable, which is consistent with its thinner dimensions. 
Totally stripped skin and isolated dermis are -500 and -1000 times more 
permeable than intact skin. respectively: the unaltered stratum corneum of 
the hairless mouse is thus shown to be the major barrier to the mass transfer 
of hydrocortisone. 


Keyphrases 0 Absorption, percutaneous- hydrocortisone, influence of age, 
site, and skin sectioning on permcation rates, hairless mouse skin 0 llydro- 
cortisone-percutaneous absorption, influences of age, site, and skin sectioning 
on permeation rates. hairless mouse skin 


I n  previously published studies on the absorption through 
skin of hydrocortisone (the prototype of the corticosteroids), 
it was noted that the process is highly sensitive to the manner 
of treatment of the skin sample. The first evidence of its ab- 
sorption was skin atrophy on repetitive applications to rat skin 
(1). When ''C-labcled hydrocortisone became available, direct 
proof of its passage through skin in the form of radioisotope 
collected in urine after topical applications to human volun- 
tccrs was gathered (2). By such methods, it was possible to 
show that only t iny  fractions of the applied steroid passed 
through intact skin (2,3),  but that absorption through diseased 
and inflamed skin was far more facile (4). Occlusion was 
demonstrated to improve absorption by several times that 
without occlusion ( 3 ) ,  and stripping of skin had exaggerated 
effects of enhancement (3, 5). By using a similar technique in 
monkeys, the influences of the amount of hydrocortisone ap- 
plied to a specified area and the frequency of application have 
been described ( 6 ) .  and the important conclusion that ab- 
sorption of hydrocortisone through skin is increased on long, 
continuous application has been reached (7). Along these lines, 
hairless mouse epidermal sections excised from animals treated 
with U V  light and acetic acid-rctinoic acid (vitamin A), all 
of which were under circumstances that induced epidermal 
hypcrplasia, were measurably more permeable to hydrocor- 
tisone than were the skin samples uscd as controls (8). Excised 
skin (human) has also been used to study vehicle effects (9, 10). 
Hydrocortisone has also been shown in human volunteers to 
bc a relatively feeble inhibitor of induced inflammation when 
directly compared with its intermediate-chain-length 21-alkyl 
esters ( I  I ) .  


All of the mentioned absorption-related phenomena and 


influences can be put to stringent, quantitative testing by in 
oitro diffusion cell methods. Yet, to date, only Schcuplein et 
al. ( 1  2) have characterized the permeabilities of such com- 
pounds, finding human epidermal permeability coefficients 
of 3 X cm/h for 
cortisone. I t  is the specific purpose of this study to obtain, by 
using the hairless mouse model system, baselines on the ab- 
sorption of hydrocortisone as a prelude to factoring the degree 
of permeation dependency of corticostcroid pharmacological 
responses. 


cm/h for hydrocortisone and 1 X 


EXPERIMENTAL SECIION 


Chemicals- -The tritiated hydrocortisone' used in thcsc studies had a stated 
radiochemical purity of >Y9% and a specific radioactivity of 95.2 Ci/mmol. 
Sodium chloride irrigation2 was used as an isotonic medium in  which to pre- 
pare the hydrocortisone solutions and as the medium of the receptor com- 
partment of the diffusion cell. (-'HI t-lydrocortisone stock solutions, with a 
radiochemical activity of -100 pCi/mL. were prepared. These solutions were 
diluted roughly 15-fold during the coursc of charging thedonor compartment 
of the cell. Final concentrations of hydrocortisone in the chamber of the dif- 
fusion cell were < I  0-5 M, 


Membrane Preparation- The basic techniques for prepartion of the 
membranes and for running of the permeation experiments have been previ- 
ously reported ( 1  3-16) and. therefore. are only briefly described herein. In 
most studies, the membranes were full-thickness skin sections from the ab- 
dominal and dorsal surfxes  of hairless mice. SKH-hr-' strain'. Male hairless 
mice of known ages were sacrificed by spinal cord dislocation. Rectangular 
sections of skin, several centimeters in each dimension, were excised from the 
animal, and the adhering fat and other visceral debris were removed. After 
trimming each excised skin section into an oversixd, rough circle, the tissue 
was placed in a diffusion cell. Stretching of the skin, as evidenced by distortion 
or expansion of the circular marking, was corrccted. and the cell halves were 
made fast with a spring clamp. The area available for diffusion between 
compartments was -0.6 cm2. 


For some experiments, the skin surface, while still on the animal carcass, 
was stripped repeatdly of its stratum corneum cells by fastening adhesive 
t;1pe4 smoothly and sccurcly to thc surface with light pressure from the fingers. 
Attempts were made to obtain adhesion over thc entire covered surface before 
the tape was abruptly removed. This prtredurc was rcpeeted many times on 
each site with fresh pieces of adhesive tape uscd for each stripping. 


Dermal sheets were prepared for the permeation studies by soaking excised 
skin sections for -24 h, at which time the epidermis could be separated from 
the dermis by peeling carefully with the blade of a spatula. The isolutcd dermis 
layer was mounted in  the diffusion chamber. 


Diffusion Cells- Small glass diffusion cells. the dimensions of which have 
been reported previously. were employed ( 13- 16). The cells were assembled 
with the freshly excised mouse skin between the half-cells. The assembled cells 
were then immersed in constant-temperature baths. The cell contents were 
stirred at  I50 rpm. 


Permeation Procedure- Each half-cell was partially ('illcd (-I ml.) with 
saline, evacuated with a syringe, and filled with I .4 ml. of salinc. The contents 
were mixed for 5 min to ensure temperature equilibration. Samplcs ( IOOpl.)  
were withdrawn from each side; the samples were assayed to ensure that no 
residual radioactivity remained from previous runs. At this point, the donor 


I Lot no. KET-396; Kew England lriuclear Corp.. Boston. Mash * Abboll I.aboratories, North Chicago. 111. 
Skin Cancer Hospital. Philadelphid. Pa. 
Scotch Brand cellophane tape: 3M Co.. Minneapolis. M i n n .  
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Table I-Permeabilitv Coefficients and h e  Times of Hvdrocortisone as a Function of Aee and Anatomical Site 


Mouse pI x 104, pII x 104, 
Age. d n Weight, g Site" cm/hb  Range of PI f1. .1,  hC Range of 1 1 . ~  cm/hb Range of P I  r1..11, hC Range of fl..11 


5 3 


15 5 


20 5 
-. 


35 2 


516 3 


657 2 


80- 1 o o e  


3.67 f 0.52 


7.8 f 0.44 


10.4 f 0.65 


21.5 
(21,221 


40.7 f 1.5 


41.0 
(41 41 1 


- 


A I . 0 f 0 . 3  
D 1.2 f O . l  
c I . l f 0 . 2  
A 3.7 f 1.3 
I) 4.5 f 2.4 
C 4 . l f l . 9  
A 3.4 f 1.5b 
D 4.4 f 1.6 


C 3.9 f 1.3 
A 3.1 
D 3.1 
C 3.1 f 1.0 
A 2.4 f 0.5 
D 1 . 6 f 0 . 4  
C 2 . 0 f 0 . 6  
A 1.7 
D 1.7 
C 1.7 f 0.6 
- -3.0 


0.7-1.2 
11-1.3 


2.5-5.2 
3.1-8.7 


- 


- 


2.3-5.5 
3.0-5.8 


-_ 


3.0-3.1 
3.0 3.2 


- 


I .9-2.8 
1.3-2.0 


1.2--2.1 
1.2-2.2 


- 


- 


- 


7.6 f 1.0 
9.9 f 0.6 
8.7 f 1.5 
4.4 f 1.6 
7.8 f 2.4 
6.1 f 2.6 
5.3 f 0.7 
6.2 f 1.5d 


5.8 f 1.2 
5.9 
7.4 
6.7 f 1 
6.9 f 0.7 
8.6 f 3.2 
1.7 f 2.3 
11.8 
11.0 
I I .4 f 2.4 
-I0 


6.8-8.8 
9.2-10.4 


2.5-6.4 
- 


5.2- 1 I .4 


4.3-5.9 
3.6-7.0 


- 


- 
5.7-6.2 
6.7-8.1 


6.1 -7.4 
- 


6.1-12.2 
- 


9.3-14.2 
9.6- 12.5 
- 
- 


4. I 
2.4 f 0.2 
3.1 f 1.2 
- 
- 
- 
- 


- 


15.7 
20.8 
18.3 f 4.1 
- 
- 
- 


- 
- 
- 


-90 


2.9-5.2 
2.3-2.6 


_ _  
- 
- 
_- 


- 


- 
13.0- 18.4 
18.5-23. I 
- 
- 
- 
- 
- 
- 
-. 
- 


21.5d 18.3-24.6 
17.8 f 2.2 16.1-20.3 
1.93 f 3.4 - 


24.7 23.7-25.8 
25.9 25.5-26.4 
25.3 f 1.2 -- 


~~ 


A, D. and C represent abdominal, dorsal, and combined sites, respectively. PI and P I I  are the permeability coefficients in phases I and I I ,  respectively. rL.1 and rL.11 are the 
Independent studies with an HPLC lag times of phases I and I I ,  respectively. 


assay with nonradiolabeled hydrocortisone are to be presented i n  another report. 
Average of one less value than the number of mice is indicated; an anomalous value was discarded. 


Table 11-Permeability Coefficients of Hydrocortisone through Stripped Skin and Dermal Sections 


Average P 
over Both Average Ratio Mouse P X  104, Range of 


No. of Strippings Age. d n Site" cm/h f SDb P X lo4, cm/h (D/A) of Pc Sites X lo4, cm/h 


25 62 3 A 1080 f 150 990- 1250 0.58 855 
D 630 f 210 390-790 


50 65 3 A I310 f I10 ll9o-l390 0.70 I l l 0  
D 900 f 55 850-950 


100 65 2 A 1 5 6 0 f  190 1 360- 1740 0.72 I340 
D 1 I 10 f 66 1060-1 I60 


Dermis 150 1 A I890 - 0.81 1710 
D I530 - 


~~~~~~ ~~ ~ 


A and D represent abdominal and dorsal surfaces, respectively. * P is presented to allow direct comparisons to be made with data in Table I. Average of the individual ratios 
for each mouse. 


compartment was charged with 100 p L  of the stock solution. Saline (100 pL) 
was added to the receiver. At predetermined intervals, samples were withdrawn 
from the respective compartments, transferred to vials containing scintillation 
cocktails (10 mL), and assayed on a liquid scintillation counter6. 


The moment of charging the donor half-cell marked the zero time point for 
the diffusional run. T u o  minutes elapsed before the initial donor sample was 
withdrawn to allow for uniform mixing, and the concentration of this sample 
was used as the initial donor cell concentration. The overall procedure was 
designed to maintain an essentially fixed concentration across the membrane 
during the course of a r u n .  The permeation entered pseudo steady state, and 
the permeability Coefficients of the steroids were readily ascertained. 


Analysis of Data-Thc data wcre plotted as counts collected in the receptor 
compartment as a function of timc. Correction was made for sampling, which 
in all cases was done by replacing with saline. The permeability coefficient 
for a given run was calculatcd from: 


where J T  is the total pseudo-steady-state flux (in cpm/s) across the skin, P 
is the permeability coefficient (in cm/s); A is the diffusional area (in cm2); 
AC is the concentration diffcrential across the membrane, which was taken 
to be equal to the donor phase concentration, (in cpm/mL); V is the half-cell 
volume and volume of the receptor compartment (in mL); and dC/df is the 
steady-state slope in terms of cpm/mL/s. 


RESULTS 


Some representative permeation plots obtained from runs with full-thickness 
skin sections taken from mice at  5,20,35, and 516 d of age are shown in Fig. 


~~~~~~~~~~ ~~ ~ 


Aquasul: New England Suclear Corp. 
Model 200 or 9000 scintillation counter; Beckman Instruments Co.. Iullerton. 


Calif. 


I .  All runs were carried out for -40 h. At 5 and 35 d. such plots were of a bi- 
phasic nature. Two lag times and two permeability coefficients were recorded 
in such instances. Data from runs such as these are summarized in  Table I .  


Table I 1  is a compilation of data obtained on processed skins, i.e., skins 
stripped ofstratum corneum and dermis isolated by soaking overnight in saline. 
All data in  Tables I and I I  were collected at  37OC. 


DISCUSSION 


Effect of Age-The permeabilities of the SKH-hr-' hairless mouse skin 
to alkanols have previously been shown to pass through a cycle over the first 
3 weeks of life ( I  7). which is coincident with the development of a coat of fur. 
Similar behavior is evident for hydrocortisone. even within the limited number 
of age points available (Fig. 2). At 5 d (before the first appearance of hair), 
the permeability was low. By 15 d (slightly past midcycle and about the point 
in time of the first shedding of the coat). the permeability coefficient was -3.7 
times larger than the value at  5 d, and it remained high to near the end of the 
hair cycle (20 d). The overall averages at  the latter two time points are sta- 
tistically larger than thegreater 5-d average (Student r test;p < 0.01). Based 
on permeability coefficients measured in the early phase of permeability of 
skins from 35-d-old mice add older, the permeability of hydrocortisone through 
the intact skin declined slightly after shedding of the furry coat, which was 
more or less complete a t  25 d of age. The permeability coefficients of hydro- 
cortisone through unbroken, mature mouse skin of the specified strain is on 
the order of 2 X 


Permeability of Processed Skin Sections-In these studies. some skin 
samples were stripped 25, 50, and 100 times with adhesive tape and others 
wcre soaked overnight to remove the entire epidermal layer from the skin, 
leaving sheets comprised strictly of dermis and a thin film of protective tissue 
covering the undersurface of the dermis. The overall averages for the per- 
meability coefficients of these processed tissues (Table i l )  are plotted against 
the number of strippings (Fig. 3). The isolated dermis represents infinite 
stripping. This plot indicates a systematic increase in permeability as the 


cm/h. 
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Figure I-Representatioe plots of counts per 
minute versus time for the permeatron of 
hydrocortisone through the skins of hairless 
mice, aged 5 d (A ] .  20 d IBJ, 35 d (CI. and 
516 d (D). 
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strippings become more numerous, but even at I00 strippings, the skin appears 
to be less permeabile than the dermis alone. The bulk of the barrier impairment 
is accomplished with 25 strippings, however, and the permeability coefficient 
is increased by roughly 300 times relative to the intact skin at this point. 
Seventy-five more tape strippings only doubled the coefficient again, whereas 
removal of the entire epidermis produced only a 2.5-fold additional increase. 
Past work with alkanols has indicated that 25 strippings effectively removed 
the entire stratum corncum. At first impression, the data obtained with hy-  
drocortisone suggest that this may not be so. However, the stripping procedure 
is laborious and it is suspected that wear and tear of the resident living epi- 
dermal matrix. and possibly the dermis, may be responsible for increased 
permeability after exaggerated stripping rather than furthcr removal of horny 
cells. As with all previous permeating species, the isolated dermal membrane 
is from I .5 to 2 times more permeable than stripped skin, which is consistent 
*i th  a resistance in the viable epidermis of the same order of magnitude as 
that of the dermis, which is much thicker. Finally, the absolute permeability 
coefficients of skin stripped 25 times (-0.085 cm/h) and isolated dermis 
(-0.17cm/h)areroughlgone-halfthevaluesfound for thealkanols( 14, I S )  
and for phenol (19) with tissue prepared in a cornparable manner from mice 
of comparable age. On the other hand, neomycin, a larger molecule than hy- 
drocortisone, is less permeable than the corticosteroid (20). There is a readily 
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Figure 2-Permeability coefficients (PI values) of hydrocortisone through 
hairless mouse skin as a Junction of mouse age. 
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evident molecular size dependency to diffusion across these processed skin 
sections. 


Anatomical Site as  a Permeability Variable-Among all the studies, dorsal 
and abdominal skin sections from the same animals werestudicd in tandem. 
As far as we could determine, the permeabilities of full-thickness skin sections 
taken from these locations were the same. In contrast, stripped skin sections 
and isolated dermal sections from the abdomen appear to be one-third more 
permeable than comparably prepared sections from the back of the animals. 
Given that the intact skin section is several hundred times less permeable than 
the least-permeable sample of processed tissue, the implication is clear that 
the horny layers on the two sites have essentially the same barrier property. 
When the stratum corncum is removed, back sections evidence slightly greater 
diffusional resistance because they are. based on previous measurement ( I  7). 
40-50% thicker at 65 d of age. 


Hairless Mouse-Human Comparison- Scheuplein et al. ( I  2) have reported 
3 X cm/h !s the 25OC value for the permeability coefficient of hydro- 
cortisone through human epidermal membranes under similar cxpcrimental 
conditions. Considering that the 37OC permeability coefficient for hairless 
mouseskin liessomewherebetween 1 . 1  X 10-4and4.1 X 10-4cm/h (Table 
I .  early phase or P I values), it appears as i f  this tissue in its normal state is many 
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Figure 3-Permeability coefficients of hydrocortisone through hairless mouse 
skin as a function of number of strippings. Datu are also presented for the 
dermis. All data points represent uoerage r*alues of the abdominal and dorsal 
permeability coeJficients. 
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times more permeable to hydrocortisone than human skin. Assignment of an 
exact factor to this difference is made difficult, as the representativeness of 
the human epidermal value is uncertain. with there being no statistical data 
provided. nor are the temperature sensitivities of the permeation of hydro- 
cortisone through the tissues known (but they can be assumed to be large). 
Nevertheless, this appears to be the first clcar demonstration that to some 
permeating species, intact human and hairless integuments offer quantitatively 
different mass transfer resistances. with human skin being at least ons loga- 
rithmic order less permeable. Previous diffusion cell-generated data for the 
alkanols (13. 14, 16) and phenol (19) have left the impressiori that the two 
skin types were, for practical purposes, identical in  permeability. 


Biphasic Character in Some Permeability Plots-A most unusual feature 
ofsomeof thesedata is the biphasicqualityofthe permeability plotsobtained 
with mice 5 and 35 d old. At 35 d of age. this aspect of the data was unequiv- 
ocal. Like other researchers (8). we at first assumed that the skin membranes 
were deteriorating. Howevcr. when the permeability coefficient of a single 
section of skin was repetitively asssesscd approximately every 12 h over a 100-h 
period. using a previously outlined “hydration” protocol ( 1  6), the permeability 
coefficient remained constant at 2.5 X cm/h. Subsequently, additional 
evidence has been gathered on skin of older animals which shows thesc same 
qualities (21), and it now appears that i f  a r u n  is long and continuous, two 
distinct phascs of permeation will be cvident, with the second, more permcable, 
phase being as reproducible in its time of onset and permeability rate as  the 
first. However, the onset of the second phase is at >40 h with the older skin 
sections, which is, by chance, the arbitrarily selected duration for the exper- 
iments reported here and which explains why the second phase was not ap- 
parent with the older skin sections. Also, the permeability coefficient of the 
second phase seems to increase dramatically with mouse age (consider the 
data for 5- and 35-d-old mice presented here). We suspect it was not evident 
after 5 d bu t  not until  35 d because permeability in the early phase dominated 
cvents at I5 and 20 d. The physicochemical implication that this represents 
two separate and parallel permeability pathways through the stratum corneum 
with different dependencies on animal age is clear. This concept is mechan- 
istically important and is thus being put to rigorous experimental testing. 
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Abstract 0 An ion-pairing liquid chromatographic method with U V  detection 
is described for the determination of minoxidil in  bulk drug. compressed tablet, 
and topical solution formulations. The chromatographic system consists of 
ii microparticulate octadecylsilica column and a mobile phase composed of 
sodium dioctylsulfosuccinate in aqueous methanol (pH 3). The bulk drug and 
the topical solution samples are prepared by the dissolution of the drug in  
internal standard solution. Sample preparation for the compressed tablet 
formulation involves dissolving the drug from an aliquot of pulverized sample 


Minoxidil ( I ) ,  2,4-diamino-6-piperidinopyrimidine 3-oxide, 
a potent, orally active antihypertensive agent, is commercially 
available as a compressed tablet formulation’. There are, as 
yet, no published methods for the determination of minoxidil 


I I.onilcn. The Upjohn Ca., Kalarnazoo. Mich. 


and centrifuging to remove insoluble excipicnts. Quantitative recovery of 
minoxidil from formulation excipicnts was demonstrated; assay precision was 
< I %  cv. 
Keyphrases 0 Minoxidil-compressed tablets, topical solution and bulk drug, 
t I PLC 0 HPLC-minoxidil. compressed tablets. topical solution, and bulk 
drug 


in  bulk drug or dosage forms. A simple, precise, and specific 
assay method for minoxidil in thesc matrices was needed for 
quality control activities. For use in  accelcrated stability 
studies, potential decomposition products of minoxidil must 
be separated from the drug peak. Minoxidil is quite stable, 
dccornposing only at  high temperatures to form 2,4-di- 
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carbonyl-2-hydroxyquinoline ( I )  (0.01 mol) in ethanol (20 mL). The mixture 
was heated at reflux for 2 h. The solid was removed by filtration and recrys- 
tallizcd. 
6,7-Dimethoxy-2-hydroxyquinoline-3-carboxylic Acid Hydrazones 


(XII-XV1)-The appropriate aldehyde (0.02 mol) was added to 6.7-dime- 
thoxy-2-hydroxyquinoline-3-carboxylic acid hydrazide (IX) (0.01 mol) in 
glacial acetic acid. The mixture was heated at reflux for I h, and the material 
was removed by filtration and recrysldllized. 


Interaction of 6.7-Dimethoxy-2-hydroxyquinoline-3-carboxyIic Acid 
Hydrazide and Acid Anhydrides (Vlland Vil l )  -A mixture of the hydrazide 
(IX) (0.01 mol) and the appropriate acid anhydride (0.02 mol) in glacial acetic 
acid (30 mL) was heated at reflux for 3 h. The mixture was allowed to stand 
ovcrnight. The material was removed by filtration and recrystallized. For Vlll 
'H-NMR'  (CDCI3): 6 7.25 (s, I ,  OH), 8.1 -7.0 (m. 7, ArH), 4.3 (s, I ,  NH), 
and 3.7 ppm (m, 6 .2  OCH3). 


Interaction of 6.7-Dimethoxy-3-ethoxycarbon~vl-2-hydroxyquinoline and 
DqJerentAmines (11- VI)-A mixture of 6,7-dimet hoxy-3-cthoxycarbonyl- 
2-hydroxyquinoline ( I )  (0.01 mol) and the appropriate amine (0.02 mol) was 
heated at reflux in methanol (20 mL) for 3 h. Approximately 15 mL of the 
solvent was removed under reduced pressure, the residue was cooled, and the 
solid material was removed by filtration and recrystallized from a suitable 
solvent. For I I .  'H-NMR (CDCI3): d 6.8 (s, I ,OH),  8.1-7.03 (m. 3. ArH), 
4.2 (s, I ,  NH), 3.8 (m, 6, 2 OCH,). and 1.5 ppm (s. 3, CH3). For V [6,7- 
dimethoxy-3-(piperidinocarbonyl)-2-hydroxyquinoline], MS: m/z 3 I6 (M+), 


t CHJ)], and 173 [M - (CsHloN + CO t OCH3)J. 
Biological Screening-Three compounds (111, V, and VII) of this series of 


alkoxyquinolines were used for preliminary pharmacological screening as CNS 
stimulants. Each was suspended in distilled water and administered to albino 
mice by oral intubation and intraperitoneal injection in doses up to I g/kg of 
body weight. The behavior and normal characteristics of the animals (heart 
rate, locomotor activity, reflexes, etc.) were recorded bcfore and for 24 h after 
administration of the compounds. 


232 (M - CsHioN), 204 [M - (CjHioN + CO)] ,  I89 [M - (CsHioN + CO 


RESULTS AND DISCUSSION 


The animals given 111 showed transient increases in respiratory rate (from 
198 to 300/min) 5 min after administration and returned to normal values 


7 min later. Otherwise, there were no signs of C N S  stimulation of the animals 
a t  the doses studied. There was no change in animal behavior, activity. and 
locomotion. None of the animals showed any signs of toxicity or mortality 
within 24 h after administration of the different compounds i n  the doses 
given. 


From the biological screening, i t  is obvious that the tested compounds, al- 
though they are structurally related to the well-known carboxamide and 
N.R.'-alkylated derivatives of heterocyclic types of compounds, do not have 
a marked M A 0  inhibitory action. This leads to the conclusion that these 
bioisostere moieties of the fused heterocyclic systems structurally related to 
the quinoline series are biologically inactive as C N S  stimulants. 
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Absmct 0 A method for the quantitative analysis of phenylbutazone in tablets 
using NMR is reported. The method is both accurate and precise. Using 
synthetic mixtures, the mean recovery value f S D  was 100.5 f 0.86%. The 
N M R  results of commercial preparations are compared with those obtained 
by the USP XX procedure. The NMR spectrum. in addition, provides a very 
specific means of identification for phenylbutazone. 


Keyphrnses 0 Phenylbutazone-NMR analysis, comparative analyses 0 
NMR-phenylbutazone, comparative analyses 


Phenylbutazone, 4-butyl- 1,2-diphenyl-3,5-pyrazolidi- 
nedione (I), a synthetic pyrazolone derivative chemically re- 
lated to aminopyrine, has anti-inflammatory, antipyretic, 
analgesic, and mild uricosuric properties (1). Approaches to 
the quantitative determination of phenylbutazone in tablets 
have varied. Tomaskova (2) reported a GC method using 
flame-ionization detection. A quantitative IR spectroscopic 
method was described by Pawelcyzk and Marciniec (3). Dif- 
ferential spectrophotornetry, relying on the differences in 
absorption between acidic and basic species of phenylbutazone, 


was employed by Bezakova et al. (4). Other assay techniques 
have included separation on an ion-exchange column followed 
by titration (5) and acid hydrolysis to form benzidine, which 
was subsequently oxidized, and determined colorimetrically 
(6). The method of USP XX for the assay of phenylbutazone 
in tablets entails an ether-based extraction with a UV spec- 
trophotometric determination (7). All these approaches require 
either lengthy sample preparations and/or nonspecific de- 
terminations. In contrast, nuclear magnetic resonance spec- 
trometry (NMR) offers the advantages of minimal sample 
preparation, simplicity and specificity for the active ingre- 
dient. 


NMR studies on phenylbutazone have dealt with its car- 
bon-13 spectrum (8), degradation products (9, lo), and the 
monitoring of its dissolution kinetics (1 1). However, this 
technique has not been applied to the quantitative determi- 
nation of the drug in pharmaceuticals. This paper describes 
a method in which a carbon tetrachloride-nitromethane 
mixture is used as the solvent and hexamethylcyclotrisiloxane 
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is the internal standard. Preparations containing known 
amounts of phenylbutazone and commercial tablets were an- 
a I y zed. 


9 0 7 8  
CH,- CH,- CH r C ~  ,- Do 


EXPERIMENTAL SECTION 


Materials-An NMR spectrometer’ (90 MHz) with an ambient probe 
temperature of 41 OC was used. Samples were placed in precision-type, 5-mm, 
N M R  tubes’. Phenylb~tazone~,  hexamethylcycl~trisiloxane~, tetramethyl- 
silane5, carbon tetrachloride6. and nitromethane (>99% pure)’ were used as 
obtained. Tablets were obtained from various commercial sources. 


Pbenylbutazone Analysis-Twenty tablets were weighed and finely pow- 
dered. An accurately weighed portion of this powder, containing -1 50 mg 
of phenylbutazone. was transferred into a glass-stoppered centrifuge tube. 
Hexamethylcyclotrisiloxane (-64 mg) and 2 mL of carbon tetrachloride 
containing two drops of nitromethane/mL were added, and the mixture was 
shaken for 2 min. Insoluble excipients were allowed to rise and 4 . 5  mL of 
the bottom layer was transferred to an analytical N M R  tube. (For spec- 
trometers which require a deuterium signal for field-frequency lock, ap- 
proximately three drops of MezSO-db should be added). The spin rate was 
adjusted so that no spinning side bands occurred between 0.4 and 0.6 ppm 
(hexamethylcyclotrisiloxane region), or between 6.9 and 7.5 ppm (phenyl 
region of phenylbutazone). The intensity of the spectrum was maximized with 
the R F  power and amplitude setting; care was taken to avoid saturation, 
particularly in the spectrum of the sharp hexamethylcyclotrisiloxane signal. 
The delta (6) scale was used to express magnetic field strength and all peak 
field positions were referenced to hexamethylcyclotrisiloxane at 0.14 ppm. 
The resonance signals for phenylbutazone, which appear as a broad resonance 
peak centered at -7.25 ppm. and the singlet for hexamethylcyclotrisiloxane, 
the internal standard, a t  0.14 ppm were integrated a minimum of five times, 
and the results were averaged. The amount of phenylbutazone was calculated 
as follows: mg/tablet = (A,/Ah) X (EW,/EWh) X (mg hexamethylcyclo- 
trisiloxane/mg sample) X mean tablet weight, where A, is the integral value 
of the signal representing phenylbutazone, Ah is the integral value of the signal 
representing the internal standard, EW, is the equivalent weight of phenyl- 
butazone (formula weight/lO protons = 30.84), and EWh is the equivalent 
weight of the internal standard (formula weight/l8 protons = 12.35). 


RESL‘LTS AND DISCUSSION 


The absence of proton resonance signals for carbon tetrachloride makes 
it an ideal solvent for NMR spectroscopic work. Both phenylbutazone and 
hexamethylcyclotrisiloxane were soluble in carbon tetrachloride, but in the 
proposed method, the volume of this solvent was made slightly suboptimal 
with respect to phenylbutazone to obtain a relatively high concentration of 
drug and a low instrument noise level. The addition of a few drops of nitro- 
methane, originally intended to serve as  the internal standard, improved the 
solubility of phenylbutazone in the NMR solvent, and compensated for the 
lower sample volume. The resonance signal for nitromethane appeared a t  6 
4.10 ppm and was well separated from any other peak. Alternatively, the 
amount of sample specified in the assay method may be dissolved in 3 mL of 
carbon tetrachloride, but an adjustment of the attenuation setting is required. 
The utility of hexamethylcyclotrisiloxane as an internal standard has been 
demonstrated ( I  2- 14). Under the described experimental conditions, its 
resonance peak appears as  a singlet at an extreme upfield position (-6 0.14 
ppm). This combination of solvent system and internal standard provides a 
specific interference-frce means of identification and quantitation of the active 
ingredient. 


The amount of phenylbutazone present in the dosage form is determined 
by integrating the broad resonance signal pattern centered a t  -6 7.25 ppm, 
arising from the 10 aromatic protons at  positions I and 2, and the singlet a t  
-6 0.14 ppm, due to the 18 methyl protons of the internal standard. 


I Model EM-390: Varian Associates, Palo Alto, Calif. 
Kontes, Vineland. N.J. 
USP Reference Standard; US. Pharmacopeial Convention Inc., Roclorille. Md. 
K & K Laboratories, Plainview, N.Y. 
Wilmad Glass Co.. Buena. N.J. * Fisher Scientific Co., Fair Lawn. N.J. 
Aldrich Chemical Co.. Milwaukee, Wis. 


Table I-NMR Determination of Phenylbutazone in Standard Mixtures * 


Internal 
Standard Standard Phenylbutazone 
Mixture Added, mg Added, mg Found, mg Recovery, % 


30.0 77.4 77.9 IM.6 
76: I 7516 99.4 
75.8 75.6 99.7 
76.5 77.2 100.9 


5 29.5 77.3 77.5 100.3 
6 32.1 76.7 77.5 101.0 
7 30.4 3i.9 38.i i02.0 
8 31.8 113.7 113.4 99.7 


Mean f SD 100.5 f 0.9 


0 Half the amount of phenylbutazone specified in the method. dissolved in a similarly 
decreased volume of solvent. was used in order to conserve sample. 


Table 11-NMR and Compendia1 Determinations of Phenylbutazone in 
Commercial Tablets 


Amount 
Declared, Amount Found, %” 


Sample mg/Tablet N M R  USP XX Difference, % 


1 100 97.9 96.7 1.2 
2 100 100.5 97.3 3.2 
3 100 103.0 99.7 3.3 
4 100 98.7 97.6 1 .1  
5 100 102.7 100.4 2.3 


0 Since each tablet is declared to contain 100 mg of drug, the quantify found in 
mg/tablet is identical to the percent of declared values. 


In addition to their utility in the quantitative analysis of phenylbutazone 
in dosage forms, the proton resonance characteristics of this molecule may 
be used for identification. The coupling of the methine proton at  position 4 
with the methylene protons at position 6 produces a triplet centered at -6 3.1 8 
ppm. The complex splitting patterns seen in the region between 6 0.7 and 2.2 
ppm may be assigned consecutively to the methyl protons a t  position 9 and 
to the methylene protons on carbons 6-8. The resonance signal pattern cen- 
tered a t  -6 1.4 ppm arises from the overlapping of the peaks for the protons 
of the two methylene groups at  positions 7 and 8. 


The analysis of several known phenylbutazone mixtures is summarized in 
Table 1. The results show that the method is both accurate and precise. The 
mean recovery value fSD was 100.5 f 0.9%. The relative proportions of 
phenylbutazone and hexamethylcyclotrisiloxane. as  noted in Table I, had no 
significant bearing on the accuracy of the determination for the range of 
proportions shown. 


The proposed method was also applied to commercial preparations. Table 
11 summarizes the results of the analysis of five lots of tablets. For comparison 
purposes, the same composites were analyzed by the USP XX method. The 
data inTable I1  show that the results by theofficial method were 1.1-3.3% 
lower than those obtained by the NMR method. One of the possible reasons 
for these discrepancies may be the losses incurred with the official method 
during the extraction steps. Recovery studies from two commercial prepara- 
tions, spiked with a known amount of phenylbutazone, gave a mean recovery 
value of 100.1%. 
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Influence of Food on the Bioavailability of Enalapril 
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Abstract 0 In a randomized, two-period crossover study in  I2  normal vol- 
unteers, serum and urine concentrations of the angiotensin-converting enzyme 
inhibitor enalapril and its active metabolite enalaprilat were determined 
following administration of a single 40-mg tablet of enalapril maleate ad- 
ministered both in the fasting state and with a standard breakfast. A 7-d in- 
terval separated the two treatment periods. Area under the serum concen- 
tration-time curvcs for enalaprilat and urinary recoveries for enalaprilat and 
total drug did not differ significantly between the fed and fasted conditions. 
The mean observed maximum serum concentration of enalaprilat was slightly 
higher for the fasting treatment, but the time to peak concentration was almost 
identical for the two treatments. Enalapril maleate is unlike the prototype 
angiotensin-converting enzyme inhibitor captopril in that a standard meal 
does not appear to influence absorption of this new drug. 


Keyphrases 0 Enalapril maleate-bioavailability, influence of food 0 Enal- 
aprilat-metabolite of enalapril, bioavailability, influence of food 0 Angio- 
tensin-converting enzyme-enalapril maleate, bioavailability, influence of 
food 


Food is known to alter the bioavailability of many drugs (1). 
The presence of food in the GI tract has been shown to reduce, 
by 30-40% the absorption of the recently marketed oral an- 
giotensin-converting enzyme (ACE) inhibitor captopril (2). 
Compromised absorption of captopril could affect the mag- 
nitude or duration of the antihypertensive effect of this drug 
(3) .  Enalapril maleate is a new ACE inhibitor which, like 
captopril, has been shown to be effective in the treatment 
of hypertension and congestive heart failure (4). Enal- 
april ( ( S ) -  I-"-[ l-(ethoxycarbonyl)-3-phenylpropyl]-~- 
alanyll- proli line; 1) is a prodrug which is deesterified to an 
active diacid form, enalaprilat ( ( S ) -  I -[A'-( 1 -carboxy-3- 
phenylpropy1)-~-alanyl]-~-proline; 11) (4). Since enalapril 
lacks the sulfhydryl moiety of the chemical structure of cap- 
topril, it may have a more favorable benefit-to-risk ratio. Oral 
absorption of enalapril may also be more complete than cap- 
topril since the sulfhydryl group of the latter binds to other 
thiol groups in food. 


n 


I, R = CH2CHa 
11, R = H 


The purpose of this study was to investigate whether con- 
sumption of food alters the rate or extent of absorption of en- 
alapril when a single dose is administered to healthy male 
volunteers. 


EXPERIMENTAL SECTION 


Subjects-Twelve healthy, normotensive male subjects (age, 23-37 years) 
volunteered to participate in this study. They were judged to be in good health 
on the basis of history. physical examination, routine laboratory data, standard 
electrocardiogram, and diastolic blood prcssure ( 5 9 0  mm Hg). All subjects 
weighed within f1Wo of the ideal body weights for their a g n  and heights. No 
medications other than enalapril maleate were taken by the subjects from 1 
week prior to the study until its completion. The protocol was approved by the 
Committee on Research of Thomas Jefferson University. 


Study Design-This was an open, randomized, two-way crossover study 
in which enalapril maleate (40 mg) was administered as a single dose in its 
market image. Subjects fasted from midnight of the previous night. On the 
first day of each treatment period, subjects rcceived doses of enalapril maleate 
either in a fasting state or immediately after a standard prescribed breakfast 
by a randomized design. The breakfast consisted of one egg, two pieces of toast 
or bread, two strips of bacon or two sausages, I50 mL of low fat milk or 100 
mL of orange juice, tea. or coffee. All volunteers resumed their normal diets 
each day at  lunch (4 h after dosing). Treatments were separated by 7 d. 


Blood was drawn at  0, I ,  2 ,3 .4 ,6 ,8 ,  12, 16,24,36.48.60. and 72 h post- 
drug administration. Urine was collected at  - I-0,0-2,2- 4.4-6.6-8.8-12. 
I 2  24,24--36.36--48.48-72.72-96. and 96- 120 h after each treatment. Blood 
pressure and pulse rate were measured in the supine and sitting positions at 
regular intervals for 24 h postadministration. Adverse effects were monitored 
throughout the study. 


Biochemical Analysis and Statistical Methods-The assay value for the 
enalrlpril maleate tablet was 42.02 mg. equivalent to 29.88 mg of enalaprilat 
per tablet. A radioimmunoassay procedure ( 5 )  was used to analyze the serum 
and urine samples for enalaprilat and for total drug (enalaprilat after enzy- 
matic hydrolysis of enalapril). After mixing and incubation overnight at room 
temperature. the hydrolysis of enalapril to enalaprilat was virtually complete. 
The assay was considered to be accurate and reproducible at enalaprilat 
concentrations > I  ng/mL in serum and 0.5 pg/mL in urine; the interassay 
coefficient of variation was 8%. Concentrations below these values were not 
considered detectable and, hence, zero for the purpose of data analysis. 


All parameters were analyzed by using an analysis of variance for a two- 
period crossover design (6). These results were corroborated by a nonpar- 
xnctric method based on ranks of the data (7). The posterior probabilities 
were calculated by the method of Rodda and Davis (8). The power analysis 
was based on the t test. 


RESULTS 


The mean serum profiles for enalaprilat after administration of enalapril 
maleate in thc fasting and fed states are depicted in  Fig. 1. Profiles for the two 
treatments are virtually supcrimposable. Mean urinary excretion rate plots 
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Quantitation of Flecainide Acetate, A New 
Antiarrhythmic Agent, in Biological Fluids by Gas 
Chromatography with Electron-Capture Detection 
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Abstract 0 A sensitive and selective gas chromatographic (GC) method for 
the quantitation of flecainide acetate, a new antiarrhythmic agent, was de- 
veloped. The unchanged drug and internal standard were separated from bi- 
ological fluids by a sequence of solvent extractions and then the drug was 
derivatized. The pentafluorobenzamide derivatives were chromatographed 
on a 3% SP-2250 glass column and detected with a nickel-63 electroncapture 
detector. By this method, 212.5 ng of flecainide/mL can be quantitated in  
a I-mL sample of plasma, saliva, or urine. The intraday precision, exprcssed 
as the RSD. at plasma levels of 12.5. 25, 50, 100, 200, 300, 400, and 600 
ng/mL was 3.4,6.2,5.3.6.4,1.0,1.6,2.0. and 0.5% respectively; the accuracy, 
expressed as relative error at these levels was -24.6, -6.9, -6.0, +0.6, +3.8, 
-0.3, +2.4, and -1.4%. respectively. The interday precision at these levels 
was 13.8, 13.0, 5.7, 7.6, 8.3, 6.1. 9.0, and 5.4%, respectively. Several other 
antiarrhythmic agents and one &blocker, which might be administered 
concurrently with flecainide acetate, do not interfere with the assay. 


Keypbrpses 0 Flecainide acetate-quantitation in biological fluids, GC-ECD 
0 GC-quantitation of flecainide acetate in biological fluids 0 Antiarrythmic 
agents-flecainide acetate, quantitation in biological fluids, GC-ECD 


Flecainide acetate [N-(2-piperidylmethyl)-2,5-bis(2,2,2- 
trifluoroethoxy)benzamide monoacetate] (I) is a new anti- 
arrhythmic agent currently undergoing clinical evaluation 
worldwide. Pharmacological, pharmacokinetic, and efficacy 
information have been reported previously (1 -9). Sensitive 
fluorometric methods (10, l l )  have also been reported but have 
suffered from a lack of adequate specificity due to interference. 
Recently, HPLC methods have been reported (1 2,13). In this 
report, we describe a highly selective and sensitive gas chro- 
matographic (GC) method for the quantitation of the drug in 
plasma, urine, or saliva following the administration of single 
or multiple doses. 


EXPERIMENTAL SECTION 


Rmgents-All reagents were analytical reagent grade. Ether was distilled 
in glass'; all other solvents were nanogradez. Fresh 0.2 M trimethylamine in 
benzene was made daily by dilution from a concentrated stock solution stored 
at -1OOC. The derivatization reagent, pentafluorobenzoyl chloride (PFBC)? 
was stored at 4OC. Aqueous solutions of 0.1 M NaOH, 1 .O M NaOH, and 0.5 
M HCI were prepared fresh daily in distilled water. 


BLudr Pbsnn, Urtnc, and Saliva-Human plasma, urine, and saliva samples 
were obtained from volunteers who had not taken any medication during the 
previous week. Donors were asked to fast for 12 h prior to giving blood. Human 
saliva was obtained by paraffin stimulation followed by expectoration into 
a disposable sputum collecting cup. 


0 9 :-ll-oc 
I 


I Burdick-Jackson Laboratoria. Inc.. Muskegon. Mich * Mallinkrodt. Inc., St. Louis, Mo. 
Aldrich Chemical Co., Milwaukee, Wis. 


Gas Chromatograpby-A gas chromatograph4 quipped with an elec- 
tron-capture detector (15 mCi of nickel-63) and an automatic liquid sampler5 
was used. The glass column (180 cm X 2 mm i.d.) was silanized, packed with 
3% SP-2250 on 100-120 mesh Supelcoport6, and conditioned for 48 h at 
275OC. The operating conditions were as follows: injection port temperature, 
275OC; detector temperature, 310OC; oven temperature, 268OC (isothermal); 
carrier gas (5% methane in argon) flow rate, 20 mL/min. 


Standard Solutiom-All stock solutions of the drug and the internal stan- 
dard, a positional isomer of flecainide [N-(2-piperidylmethyl)-2,3- 
bis(2,2,2-trifluoroethoxy)benzamide hydrochloride] (14). were made in 
distilled water. Standard solutions containing 800,600.400,300.200, 100, 
50.25, and 12.5 ng of flecainide acetate per 0.5 mL were made by diluting 
a 10-pg/mL primary standard solution. The 10-pg/mL primary standard 
solution of the internal standard was diluted to give a concentration of 100 
ng/0.5 mL. The primary standard solutions of the drug and the internal 
standard were stored at 4OC. 


Extnctiw-Plasma-To glass culture tubes (16 X 150 mm) with poly- 
ethylene-lined screw caps, I-mL aliquots of unknown samples of human 
plasma and 0.5 mL of distilled water were added. Along with each set of un- 
known samples, 10 standards in blank human plasma were prepared by adding 
0,12.5,25.50,100,200,300,400,600, and 800 ng of flecainide acetate in 0.5 
mL of distilled water to 1-mL aliquots of blank human plasma. Next. 0.5 mL 
of internal standard (100 ng) solution, 0.2 mL of 0.2 M trimethylamine 
(TMA) in benzene, 1 mL of 1 M NaOH. and 10 mL of diethyl ether were 
added, in that order, to all tubes. The tubes were capped and shaken in a 
horizontal position for 30 rnin on a reciprocal mechanical shaker and then 
centrifuged for 5 min at  700Xg. Then, 9.0 mL of the organic layer was 
transferred to a glass tube containing 2 mL of 0.5 M HCI. All tubes were 
shaken for 15 min and then centrifuged for 3 min. The ether was aspirated 
and discarded. The remaining aqueous layer was decanted into a 12-mL 
conical glass centrifuge tube for subsequent derivatization. 


Urine-Because of the relatively high concentrations of flecainide in the 
urine samples, usually less than 1 mL of urine was analyzed. When less than 


C .  - 3  8 
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Figure 1-Chromatograms from human plasma. (A) Blank plasma. (B) 
Plasma from a human subject dosed with jlecainide ( I )  with the internal 
standard added ( I ,  42 nglmL; internal standard. 100 ng/mL). (C) Mixture 
of reference pentafluorobenzamide (PFB) derioatives of I and internal 
standard; amount injected: PFB-I, 1.5 ng; PFB-internal standard. 0.9 ng. 


Model S840A; Hewlett-Packard. Avondale. Pa. 
5 Model 7671A; Hewlett-Packard. 
6 Supclco. Inc.. &Ilefonte. Pa. 
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Table I-Intraday Precision and Accuracy for Determination of Flecainide 
(I) in Human Plasma 


Table 11-Interday Precision for Determination of Flecainide (I) in Human 
Plasma a 


Relative 
1 Added, I Measured. XSD, Error, 
ng/mL ng/mL (mean f SD) % % 


Sample 


ng/mL (Mean f SD) RSD, 90 
Concentration, Response Ratio 


12.5 
25 
50 


100 
200 
300 
400 
600 


9.4 f 0.3 
23.3 f 1.4 
47.0 f 2.5 


100.6 f 6.4 
207.6 f 2.0 
299.1 f 4.7 
409.6 f 8.2 
591.8 f 3.1 


3.4 -24.6 
6.2 -6.9 
5.3 -6.0 
6.4 +0.6 
I .o +3.8 
I .6 -0.3 
2.0 +2.4 
0.5 -1.4 


12.5 
25 
50 


100 
200 
300 
400 
600 


* n = 5 .  


1 mL of a urine sample was used, blank urine was added to bring the total 
sample volume to 1 mL. The extraction, derivatization, and analysis proce- 
dures were the same as described above for plasma. 


Saliva-A saliva sample of 1 mL or less was analyzed in the same manner 
as  described above for plasma; when less than 1 mL was used, distilled water 
was added to bring the total volume to I mL. It was shown that a standard 
curve (12.5-800 ng/mL) in saliva was the same as that in distilled water; thus, 
in all subsequent saliva analyses, a flecainide standard curve in distilled water 
was used for the determination of flecainide concentrations in saliva sam- 


Derivatization---For derivatization of both the drug and the internal 
standard, 2 pL of neat pentafluorobenzoyl chloride was addcd to each aqueous 
extract with a 10-pL syringe’. Immediately after the addition of pentafluor- 
obenzoyl chloride, the tube was vortexed for 5 s to disperse and suspend the 
derivatizing reagent. Next, 1 mL of I M NaOH was added, and the tube was 
vortexed for 15 s. Finally, 1 mL of hexane was added and the tube was again 
vortexed for 15 s. The derivatization sequence was carried out with pairs of 
tubes. 


After thederivatization procedure was completed for all samples, the tubes 
were capped and centrifuged for 3 min at  700Xg. Then, 4 . 8  mL of each 
hexane phase was transferred to a clean conical glass tube containing 3 mL 
of 0.1 M NaOH. The tubes were vortexed for 15 s and centrifuged for 3 min. 
The hexane phase was then transferred to the glass autosampler vial, and a 
5-pL aliquot of each sample was injected into the glass chromatograph. 


Calculation-The area ratios (the drug-internal standard) were calculated 
with an integrating GC terminals. The slope and intercept from the least- 
squares line of the concentrations of the drug standards uersus the area ratios 
of the drug were used to calculate the concentrations in unknown samples. 


ples. 
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HOURS AFTER DOSE 
Figure 2-Plasma concentrations ofjlecainide ( I )  in a healthy human subject 
following a single oral 200-mg dose o f t .  


’ Hamilton. 
Model 18850A; Hewlett-Packard. 


0.32 f 0.04 
0.49 f 0.06 
0.76 f 0.04 
1.32 f 0.10 
2.57 f 0.2 I 
3.62 20 .22  
4.93 f 0.44 
6.95 f 0.37 


13.8 
13.0 
5.7 
7.6 
8.3 .~ 


6. I 
9.0 
5.4 


O n  = 6. 


Radiometric Analysis of Carbon-14-For the extraction recovery, an 
aqueous solution of “T-labeled drug ( I  5) was used (9.2 pCi/mg, 10 ng/pL). 
Aliquots of 0,5,10,40, and 60 p L  were added to I-mL blank human plasma 
samples in triplicate, and these samples were extracted by standard procedures. 
After the drug was extracted again into 0.5 M HCI. 1 mL of the aqueous phase 
was mixed with 0.4 mL of I M NaOH and counted in 15 mL of liquid scin- 
tillation solution9. Triplicate aliquots of the standard solution in 0,5,10.40, 
and 60 p L  were also directly counted in 15 mL of the same liquid scintillation 
solution. After cold and dark adaptation, carbon-I4 was measured in a liquid 
scintillation counterlo. Counting data were converted to disintegrations per 
minute by computer using the BIOAES program”. The percent extraction 
was calculated from the total disintegrations per minute in the aqueous extract 
compared with the disintegrations per minute in the spiked sample. 


Tests for Otber Drugs-A 500-ng/0.5 mL deionized water solution was 
prepared for propranolol hydrochloride, procainamide hydrochloride, diso- 
pyramide phosphate, quinidine sulfate, mexiletine hydrochloride, and lido- 
caine. Of each of these solutions, 0.5 mL was added to 1 mL of human plasma; 
the mixture was then extracted and derivatized by the procedure described 
above for flecainide. A positive control, a 600-ng flecainide standard with 
internal standard added, was run in parallel with the samples described 
above. 


Gas Chromatographic-Mass Spectrometric Analysis-GC-luIS analysis 
was performed on a gas chromatograph-mass spectrometer system which was 
comprised of a gas chromatographL2, a magnetic double-focusing mass 
~pectrometer l~,  and a data systemI4. A stainless steel column (180 cm X 3.2 
mm 0.d.) packed with the same material as that for the glass column was used. 
The operating conditions were as  follows: for the gas chromatograph, oven 
temperature, 245OC; injection port temperature, 23OoC, carrier gas flow rate, 
25 mL/min (He); for the mass spectrometer, resolving power, 500; source 
temperature, 250OC; for the data system, acquisition rate, 6 kHz, scan time, 
2 s/decade. Unknown samples were extracted and derivatized by standard 
procedures. Aliquots of the final hexane extract were injected into the GC-MS 
system. Unknown samples were compared qualitatively with the synthetic 
pentafluorobenzamide of the drug at m/z 195,278,301, and 331, which are  
characteristic of the pentafluorobenzamide derivative of the drug. 


RESULTS AND DISCUSSION 


Derivatization-Based on the results from earlier studies15 of I4C-labeled 
flecainide in animals, it was anticipated that the plasma levels of thedrug in 
humans would be in the low nanogram per milliliter range. Thus, it was 
decided at the outset that a GC-electron capture detector (GC-ECD) ap- 
proach would be investigated. Flccainide contains six fluorine atoms which 
should provide enough ECD sensitivity; however, the material proved to be 
relatively difficult to chromatograph at the picogram to low nanogram 
amounts, possibly due to the presence of the piperidyl group. Thus, the pi- 
peridyl group was derivatizcd with pentafluorobenzoyl chloride. Although 
the perfluorobenzamide derivative, in comparison with its corresponding 
perfluorobutyramide, has a relatively low vapor pressure, thus requiring a 
higher column temperature for elution, this disadvantage is counterbalanced 
by the greater ECD sensitivity of the perfluorobenzamide derivative (16.17) 
and the lack of any noticeable interferences. 


Chromatography and Peak Separation-Although the drug and the internal 


New England Nuclear Corp., Boston, Mass. 
lo  Model 3385; Packard Instrument Co., Downers Grove, 111. 
I ’  BIOAES: Biological Automatic External Standardization; computer program on 


file at Riker Laboratories. Inc.. St. Paul. Minn. 
Iz Model 2740; Varian. Walnut Creek, Calif. 
I3 Model 21-491C; Dupont, Wilmington, Del. 
I4 Model 21-094; Dupont. 
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standard differ only in the position of the trifluoroethoxy group on the aromatic 
ring, sufficient separation was achieved by using a 3% SP-2250 column. Under 
the chromatographic conditions used, there was no interference with the drug 
or the internal standard by any extractable endogenous materials present in 
plasma, urine, or saliva. Typical GC tracings of derivatixd extracts from blank 
human plasma, from human plasma of a subject dosed with the drug, and 
reference flecainide acetate and internal standard derivatives are shown in 
Fig. 1. The retention times of the pentaflurobenzoyl derivatives of I and in- 
ternal standard under these experimental conditions are 16.2 and 13.7 min, 
respectively. 


Interference due to excess pentafluorobenzoyl chloride was eliminated by 
more accurate addition of the 2 p L  of this reagent and/or by increasing the 
amount of NaOH added (from 1 .O to I .5 mL of I M NaOH) to hydrolyze any 
excess derivatizing reagent. Care must also be taken when transferring the 
0.8-mL hexane phase to the tube containing 3 mL of 0.1 M NaOH for the 
washing step. If any of the aqueous phase is transferred with the hexane, the 
chromatogram will show a large interfering solvent front. 


Adsorption sites on a new column must be saturated by repeated injections 
of the synthetic derivatives of flecainide and the internal standard. Saturation 
is adequate when approximately equal peak areas are obtained for several 
successive injections. Extensive use of a column results in the deterioration 
of the resolution of flecainide from the internal standard. Repacking the front 
-5 cm of the column was found to be necessary after -800 sample injec- 
tions. 


Extraction Recovery-The extraction recovery of the drug from plasma 
was determined by carrying I4C-labeled flecainide through the extraction to 
the derivatization steps and then measuring the total radioactivity recovered. 
The extraction recovery over the concentration range of 50 to 600 ng/mL was 
86 to 911, with a mean f s D  of 88 f 2%. 


Selectivity-GC-MS (electron impact) studies of plasma samples from 
human subjects who received the drug, in comparison with the synthetic 
pentafluorobenzoyl derivative of thc drug, showed identical fragmentation 
patterns; thus, the pentafluorobenzoyl derivative of the drug is the species 
actually measured in human plasma samples. 


Lidocaine. mexiletine, procainamide, disopyramide, propranolol, and 
quinidine, drugs which may be present together with flecainide in specimens 
obtained from patients, were tested for interference under the extraction and 
derivatization conditions used for the drug and the internal standard. Lido- 
caine. mexiletine, procainamide, and disopyramide showed no response, 
whereas propranolol and quinidine showed longer retention times than the 
pentafluorobenzoyl derivatives of the drug and the internal standard. 


Linearity-A total of 9 or 10 single standards (0-800 ng) were run daily 
with each set of unknown samples. The mathematical expression of the 
least-squares line from a tjpical standard curve (0-800 ng) is y = 0.0096~ 
- 0.0662. The correlation coefficient is 0.9998, and the coefficient of deter  
mination is 0.9996. indicating good linear proportionality between the con- 
centration of flecainide and the detector response. The concentration-response 
relationship has also been shown to be linear up to a concentration of 1400 
ng/mL. However, in most cases a shorter standard curve is used; e.g., for 
routine analysis of samples after a single dose of flecainide, a 0-600 ng/mL 
range is used. 


Sensitivity- By this method, concentrations as low as 12.5 ng of flecain- 
ide/mL of plasma, saliva, or urine can routinely be quantitated. Although not 
done routinely, under ideal chromatographic conditions, samples containing 
16 ng of flecainide/mL can be quantitated. 


Precision and Accuracy-The intraday precision and accuracy of this 
method was assessed by carrying five replicate samples at eight concentrations 
( I  2.5,25,50,100,200,300,400, and 600 ng/mL) through the entire procedure 
on one analysis day. The intraday precision, expressed as  the RSD, was 3.4, 
6.2,5.3.6.4, 1.0. 1.6.2.0, and 0.5% for the eight concentrations listed above, 


respectively (Table I). The accuracy of this method, expressed as relative error, 
a t  these levels was -24.6, -6.9, -6.0, t0.6, +3.8, -0.3, +2.4, and -1.4%. 
respectively. 


The interday precision, a t  the concentrations described above, was estab- 
lished by analyzing these standards on 6 separate days over a I-month period 
(Table 11). The response ratios from 6 separate days for each standard con- 
centration were pooled, and the mean f SD values werecalculated. The RSD 
valueswere 13.8. 13.0,5.7,7.6,8.3,6.1,9.0,and5.4%forconcentrationsof 
12.5,25,50, 100,200, 300,400, and 600 ng/mL, respectively. 


Application-The method has been used to measure plasma, urinary, and 
salivary levels of flecainide from various metabolic, pharmacological, and 
therapeutic studies in humans. More than 10,000 samples have been suc- 
cessfully analyzed by this procedure in our laboratory, as well as in several 
other laboratories worldwide. A typical curve of the plasma concentration of 
the drug uersus time following a single oral 200-mg dose of the drug in a 
healthy human volunteer is shown in Fig. 2. 
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Abstract 0 Thermal and kinetic data for the solid-state addition reaction of 
sulfacetamide and phthalic anhydride are presented. A compaction method 
was used so that the influence of some pharmaceutical parameters (com- 
pressional pressure, particle size, concentration, and temperature) on the 
reaction kinetics could be observed. 


Keyphrases 0 Sulfacetamide-solid-solid reaction with phthalic anhydride 
0 Phthalic anhydride-solid-solid reaction with sulfacetamidc 0 Solid-solid 
reactions-sulfacetamide and phthalic anhydride, thermal and kinetic 
analyses 


The stability of a medicinal compound in a solid dosage form 
is routinely investigated in terms of the percentage of the 
medicinal compound that is unchanged after exposure to 
various temperatures ( 1  -4). Although thermal decomposition 
is an important consideration in  the processing, testing, and 
storage of solid dosage forms, only a limited number of reports 
in the pharmaceutical literature have been concerned with the 
physicochemical mechanism and kinetics of solid-state reac- 
tions (5-13). In general, the chemistry of solids has been 
presented in several texts (14- 18). This study was initiated to 
present a simple model of a solid-state addition reaction so that 
some pharmaceutical factors (compressional pressure, con- 
centration, particle size, and temperature) could be viewed in 
relation to their influence on the reaction. 


EXPERIMENTAL SECTION 


Samples of sulfacetamide' and phthalic anhydrideZ were individually 
separated into a 100/140-mesh-size fraction by m a n s  of U.S. standard sieves 
and a shaker'. Blends of the sulfacetamide and phthalic anhydride were 
preparedat 2.1, I:l,and 1.2 molar ratiosand were passed througha 2Wmesh 
sieve. The thermal analytical d l ta  of the components and the blends were 
determined with a thermogravimetric analyzer4 and a differential thermal 
analyzers. Typical thermograms are given in  Figs. 1 and 2. 


For the study concerned with the effect of molar ratio on the reaction ki- 
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Figure 1-Thermogram of phthalic anhydride showing its sublimation 
characteristics. 
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I Lot 59C-0276; Sigma Chemical Co. * Reagent radc, lot 88C-0525, Fisher Scientific Co. 
3 Central &icntific co. 
4 Model TGS-2; Perkin-Elmer. 


Model 900. E.I. duPont de Nemours & Co. 


netics of sulfacetamide and phthalic anhydride, compacts with molar ratios 
of 1 : I .  1:2. and 1.3 were used. An appropriate weight (400 mg) of a loo/ 
1 @mesh fraction of the blend was compressed for I min at a pressure of 3580 
kg/cm2 with an hydraulic press6 fitted with a 1.27-cm punch and die set. Each 
compact was sealed under nitrogen in  a glass vial and then immersed in a 
thermostated oil bath at  95 f 0.5"C. At a given time, the reaction was 
quenched by immersion of the vial in ice, and the compact was then assayed. 
The reaction was conducted in  triplicate. Typical data of the pcrccnt con- 
version of sulfacetamide to phthalylsulfacetamide are given in Table 1. 


For the study of the effect of particle siie on the reaction kinetics, sulfa- 
cetamide was recrystallized from distilled water and then dried in  a vacuum 
oven at 6OOC. The purity of the sulfacetamide, as analyzed by differential 
scanning calorimetry', was 99.63%. With sieves and a shaker, the sulface- 
tamide was classified into 40/45-, 45/60-, 60/89-, 80,'100-, and 100/140- 
mesh fractions. Blends with a 1:2 molar ratio of sulfacetamide and phthalic 
anhydride were prepared with phthalic anhydride of a 100 140-mesh fraction 
and the five sizes of sulfacetamide. An appropriate weight (2025 mg) of the 
blends was compressed for I min at  a pressure of 35 kg/cm2 with a hydraulic 
press fitted with a 2.857-cm punch and die set. Each compact, which corre- 
sponded to a specific particle size of sulfdcctamide, was manually divided 
diametrically into six parts with a razor blade. Thrce parts were assayed for 
initial content, and the other parts were used for the kinetic study at 95°C. 
The percent conversion of sulfacetamide to phthalylsulfacctamidc is  shown 
in  Table I I .  


For the study concerned with the effect of compressional pressure on re- 
action kinetics, a blend of an equimolar ratio of sulfacetamide and phthalic 
anhydride with a 100/140-mesh fraction was compressed for 1 rnin with il 
hydraulic press fitted with a 2.857-cm punch and die set at 35, 106.283.601, 
1003,2005,3580, and 5371 kg/cm2. The pcrcent conversion is shown in Tablc 
111. 


For the study concerned with the influence of temperature on the reaction 
kinetics, a blend of an equimolar ratio of sulfacetamide and phthalic anhydride 
with a lOO/ 140-mesh fraction &as compressed for I min in an hydraulic-press 
fitted with a 1.27-cm punch and die set at a pressure of 3580 kg/cm2. Each 
compact weighed 400 mg. The reaction was conducted at 85°C. 90OC. 95OC. 
I00"C. 105°C. and I 10°C. Typical data arc given in Table IV.  


The unreacted sulfacetamide was colorimetrically analyzed by diazotiiation 
and a coupling reaction with N-naphthylethylencdiamine dihydrochloride 
( 1  9, 20). A standard concentration-absorbance curve was determined by 
transferring 0 5 ,  1.0-, 2.0-. 3.0-, and 4.0-mL aliquots of a stock solution 


1 


0 2C 4 0  GP 90 I G C  120 140 160 180 2 0 0  


T , ' t I C O R E E C T E D  FOR CHACMEL ALUMEL THEKMOCOUPLES)  


Figure 2-DTA thermogram of a 2:l molar rutio of sulfacetanride and 
phthalic anhydride. Reference, glass beads: heating rate, 2O'C/min; attno- 
sphere, N2 ( I  atm);sensitiviry of y-axis, O.Z"C/cm. 


Model C; Carver Press. ' Model DSC-2 differential scanning calorimetcr; Pcrkin-Elmer. 
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Table I-Conversion of Sulfacetamide to Pbtbalylsulfacetamide a 


Mean 
Time, Conversion, Conversion f SD, 
min ?Jo 7% 


0 
10 


20 


30 


60 


I80 


300 


0 
6.68 
6.71 
4.31 
8.19 
5.45 
4.52 
7.03 
6.6 I 
4.04 
9.14 
5.51 


10.24b 
8.2gb 


1O.6gb 
13.66b 
16.00b 
14.88 


0 


5.90 f 1.38 


6.05 f 1.91 


5.89 f 1.62 


7.33 f 2.57 


10.07 f 0.72 


14.85 f 1.17 


At  95'C as a function of lime for a 1:2 molar ratio of sulfacetamide and phthalic 
anhydride. * Corrected to include sublimed phthalic anhydride (0.51 and 1 .I%of total 
compact weight for 180 and 300 min. respectively). 


(prepared by dissolving 125.6 mg of sulfacetamide in 50 mL of 0.5 M NaOH 
and adjusting with distilled water to 250 mL in a volumetric flask) into suf- 
ficient distilled water to make 50 mL. From each dilution, 5.0 mL was 
transferred into a 50-mL volumetric flask and neutralized with 0.02 M HCI. 
Then, 5 .0mLof0.5 M HCIand5.0mLofaO.l%aqueoussodiumnitriteso- 
lution were added to the flask. After 3 min. 5.0 mL of 0.5% ammonium sul- 
famate solution was added, and the volume was adjusted to 50 mL by the 
addition of distilled water. The absorbance was measured against a blank at  
536 nm. A plot of absorbance against concentration showed a Beer's law re- 
lationship. 


At each time period, the compact was triturated in a mortar, and the a p  
propriate amount of powdered compact corresponding to 125 mg of sulfacet- 
amide was accurately weighed and transferred to a 250-mL volumetric flask. 
The subsequent addition of reagents and the procedure have been described 
above. By means of the standard curve, the measured absorbance was used 
to determine the concentration of unreacted sulfacetamide. When sublimation 
occurred, a correction was made in the calculation of the percent conver- 
sion. 


RESULTS AND DISCUSSION 


Physicocbemical Cbncteristics-As reports (14- 18) have been published 
for single-solid decompositions, the reaction of sulfacetamide and phthalic 
anhydride was selected as an example of a solid-solid addition reaction for 
the simple model: A t B - AB. Samples of sulfacetamide maintained at 
50°C, 9OoC, and 1 10°C for 24 and 16 d and 5 h, respectively, showed no 
degradation within the variability (0.6%) of the analytical method. 


Table 11-Influence of Particle Size on Conversion of Sulfacetamidea 


Mean 
Particle Sizeb of Conversion, Conversion f SD,  


Sulfacctamide, p m  %C % 


128 22.45 
18.47 
23.71 


21.54 f 2.74 


164 15.80 
22.08 19.43 f 3.25 
20.42 


214 14.49 
20.23 17.25 f 2.88 
17.03 


302 18.31 


21.95 
387 I I .90 


11.88 


6.8 I 15.69 f 7.90 


4.25 9.34 f 4.41 


After 3 h at  9 S T  Mean of US. Standard Sieve oprning passed and retained. 
Corrected to include sublimed phthalic anhydride. 


Table 111-Influence of Compression Pressure on Conversion of 
Sulfacetamide in an Equilnolar Blend of Sulfacetamide and Phthalic 
Anhydride a 


Mean 
Compressional Conversion, Conversion f SD, 


Pressure, kg/cm2 %b 7% 


0 


35 


I06 


283 


601 


1003 


2005 


358 I 


5381 


7.01 
9.87 
7.69 


19.92 
23.78 
14.51 
18.54 
15.88 
15.02 
17.83 
17.98 
16.04 
11.98 
9.95 


1 I .86 
1 1 . I X  
11.13 
11.48 
11.43 
9.89 


10.04 
8.67 


12.07 
9.39 


11.36 
8.70 
7.45 
8.51 
7.8 I 
9.19 


8.19 f 1.49 


9.40 f 4.66 


6.48 f 1.84 


7.28 f 1.08 


2.26 f 2.54 


11.26 f 0.19 


10.45 f 0.85 


9.61 f 1.76 


8.50 f 0.69 


After 3 hat  95°C. Corrected to include sublimed phthalic anhydride 


It has been demonstrated that the solid-state reaction of sulfathiazole and 
phthalic anhydride is an addition reaction with a I:I  stoichiometry (21). 
Preliminary differential thermal analysis (DTA) of an equimolar ratio of 
sulfacetamide and phthalic anhydride showed that ( a )  the stoichiometry was 
1:1, (b )  the reaction product melted at 195OC [lit. mpof phthalylsulfacetamide 
(22) 196OCI and (c) decomposition occurred as the temperature exceeded 
196OC. The anhydrous state of each reactant was determined by thermo- 
gravimetry. The weight loss of phthalic anhydride is due to sublimation, as  
the slope (dW/di") (Fig. 1) is negatively increasing without discontinuity. The 
melting points of sulfacetamide and phthalic anhydride, as shown on the 
thermograms, were 185OC and 132.IoC, respectively [lit. mp (22) 182-184OC 
and 130.8OC, respectively]. 


Figure 2 is a typical thermogram of those determined on the blends of 
various molar ratios. The endothermic peak at 107OC is probablycaused by 
fusion of the sulfacetamide and phthalic anhydride eutcctic because a large 
exothermic peak ensues immediately. The exothermic peak at 1 I7OC is due 
to the liquid-state addition reaction. At 1 3I0C, the unreacted anhydride is 
completely melted and penetrates into the surface fissures of any solid sulfa- 
cetamide undergoing the addition reaction, as indicated by the broad exc- 
thermic peak between 1 35OC and 156OC. The endothermic peak at 172.5OC 
is likely caused by the melting of the sulfacetamidc-phthalylsulfacetamide 
eutectic. After melting, a small exothermic peak occurs at 178.5"C and may 
be due to the liquid-state addition between sulfacctamide and the residual 
anhydride. Finally, the endothermic peak at 187OC may be caused by fusion 
of phthalylsulfacetamide (depressed by impurity). 


At molar ratios of 1:l and 1.2 sulfacetamide and phthalic anhydride, the 
thermograms (not shown to conserve space) are essentially the same as those 
for the 2:l molar ratio at temperatures <16OoC. The relatively small quantity 
of sulfacetamide in the 1:2 molar ratio has undergone addition. so there is no 
endothermic peak corresponding to the melting of sutfdcctamide at 172.5OC. 
The final endothermic peaks are caused by the melting of impure phtha- 
lysulfacetamide; however, the quantity of impurity is different in the three 
ratios. 


Influence of Concentration on Reaction Kinetics- Molar ratios of sulfa- 
cetamide to phthalic anhydride from 1:l  to 1.3 provide excess phthalic an- 
hydride so that the initial contact area between the reactants is varied as the 
concentration of sulfacetarnide is changed. The conversion (milligrams sul- 
facetamide per gram of anhydride) is shown as  a function of time in Fig. 3. 
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Table IV-Convemion of Sulfacetamide to Phthalytsulfacetamide at 90°C 
as P Function of Time for an Equimolar Ratio of Sulfacetamide and 
Phtbalic Anhydride 


150 * 


100 - 


5 0  - 


Mean 
Time, Conversion, Conversion f SD,  
min %' w 


0 0 0 
10 1.53 


I .94 
2.28 


20 


30 


60 


I80  


~ 


4.85 
2.79 
2.23 
2.73 
3.61 
3.18 
3.01 
3.74 
4.06 
4.58 
3.19 
3.66 
3.92 
3.69 
4.77 
4.23 
6.04 
5.24 
5.70 
5.63 
8.18 
7.07 
9.34 
8.98 


300 11.20' 
8.87" 
9.07' 


10.97' 
13.10" 


2.62 f 1.08 


3.32 f 0.74 


3.81 f 0.51 


5.20 f 0.46 


9.84 f 1.31 


10.64 f 1.74 


Corrected to include sublimed phthalic anhydride (0.53% of weight of compact). 


The conversion (milligrams of sulfacetamide per gram of anhydride) is greater 
for a high concentration of sulfacetamide than for a lower concentration as 
the reaction time is increased (Fig. 4). For example, a comparison of the 60- 
and 180-min curves shows that for the 1:l molar ratio, an additional 33.7 mg 
of sulfacetamide/g of anhydride was converted during the 120-min interval, 
whereas for the same interval of time, only an additional 16.5 mg of sulfacet- 
amide/g of anhydride was converted at the 1:3 molar ratio. 


Influewe of Particle Sizeon R e a c h  Kinetics-By using a 1:2 molar ratio 
of sulfacetamide to phthalic anhydride, compacts were prepared with several 
sizes of sulfacetamide. A low compressional pressure (35 kg/cm2) was used 
to retain the integrity of the particles. The percent conversion of sulfacetamide 
after 3 h at 9S°C is given for the various sizes in Table 11. It appears that a 
reduction of particle size increases the percent conversion. 
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Figure 3-Influence of concentration on the reaction at 95"Co/sulfacetamide 
and phthalic anhydride prepared from 100/140-mesh fraction compressed 
at 3581 kg/cm2. Key: (0)  1:3; (0) I:2;(.) 1 : I .  
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Figure b l n j l u e n c e  of concentration of sulfacetamide on weight conversion 
at various times at 95°C. Key: (a) 60 min; (0) 180 min; (0) 300 min. Bars 
represent SD. 


Although the conversion rate of sulfacetamide has been shown to be pro- 
portional to its concentration, it may be more meaningful todescribe the ki- 
netics of solid-solid reactions in terms of interfacial area of contact between 
the reactants ( I  8,23); however, the determination of actual area of  contact 
is questionable. Since the actual area of contact is unknown but is probably 
proportional to the total surface area, reaction kinetics of a solid-solid system 
could be considered in  terms of the total surface area of the sulfacetamide, 
because phthalic anhydride is the only mobile phase (21,24) and is transported 
to the surface of the sulfacetamide by surface migration (21) and/or sub- 
limation. Assuming that the particles of sulfacetamide are spherical, the total 
surface area per gram of blend was calculated and plotted against the percent 
conversion (Fig. 5 ) .  


Influence of Pressure on Reaction Kinetics-Compacts of an equimolar 
blend of sulfacetamide and phthalic anhydride were prepared at pressures 
up to 5380 kg/cm2 and were maintained for 3 h at 95OC. The percent con- 
version of sulfacetamide increases to a maximum value ( 1  7%) as the com- 
pressional pressure is increased to 283 kg/cm2 (Fig. 6). and then, with further 
increases in compressional pressure, the percent conversion decreases. 


As the compressional pressure is increased, packing of the particles is more 
dense, and as bonding occurs, the porosity is decreased (25,26). As consoli- 
dation occurs, the area of contact between the reactants is increased by 
fragmentation or deformation (27) until  a maximum specific surface area, 
which provides more reaction sites between the sulfacetamide and phthalic 
anhydride, is attained. Additional increases in compressional pressure result 
in consolidation with a progressive decrease in  specific surface area, which 
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Figure 5-Influence of total sur/ace area of sulfacetamide on conversion after 
3 h at 95°C. Bars represent SD. 
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Figure 6-Influence of compressional pressure on the conversion of sulfa- 
cetamide after 3 h at 95°C. Bars represent SD. 


provides fewer reaction sites. I n  addition, the transport rate of the anhydride 
by diffusion through the phthalylsulfacetamide layer (24). surface migration 
(21 ),and/or sublimation will be decreased. Both effects operate to decrease 
the percent conversion. 


Influence of Temperature on Reaction Kinetics-Compacts compressed 
at a pressure of 3581 kg/cm2 from an equimolar blend of sulfacetamide and 
phthalic anhydride of a 100/140-mesh fraction were exposed tosix temper- 
atures from 85OC to I IOOC. The percent conversion of sulfacetamide at these 
temperatures is shown as a function of time in Fig. 7. At 100°C, IOSOC, and 
1 IOOC, the curve attains a plateau in a very brief time because of the fast re- 
action. Based on the thermogram (Fig. 2), it is likely that the initial phase- 
boundary reaction proceeds mainly in the liquid state, in which a more vigorous 
chemical reaction would be expected according to the lever rule (28), which 
infers that the fraction of the melt at the interface between the reactants is 
approximately proportional to the reaction temperature. At 85OC. 9OoC, and 
95OC, there is a slowing of the reaction rate, possibly due to the fact that the 
reaction occurs primarily in the solid state, which requires more energy and 
is more restrictive of molecular movement than in the liquid-solid reac- 
tion. 


In addition to the solid-solid interaction at the phase boundary, m a s  
transport of the anhydride to the free sulfacetamide surface occurs simulta- 
neously (21). Diffusion through a solid is slow, and after the phase-boundary 
reaction is completed, the conversion curve asymptotically approaches a 
plateau. Since the percent conversion at 8SoC, 9OoC, and 95OC significantly 
increases, although at a slower rate, it could be considered as phase-boundary 
reaction and treated mathematically (see Appendix). The reaction rate 
constants for given conditions at 85OC, 9OoC, and 95OC were calculated by 
starting with an A value, which was set equal to the percent conversion at 300 
min, and then sequentially, reaction rate constants were calculated by con- 
tinuous increments of 0.5 to the previous A value. The value of the derived 
constant, A ,  was selected which best fit the experimental data. 
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Figure 7-Influence of temperature on the reaction kinetics of equimolar 
sulfacetamide andphthalic anhydride compacts prepared at 3581 kglcm2. 
Key: (A) 85°C; (0) 90'C; (0 )  95'c: (0) ~ ~ " c :  (A) 1OS0C; (0) ll0"C. 


2 0  


1 6  


- I 2  
W l Q  


- 0 8  z 


0 4  


I - 


_1 


7 0 


6 0  120 180 2 4 0  300 
Figure 8-Linear plot of - In (I - a/A) against reaction time at various 
temperatures. Key: (0 )  85°C; (A) 90°C; (0) 95°C. 


The best plot ( r  = 0.9758) of -In [ I  - ( & / A ) ]  against time at 85OC is 
shown in Fig. 8 ( A  = 7.75% k = 0.004704 min-I). The experimental percent 
conversion at 85OC is compared in Fig. 9 with that calculated with the best 
set of values of A and k and Eq. 14 (see Appendix). The greatest deviation 
in  the plot occurs at short reaction times and is obviously due to theomission 
in  case 2 (see Appendix) of the second term of Eq. 12. Similar results occur 
if  the data at 9OoC ( A  = 13.14%; k = 0.004912 min-I; r = 0.9875) and at 
95OC ( A  = 14.72%; k = 0.005272 min-l, r = 0.9437) are plotted. 


As shown in Fig. 10, a plot of In k against reciprocal temperature is linear 
with a slope of - 1502 K-I. From the plot of In k against reciprocal temper- 
ature over the range from 85OC to 95OC, it could be inferred that the reaction 
rate constants could be estimated at various temperatures; however, this 
concept has its limitations and may not be extended to other temperatures at 
which different physical parameters and mechanisms of transport and reaction 
occur ( I  8). 


APPENDIX 


By assuming that the solid-solid reaction rate, d a l d t ,  is proportional to 
the area of contact, X .  between the reactants at time, 1: 


d a  k - = -x 
dt c 


where k is the reaction rate constant and c is the proportionality constant. If 
the rate of generation of new contact area between the reactants is proportional 
to the free sulfacetamide surface, XI, at time, I :  


-- dx - -kX + klXf 
dt 
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F i e  9-Conversion curve at 85"Cofequimolar suljacetamide and phthalic 
anhydride compacts compressed at 3581 kglcm =. Solid curve represents 
theoretical values according to Eq. 14. Points are experimental values; bars 
represent SD. 
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Figure 10-Arrhenius plot of reaction rate constants and temperatures 
/TI. 


where & I  is the rate constant for the generation of new area of contact and is 
related to the mass transport of the anhydride. The changing rate of free 
sulfacetamide surface may be expressed as: 


-- d X r -  -k lXr  
dt 


The Laplace transformations of Eqs. 1-3 are: 


SE = (k /c )X (Eq. 4) 


sX- k2Xo= - k X +  klXr 0%. 5 )  


S X r  - k2kyYr.o = -klXr 0% 6) 


where s is the Laplace parameter, X O  is the initial contact area between the 
reactants, Xf.0 is the initial free sulfacetamide area of contact, k2 is the fraction 
of ultimately reacted area of contact, k l  is the fraction of ultimately covered 
free sulfacetamide surface area, and Cis  the Laplace transform of a. After 
combining the same terms in Eqs. 5 and 6: 


- k4Xr.o 
X i = -  


s t k l  


(Eq. 7) 


where k4 = k2k3. By combining Eqs. 7 and 8 and substituting X into Eq. 
4: 


In Case 1, assume that k >> kl, and then the anti-Laplace transformation 
of F i n  Eq. 4 would be: 


Because k >> k l ,  the second term on the right side of the equation rapidly 
becomes negligible, and in a short reaction time, Eq. 10 reduces to: 


= (k2X0 + k4Xr.oYC - (kdr,dC) * exp ( - k d  (Eq. 1 1 )  


Because kl >> k ,  the second term on the right side of the equation rapidly 
becomes negligible, so in a very short reaction time: 


a = ( I / c ) ( k z X o  + k4Xr,d[I - exp (-Wl 


a = A[1 - exp ( -kr) ]  


A = ( I / c ) ( k z X o  + k4Xr.0) 


(Eq. 13) 


( ~ q .  14) 


0%. 15) 


or: 


Thus, a plot of -In [ I  - ( a / A ) ]  against time will produce a straight line with 
the slope equal to k .  
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times more permeable to hydrocortisone than human skin. Assignment of an 
exact factor to this difference is made difficult, as the representativeness of 
the human epidermal value is uncertain. with there being no statistical data 
provided. nor are the temperature sensitivities of the permeation of hydro- 
cortisone through the tissues known (but they can be assumed to be large). 
Nevertheless, this appears to be the first clcar demonstration that to some 
permeating species, intact human and hairless integuments offer quantitatively 
different mass transfer resistances. with human skin being at least ons loga- 
rithmic order less permeable. Previous diffusion cell-generated data for the 
alkanols (13. 14, 16) and phenol (19) have left the impressiori that the two 
skin types were, for practical purposes, identical in  permeability. 


Biphasic Character in Some Permeability Plots-A most unusual feature 
ofsomeof thesedata is the biphasicqualityofthe permeability plotsobtained 
with mice 5 and 35 d old. At 35 d of age. this aspect of the data was unequiv- 
ocal. Like other researchers (8). we at first assumed that the skin membranes 
were deteriorating. Howevcr. when the permeability coefficient of a single 
section of skin was repetitively asssesscd approximately every 12 h over a 100-h 
period. using a previously outlined “hydration” protocol ( 1  6), the permeability 
coefficient remained constant at 2.5 X cm/h. Subsequently, additional 
evidence has been gathered on skin of older animals which shows thesc same 
qualities (21), and it now appears that i f  a r u n  is long and continuous, two 
distinct phascs of permeation will be cvident, with the second, more permcable, 
phase being as reproducible in its time of onset and permeability rate as  the 
first. However, the onset of the second phase is at >40 h with the older skin 
sections, which is, by chance, the arbitrarily selected duration for the exper- 
iments reported here and which explains why the second phase was not ap- 
parent with the older skin sections. Also, the permeability coefficient of the 
second phase seems to increase dramatically with mouse age (consider the 
data for 5- and 35-d-old mice presented here). We suspect it was not evident 
after 5 d bu t  not until  35 d because permeability in the early phase dominated 
cvents at I5 and 20 d. The physicochemical implication that this represents 
two separate and parallel permeability pathways through the stratum corneum 
with different dependencies on animal age is clear. This concept is mechan- 
istically important and is thus being put to rigorous experimental testing. 
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Abstract 0 An ion-pairing liquid chromatographic method with U V  detection 
is described for the determination of minoxidil in  bulk drug. compressed tablet, 
and topical solution formulations. The chromatographic system consists of 
ii microparticulate octadecylsilica column and a mobile phase composed of 
sodium dioctylsulfosuccinate in aqueous methanol (pH 3). The bulk drug and 
the topical solution samples are prepared by the dissolution of the drug in  
internal standard solution. Sample preparation for the compressed tablet 
formulation involves dissolving the drug from an aliquot of pulverized sample 


Minoxidil ( I ) ,  2,4-diamino-6-piperidinopyrimidine 3-oxide, 
a potent, orally active antihypertensive agent, is commercially 
available as a compressed tablet formulation’. There are, as 
yet, no published methods for the determination of minoxidil 


I I.onilcn. The Upjohn Ca., Kalarnazoo. Mich. 


and centrifuging to remove insoluble excipicnts. Quantitative recovery of 
minoxidil from formulation excipicnts was demonstrated; assay precision was 
< I %  cv. 
Keyphrases 0 Minoxidil-compressed tablets, topical solution and bulk drug, 
t I PLC 0 HPLC-minoxidil. compressed tablets. topical solution, and bulk 
drug 


in  bulk drug or dosage forms. A simple, precise, and specific 
assay method for minoxidil in thesc matrices was needed for 
quality control activities. For use in  accelcrated stability 
studies, potential decomposition products of minoxidil must 
be separated from the drug peak. Minoxidil is quite stable, 
dccornposing only at  high temperatures to form 2,4-di- 
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I 
amino-6-piperidinopyrimidine (the deoxy product). 


This paper reports the devclopment of a reversed-phase 
ion-pairing high-performance liquid chromatographic 
(HPLC) assay method for minoxidil in several formulations 
and bulk drug. Since the work of Schill and co-workers (1,2), 
Haney et al. (3,4), and Knox et al. ( 5 , 6 ) ,  many workers have 
found that reversed-phase ion-pairing with alkylsulfates of 
alkylsulfonates is effective in  reducing tailing and also for 
adjusting retention and selectivity (7-14). The method is 
simple, precise, and specific for minoxidil in the presence of 
possible decomposition products and several synthetic inter- 
mcd ia tes . 


EXPERIMENTAL SECTION 


Materials-Minoxidi12. 2-N-dicyano-N’,”-pentamethylene acetoamidine*, 
2.4-diamino-6-chloropyrimidine 3-oxidez, 2.4-diamino-6-chloropyrimi- 
dinez, 2,4-diamino-6-piperidinopyrimidinez, and sodium dioctylsul fosuccinate’ 
were >95% pure by HPLC and used as received. The internal standard, me- 
droxyprogesterone acetate, was USP-NF quality. The methanol4 and water 
used in the mobile phases were distilled. All other chemicals were reagent 
grade. 


Apparatus--Experiments were conducted on a modular HPLC consisting 
of a reciprocating piston pumpS, a loop injection valve6, a UV detector’ (254 
nm), and a recorders. For quantitation. data werecollected and processed by 
a digital computer9. 


Mobile Phase--The mobile phase was prepared as follows. Sodium di- 
octylsulfosuccinate (3.0 g) and 10 mL of glacial acetic acid were dissolved 
in 700 mL of methanol. Stirring was continued and 300 mL of water was 
added. The apparent pH was adjusted to 3.0 with concentrated perchloric acid. 
The solution was filtered through a 0.45 pm filterlo before use. 


The separation between minoxidil and the internal standard, medroxy- 
progesterone acetate, could bc increased without affecting selectivity by de- 
creasing the methanol concentration of the mobile phase. 


The volume of the mobile phase in the column, V,, which is equal to the 
retention volume of an unretained compound, was estimated by the retention 
volume of sodium nitrate (20 mg/mL in  the mobile phase). The retention times 
of the compounds studied were measured using I mg/ml. solutions of au- 
thentic standards. Capacity factors, k‘ ,  were determined using the equation: 
k ‘  = Y R  - V,/  Y,, where V R  is the retention volume of the compound being 
measured. The separation factors were calculated by taking the ratio of the 
capacity factor of the compound to the capacity factor of minoxidil. 


Column-The microparticulate octadecylsilane columnl* (10-pm particles, 
300 X 3.9 mm) used was washed with methanol-water (80:20, v/v) and stored 
in  the same solvent when not in  use. The column temperature was ambient, 
the column pressure was - I  500 psi, the injection volume was -I0 pL,  and 
the flow rate was I .O mL/min. 


Sample Preparation--Standards and bulk drug samples were prepared by 
nccurately weighing -5 mg of the sample and dissolving it in 20 mL of internal 
standard solution (-0.2 mg/mL medroxyprogesterone acetate in mobile 
phase). For compressed tablet samples, 10 tablets were weighed and then 
pulverized to a fine powder. An accurately weighed aliquot of the powder 
containing -5 mg of minoxidil was dissolved in 20 ml of internal standard 


The Upjohn Co. 


Burdick &Jackson Laboratories, Muskegon, Mich 
’ Eastman Kodak Co.. Rochester. N.Y. 


5 Model I IOA; Altex Corp.. Berkeley, Calif. 
6 Model 7125: Rheodyne Inc.. Cotati, Calif. ’ Model UVIII: I.aboratory Data Control. Riviera Beach, FI 


’ PDP I I ;  Digital Equi men1 Co,  Maynard, Mass. 
‘“Type HA: Millipore 8orp.. Bedford. Mass. 
‘ I  p-Bondapak CIS. Waters Associates, Milford. Mass. 


Model X K R i  Sargcnl Welch Co., Skokic, I l l .  
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Figure 1 --Chromatogram o l a  compressed tablet preparation of minoxidil. 
The mobile phase was 6.7 rnM sodium dioctylsulfosuccinate and 175 mM 
acetic acid in 70% methanol, pH 3.0; the flow rate was 1.0 mllmin; the 
temperature was ambient; the attenuation was 0.5i2 AUFS. Key: ( I )  me- 
droxyprogesterone acetate (internal standard); (2) minoxidil. 


solution, and insoluble excipients were separated by centrifugation. The clear 
supernatant was separated for analysis. Topical solution samples were pre- 
pared by accurately measuring an amount of solution containing -50 mg 
minoxidil and diluting to 50 mL with mobile phase. Five milliliters of this 
solution was dissolved in  20 mL of the internal standard solution. 


RESULTS AND DISCUSSION 


A typical chromatogram of a minoxidil compressed tablet sample prep-  
ration is shown in Fig. 1. No excipient peaks are  observed even though no 
sample clean-up steps were employed. The minoxidil peak was symmetrical 
and an adequate number of theoretical plates (3500) were generated. Re- 
tention and selectivity data for minoxidil and related compounds are  shown 


Table I-Retention and Selectivity Data for Minoxidil and Related 
Compounds 


ComDound 
Retention Capacity Separation 
Time. min Factor Factor 


~~ ~ ~ ~~~ ~ 


2-N-Dicyano-N’,N’-pentarnethylene 3.41 0.34 0.12 


2,4-Diamino-6-chloropyrimidine 4.13 0.63 0.22 


2,4-Diarnino-6-chloropyrimidine 6.25 1.46 0.5 1 


acetoamidine 


3-oxide 


(internal standard) 
Medroxyprogesterone acetate 8.57 2.37 0.82 


Minoxidil 9.87 2.89 1 .oo 
2,4-Diamino-6-piperidinopyrimidine 12.4 3.88 1.35 
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Figure 2 --Chromatogram of minoxidil and related compounds. Key: ( I )  
0.065 pg 2-N-dicyano- N'. N'-pentamethylene acetoamidine; ( 2 )  1.5 p g  
2.4-diamino-6-chloropyrimidine 3-oxide; (3) 0.5 p g  2.4-diamino-6-chlo- 
ropyrimidine; (41 0.9 px medroxyprogesierone aceiaie; (S) 2.3 pg  minoxidil; 
(6)  0.4 pg 2.4-diamino-6-piperidinopyrimidine. See Fig. I jor mobile phase 
composition. Attenuation was 0.256 AlJFS. 


i n  Table I .  The samplc preparation involved dissolution of the drug from a 
powdered tablet using the mobile phase which contained the internal standard. 
Insoluble excipients were separated by centrifugation and the supernatant 
was chromatographed. 


The specificity of the chromatographic system was evaluated by chroma- 
tographing a mixture of minoxidil and its possible impurities. Figure 2 shows 
the very good resolution obtained betwecn all components. This degree of 
specificity was achieved by manipulation of the mobile phase constituents, 
i.e.. the ion-pairing reagent concentration. the organic modifier concentration. 
and the pH. 


Sodium dioctylsulfosuccinate was chosen as the ion-pairing reagent after 
several alkylsulfates and alkylsulfonates wcre tried. The dioctylsulfosuccinate 
anion is a large hydrophobic sulfonic acid containing 20 carbon atoms, of 
which I8 can be considered alkyl chain carbons. It has. therefore, a very large 
affinity for the alkyl groups on the packing material surface. Ion-pairing re- 
agents with smaller carbon chain lengths allowed the minoxidil peak to tail. 
Sodium dioctylsulfosuccinate has been successfully used as an ion-pairing 
reagcnt i n  several other HP1.C assay methods (10-14). 


The relationship between retention and the dioctylsulfosuccinate concen- 


12 - 
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g 8 -  
m LL 


E m 
E m 
0 
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[dioctylsulfosuccinate], m M  


Figure 3-Ejfeci of mobile phase diocrylsul/osuccinate concentration on 
reieniion. Key: (m) 2-N-dicyano-N'.N'-peniameihylene aceiwmidine and 
2,4-diamino-6-chloropyrimidine 3-oxide; (A) 2.4-diamino-6-chloropyrim- 
idine; (0) minoxidil; (a) 2.4-diamino-6-piperidinopyrimidine. The mobile 
phase was 175 mM acetic acid in 70% methanol, pH 3.0. 


tration in the mobile phase was studied for minoxidil and related compounds 
(Fig. 3). In  accordance with well known reversed-phase ion-pairing behavior, 
retention of all the basic compounds was proportional to the dioctylsulfc- 
succinate concentration. The concentration of dioctylsulfosuccinate was 6.7 
mM, since adequate retention and resolution was observed at that level. Se- 
lectivity was not affected enough to cause peak reversal over a 1-25 rnM di- 
octylsulfosuccinate concentration range. 


The mobile phase contained methanol as the organic modifier. The de- 
pendcnce of retention on its concentration was studied, and the results are 


Table 11-Recovery of Minoxidil Added to Compressed Tablet Placebo 


Amount Amount 
Added, mg Found, rng Recovery, % 


1.388 1.401 100.9 
2.964 2.913 100.3 
4.213 4.286 101.7 
6.039 6.061 100.4 
9.852 9.757 99.0 


Mean 100.5 


Table 111-Analyses of Minoxidil Formulations 


Labeled Assay 
Lot No. Amount, mg Result, mg 


Tablets 
A 
B 
C 
D 
E 


0.3 
1 .o 
2.5 
5.0 


10.0 


0.30 
1.01 
2.45 
4.97 
9.83 


F 15.0 15.0 
G 25.0 24.6 


Topical 
Solutions'J 


A 10.0 10.3 
B 30.0 31.3 
C 50.0 52.2 


Expressed as mg/mL for topical solutions. 


1292 I Journal of Pharmaceutical Sciences 
Vol. 73, No. 9, September 1984 







1 . o  


b c 
0 
(0 LL 


g o  (0 


n 
(0 
0 


cn 0 - 


-1 .0 


- 2.0 
60 70 80 


Methanol Concentration, % 
Figure 4 . Eflecr of mobile phase methanol concotitration on retention. Key: 
I ./ 2-N -dicyano-N', N'-penramethylene acetoomidine; (A! 2,4-diamino- 
6-chloropyrimidine 3-oxide: (A/ 2.4-dianiino-6-chlorop)~rimidine, (0) 
minoxidil. (a J 2.4-diamino-6-piperidinopyrimidine. The tnobile phase was 
6.7 mM sodiirni ~ioct.vlsrrlfosrrccinate and 175 mM acetic mid, pH 3.0. 


shown in Fig. 4. As expected. retention varies linearly with the log of the 
mcthanol concentration. It can be seen that selcctivity docs not changc as the 
mcthanol concentration varies. The mobile phase methanol concentration can, 
therefore. be reduced to compensatc for reduccd retention as the column 
;iges. 


In  reversed-phase ion-pairing liquid chromatography. the mobile phase pl-l 
IS iin important variable. The retention behavior of the compounds was studied 
.is ;I function of the apparent ptl of the mobile phase (Fig. 5). From this ex- 
perimcnt. an apparent pH of 3.0 was chosen for the best separation of all 
compounds. At that ptl.  the ion-pairing reagent was ionized and the solutes 
were ful ly  protonated. I n  the pH region of 4-7, the retention of minoxidil 
dccreased due to deprotonation of the molecule, which decreased the mag- 
nitude of the interaction between minoxidil and dioctylsulfosuccinate. Glacial 
;icetic acid and perchloric acid were addcd to the mobile phase to obtain an 
apparent pH of 3. The effect of the acetic acid concentration on retention is 
ini n i  mal. 


Linearity of the assay for bulk drug was determined over a range of 7 5 -  
125%) of the amount called for in this procedure. The regression equation for 
the line was: minoxidil found = (1.014 f 0.038) (minoxidil added) + (-0.102 
f 0.196). Tablet placebo samples were spiked H i t h  minoxidil, mixed in  the 


2 3 4 5 6 7 
Apparent pH 


Figure 5-Effect of mobile phase apparent ptf on retention. See Fig. 3 for 
the key. The mobile phuse was 6.7 mM sodiirm dioc/ylsul/osirccinate and 
175 mM acetic acid in 70% methanol: ptf from 2.0 10 3.5 odjusted with 
perchloric acid and from 3.5 to 7.0 adjusted with ammonium hJ3droxide. 


solid state, and analyzed by this method to measure recovery. Quantitative 
recovery of minoxidil was observed over the range of - I  .4-9.9 mg/O. 13 g of 
compressed tablet placebo (Table 11). This range corresponds roughly to 
30.200% of the label claim for a 10 mg comprcsscd tablet formulation. 
Replicate analyses of a single lot of 5-mg compressed tablets gave a method 
precision of 0.6% RSD. Results from the analyses of several lots of compressed 
tablets and topical solution formulations of various strengths arc shown in 
Table 111. Good agreement between assay results and the label claim amount 
was observed in all cases. 
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Influence of Food on the Bioavailability of Enalapril 
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Abstract 0 In a randomized, two-period crossover study in  I2  normal vol- 
unteers, serum and urine concentrations of the angiotensin-converting enzyme 
inhibitor enalapril and its active metabolite enalaprilat were determined 
following administration of a single 40-mg tablet of enalapril maleate ad- 
ministered both in the fasting state and with a standard breakfast. A 7-d in- 
terval separated the two treatment periods. Area under the serum concen- 
tration-time curvcs for enalaprilat and urinary recoveries for enalaprilat and 
total drug did not differ significantly between the fed and fasted conditions. 
The mean observed maximum serum concentration of enalaprilat was slightly 
higher for the fasting treatment, but the time to peak concentration was almost 
identical for the two treatments. Enalapril maleate is unlike the prototype 
angiotensin-converting enzyme inhibitor captopril in that a standard meal 
does not appear to influence absorption of this new drug. 


Keyphrases 0 Enalapril maleate-bioavailability, influence of food 0 Enal- 
aprilat-metabolite of enalapril, bioavailability, influence of food 0 Angio- 
tensin-converting enzyme-enalapril maleate, bioavailability, influence of 
food 


Food is known to alter the bioavailability of many drugs (1). 
The presence of food in the GI tract has been shown to reduce, 
by 30-40% the absorption of the recently marketed oral an- 
giotensin-converting enzyme (ACE) inhibitor captopril (2). 
Compromised absorption of captopril could affect the mag- 
nitude or duration of the antihypertensive effect of this drug 
(3) .  Enalapril maleate is a new ACE inhibitor which, like 
captopril, has been shown to be effective in the treatment 
of hypertension and congestive heart failure (4). Enal- 
april ( ( S ) -  I-"-[ l-(ethoxycarbonyl)-3-phenylpropyl]-~- 
alanyll- proli line; 1) is a prodrug which is deesterified to an 
active diacid form, enalaprilat ( ( S ) -  I -[A'-( 1 -carboxy-3- 
phenylpropy1)-~-alanyl]-~-proline; 11) (4). Since enalapril 
lacks the sulfhydryl moiety of the chemical structure of cap- 
topril, it may have a more favorable benefit-to-risk ratio. Oral 
absorption of enalapril may also be more complete than cap- 
topril since the sulfhydryl group of the latter binds to other 
thiol groups in food. 


n 


I, R = CH2CHa 
11, R = H 


The purpose of this study was to investigate whether con- 
sumption of food alters the rate or extent of absorption of en- 
alapril when a single dose is administered to healthy male 
volunteers. 


EXPERIMENTAL SECTION 


Subjects-Twelve healthy, normotensive male subjects (age, 23-37 years) 
volunteered to participate in this study. They were judged to be in good health 
on the basis of history. physical examination, routine laboratory data, standard 
electrocardiogram, and diastolic blood prcssure ( 5 9 0  mm Hg). All subjects 
weighed within f1Wo of the ideal body weights for their a g n  and heights. No 
medications other than enalapril maleate were taken by the subjects from 1 
week prior to the study until its completion. The protocol was approved by the 
Committee on Research of Thomas Jefferson University. 


Study Design-This was an open, randomized, two-way crossover study 
in which enalapril maleate (40 mg) was administered as a single dose in its 
market image. Subjects fasted from midnight of the previous night. On the 
first day of each treatment period, subjects rcceived doses of enalapril maleate 
either in a fasting state or immediately after a standard prescribed breakfast 
by a randomized design. The breakfast consisted of one egg, two pieces of toast 
or bread, two strips of bacon or two sausages, I50 mL of low fat milk or 100 
mL of orange juice, tea. or coffee. All volunteers resumed their normal diets 
each day at  lunch (4 h after dosing). Treatments were separated by 7 d. 


Blood was drawn at  0, I ,  2 ,3 .4 ,6 ,8 ,  12, 16,24,36.48.60. and 72 h post- 
drug administration. Urine was collected at  - I-0,0-2,2- 4.4-6.6-8.8-12. 
I 2  24,24--36.36--48.48-72.72-96. and 96- 120 h after each treatment. Blood 
pressure and pulse rate were measured in the supine and sitting positions at 
regular intervals for 24 h postadministration. Adverse effects were monitored 
throughout the study. 


Biochemical Analysis and Statistical Methods-The assay value for the 
enalrlpril maleate tablet was 42.02 mg. equivalent to 29.88 mg of enalaprilat 
per tablet. A radioimmunoassay procedure ( 5 )  was used to analyze the serum 
and urine samples for enalaprilat and for total drug (enalaprilat after enzy- 
matic hydrolysis of enalapril). After mixing and incubation overnight at room 
temperature. the hydrolysis of enalapril to enalaprilat was virtually complete. 
The assay was considered to be accurate and reproducible at enalaprilat 
concentrations > I  ng/mL in serum and 0.5 pg/mL in urine; the interassay 
coefficient of variation was 8%. Concentrations below these values were not 
considered detectable and, hence, zero for the purpose of data analysis. 


All parameters were analyzed by using an analysis of variance for a two- 
period crossover design (6). These results were corroborated by a nonpar- 
xnctric method based on ranks of the data (7). The posterior probabilities 
were calculated by the method of Rodda and Davis (8). The power analysis 
was based on the t test. 


RESULTS 


The mean serum profiles for enalaprilat after administration of enalapril 
maleate in thc fasting and fed states are depicted in  Fig. 1. Profiles for the two 
treatments are virtually supcrimposable. Mean urinary excretion rate plots 
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Figure I -Mean enalaprilat serum concentrations following administration 
of an enalapril maleate 40-mg tablet to fasting (a} and fed (A} healthy 
subjects (n = 1 2). 


for enalaprilat and total drug (Figs. 2 and 3, respectively) weresimilar for the 
fasting and fed states as well. Serum parameters for enalaprilat and urine 
parameters for enalaprilat and total drug are presented in Table 1, as are power 
analyses and posterior probability results. Mean peak serum concentrations 
of enalaprilat were 154 and 147 ng/mL for the fasting and nonfasting treat- 
ments and were observed at 3.3 and 3.4 h, respectively, after administration 
of enalapril maleate. Mean serum AUCo-24 values for enalaprilat obtained 
from the fasting and nonfasting treatments were essentially the same and 
accounted, on the average, for 93% of the total AUC (from time zero to the 
time of the lowest detectable serum concentration) for both treatments. For 
most subjects, the maximum serum concentration for enalapril (obtained as 
the difference between enalaprilat equivalents before and after sample hy- 
drolysis) was observed at 1 h, the first sampling time, and tended to be slightly 
higher during the fasting state. In two subjects, the maximum was at  2 h (data 
not shown). 


Mean urinary recoveries (0-48 h) of enalaprilat were 31 and 32% of the 
dose for the fasting and nonfasting treatments, respectively; recoveries of total 
drug after hydrolysis of urinary enalapril were 53 and 58% of the dose, re- 
spectively. The mean urinary recovery ratio of enalaprilat-total drug was 0.58 
for the fasting treatment and 0.54 for the nonfasting treatment. Nostatistically 
significant differences were found between treatments for any of the serum 
or urine parameters considered. 


Table I-Mean Serum Parameters for Enalaprilat and Urine Parameters 
for Ennlapriht and Total Drug ' 


Fasting Fed 
(Mean f (Mean Compar- 


Parameter* SD) f SD) ;sonC 


Cm., (enakaprilat), ng/mL 154 f 39 147 f 36 NS 
hX (enalaprilat ), h 3.3 f 0.5 3.4 f O S d  NS 
AUCn-24 (enalaprilat), 1209 f 203 1173 f 212 NS 


ng.h/;nL . 


nrt.hlmL 
AUCo-uc (enalaprilat), 1304 & 240 1262 f 220 NS 


Uriiaiy recovery, 0-48 h 
(percent of administered 
enalaprilat 
Enalaprilat 30.5 f 1.5 31.6 f 8.8 NS 
Total drug 53.1 f 10.1 57.6f 12.4 NS 


Urinary recovery ratio of 0.58 0.54 NS 
enalaprilat/total drug, 
0-48 hd.' 


Fdlowing oral administration of enalapril maleate (40 mg) in healthy fasting and 
fed volunteers; n = 12; total drug was measured after hydrolysis. representing enalaprilat 
which was present in the urine as enalapril itself and that which was present as enalaprilat. 


C-, obscrvcd maximum serum concentration; I,,, time of observed maximum serum 
concentration; AUC0.u and A U G w ,  area under the serum amcentration-time curve 
from 0-24 h and 0-last observed Strum concentration. res lively. No significant 
differences (NS) were found for any comparison. The pwero%ttating a 209bdifference 
in urinary rccovery of enalaprilat and total drug, with a = 0.05, is 0.82 and 0.81, re- 
spectively; posterior probability that the true difference is 20% or Is is 0.97 for enalaprilat 
and 0.94 for total drug. n = 1 1 .  Geometric mean of individual ratios. 


\ 
c : 1 0 0 4  , 1 
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Figure 2- Mean enalaprilat urinary excretion plots following oral admin- 
istration of enalapril maleate to fasting (0) and fed (A) healthy subjects (n 
= 9 and 10, respeciiuely). 


Mean diastolic blood pressure significantly decreased from predose values 
by 2 h after each dose, and these decreases were maintained for 4-8 h. No 
adverse effects were reported. 


DISCUSSION 


Enalapril maleate is a new nonsulfhydryl ACE inhibitor which is converted 
in oiuo to an active diacid metabolite (enalaprilat). Although both enalapril 
and its metabolite are ACE inhibitors, it is the metabolite that exhibits the 
greatest potency and is the presumed active compound in viuo. In the present 
study, the effect of food on the serum concentration-time profile of enalaprilat 
and urinary recovery of enalaprilat and total drug (enalapril plus enalaprilat) 
after administration of a single dose of enalapril maleate were evaluated. This 
is of interest because food has been reported to decrease by 30% the extent 
of absorption of captopril, thecurrently availableoral ACE inhibitor (2). In 
addition, maximum inhibition of ACE, as reflected by enzyme activity in  
serum, appears to be required for the full therapeutic effect of this class of 
drugs (4). Since serum ACE activity is directly related to circulating drug 
concentrations, this maximal degree of inhibition may not occur if drug ab- 
sorption is impaired. lnterestingly, food has recently been reported todecrease. 
by -50%. the oral absorption of d-penicillamine, another sulfhydryl-con- 
taining compound (9). 


This study in normal volunteers showed that a standard breakfast did not 
alter the serum concentration-time profile and urinary recovery of enalaprilat 
following a single oral dose of enalapril maleate (40 mg). We have demon- 
strated previously that an enalaprilat concentration of -14 ng/mL is required 
to inhibit serum ACE levels by 90% (10, 11). I n  the current study, this serum 
concentration was maintained for at least 16 h after each 40-mg dose in most 
subjects, regardless of diet. 
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Figure 3-Mean urinary excretion rate plots for total drug (enalaprilat 
measured afier hydrolysis) following oral adminisirat ion of enalapril maleate 
to fasting I.} and fed (A) healthy subjects (n = 9 and 10, respectively). 
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In conclusion, the serum parameters for enalaprilat and urine parameters 
for enalaprilat and total drug (enalapril-enalaprilat) were similar following 
administration of a single enalapril maleate 40-mg tablet to healthy voluntccrs 
undcr fasting and nonfasting conditions. Thus, food did not appreciably alter 
the absorption of enalapril or the bioavailability of enalaprilat in this 
study. 
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Abstract 0 The metabolism of salsalate (I) was characterized in two normal 
volunteers. The drug was almost completely absorbed and was excreted pri- 
marily in the urine; only -I% of the total dose was found in the stools. Al- 
though l is a salicylate derivative, which on hydrolysis yields two molecules 
of salicylic acid ( I I ) ,  -7- I090 of the dose was not hydrolyzed to salicylic acid 
and appeared in the urine either as unchanged drug or glucuronide conjugates. 
Thus, the incomplete availability of salicylate from salsalate that has been 
previously reported may not be due to incomplete absorption of the drug but 
to incomplete hydrolysis to salicylic acid. 


Keyphrases 0 Salsalate-metabolism, normal subjects 0 Absorption-sal- 
d a t e ,  normal subjects 


Salsalate (I) is a salicylate derivative which on hydrolysis 
yields two molecules of salicylic acid (11). The results of several 
studies have indicated that the availability of salicylate from 
salsalate is lower than from either choline magnesium trisal- 
icylate (1) or aspirin (2,3). It has been suggested that the lower 
availability of salicylate from salsalate may be due to incom- 
plete absorption (1). However, the recovery of total salicylate 
in the urine samples of patients receiving equivalent doses of 
salsalate and aspirin indicated that the absorption of the two 
salicylate formulations was essentially complete. The hy- 
drolysis of salsalate to salicylate was incomplete, with <1% 
of the dose being excreted as unchanged salsalate and I 1  3% 
of the dose being excreted in the urine as conjugates of salsalate 
(3). The only limitation of this latter study was the fact that 
the biological samples had been stored for several months prior 
to analysis, during which time salsalate (both nonconjugated 
and conjugated) may have partially hydrolyzed to salicylic 
acid. 


The purpose of this study was to characterize the metabo- 
lism of salsalate in two normal volunteers following the ad- 
ministration of 2000 mg of salsalate containing I4C-labeled 
salsalate. 


EXPERIMENTAL SECTION 


Two normal healthy male volunteers (age 29 and 35) entered into the 4-d 
study after initial screening procedures. The volunteers fasted for 12 h prior 


to and 4 h after drug administration. They ingested 2000 mg (four 500-mg 
capsules) of salsalate containing 14C-labeled salsalate’ (64 pCi) with water. 
Compound I was radiolabeled at  both carboxyl positions. 


Blood samples were taken just before drug ingestion, a t  hourly intervals 
up to 12 h, and then at  16,20,24.30,36,48,60, and 72 h following drug ad- 
ministration. Immediately after the blood samples were drawn into heparinized 
tubes, they were centrifuged, and the plasma was frozen until analysis. Urine 
samples were collected during the following intervals: 0- I ,  1-2, 2-4,4-6,6-8, 
8- 12, 12- 16, and 16-24 h. For the next 3 d, urinary output was collected as 
consecutive 12-h aliquots. The volume of urine and pH were recorded for each 
period, and aliquots were frozen in plastic containers until analysis. All stools 
were collected, weighed, and frozen until analysis. Due to the possibility of 
hydrolysis of salsalate and its conjugates to salicylic acid, all assays were 
completed within 2 weeks of collection. 


Aliquots of plasma (0. I mL with 0.9 mL of water) or urine ( 1  .O mL) were 
transferred into scintillation vials containing scintillation fluid2 and counted 
in a scintillation counter). Standards containing 500 j ig  of the radiolabeled 
salsalatel in propanol were also counted. All counts were corrected for 
quenching. 


The plasma and urine samples were assayed for unchanged salsalate and 
salicylic acid by a previously reported HPLC technique (4). Salsalatel, sali- 
cylic acid4. and a-phenylcinnamic acid4, thc internal standard, were extracted 
from acidified plasma and urine samples. Methylene chlorideS was used to 
cxtract plasma. whereas urine was extracted into hcxane6. The organic phases 
were evaporated to dryness, redissolved in rncthanol (0.5 mL)’, and analyzed 
by HPLC with an automatic sample injector accessorys. The mobile phase 
of methanol- 1 %  acetic acid (60:40, V / V )  was pumped at a rate of 2.0 mL/min 
through a 4.6 X 150-mm column9. Peaks were detected with a U V  detectorlo 
(300 nm) coupled to a recorder’ and peak integrator12. Plasma samples were 
assayed for total salicylate by HPLC after heating with HCI (18 M) ovcrnight 
a t  IOOOC. Extraction and chromatographic conditions were the same as  de- 
scribed above for unchanged I .  


Total urinary salicylate was determined by a modification of the colori- 
metric method described by Chiou and Onyemelukwe ( 5 ) .  Aliquots of urine 


I Riker Laboratories. 3 M  Center,St. Paul. Minn. 
2 Ready-Sol E P  Beckman Instruments. Inc.. Fullcrton. Calif. 


Isocap 300: Scarlc Analytical Inc.. Des Plaines. 111. 
Aldrich Chemical Co.. Milwaukee, Wis. 


5 Spectroquality; Matheson. Coleman and Bell. Norwood. Ohio. 
Spectrcquality; Mallinckrodt. St. Louis. Mo.  ’ Burdick & Jackson Laboratories, Muskegon. Mich.  * Model 1500; Altex Scientific, Berkeley, Callf. 
Ultrasphere ODs: Altex Scientific. 


10 Model 100- 10 spectrophotorneter: Hitachi Scientific Instruments. Mountain-View. 


1 1  Model 250-2. two channel; Curken Scientific. Danbury. Conn 
‘ 2  Model 485: Varian Instrument Division, Pelo Alto. Calif. 


Calif.  
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Kinetic Steric Factors and Connectivity Indices 
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Abstract 0 In this study the relationships between previously reported con- 
nectivity indices described by Kier and Hall and steric contributions to the 
rate constants for several series of reactions are examined. Rate data were 
examined for four different series of reactions, which were chosen to represent 
a range of differqnt reaction mechanisms and transition-state structures. For 
sterically controlld reactions, the relative rates of series of substrates can be 
correlated either with the connectivity indices of the substrates themselves 
or with the changes in the indices that accompany formation of transition 
states. As expected. the significant indices in the correlations are of the cluster 
and path-cluster types. The connectivity indices should be useful descriptors 
in helping relate equilibrium properties, chemical reactivities, and pharma- 
cological data to one another. 


Keyphrases 0 Connectivity indices-relationship with steric contributions 
to rate constants 0 Kinetic steric factors-relationship with connectivity 
indices to rate constants 


The development of structure-activity relationships (SAR) 
in pharmacology (1,2) has relied heavily on the use of physi- 
cochemical parameters which are based on chemical reactivity 
relationships, such as Hammett a-p constants and Taft E ,  
values. Many of the more recent studies, including those in 
which pattern recognition methods are employed, also make 
use of other descriptors which reflect substructural information 
like molecular connectivity and branching characteristics (3). 
The connectivity indices described by Kier and Hall (4), which 
were introduced as a generalization of the Randic' branching 
index (S), have proved to be extremely useful in this regard. 


Kier and co-workers and others have been quite successful 
in obtaining correlations (4, 6-8) of physical, thermodynamic, 
and pharmacological properties with the connectivity indices, 
but there has been only one report to date concerned with the 
relationship between connectivity indices and chemical reac- 
tivity (9). There obviously are very close relationships between 
physicochemical parameters, chemical reactivities, and 
pharmacological properties, and it is important that these re- 
lationships be understood. We have therefore undertaken the 
present study of correlations between molecular connectivity 
and chemical reactivity. 


It is clear that the connectivity indices described by Kier and 
Hall carry information about the nature and number of atoms 
in the molecule, as well as the degree of branching and the 
amount of folding. The dependence of kinetic steric factors on 
molecular branching has been well established by the detailed 
studies of Charton (lo), Dubois er al. (1 l), and Ruchardt and 
Beckhaus (1 2), among others; therefore, kinetic steric factors 
may be correlated with connectivity indices. I n  fact, the link 
between the two has already been made by Murray (9), who 
succeeded in finding correlations between the Taft E ,  pa- 
rameters (1 3) and effective connectivity indices for a series of 
substituted alkanes. 


The connectivity indices are based on hyrogen-suppressed 
graphs and are defined by: 


where m is the number of connected edges in the subgraph 
defined by the atoms whose valencies are denoted by &. The 
summation is over the entire set of all n, possible subgraphs 
of the given order and type. The different types which can 
occur for m 2 3 are differentiated by t; the designation used 
is t = P for path, C for cluster, PC for path-cluster, and CH 
for chain (cycle). 


The approach taken by Murray was to correlate kinetic 
steric factors with x values for a series of substrates in a par- 
ticular reaction. This implies that steric factors simply reflect 
structural features of the ground-state substrate molecules. 
Although many kinetic data have been successfully correlated 
with ground-state properties of substrate molecules in the past, 
it seems that a better approach would be based on the transi- 
tion-state theory. This would correlate kinetic data with pa- 
rameters which measure the changes that take place during 
the activation process for a reaction. In particular, we suggest 
that a convenient set of parameters can be defined as: 


(Eq. 2) A ( m x t )  = m x t .  - m X t  


where m x i  is the connectivity index for transition states and 
m X r  is the corresponding quantity for reactant molecules. The 
utility of A m X t  to measure kinetic steric factors is suggested 
by the striking success that Kier and co-workers achieved in 
correlating molar heats of formation with " x , .  If similar 
relations hold in the transition state, then it would be expected 
that the enthalpy of activation and the activation energy will 
be related to A m X f .  


Our goal was to determine whether correlations could be 
found between chemical reactivity and connectivity indices 
(either m ~ r  or A m x f ) .  We considered four different chemical 
reactions: quaternization of substituted pyridines, bromide 
exchange reaction of branched alkanes, acid-catalyzed hy- 
drolysis of alkanoic esters, and a nucleophilic substitution 
process on chlorodinitrobenzene, all of which will be discussed 
below. In all cases, we have found that both sets of indices do 
generally correlate with the reactivity data. 


Our calculations differed from those of Murray in two re- 
spects. First, we calculated for the actual full substrate 
molecules rather than replacing the reactive center with an 
effective atom that has some arbitrary valence. Second, we 
treated subgraphs of different types separately, since we ex- 
pected the cluster or path-cluster terms to be most important. 
All of our indices were calculated with a FORTRAN program 
developed along the lines of the algorithm suggested by Kier 
and Hall (4). We simply employed the list of atomic valencies 
( S i )  which they provided, including the empirical values they 
had found appropriate for halogen atoms]. 


I 
I I 


I Values of 6 used in this study were: <H3, 1 ;  - C H I - ,  2; --CH--, 3; <-, 4; 


-NH2, 3; E N ,  5; --N=(pyridine), 5; -N- (quaternary), 6; OH, 5; U, 6-0, 
I 


6; -Br, 0.254. 


I 


1472 I Journal of Pharmaceutical Sciences 
Voi. 73, No. 70, O c t o t s r  1984 


0022-3549184  1000- 1472$0 1.0010 
@ 1984. American Pharmaceutical Association 







Table I-Standard Heats of Formation in the Gas Phase at 25°C 


AH;, g/k~al.mol-~ 
Compound Experimentala Calculated (Eq. 2)6 


Pyridine 34.55 33.96 
2-Methylpyridine 23.70 24.79 
3-Methylpyridine 25.42 25.01 
4-Methylpyridine 24.41 25.01 
2.3-Dimethylpyridine 16.32 15.70 
2.4-Dimethylpyridine 15.27 15.83 
2.5-Dimethylpyridine 15.88 15.83 
2.6-Dimethylpyridine 14.03 15.62 
3.4-Dimethylpyridine 16.74 15.92 
3,5-Dimethylpyridine 17.40 16.05 


From Ref. 17. See Table VII for values of "'x,. 


RESULTS AND DISCUSSION 


Substituted Pyridines and Their Quaternization Rates-The alkylation of 
substituted pyridines is one of the most studied reactions from a structure- 
reactivity point of view (14-16). Because the steric and branching effects of 
pyridine alkylation are sowell understood, this reaction seemed to be an ideal 
first candidate for a connectivity index study. Since some of the most striking 
correlations described by Kier and Hall are for molar heats of formation, we 
decided to first look at  the available data of that type for the alkylpyridines. 
The only data available were those listed by Cox and Pilcher (17) for the 10 
compounds listed in Table I. We found that these values could be described 
by the simple expression: 


AH;(g)/(kcal .mol-l) = -21.8O(Ix) + 74.27 (Eq. 3) 


where r = 0.9897, RSD = 0.98, and n = 10. The correlation coefficient can 
be increased to 0.9922 by any of the following: 


AH;(g)/(kcal- mol-I) = -32.97( '~) + 10.05(2x) + 84.49 0%. 4) 


= -24.02( '~) + 4.49(4~pc) + 78.47 


= -27.84( '~) + 18.00(3~c) + 85.28 


(Eq. 5) 


(Eq. 6) 


Although these findings are not as impressive as the results of Kier and Hall 
for alkanes. they are significant. The size of the current data set is appreciably 
smaller than that of Kier and Hall, and the uncertainties in the experimental 
data are larger. In  Fig. 1 are shown the types of subgraphs that contribute to 
the indiceszx, )XC, and 4 x ~ .  It is appropriate that these enter the correlations 
Eqs. 4-6 since they measure the degree of methylation of the pyridine nucleus; 
4xpc also contains a measure of the degree of substitution at adjacent pyridine 
sites. 


If one examines the series of rate constants previously reported (14-16) 
for the methylation of alkylpyridines, it appears that the relative rates are 
dominated by steric effects and have only subordinate electronic contributions. 
We have recently published (14, 16) some theoretical studies of this reaction 
based on the model transition state (TS) corresponding to the activation 
process shown in Scheme I .  We used this model tocalculate a set of ("X;) 
and A("x,) for a series of 37 alkyl-substituted pyridines (Table 11). Theva- 
lency of nitrogen in the model transition states was taken to be 6, which is the 
value suggested by Kier and Hall for quaternized nitrogen (4). This &re- 
sponds to the assumption to a fully formed N--CH, bond in the TS; in sub- 
sequent studies, it may be desirable to use intermediate valencies which cor- 
respond to partially formed bonds. For the set of 37 alkylpyridines, in which 
the relative reaction rates cover four orders of magnitude, the besf linear 
correlation we found was: 


In = -10.7 A5xpc + 2.75 (Eq. 7) 


where r = 0.8786, RSD = 1.28, n = 37, and krcl is the second-order rate 
constant relative to that of pyridine. 


Other powers of the parameters were investigated, and the best correlation 
obtained was: 


(Eq. 8) In (k re I )  = -10.4(Asxp~)* - 7.24(A4xpc)* + 1.30 


( 2 )  ( 3 . C )  (4.K) 
Figure 1-Illustrative subgraphs of types 2x. 'XC, 4xpc. 


+ aR1 CH3 + N@R' -> CH3 --- N 


R2 R2 
Scheme I 


where r = 0.9092, RSD = 1.13, and n = 37. The results of Eq. 8 are compared 
with the observed values of [In (krel)] in Table 11. In Figure 2 are shown some 
illustrative subgraphs that contribute to Asxpc and A4xpc for the model 
transition states. It is easy to see that these terms should constitute measures 
of steric hindrance in the reaction. 


In  the cask of Eq. 8, as well as for all succeeding correlations involving 
multiple parameterq, statistical tests were applied regarding the utility of the 
added parameters. Parameters were not added'to the correlations unless they 
were significant at the 90% confidence interval, as indicated by the F-test. 


Although Eqs. 7 and 8 are quite reasonable, better results might have been 
expected. Further consideration indicates that there may be a good reason 
for this discrepancy; although this reaction is dominated by steric factors, there 
are apparently sizeable electronic contributions in some cases. In fact, Berg 
et al. ( I  8) pave studied the iodomethylati~n o fa  series of 2-substituted pyri- 
dines, using heteroatom substituents as well as alkyl groups, and have arrived 
at a separation of electronic and steric contributions to the relative rates of 
reaction. They sepdrated log (krcl) into steric (SO) and electronic ( E O )  com- 
ponents: 


log &I) = so + EO 


and, using a Brqnsted relation to estimate E D ,  were able to determine So and 
Eo for the series of molecules. For the series of 2-alkylpyridines with alkyl 
groups being methyl, ethyl, isopropyl, and tert-butyl, they found values of 
Eo/So to be -'0.59, -0.33, -0.24, and -0.061, respectively. Whether or not 
their values of So and Eo are precisely correct, it must be concluded that 
electronic effects are not insignificant in the above series of alkylpyridines and, 
furthermore, that their fractional contributions vary considerably through 
the series. 


Table 11-Relative Rates of Methylation of Substituted Pyridines 


In (krii) 
Compound Observed" Es. g 6  


Pyridine 
2-Picoline 
3-Picoline 
4-Picoline 
2,3-Lutidine 
2.4-Lutidine 
2.5-Lutidine 
2.6-Lutidine 
3,4-Lutidine 
3.5-Lutidine 
2-Ethylpyridine 
2-Isopropyl yridine 2-tert -But y Ppy ridine 
2-Methyl-3-et hylpyridine 
2-Methyl-3-isopropyl yridine 
2-Methyl-3-terf-butyPpyridine 
2,6-Diethylpyridine 
2,6-Diisopropylpyridine 
2,4,6-Trimethylpyridine 
2.3.5.6-Tetramethylpyridine 
2,3,4.5,6-Pentamethylpyridine 
3-Ethylpyridine 
4-Ethylpyridine 
3-lsopropylpyridine 
4-lso ropy1 yridine 
3-ter!Buty&yridine 
4-tert-Butylpyridine 
2-Methyl-5-ethylpyridine 
2-Methyl-5-isopropyl yridine 
2-Methyl-5-rert-butyPpyridine 
2,3-Cyc o ntenopyridine 
2,3-Cqclo~xenopyridine 
2-Ethyl-3-methylpyridine 
2-Ethyl-5-methylpyridine 
2-Ethyl-6-methylpyridine 
2-Isopropyl-3-met hylpyridine 
2-Isopropyl-5-methylpyridine 


0 


0.531 
0.742 


-0.844 


-0.844 
-0.083 
-0.198 
-3.219 


1.224 
0.956 


-1.514 
-2.590 
-8.422 
-0.734 
-0.673 
-1.109 
-5.599 
-8.805 
-2.207 
-4.343 
-4.200 


0.788 
0.833 
0.875 
0.788 
1.030 
0.788 
0.095 
0.182 
0.262 
0.642 


-1.204 
- 1.427 
-0.616 
-5.655 
-5.776 
- I  .772 


0.925 


0.490 
0.977 


-0.249 


- 1.395 ~. . 


-0.106 
-0.790 
-2.657 


0.644 
-0.247 
-0.673 - 
-2.375 
-5.570 
-0.823 
-0.552 
-0.364 . 
-3.672 
-9.238 
-2.307 
-6.629 
-5.694 


0.690 
0.97 I 
0.774 
0.969 
0.875 
0.924 


-0.531 
-0.383 
-0.263 
-0.935 
-0.935 - 1.892 - 1.509 
-3.005 
-3.900 
-3.644 


0 From Refs. 14-16. Set Table V l l l  for values of Am& 
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Table 111-Relative Rates and Steric Factors for the Metbvlation of 2-Substituted Pvridines 


2-Substituent 


- C H 3  
--CA 
-1sopropyl 
-tert-Butyl 


-CHZ-Phenyl 
- -CW2H5 
-Phenyl . 
-2- ridyl 


-G=N 
-Br 


--CHIOH 
--CH2CHzOH 


-NZ 


log (krd" 


-0.30 
-0.72 
-1.10 
-3.70 
-0.59 
-0.68 
- 1.05 
-2.14 
-2.00 
-2.48 
-0.30 
-2.70 
-2.36 


So (Experimental)a 


-0.73 
- 1.08 
- I  .44 
-3.44 
-0.67 
-0.86 
-1.16 
- 1.25 
-1.82 
-2.35 
-0.93 
-0.89 
-0.82 


So (Eq. Il)',' so (Eq. 12)* So (Eq. 14)* 


-0.82 
- 1.02 
- I  .65 
-4.02 
-0.93 
-1.20 
-1.41 
- 1.24 
- 1.62 
-1.51 
-0.89 
-0.95 
-0.67 


-0.73 - 1.02 
- 1.66 
-4.01 
-0.88 
-1.13 
-1.29 
- 1.42 
-1.70 
-1.63 
-0.78 
-1.00 
-0.70 


-0.80 
-0.94 
-2.01 
-3.78 
-0.84 
-0.99 
-1.59 
-1.17 
- 1.73 
-1.56 
-0.73 
-0.78 
-0.95 


From Ref. 18. * See Table IX for values of " x I  and AmxI. 


For the whole set of molecules studied, Berg et al. (18) found that the ratio 
of E o / S o  varies from -0.68 to +2.03, so the data cover the range from pre- 
dominant steric control to predominant electronic control. The values of So 
which they obtained for the 2-substituents 4 H O  and - C O C H 3  seemed 
out of line with the rest of their data, so we dropped those compounds from 
further consideration, leaving a total of 13 compounds to be considered (Table 
111). No significant correlations could be found for log (kr& this is consistent 
with the.conclusion that both electronic and steric factors are important in 
this series (18). The situation was dramatica!l$ different when the values 
of So wire examined. The best single-parameter linear correlation was: 


So = -4.43A'xpc + 0.26 (Eq. 10) 


where r = 0.8739. RSD = 0.46, and n = 13. The situation improved dra- 
matically when multiple parameters were permitted. The best linear relation 
obtained was: 


So = -4.11(A6xpc) - 70.1(A3xc) + 3.00(A4xp) + 7.27 (Eq. 11) 


where r = 0.9430, RSD = 0.35, and n = 13. When other powers of the pa- 
rameters were examined, slightly better agreement was found by: 


So = -0.584(A4xpc)-' - 0.1 17(A4xp)-' 
+ 0.338(A6xpc)-' + 0.460 (Eq. 12) 


where r = 0.9585, RSD = 0.30, and n = 13. The values of So calculated from 
Eqs. 1 1  and 12 are compared with the experimentally derived values of Berg 
et al. (18) in Table 111. These investigators did a credible job of identifying 
steric contributions to these relative rates. Furthermore, as we expected, Eqs. 
10-12 are dominated by path-cluster- and cluster-type terms. 


If we correlate So with the indices of the substrate molecules themselves, 
the best single-parameter eqbation is somewhat better than Eq. 10: 


So = -3.41('~pc) - 0.35 m. 13) 


where r = 0.9127, RSD = 0.47, and n = 13. However, the best multiple- 


0 


parameter equation is not quite as good as Eqs. 1 1  or 12: 


So = -13.69(s~c)  - 0.93(4~p) - 0.38 (a. 14) 
where r = 0.9270, RSD = 0.44, and n = 13. If the calculated values of So in 
Table 111 are examined it is hard to decide whether Eq. 1 1 ,  12, or 14 is pref- 
erable to the others. The single-parameter correlations behave as expected 
in that the index occurring in Eq. 10 ('xpc) is of a higher order than that in 
Eq. 13 ('xPc). 


The succcss of Eqs. 10 and 13 indicates that there should exist a linear re- 
lationship between the activation indices (A6xpc) and the substrate indices 
('xpc). The relation was found to be: 


A'xpc = 0.712(5~pc) + 0.154 (Eq. 15) 
where r = 0.9660, RSD = 0.0483, and n = 13. The existence of this rela- 
tionship is consistent with results of a previous study on the Menschutkin re- 
action, which has established that relative reactivities of substituted pyridines 
can be interpreted either in terms of TS calculations or in terms of substrate 
equilibrium structures with essentially equal success (14-16). 


Bromide Excbutge Reaction-Another reaction which is generally accepted 
as being largely sterically controlled is the bromide exchange reaction of alkyl 
groups: 


Br- + RBr - BrR + Br- (Eq. 16) 


which was studied experimentally by de la Mare et al. (19). For these reac- 
tions, Abraham and co-workers have estimated the nonbonded interactions 
in a model transition state (Fig. 3) and concluded that steric effects are highly 
dominant (20). More recently, deTar et al. (21) have applied molecular me- 
chanics to the same transition state; they concluded that although steric effects 
apparently predominate, polar effects must be invoked to interpret the rate 
constants for the a series of alkyl groups (methyl, ethyl, isopropyl, tert- 
butyl). 


We examined the rate constants at 25OC (Table IV) which were listed by 
deTar et al. (21). As before, transition-state valencies were assigned on the 
basis of fully formed bonds. This included use of the empirical value of 0.254 
for bromine. 


The best single-parameter correlation was rather poor: 


In (k) = -2.73(Asxc) - 7.50 (Eq. 17) 


where r = 0.7269, RSD = 3.70, n = 7, and k is in s-l M-l. With two pa- 
rameters the results were much better: 


In (k) = -3.70(A'xc) - 1.30(A3xc) - 3.44 (Q. 18) 


where r = 0.9763, RSD = 1.30, n = 7, and k is in s-1.M-I. 
In this case, the substrate connectivity indices do a slightly better job than 


do the Ax. In  comparison with Eq. 17, we have: 


In (k) = -2.87(2x) - 2.87 (Es. 19) 


( 4 , W  ( 4 , W  R1 
Figure 2-lllustrative subgraphs contribution to terms in Eq. 8. Figure 3-Transition statefor Eq. 16. 
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Table IV--Second-Order Rate Constants and Steric Contributions to Activation Energies for Br- Exchange Reactions ' 
In ( k )  A E ~ ,  


R Observedb Eq. 1gC Eq. 2OC Calcd Eq. 22c Eq. 23c 


Methyl -2.00 - 3.44 -2.81 7.41 7.20 7.50 
Ethyl -6.41 -6.39 -6.08 13.61 12.55 12.95 
n-Propyl -6.8 I -5.52 -6.29 13.65 14.40 13.30 
Is0 ropy1 -10.96 -9.63 -9.50 17.77 18.44 18.65 
lso!ut y l -9.74 -9.90 -10.42 15.48 16.79 16.07 
rerr-Butyl -12.17 -13.27 -13.24 25.38 25.04 24.90 
h'eowntyl -17.35 -17.28 -17.08 20.64 19.52 20.57 


0 Rate constants are in seconds-'.Molar-', activation energies are in kilocaloriwmoles-1, and the exchange reaction is depicted in Eq. 16. From Ref. 19. See Table X for 
values of '"xf and Amx,. d From Ref. 21. 


where r = 0.8606, RSD = 2.73, n = 7, and k is in s-l.M-I. The counterpart 
of Eq. 18 is: 


In ( k )  = -2.33Px) - 3 . 0 6 ( 4 x ~ ~ )  - 2.87 (Eq. 20) 


where r = 0.9829, RSD = 1.10. n = 7, and k is in S-~.M-'. Note that Eqs. 
19 and 20 contain lower-order indices than do Eqs. 17 and 18. The values of 
In (k), as calculated from Eqs. 18 and 20 are compared with the experimental 
values in Table IV. 


We also examined the steric contributions to the activation energies, AEil, 
which deTar ef al. calculated via molecular mechanics (21). Correlation of 
these numbers with the Ax values yielded the best single- and multiple-pa- 
rameter correlations: 


A E t  = 1 .64(A3xc) + 1 1.96 


AE!, = 2.35(A3xc) + 2.13(A4xc) + 7.20 


(Eq. 21) 


(Eq. 22) 


where r = 0.7575, RSD = 4. I I ,  n = 7, and AE:, is in kcalmol-I, and: 


where r = 0.9865. RSD = 1.15, n = 7, and AE!, is in kcal.rnol-t. These are 
slightly better than Eqs. 17 and 18 involving the rate constants. 


When the substrate indices were used, we obtained: 


AE!, = 3.89(2x) + 7.50 (m. 23) 


where r = 0.9951, RSD = 0.62, n = 7, and AEil is in kcal-mol-I. In this case 
no statistically significant second parameter could be added to the correlation. 
However. Eq. 23 is already superior to Eq. 22. Equations 22 and 23 arecorn- 
pared with the molecular mechanics values of deTar et ol. in Table IV. 


Linear regression of the best single activation index (A3xc) against the best 
single substrate index (2x) ,  yielded a correlation coefficient of only 0.752. This 
low value is to be expected in view of the small r associated with Eq. 21. 


Whether the substrate connectivity indices ("x,) or the changes that occur 
in them during activation (Amx,) are employed, we had slightly better cor- 
relations with the steric portion of the activation energy than we did with the 
rate constants. This tends tosupport theconclusion of deTar er al. (21) that 
polar effects are  not negligible in these reactions. 
E, Values of Taft-The E, values described by Taft (1 3) for alkyl groups 


were derived as  steric contributions to the relative rates of hydrolysis reac- 
tions: 


RCOOC2H5 + H,0+ -+ RCOOH + C2HsOH + H+ (Eq. 24) 


Murray (9) correlated the E,  values with effective connectivity indices ob- 
tained for RX molecules, and assigned X an effective valency of 2. We ex- 
amined these reactions using the model transition state shown in Fig. 4. 


By using the Ax values, the best one-parameter equation obtained was: 


E, = -2.48(A6xpc) - 0.31 (Eq. 25) 


wherer =0.918I,RSD =0.58,andn = 19.Theuseofmultipleparameters 
improved this to: 


E, = -2.25(A6xpc) - 1.58(A4xpc) t 0.08 (Eq. 26) 


where r = 0.9372, RSD = 0.53, and n = 19. When the substrate indices were 
used for the ethyl esters, we obtained: 


E, = - I  . 5 7 ( 3 ~ p )  + 0.69 0%. 27) 


OH 


&OC 2 5  H R-C 


'OH 


N02 N02 


T . S  
Scheme I1 


Table V-E. Values. 


E, 
R Observcdb Eq. 26c Eq. 27c 


CH3- 0.0 -0.14 0.15 
c2H5- -0.07 -0.47 -0.24 
C H ~ C H ~ C H Z -  -0.36 -0.48 -0.50 
C H ~ C H ~ C H Z C H Z -  -0.39 -0.60 -0.94 
C H ~ C H ~ C H ~ C H Z C  H2- -0.40 -0.56 -1.33 
( C H ~ ) & H C H ~ C H Z -  -0.38 -0.85 -1.24 


( C H d K -  -1.54 -1.67 -0.70 
- 1.98 -1.28 -1.82 


( C H W H -  -0.47 -1.00 -0.50 


-1.74 -1.21 -0.84 
-2.1 1 -1.55 -2.27 
-2.57 -2.84 -2.13 
-3.18 -3.55 -2.84 
-3.90 -3.83 -3.48 
-3.80 -2.67 -3.60 


. .. 


E .  values described by Taft ( I  3). From Ref. 13. See Table X I  for values of "'x, 
and A m x f .  


where r = 0.9317, RSD = 0.53, and n = 19. 
In Table V is shown a comparison between Eqs. 26 and 27 with the E,  values 


given by Taft (13). Equations 25 and 27 are bctter than the single-parameter 
correlations described by Murray (9), and Eq. 26 is better than his two-pa- 
rameter relation. 


Here, again, there is a significant correlation between the indices used in 
Eqs. 25 and 27, viz.: 


A6xpc = 0 . 5 6 7 0 ~ ~ )  - 0.303 (Eq. 28) 


where r = 0.9106. RSD = 0.225, and n = 19. 
Nucleophilic Substitution of l-Chloro-2,4-Dinitrobenzene by Alkylam- 


ines-As a final example, we chose the nuclcophilic substitution of 1- 
chloro-2,4-dinitrobenzene by an aliphatic arnine by the activation process 
shown in Scheme 11. The relative rate constant data were obtained from the 
experiments of Brady and Cropper (22) (Table VI). 


Table VI-Relative Rate Constants for Eq. 28 


R In (k.,lla EQ. 29b Eq. 30b 


Ethyl 
Propyl 
Isopropyl 
Butyl 
sec-Butyl 
ferr-Butyl 
Isobutyl 
Octvl 


2.219 
2.262 


0 
2.303 


-0.094 
-3.270 


1.917 
2.303 


2.163 
2.269 
0.076 
2.264 
0.137 


-3.376 
1.800 
2.307 


2.106 
2.106 
0.796 
2.106 
1.180 


-3.261 
0.502 
2.106 


Figure 4-Transition state for Eq. 24. 
~~ ~ 


From Ref. 22. See Table XI1 for values of m ~ ,  and A m x f  
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Table VII- -xt Values for Substituted Pyridiws. In = - 3 . 9 2 9 ( 3 ~ ~ )  + 2.106 (Eq. 30) 


where r = 0.9177, RSD = 0.848, and n = 8. The results of Eqs. 29 and 30 were 
compared with the experimental data (Table VI). 


In addition. there is a reasonable linear relation between the indices of Eqs. 
29 and 30: 


'XC = 0.959(ASxpc) - 1.559 ( ~ q .  31) 
where r - 0.9248, RSD = 0.191, and n = 8. 


Compound 


Pyridine 
2-Methylpyridine 
3-Methylpyridine 
4-Methylpyridine 
2,3-Dimethylpyridine 
2,4-Dimet hylpyridine 
2,s-Dimethylpyridine 
2,6-Dimethylpyridine 
3,CDimethylpyridine 
3.5-Dimethylpyridine 


'X 


1.850 
2.270 
2.260 
2.260 
2.687 
2.68 1 
2.681 
2.691 
2.677 
2.67 I 


2X 


1.025 
1.47 1 
1.530 
1.525 
1.906 
1.975 
1.977 
1.920 
1.960 
2.040 


IXC 


0.0 
0.1291 
0. I667 
0.1667 
0.2561 
0.2958 
0.2958 
0.2582 
0.2887 
0.3333 


4XPC 


0.0 
0.1491 
0.1708 
0.1925 
0.5331 
0.3186 
0.3198 
0.2782 
0.6032 
0.3 157 


0 Equations 3-6. 


Tabk VIII-ALIx, Values for Substituted Pyridiws. 
~ 


Compound A4XPC A'XPC 
~ ~ 


Pyridine 
2-Picoline 
3-Picoline 
4-Picoline 
2,3-Lutidine 
2,eLutidine 
2,SLutidine 
2,6-Lutidine 
3,4-Lutidine 
3,5-Lutidinc 
2-Ethylpyridine 
2-Isopropylpyridine 
2-rerf -Butylpyridine 
2-Methyl-3-ethylpyridine 
2-Methyl-3-isopropyl yridine 
2-Methyl-3-ferr-butyPpyridine 
2,6-Dicthylpyridine 
2.6-Diisopropylpyridine 
2.4,6-Trimethylp ridine 
2,3.5,6-Tetramet~ylpyridine 
2,3,4,5,6-Pentamethylpyridine 
3-Ethylpyridine 
4-Ethylpyridine 
3-Isopropylpyridinc 
4Isopropylpyridine 
3-ferf-Butylpyridine 
4-ferf -Butylpyridine 
2-Methyl-5-ethylpyridine 
2-Methyl-5-isopropylpyridine 
2-Methyl--5-fert-butylpyridine 
2,3-Cyclo ntenopyridine 
2,3-Cyclo~xenopyridine 
2-Ethyl-3-methylpyridine 
2-Ethyl-5-methylpyridine 
2-Ethyl-6-methylpyridine 
2-Isopropyl-3-meth ylpyridine 
2-Isopropyl-5-methylpyridine 


Equations 7 and 8. 


0.1571 
0.3588 
0.1401 
0.1571 
0.3203 
0.3596 
0.3432 
0.5334 
0.1410 
0.1231 
0.2856 
0.2404 
0.2103 
0.3248 
0.3268 
0.3280 
0.3958 
0.3093 
0.5352 
0.4586 
0.4616 
0.1420 
0.1571 
0.1529 
0.1571 
0.1434 
0.1751 
0.345 1 
0.3459 
0.3464 
0.2608 
0.2608 
0.255 1 
0.2700 
0.4646 
0.2137 
0.2208 


0.1361 
0.2427 
0.2525 
0.1 I64 
0.4324 
0.21 14 
0.3440 
0.4262 
0.2209 
0.3708 
0.3636 
0.5585 
0.7939 
0.3606 
0.3212 
0.2908 
0.6064 
0.97 14 
0.383 1 
0.7836 
0.7228 
0.2103 
0.1186 
0.1842 
0.1196 
0.1616 
0.1202 
0.3043 
0.2793 
0.2574 
0.4084 
0.4084 
0.5104 
0.4673 
0.5125 
0.683 1 
0.6632 


An excellent correlation of In was obtained with activation indices: 


In (krel) = -4.506(Asxpc) - 1.087(Asxp) + 10.800 (Eq. 29) 


where r = 0.9984, RSD = 0.134, and n = 8. The only relation found between 
In (k-1) and the substrate alkylamine indices was not nearly as good: 


Table IX- ax,  Values for ZSubstituted Pyridines' 


CONCLUSIONS 


The correlations presented here indicate that the connectivity indices can 
serve as useful steric parameters in reactivity studies. I t  appears that they are 
capable of distinguishing between cases of steric control and electronic control. 
Either the connectivity indices in the substrate molecules or the changes that 
occur in formation of the transition state can apparently be used. This ambi- 
guity is consistent with the fact that it is often possible to interpret relative 
reaction rates for a series of molecules either in terms of transition-state cal- 
culations or in terms of substrate-molecule equilibrium properties. For any 
particular reaction, the activation indices which appear in the correlations 
are always of higher order than the corresponding substrate indices, and the 
two sets are generally correlated with one another. We strongly feel that any 
empirically derived steric parameters must correlate with these indices if they 


Table X- * x c  Values for Compounds Involved in Bromide Exchange 
Reactions 


R zX A3xc A4xc 4xPc A'XC 
Methyl 0.0 0.0 0.0 0.0 0.0 
Ethyl 1.403 2.273 0.0 0.0 0.0 
n-Propyl 1.492 1.607 0.0 0.0 0.0 


terr-Butyl 4.476 7.577 6.065 0.0 0.0 


2.868 4.776 1.969 0.0 0.0 ;:!:!? 2.204 1.237 0.0 0.8100 1.312 


Neopentyl 3.362 0.9419 -0.0649 2.105 3.410 


a Equations 17-23. 


Table XI- =x, Values for Ethyl Esters Involved in Hydrolysis Resctiws 


R 'XP A4XPC A6XPC 
0.3476 0.0990 0.0289 
0.5940 0.2194 0.0905 
0.7595 0.1781 0.1254 
1.040 0.1781 0.1796 
1.290 0.1781 0.1590 
1.23 1 0.1781 0.2872 
0.7580 0.4398 0.1716 
0.8878 0.7275 0.2683 
1.606 0.3022 0.3936 
0.9800 0.1489 0.4704 
1.894 0.3022 0.5 126 
1.800 0.6271 0.8586 
2.254 0.2195 0.1461 
2.661 0.5561 0.1348 
2.739 0.4576 0.8999 ..-- -,.. 


( (CH~)~CHCH~)ZCH-  2.132 0.3022 0.7244 
((CH~)ICCH~)((CH~)~C)(CH,)C- 3.265 0.4735 0.1754 


0 Equations 25-27 


2-Substituent A3xc 4xP A'XP A4xpc sxc 5XPC A6xpc 


--CH3 0.1066 
4 2 H 5  0. I099 
-1sopropyl 0.1 114 


--CH20H 0.1099 
-CH2CH20H 0.1099 


0.1099 
0.1 122 
0.1122 -Phenyl 


- N 2  0.1 114 
-C-N 0.1122 
-Br 0.0955 


-ferf -Butyl 0.1 122 


Z:3Ry1 
-2- ridyl 0.1 122 


a Equations 10-14. 


0.4481 
0.6073 
0.7175 
0.8064 
0.49 17 
0.6606 
1.308 
0.6685 
1.142 
1.029 
0.3760 
0.4289 
0.6162 


0.1208 
0.259 1 
0.3463 
0.0600 
0.1837 
0.2148 
0.1829 
0.2000 
0.2289 
0.2171 
0.1235 
0.1672 
0.1 144 


0.3588 
0.2856 
0.2404 
0.201 3 
0.2900 
0.2879 


0.24 12 
0.2377 
0.2392 
0.2647 
0.2449 
0.5780 


0.2896 


0 
0 
0.0745 
0.1937 
0 
0 
0 
0.0108 
0.021 5 
0.0167 
0 
0 
0 


0.1291 0.2392 
0.1967 0.3321 
0.4 1 74 0.5240 
0.9880 0.8750 
0.1384 0.2567 
0.1947 0.3420 
0.4430 0.3709 
0.2283 0.301 8 
0.4249 0.4163 
0.3582 0.3802 
0.0745 0.1764 
0.0979 0.2081 
0.2562 0.3853 
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Table XII- A .xt Values for Compounds Undergoing Nucleopbilic 
Substitution 


R ’XC A’XP A’XPC 
Ethyl 0.0 0.8533 1.711 
Propyl 0.0 1.096 I .629 
Isopropyl 0.3333 0.9303 2.156 
Butyl 0.0 1.100 1.629 
sec-Butyl 0.2357 1.128 2.094 
rerf-Butyl 0.1366 0.9923 2.907 
Isobutyl 0.4082 1.257 1.695 
Octyl 0.0 1.061 1.629 


a Equations 29 and 30. 


are at all reasonable. Charton (10) has recently concluded that no one set of 
steric parameters is suitable for all reactions. Since they take into a m u n t  the 
TS structure, the A m x ,  values may have sufficient flexibility to be generally 
useful. This is illustrated by the fact that different indices are important for 
different reactions. 


Within the last year Edward has published two studies in which the m e  
lecular basis for the relationship of a number of physical properties and con- 
nectivity indices is beginning to be unraveled (7). The inclusion of connectivity 
indices in recent pattern rccognition investigations of pharmacological ac- 
tivities suggests that this type of descriptor variable encodes structural features 
which influence in uiuo tests. Our present findings bring together connectivity 
indices as a descriptor for structural effects in both chemical reactivity and 
pharmacological activities. 


APPENDIX 


Tables VII-XI1 contain the values of m ~ ,  and Amxr that were employed 
in all correlations. There is one table for each table in the text. Table VII gives 
the values employed in Table I, etc. 
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Abstract 0 Male fertility has reportedly been regulated by the long-term. 
continuous administration of testosterone. To  deliver the testosterone at a 
controlled rate for a month or longer, a bandage-type, testosterone-releasing. 
disk-shaped devicc was developed. I n  citro drug elution studies demonstrated 
that a constant release profile of testosterone was achieved. In oioo studies 
in rhesus monkeys with the medicated device directly overlaying the navel 
for 46 d, yielded a fairly steady plasma level and also a constant urinary ex- 
cretion rate for 32 d. A greater systemic bioavailability (more than twofold) 
was achieved as compared with drug disposition directly onto the navel or oia 
the polacebo device (i.e.,  drug is deposited onto the prefabricated placebo 
device). A fairly constant cumulative urinary recovery profile was achieved 
for longer than 1 month, in which >90% of the dose was administered. The 
in oitro and in uioo relationship was analyzcd and discussed. 


Keyphrases 0 Testosterone--long-term controlled administration, navel, 
rhesus monkeys, bioavailability 0 Controlled administration, navel- long- 
term, testosterone. rhesus monkeys, bioavailability 0 Bioavailability .- 
long-term controllcd administration, navel, testosterone 


It is known that the spermatogenesis is an androgen-de- 
pendent process which can be maintained in hypophysecto- 
mized rats by continuous administration of testosterone ( 1 ). 
Also, it was reported that male fertility can be regulated by the 
long-term, continuous administration of testosterone or tes- 
tosterone derivatives (2-4). 


Recently, several medicated bandages were successfully 
developed and approved by the FDA for marketing to provide 
a continuous transdermal administration of systemically active 
drugs through the intact skin (5-7). Following the development 
of a scopolamine-releasing system for 3-d prevention of motion 
sickness, four nitroglycerin-releasing transdermal therapeutic 
systems (system A ' ,  system B2, system C3, and system D4) 
were also devcloped to provide 24-h continuous protection 
against anginal attack (6 ,7) .  


I t  was recently observed in this laboratory that thc trans- 
dermal absorption of testosterone in six rhcsus monkeys via 
the navel area produces a substantially greater systemic bio- 
availability than by forearm administration (79.9 uerms 
49.9%). Bioavailability of testosterone by intravenous ad- 
ministration was used as the control (22). In  the present in- 
vestigation, we evaluatcd thc feasibility of using the navel as 
the site for a long-term application of a bandage-type con- 
trolled-release drug delivery system developed to provide a 
continuous transdermal administration of testosterone at  a 
controlled rate. 


EXPERIMENTAL SECTION 


Preparation of the Testosterone-Releasing Transdermal Bandage-To 
deliver the testosterone at a controlled rate for a month or longer, a disk-shaped 
testosterone-releasing device was fabricated. using the methodology and 
process outlined for the preparation of microsealed drug delivery (MDD)  
systems(9-l I ) ,  tocontaina combinationof0.041% w/wof ['4C]testosterone 
and 0.252% w/w of nonradioactive testosterone in the medicated liquid 
compartments. The testosterone-saturated liquid compartments were dispersed 


~~ ~ ~ 


I Nitrodisc; Searle Pharmaceuticals. Chicago. 111. * Nitro-Dur: Key Pharmaccuricals. Miami, Fla. ' Transdcrm-Nitro; Ciba Pharmaceutical Co.. Summit. N.J ' Deponit; Pharma-Schwarz GmbH. 


homogeneously as discrete microscopic spheres in the cross-linked polymer 
matrix (Fig. I ) .  


For the in r:ico studies, medicated MDD disks with a surface area closely 
resembling that of the navel of a rhcsus monkey (with an apparent surface 
area of 0.2 cm2 each) were fabricated to contain 4.41 f 0.25 pCi of [I4C]- 
testosterone. Each of the disks was then glucd onto the center of a piece of 
commercially available plastic adhesiveS to form a testosterone-releasing 
transdermal bandage. 


In Vifro Release Studies-The in oirro drug elution system, used to char- 
acterize the mechanism and rates of testosterone release from each of the 
MDD disks, was essentially the same as that reported previously (IZ), except 
that thc medicated MDD disk was mounted in a specially designed acrylic 
holder (Fig. 2). The whole assembly was then rotated at a constant angular 
rotation speed of 8 I rpm, to achieve a constant hydrodynamic condition, in 
a perfect sink aqueous medium (with a constant volume of 150 mL) at 37OC. 
The medium contains 7 5 8  v /v  of polyethylene glycol 400 to enhance the 
aqueous solubility of testosteronc and to maintain a perfect sink, which sim- 
ulates the biological sink achieved by blood perfusion. Thc amount of testos- 
terone released daily was determined spectrophotomctricdlly at the A,,, of 
241 nm. 


In Vivo Navel Absorption Studies-  Rhcsus monkeys (4.85-5.0 kg) were 
immobilized by the injection of 1 mg/kg of phencyclidine hydrochloride6 


Figure 1 -Photomicrograph 113OOX) ofthe cross-sectional ciew of an MDD 
sysrem. The microscopic liquid compartments (dark areas!, which encap- 
sulate drug particles. are homogenously dispersed as discrere. immobilized, 
unteachable spheres (with diameter <SO p m )  in a cross-linked polymer 
ntarrix (light background area). 


Johnson & Johnson. New Brunswick. N.J 
Rio-ceulic I.abratories. St. Joseph Mo. 
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Figure 2-Diagrammatic illustration oj'the acrylic holder which is specially 
designed for the mounting of the disk-shaped MDD system. The whole as- 
sembly can be rotated in a thermostated drug elution solution at constant 
rotation speed by a magnetic stirrer. Key: (A )  magnetic spin bar; (B) acrylic 
cap: (C) opening; (0) acrylic holder; ( E )  MDD disk; (F) acrylic plar/orm. 


solution. Testosterone was then administered to the navel area by the following 
methods. 


Drug Disposition-Five microcuries ( 2 5  pg) of ['4C]testosterone7 in 100 
p L  of acetone was applied dropwise to the navel, with the area of application 
controlled at 0.2 cm2 by a template (an aluminum plate with a 0.2-cm2 circular 
hole a t  the center). After all the drug solution was applied and quickly dried, 
a piece of plastic adhesive was placed over the application site and further 
reinforced with another plastic adhesive strip. 


MDD Disk Application--One hundred microliters of drug-free acetone8 
was applied dropwise to the navel (this was done to correct for any possible 
effect of acetone on percutaneous absorption). After the solvent had dried, 
a unit of testosterone-releasing transdermal bandage was applied directly with 
the medicated MDD disk centered on the navel. It was then reinforced with 
another strip of plastic adhesive. 


Placebo Disk Application -A placebo disk containing no testosterone was 
prepared in the same manner as described earlier for the MDD disk. After 
placing the placebo disk over the acetone-treated navel, 6 pCi (30 pg) of 
[I4C]testosterone in 10 p L  of acetone was applied dropwise on the 0.2-cm2 
placebo disk. After drug solution was dried rapidly, a piece of plastic adhesive 
was placed over the placebo disk and further reinforced with another strip of 
plastic adhesive. 


Each of the treated monkeys was placed into a jacket9 and then secured in 
a metabolism chair. A 20-gauge catheter needle'" was secured to the leg of 
the monkey to collect blood samplcs from the saphenous vein. Mcanwhile, 
saline solution" was continuously infuscd through another catheter at a rate 
of 14 mL/h. Two-milliliter aliquots of blood were collected at  0.5, I .  2, 3.4, 
5,6, and 24 h and then every 24 h thereafter until the completion of a study. 
Urine was also collected on a daily basis. 


At the end of each study, the plastic adhesive strips and MDD or placebo 
disks were removed and thoroughly extracted with methanol8. The area of 
drug application was also carefully washed to remove the residual, unabsorbed 
testosterone (both radioactive and nonradioactive). The extractions and 
washings were then combined for the analysis and determination of the 
fraction of dose not absorbed. 


The blood samples were collected in hcparinizcd tubes. After centrifugation, 
200 p L  of plasma were transferred from each sample and mixed with 5 mL 


' New England Nuclear Corp., Boston, Mass. 
Rcagcnt grade; MCB Manufacturing Chemists, Norwood, Ohio. 
.Alice King Chatham. Medical Arts. Los A n  elcs Calif 


l o  Longwell; Bccton, Dickinson & Co., Rutherford;'N.J. ' 


' I  McGaw Laboratories, Glcndalc. Calif. 


W S  


Figure 3-Seven-doy in vitro release of testosterone from the disk-shaped 
MDD system under a perfect sink condition at 37°C. The rate of release (Qlt) 
was determined to be 40.25 f 0.64 pg/cm2/d (mean f SD). 


of scintillation Iluid12. Duplicate samples were prepared and their radioactivity 
was determinedI3. Conversion of counts per minute (cpm) to disintegrations 
per minute (dpm) was accomplished by the external standard channels ratio 
method. Data measured as dpm was recorded and converted to the corre- 
sponding total radioactivity in 100 mL of plasma (pCi/lOO mL) at  each 
sampling interval. 


Samples (500 pL-l mL) were taken in duplicate from a daily urine eol- 
lection and mixed with 10 mL of scintillation fluid12. Total radioactivity in 
each sample was determined and calculated in the same manner as described 
earlier for plasma samples. 


RESULTS AND DISCUSSION 


lo Vitro Release of Testosterone from MDD Disks-A typical set of data 
on the in uitro release of testosterone from an MDD disk is illustrated in Fig. 
3. The cumulated amount, Q, of testosterone released from a unit surface area 
of the MDD disk was found to be linearly proportional to the duration (in days) 
of elution in the elution solution. Apparently, a constant (zero-order) release 
profile was achieved. The observation is in good agreement with thecontrolled 
release of deoxycorticosterone acetate from the same type of MDD system 
(12). From the slope of the linear Q versus t plot, the rate of release, Qlt, of 
testosterone from the MDD disk was calculated to be 40.25 (f0.64) pg/cm2/d 
(average of triplicate experiments with a coefficient of variation of 1.6%). The 
theoretical basis for the observed Q uersus t relationship was analyzed pre- 
viously (1  3). 


Long-Term Navel Absorption of Testosterone-For the in viuo studies, a 
unit of testosterone-releasing transdermal bandage was applied to each of two 
rhesus monkeys with the medicated MDD disk (0.2 cm2) directly overlaying 
the navel. Blood and urine samples were collected according to the protocol 
outlined earlier (Experimental Section) until all the testosterone dose in-  
corporated was totally released (-46 d). 


l 2  PCS; T. M. Amersham/Searle Corp.. Arlington Heights, 111. 
Mark I 1  Scintillation Counter; Searle Analytic, Inc.. Des Plaines. 111. 
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Figure 4-Mean plasma radioactivity levels following the novel adminis- 
tration of ['4C]testosterone in two rhesus monkeys. Key: (01 drug alone (5.03 
pCi); (0) disposition on a placebo disk (6.02 pCi). (0)  microseal in an MDD 
disk (4.41 pCi). Thefirst-order rate constants for elimination (8) were 0.0104, 
0.0098, and 0.0101 h- I ,  respectively. 
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Both plasma profiles (Fig. 4) and daily urinary recovery data (Fig. 5 )  
demonstrated that the46-d application of the MDD disk on the navel of the 
monkey maintained a fairly steady plasma radioactivity level at  4 . 1 0  
pCi/ 100 mL for a duration of slightly over 1 month and also a fairly constant 
urinary excretion rate of 0.10 pCi/d in the same period. 


On the other hand, application of [k4C]testosterone directly onto the navel 
by the solution disposition technique or disposition of drug on a placebo MDD 
disk (without microsealed drug inside the device) at the time of navel appli- 
cation could not achieve or maintain either a steady plasma level or a constant 
daily urinary excretion rate of [I4C] testosterone (Figs. 4 and 5 ) .  The results 
suggested that the MDD system provides the controlled-release mechanisms 
to meter the release of a constant amount of ['4C]testosterone available for 
navel absorption. 


The data in Figs. 4 and 5 also indicated that the rate constants for elimi- 
nation (8) and for urinary excretion (k,) of [14C]testosterone were not altered 
by the controlled drug administration of the MDD system. These observations 
are expected since the B and k ,  values are the intrinsic pharmacokinetic 
profiles of the drug and should not be modified in any way by the method of 
administration. Both with and without microsealed [14C]testosterone in the 
device, the testosterone and its metabolites were eliminated and excreted 
basically at the same rates as those for drug alone. Testosterone and its me- 
tabolites were eliminated at a mean 8 value of 0.0101 i 0.0003 h-' and ex- 
creted at a mean k ,  value of 0.0085 f 0.0001 h-'. 


To determine the in vivo release rate of testosterone at the navel site, the 
cumulative urinary total radioactivity recovery data (expressed as percent 
of the administered dose) was plotted as a function of time (Fig. 6). As seen 
in the short-term (7-d) in vitro drug release studies (Fig. 3), a fairly constant 
urinary recovery profile was also observed in the navel absorption of testos- 
terone when the combination of radioactive and nonradioactive testosterone 
was delivered by an MDD disk, for a period of 5 3 2  d. It was also noted that 
>9% of the administered dose of the radioactive testosterone was recovered 
in the urine during the 32-d zero-order transdermal controlled drug admin- 
istration (Fig. 6). 


On the other hand, it was observed that only one-half (-46%) of the ad- 
ministered dose was recovered from the urinary excretion when [14C]testos- 
terone was administered either by direct disposition on the navel or by de- 
positing a placebo MDD disk (without microsealed compound in the liquid 
compartments) on the navel. The balance of the administered dose was re- 


0 10 10 30 40 so 
Days 


Figure 5-Uean daily urinary recovery of radioactivity following the nawl 
administration of ['4C]testosterone in two rhesus monkeys. Key: (0)  drug 
alone (5.03 pCi); (0) disposition on a placebo disk (6.02 pCi); (0)  microseal 
in an MDD disk (4.41 p a ) .  the first-order constants for urinary excretion 
(k,) were 0.0085, 0.0087. and 0.0085 h - I ,  respectively. 


covered from the washings of the skin surface and from the extractions of the 
covering materials. The reasons for the low transdermal bioavailability ob- 
served are still not clear and require further study. In any case, a better sys- 
temic bioavailability of testosterone was achieved by use of the controlled- 
release MDD system, which released testosteroneat the molecular level and 
controlled the amount of testosterone available for continuous transdermal 
administration through the navel. 


As previously stated, each MDD disk contained a combination of 0.041% 
w/w ['4C]testosterone and 0.252% w/w nonradioactive testosterone. By 
calculation, the 32-d cumulative urinary radioactivity recovery data in Fig. 
6 can be translated into the cumulative total amount (Q) of testosterone 
(radioactive and nonradioactive) absorbed by each of the rhesus monkeys 
investigated. Again, a fairly linear Q versus f relationship was achieved (Fig. 
7), as seen in the in uitro drug release studies (Fig. 3). From the slope of this 
linearity, it was determined that the testosterone was released and absorbed 
from the MDD disk at an in vivo rate ( a t )  of 27.66 pg/cmZ/d. 


In Vitro-In Vivo Relationships-Comparison of this in vivo release rate 
(27.66 pg/cm2/d) with the in vitro release rate (40.25 pg/cm2/d) determined 
in Fig. 3 yields an in vitro-in vivo correlation coefficient of 0.69. The obser- 
vation of a nonunity correlation coefficient, e.g., 0.69, could be attributed to 
the existence of skin tissues in the in viuo situation, which act as an additional 
diffusion barrier for the permeation of drug molecules released from the 
medicated MDD disk. Drug molecules have to diffuse through this barrier 
before they can reach the biological sink for transport to a target organ4. The 
dissimilarity between in vitro and in vivo conditions may also contribute to 
the in vitro-in vivo correlation coefficient lower than unity. The sink condition 
established in the in vitro situation by the enhancement in saturation solubility 
may not simulate the interfacial partitioning of thedrug from the drug delivery 
device toward the stratum corneum, which is a nonsink medium in nature. 
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Figure 6--Comparison of the rime course for the cumulaiive urinary iota1 
recooery of radioactivity following the naoel administration of [ I4Cjies- 
iosterone. Key: (0) drug only; ( 0 )  disposition on a placebo disk; (0)  mi- 
croseal in an MDD disk. The total urinary recooery is 44.8.46.5, and 93.4% 
respeciioely, of the adminisiered dose (Do). 


In a separate study with subcutaneously controlled administration of deoxy- 
corticosterone acetate delivered by an identical MDD-type drug delivery 
system, an almost unity (1.09) in oiiro-in vioo correlation coefficient was 
obtained ( I  3). in which the stratum corneum does not exist between the drug 
delivery system and the biological sink. 


However, the i n  oitro-in cico correlation coefficient (0.69) obtained can 
be utilized as a working factor in the determination and projection of the 
long-term in uioo release rates from a short-term in uiiro drug release study 
( I  3.- 17). This coefficient can be very useful in the development of a long-acting 
drug delivery system in that it can minimize the expense involved in the amount 
of testing required and the use of  costlq animals. 


In  conclusion, the bioavailability data generated in this investigation have 
clearly demonstrated that the navel can be a useful site for long-term trans- 
dermal administration of drugs, such as testostcrone. via a bandage-type 
controlled-release drug delivery system [such as a microsealed drug delivery 
(MDD) system] to provide a prolonged plasma drug level for at least I month. 
The systemic bioavailability of  the drug can also be enhanced substantially 
by the controlled drug-release mechanisms of the MDD system. The same 
conclusion was reached in the controlled subcutaneous administration of 
deoxycorticosterone acetate by a subdermal implant-type MDD system 
( 1 3 ) .  
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Abstract 0 The performance in uico of nafarelin acetate, a potent analogue 
of luteinizing hormone-releasing hormone, microencapsulated in poly(d.1- 
lactide-co-glycolide), was evaluated. The influence of polymer composition 
and molecular weight on the estrus-suppressing activity of the microspheres 
in female rats was determined. Compound release was shown to be effected 
by polymer erosion rather than by diffusion. A triphasic release of compound 
was observed, which was adjusted by altering the critical parameters of the 
polymer. A mechanism for the release of the compound was proposed. The 
primary release phase was compound loss by diffusion from the surface of the 
microspheres. The secondary phase of subeffective rates of release occurred 
concomitantly with polymer hydrolysis and a decrease in its molecular weight, 
although it remained insoluble. Dissolution of low-molecular weight fragments 
and erosion of the bulk of the polymer then initiated the tertiary phaseof re- 
lease of compound. 


Keyphrases 0 Microencapsulation-nafarelin acetate in poly(d.1-lactide- 
co-glycolide) 0 Nafarelin acetate-microencapsulation in poly(d,l-lac- 
tide-co-glycolide) 0 Controlled-release formulations-microencapsulation 
of nafarelin acetate in poly(d,l-lactide-co-glycolide) 


Poly(d,l-lactide-co-glycolide) and its homopolymers have 
a long history of use in such products as biodegradable sutures 
( I )  and bone plates ( 2 , 3 )  and have more recently been used 
to achieve controlled release of pharmaceuticals. A great deal 
has been done with narcotic antagonists such as naltrexone 
(4-7), local anesthetics (8) ,  and steroids (9). A system con- 
sisting of norethisterone microencapsulated in poly(d,f-lac- 
tide-co-glycolide) has recently been shown to provide con- 
trolled release in clinical studies over 6 months (10). These 
systems all share a common feature in that the kinetics of 
compound release are diffusion controlled, through the poly- 
mer continuum and/or through channels formed within the 
device which are achieved by a high loading level of active 
material. 


I n  this report, the controlled release of nafarelin acetate ( I ) ,  
an analogue of luteinizing hormone-releasing hormone (11) 
is described. Compound I has high biological potency, -200 
times that of I 1  (1  I ) .  


(Pyro)Glu- tiis-TrpSer-Tyr-3-(2-naphthyl)~alanine-Leu-Arg-Pro-Gly-N H 2  
I 


(Pyro)Glu-His-Trp-Scr-Tyr-Gly-Leu-Arg-Pro-Gly-NH~ 
I I  


The system described is controlled by erosion, with the ki- 
netics of compound release determined by parameters of the 
copolymer. 


EXPERIMEUTAL SECTION 


Materials- -Poly(d./-lactide-coglycolidc) and microspheres were prepared 
in-house' and used as supplied. Intrinsic viscosity (qi) which is a measure of 
relative molecular weight, was determined by measuring the flow limes of 
solutions of the copolymer with concentrations of I .O-10.0 mg/mL in chlo- 


'Sauthern Research Institute 


Table I-Estrus Suppression Activity of I in the Female Rat by Twice- 
Daily Injection and Continuous Infusion 


Percentage of Animals Displaying 
Complete Estrus Suppression0 


Twice-Daily Continuous 
Total Daily Subcutaneous Subcutaneous 


Dose, a Injectionh InfusionC 


0.05 
0.10 
0.20 
0.40 


0 
50 
80 


100 


~ 


0 
0 
60 


I00 


'From 4 d after start of treatment and lasting for the full I 4  d of treatment. "n = 10. 
'With Alzet minipumps, model 2002, lot 0888; n = 5. 


roform through a viscometerZ at  30°C. Specific viscosities were calculated 
by: 


1 ,  - 10 
qsp = - 


t o  
where t ,  is the time required for a solution to pass through the viscometer, and 
t o  is the time required for the pure solvent to p a s  through the viscometer. The 
plot of qsp /C~ersus  C was extrapolated back to the ordinate, where the in- 
tercept represents the intrinsic viscosity and C is the concentration. 


The microsphere-suspending vehicle consisted of 0.5% carboxymethylcel- 
lulose3-0.8% sodium chloride USP 0.1% polysorbate 80 U S P ,  in aqueous 
solution. 


4Q 


li: 20 0 2 4 6 8 10 12 14 16 18 20 2 2  24 26 28 30 


A A  A A A A 


Days 


Figure I-Biological projile of 50t50 copolymer (qi = 0.38 dL/g) micro- 
spheres containing 1% I injected subcutaneously in female rats at a 300-pg 
compound dose (n = 30). 


0 1 14 21 28 


Days 


Figure 2-In vivo release profile of najerelin acetate from 50:50 copolymer 
microspheres. Key: (-) triphasic kinetics: ( -  - - j. zero-order kinetics. 


:Size 75; Cannon-Fenske. 
- 5 0 0  cps; Hercules. 
T w e e n  80, ICI Americas, Inc. 
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Vaginal Bleed: I 


28 days  J 


-32 -28 -24 -20 -16 -12 -8 -4 0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84 88 92 96 
Days After  Injection 


Figure L P l a s m u  leoels of nufarelin acetate and progesterone in rhesirs monkeys after a single sihcuraneous rnjrction of 1.0 mg of nufarelin acetate mi-  
croencapsulated in 50:50 copolymer. The asterisks represent injection rimes 


ta 0 A--- --- 


2 0  20 40 60 8 0 9 0  


3 
L 


s 
Figure 4--Estrus suppression profiles provided by (a] 69.31 (7, = 0.97 dL/g) 
and by (b)  5O:SO (q ,  = 1.52 dL/g) copolymer mixtures. 


Animals-The rats used were mature females derived from the Sprague- 
Dawley line (weight, 155-165 9). Adult female rhesus monkeys (Maraca 
mulutta) that had menstrual cycles of predictable length based on prior history 
were also used. 


Microencapsulation of I in Poly(d,/-lactide-co-g1ycolide)-- Preparation 
of microspheres was by phase separation. An aqeous solution of I and a solution 


.. 
0 1 2 3 4 


Irradiation Dose, Mrad 
Figure 5- Effecr of gamma-irradiation on intrinsic c i w x i t y  of 69:31 co- 
polymer. 


of the copolymer in dichloromethane were coernulsified to form a water-in-oil 
emulsion. A nonsolvent for the copolymer was then added to precipitate out 
the polymer around the aqueous droplets. The suspenhn of semi-formed 
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Days 
Figure 6-Effecr of irradiation on rhe biological acriviiy of 69:3l copolymer microspheres (10-40 pm) containing I ;  n = 10. Key 10 irradiation: ( A )  none; 
(B)  1.6 Mrad; (C) 2.9 Mrad; (D)  3.3 Mrad. 


microspheres was added to a large volume of nonsolvent to cause them to 
harden and to complete the extraction of dichloromethane. The microspheres 
were then sieved, washed, and dried. Microspheres were thus prepared to 
contain - I% (w/w) 1. 


Assay of I in Microsphere-A quantity of microspheres containing -500 
pg of I was dissolved in  3.3 mL of acetonitrile-water (9: I ) ,  in which both the 
copolymer and I arc sufficiently soluble. Aqueous potassium dihydrogen 
phosphate (0.184 M) was added to 10.0 mL to precipitate the copolymer, and 
the suspension was stirred until the precipitate coalesced into a single mass. 
The supernatant was then assayed by reversc-phase HPLC by using a C ~ S  
10-pm column5, with a mobile phase6 flow rate of 1.2 mL/min, an injection 
volume of 100 pL, and a detector wavelength of 225 nm. Compound recovery 
was 100 f 1.5%. 


Biological Assay-The microspheres were evaluated in oiuo by using a rat 
estrus suppression model. It was shown that twice daily injection or continuous 
subcutaneous administration of 4 . 4  pg/d is sufficient to maintain suppression 
of estrus in this model (Table I). Microspheres containing 300 pg of I were 
suspended in 0.5 mL of suspension vehicle and administered by a single sub- 
cutaneous injection. The animals were monitored for suppression of estrus 
by daily examination of vaginal smears. This model provides a reliable indi- 
cation of the duration of compound release, although not of the release 
rate. 


It was not possible to measure plasma levels of I in the rat since the com- 
pound is not sufficiently stable in rat plasma in ciiro. Release kinetics in the 
rat were. therefore, determined by sequential sacrifice of treated animals, 
followed by excision of the injection sites and assay of the level of I re- 
maining. 


Biological efficacy of I i n  the female rhesus monkey was evaluated by 
monitoring menstrual bleeding and by measuring plasma levels of progesterone 
by RIA (I 2) after a single subcutaneous injection of microspheres containing 
1 .O mg of I on day I of the menstrual cycle of the animal. The release profile 
of the compound was determined by the measurement of plasma levels of I 
by RIA (13). 


Assay of I in Tissue Sample  -The tissue samples, i .e.,  excised injection 
sites, were frozen for case of handling and sectioned into thin slices. They were 
vortexcd with 5 ml. of acetonitrile-water (9:l) periodically over 4 h. Potassium 


~ ~~~~~~~~~ 


Jp-Bondapak; Waters Associates. 
6AAcelonifrilc 0.175 M aqueous potassium dihydrogen phosphatc (30:70). 


dihydrogen phosphate (0.184 M; 10 mL) wasadded, and the suspensions were 
vortexed over -4 h. The samples were centrifuged at 1000 X g for 20 min and 
assayed by HPLC as described above. Compound recovery was 83 f 5%. 


RESULTS AND DISCUSSION 


Injection of rats with microspheres of a low intrinsic viscosity (0.38 dL/g), 
5050 mol% copolymer produced continuous suppression of estrous cyclicity 
for 24 d, followed by an abrupt resumption of normal estrous cycling (Fig. 
I ) .  I n  this experiment, 30 animals were injected at time zero, and 5 animals 
were sacrificed at each of the six indicated times. Assay of the excised injection 
sites indicated a compound release profile (Fig. 2) that exhibited complex 
kinetic behavior, possibly reflecting a triphasic release mechanism. Overall, 
release kinetics were quite satisfactory, as indicated by comparison with 
zero-order kinetics, with exhaustion of the compound from the injection sites 
at -22 d. Plasma  level^ of I in female rhcsus monkeys a and b. which received 
I mg of compound in the same 5030 copolymer, were detectable ( i .e . ,  >0.05 
ng/mL) for 47 and 39 d, rcspectively,during which timeovulation wascom- 
pletely inhibited (Fig. 3). Ovulation in these monkeys, as indicated by a rise 
i n  plasma progesterone Icvels, occurrcd at 19 and 14 d. rcspectively. after the 
disappearance of I in the plasma; normal menstrual cycling resumed there- 
after. 


A high molecular weight 50:SO copolymer (7, = I .52 dL/g) and a 69:3 I 
copolymer ( q  = 0.97 dL/g) were screened in the rat estrus suppression model 
and gave efficacy profiles with degrees of partial or complete discontinuity 
a tan  intcrmediatcpointof thereleasecycle (Fig.4).Thedataarcconsistcnt 
with the release of compound by homogeneous polymer erosion. A 69:31 co- 
polymer of relatively high intrinsic viscosity gives a clearly triphasic compound 
release over 90 d (Fig. 4a). I t  is postulated that the primary phase of compound 
release is by dissolution from the superficial regions of the microspheres. A 
secondary, latent period of some 25 d then follows, during which time <0.4 
pg/d is released. The coplymcr hydrates and hydrolyzes in siru and decreases 
in molecular weight, although it remains water insoluble. There are nogrossly 
observable changes and no releasc of the cornpound. The duration of this latent 
phase is controlled by both the initial molecular weight and by the composition 
of the polymer, which determines hydrophilicity and the inherent hydrolysis 
rate of the polymer in cico. When the molecular weight decreases to a p i n t  
at which there is significant water solubility, the polymer bcgins to erode 
homogeneously, and both the compound and polymer degradation products 
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The size of the microspheres was shown to have an insignificant influence 
on the duration of action in uiuo (Fig. 7). This confirms the homogeneous or 
bulk nature of hydrolysis of this polymer and indicates that hydration is not 
a rate-limiting step in  polymer degradation. 


s 
0 60 ,  


h 
9 


0 


diffuse away from the loosening polymer matrix. This phase is diffusion 
controlled, although an increase. in the permeability of the polymer as it erodes 
tends to compensate for an anticipated decrease in compound release with 
time. The system providing the plasma profile (Fig. 4a) demonstrates a clear 
definition of these three phases. When the composition is adjusted to 5O:SO 
mol% d,l-lactide-co-glycolide (Fig. 4b) there is partial overlap of the primary 
and tertiary phases, and when the intrinsic viscosity is then decreased (Fig. 
I ) ,  there is complete overlap. However, even in  the system providing contin- 
uous efficacy in the rat (Fig. I ) ,  the data clearly indicate a triphasic compound 
release, as shown by the release profile (Fig. 2) and by nonlinearity in  the 
plasma profiles (Fig. 3a). 


This postulated release mechanism was further supported by a study of the 
effects of gamma-irradiation on the intrinsic viscosity of a 69:3 1 copolymer 
(Fig. 5 )  and of the performance in uiuo of the microspheres made from that 
polymer (Fig. 6). There was a decrease in the intrinsic viscosity of the polymer 
with an increase in radiation dose and, as  would be predicted, a concomitant 
shortening of the secondary phase and a decrease in  the time of onset of the 
tertiary phase. 
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In conclusion, the serum parameters for enalaprilat and urine parameters 
for enalaprilat and total drug (enalapril-enalaprilat) were similar following 
administration of a single enalapril maleate 40-mg tablet to healthy voluntccrs 
undcr fasting and nonfasting conditions. Thus, food did not appreciably alter 
the absorption of enalapril or the bioavailability of enalaprilat in this 
study. 
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Abstract 0 The metabolism of salsalate (I) was characterized in two normal 
volunteers. The drug was almost completely absorbed and was excreted pri- 
marily in the urine; only -I% of the total dose was found in the stools. Al- 
though l is a salicylate derivative, which on hydrolysis yields two molecules 
of salicylic acid ( I I ) ,  -7- I090 of the dose was not hydrolyzed to salicylic acid 
and appeared in the urine either as unchanged drug or glucuronide conjugates. 
Thus, the incomplete availability of salicylate from salsalate that has been 
previously reported may not be due to incomplete absorption of the drug but 
to incomplete hydrolysis to salicylic acid. 


Keyphrases 0 Salsalate-metabolism, normal subjects 0 Absorption-sal- 
d a t e ,  normal subjects 


Salsalate (I) is a salicylate derivative which on hydrolysis 
yields two molecules of salicylic acid (11). The results of several 
studies have indicated that the availability of salicylate from 
salsalate is lower than from either choline magnesium trisal- 
icylate (1) or aspirin (2,3). It has been suggested that the lower 
availability of salicylate from salsalate may be due to incom- 
plete absorption (1). However, the recovery of total salicylate 
in the urine samples of patients receiving equivalent doses of 
salsalate and aspirin indicated that the absorption of the two 
salicylate formulations was essentially complete. The hy- 
drolysis of salsalate to salicylate was incomplete, with <1% 
of the dose being excreted as unchanged salsalate and I 1  3% 
of the dose being excreted in the urine as conjugates of salsalate 
(3). The only limitation of this latter study was the fact that 
the biological samples had been stored for several months prior 
to analysis, during which time salsalate (both nonconjugated 
and conjugated) may have partially hydrolyzed to salicylic 
acid. 


The purpose of this study was to characterize the metabo- 
lism of salsalate in two normal volunteers following the ad- 
ministration of 2000 mg of salsalate containing I4C-labeled 
salsalate. 


EXPERIMENTAL SECTION 


Two normal healthy male volunteers (age 29 and 35) entered into the 4-d 
study after initial screening procedures. The volunteers fasted for 12 h prior 


to and 4 h after drug administration. They ingested 2000 mg (four 500-mg 
capsules) of salsalate containing 14C-labeled salsalate’ (64 pCi) with water. 
Compound I was radiolabeled at  both carboxyl positions. 


Blood samples were taken just before drug ingestion, a t  hourly intervals 
up to 12 h, and then at  16,20,24.30,36,48,60, and 72 h following drug ad- 
ministration. Immediately after the blood samples were drawn into heparinized 
tubes, they were centrifuged, and the plasma was frozen until analysis. Urine 
samples were collected during the following intervals: 0- I ,  1-2, 2-4,4-6,6-8, 
8- 12, 12- 16, and 16-24 h. For the next 3 d, urinary output was collected as 
consecutive 12-h aliquots. The volume of urine and pH were recorded for each 
period, and aliquots were frozen in plastic containers until analysis. All stools 
were collected, weighed, and frozen until analysis. Due to the possibility of 
hydrolysis of salsalate and its conjugates to salicylic acid, all assays were 
completed within 2 weeks of collection. 


Aliquots of plasma (0. I mL with 0.9 mL of water) or urine ( 1  .O mL) were 
transferred into scintillation vials containing scintillation fluid2 and counted 
in a scintillation counter). Standards containing 500 j ig  of the radiolabeled 
salsalatel in propanol were also counted. All counts were corrected for 
quenching. 


The plasma and urine samples were assayed for unchanged salsalate and 
salicylic acid by a previously reported HPLC technique (4). Salsalatel, sali- 
cylic acid4. and a-phenylcinnamic acid4, thc internal standard, were extracted 
from acidified plasma and urine samples. Methylene chlorideS was used to 
cxtract plasma. whereas urine was extracted into hcxane6. The organic phases 
were evaporated to dryness, redissolved in rncthanol (0.5 mL)’, and analyzed 
by HPLC with an automatic sample injector accessorys. The mobile phase 
of methanol- 1 %  acetic acid (60:40, V / V )  was pumped at a rate of 2.0 mL/min 
through a 4.6 X 150-mm column9. Peaks were detected with a U V  detectorlo 
(300 nm) coupled to a recorder’ and peak integrator12. Plasma samples were 
assayed for total salicylate by HPLC after heating with HCI (18 M) ovcrnight 
a t  IOOOC. Extraction and chromatographic conditions were the same as  de- 
scribed above for unchanged I .  


Total urinary salicylate was determined by a modification of the colori- 
metric method described by Chiou and Onyemelukwe ( 5 ) .  Aliquots of urine 


I Riker Laboratories. 3 M  Center,St. Paul. Minn. 
2 Ready-Sol E P  Beckman Instruments. Inc.. Fullcrton. Calif. 


Isocap 300: Scarlc Analytical Inc.. Des Plaines. 111. 
Aldrich Chemical Co.. Milwaukee, Wis. 


5 Spectroquality; Matheson. Coleman and Bell. Norwood. Ohio. 
Spectrcquality; Mallinckrodt. St. Louis. Mo.  ’ Burdick & Jackson Laboratories, Muskegon. Mich.  * Model 1500; Altex Scientific, Berkeley, Callf. 
Ultrasphere ODs: Altex Scientific. 


10 Model 100- 10 spectrophotorneter: Hitachi Scientific Instruments. Mountain-View. 


1 1  Model 250-2. two channel; Curken Scientific. Danbury. Conn 
‘ 2  Model 485: Varian Instrument Division, Pelo Alto. Calif. 


Calif.  
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HOWIS 
Figure I --Plasma levels qfJree salicylic acid (A). salsalate I @ ) .  (in micro- 
grams per milliliter). and radioaclirity (0) (in microgram equivalenrs of 
salicylic acid per milliliter) in subject I following oral administration of ZOO0 
trig of .salsolate. 


wcre incubated overnight with concentrated HCI at 100°C. The tubes were 
thcn extracted with ch lo r~ fo rm~~,  an aliquot of the organic phase was shaken 
with the modified Trinder reagent (5), and the absorbance of the aqueous 
phase was measured at 540 nm. A standard curve was constructed by using 
known concentrations of sodium salicylate4 from 0 to 100 mg %. 


Plasma and urine samples were assayed for conjugated salsalatc and sali- 
cylic acid by HPLC following incubation of the samples with P-glucuron- 
idascI4 (5000 U/mL) in acetate buffer (pH 4.5) for 3 h at 3 7 O C .  Results of 
preliminary expcrimcnts indicated that partial hydrolysis of salsalate occurred 
during the incubation period; to correct for this hydrolysis, standards of sal- 
salate, ranging from 20 to 3M)pg/mL, were incubated and analyzed with each 
batch of samples. After incubation, the urine and plasma samples were ana- 
lyzed for salsalate and salicylic acid by the HPLC method described above 
for unchanged I. 


The urine samples were also assayed for nonconjugated gentisic, salicyluric. 
and salicylic acid levels by HPLC. Aliquots ( 1  mL) of standards and samples 
were transferred into screw-cap tubes, o-methoxybentoic acid4 (200 pg) was 
added as an internal standard in addition to 1.0 mL of HCI (0.6 M). The 
samples were extracted with etherls (6 mL). Aftcr centrifugation. the aqueous 
layer was frozen in  dry ice-propanol. The ethereal phase was transferred to 
a tube and the solvent was removed under a stream of nitrogen at IOOC. The 
rcsiduc was thcn resuspcnded in 0.5 mL of mobile phase and injected into the 
HPLC cia the automatic sampler. The mobile phase of methanol- 1% acetic 
acid ( I  5:85,  v i v )  was pumped at the rate of 2.0 mL/min through the re- 
verse-phasc column9. U V  absorbance was measured at 300 nmIo. The reten- 
tion times for gentisic acid, salicyluric acid, anisic acid, and salicylic acid were 
280. 600. 900. and I190 s, respectively. A small peak was eluted between 
gentisic acid and salicyluric acid in the samples obtained at early times. This 
probably corresponds to the glucuronide(s) of salicylic acid and has been 
described by others (6). Under these chromatographic conditions. unchanged 
salsalate was not eluted. 


Preliminary radioactive counting of ahquots of urine samples after HPLC 
indicated that not all the radioactivity could be accounted for following 
chromatography. This problem was resolved by using gradient elution chro- 
matography. 


Standards and urine samples ( I  .O mL) were transferred into screw-cap tubes 
and extracted with cther15 after acidification with 0.6 M HCI as described 
above. The ethereal layer was taken todryness with nitrogen at 10°C. and the 
residue was resuspended in the initial mobile phase. The initial mobile phasc 
was methanol- 1% acetic acid (I 5:85, v/v). A solvent programmerI6 was used 
to change the relative pumping r a m  of two pumps to enablc the initial phase 
to change linearly from its initial condition to a final composition of metha- 
nol- I %  acetic acid (60:40. v/v). The gradient time was 30 min. This was 
followed by a 15-rnin elution while maintaining the final gradient conditions. 
iifter which the initial conditions were reestablished. U V  absorbance was 
mcasured at  300 nmIo. Under these conditions, the retention timeswere 280 
s (gcntisic acid), 5 0 0  s (salicyluric acid), 650 s (anisic acid), 780 s (salicylic 
acid). and 1800 s (salsalatc). Two additional peaks wcre eluted at  1380 and 
I590 s. 


Each stool specimen was homogenized with a known amount of water. 
Weighed aliquots (0.5- I .O g) were treated with the decolorizing agents per- 


I3  Analytical reagent: Mallinckrodt. 
l4 Sigma Chemical Co., St. Louis, Ma. 
I s  Irianograde: Mallinckrodt. 
l6 Solvent Programmer; Altex Scientific. 
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Figure 2-Plasma Iecrls offree salicylic acid (A), .salsulate (0). (in micro- 
grams per millilirer). and radioacriciry (0) (in microgram eyrriralents of 
salicylic acid per milliliter) in subject Zfollowing orul administration of2000 
mg of salsalate. 


chloric acidl’ (0.4 mL) and hydrogen peroxidelx (0.8 mL) and incubated for 
24 h at 37OC, and four drops of 15% ascorbic acid” and 10 m L  or scintillation 
fluid* were added. The treated specimens werc then countcd in a scintillation 
counter, corrected for quenching, and converted into micrograms of I4C- 
labeled salsalate. 


RESULTS AlVD DISCUSSION 


Changes in  total radioactivity of unconjugated salsalatc and s;licylic acid 
in plasma versus time for cach subjcct is shown in f:igs. I and 2. For subject 
I .  a peak plasma level of I 1  (I20 pg/mL) was reached after 4 h (Fig. I ) ,  
whereas with the results for subject 2. a lowcr peak levcl of 77.6 gg/mL 7 h 
after drug administration was attaincd (Fig. 3). Peak levels of I wcre seen in 
subject I at 3 h (37.9 pg/mL) and in subjcct 2 a t  5 h (18.3 pg/ml.). 


The areas under the plasma levcl cersus time curves for total radioactivity 
of salsalate and salicylic acid indicated that 86.6%of the area under the curve 
of total radioactivity was accounted for by the area under the curves of non- 
conjugated salsalate and salicylic acid in subjcct I and 67.3% i n  subject 2. 


Acid hydrolysis of the plasma samples by incubation overnight at IOOOC 
made the plasma concentrations of I I  congruent with the amount of radio- 
activity in the samples (expressed as microgram equivalents of salicylic acid 
per milliliter), indicating the presence of other metabolites of salicylic acid 
and/or salsalate in the plasma of these normal voluntccrs. The ratioof AUC 
radioactivity-AUC,,,,I 1 1  was I .01 in subjcct 1 and 1.02 in subject 2. 


The urinary excretion of radioactivity demonstrated that 45.8 and 56.65 
of the dosc wiis excreted after I 2  h in subjects I and 2, respectively, whcreas 
the amount of radioactivity in urine (expressed in microgram equivalents of 
salsalate) accounted for 95.5 and 101.8% of thc drug dose after 84 h. Only 
-1% of the total radioactivity was found in  the stools of these subjects. The 


A 


- 


B 


f 
Figure 3--A typical HPLC tracing of a wine sample hrfiore (A )  and ajter (B)  
@-glucuronidase treatment [see te.rtJ?)r rxplanution). 


7070; Easrman Kodak Co.. Rochester. N.Y. 
In  30%: Mallinckrcdt. 
l9 Raker Chemical Co.. Phillipsburg. NJ. 


1658 i Journal of Pharmaceutical Sciences 
Vol. 73, No. 11, November 1984 







Table I-Lrinary Excretion of Salsalate and I t s  Metabolites 


Urinary Excretion 
Compound Subject I Subjcct 2 


Total radioactivity. mg 1909.0 (95.4)" 2036.0 (101.8)" 


Frcc salicjlic acid. mg 90.5 (4.2) 50.7 (2.4) 
Conjugated salicylic 328.6 ( 15.4) 264.3 ( I  2.4) 


Frcc salsalatc, mg 3.4 (0.2) 6.2 (0.3) 


cquivalcnts of salsalate 


acid, mg 


In 6 
Conjugated salsalate, 136.0 (6.8) 200.0 ( 1  0.0) 


Gcnttsic acid. mg 75.4 (3.2) 58.7 (2.5) 
Salicyluric acid. nig 1514.7 (50.3) 1797.2 (5Y.6) 
Total salicylatc, mg 1961.4 (91.7) 2014.0 (96.2) 


thc urine. 


urinary excretion of nonconjugated salsalate and salicylic acid during the study 
period is shown in Table I; nonconjugated salicylic acid accounted for 2-4% 
of the total dose, whereas < I %  of the dose was excreted as nonconjugated 
salsalate. These results agree with those reported by Harrison er al. (2). 
Conjugates of both salsalate and salicylic acid were present in significant 
amounts in both volunteers (Table I). Approximately 12-1 5% of the dose was 
excreted as conjugates of salicylic acid, whereas the conjugates of salsalate 
accounted for 6.8 and 1O%of the dose in subjects I and 2, respectively. The 
majority of the conjugates of salsalate were excreted within 12 h after the 
administration of the drug. A typical HPLC tracing of a urine sample before 
and after B-glucuronidase treatment is shown in Fig. 3. This chromatogram 
shows the disappearance of pcak 4 and the increase in salsalate (pcak 6)  after 
incubation with glucuronidase. Peak I also disappeared on treatment with 
glucuronidase. whereas the salicylic acid peak (peak 3) increased, indicating 
that peak I was one or both of the glucuronides of salicylic acid. 


The urinary excretion of nonconjugated gentisic acid, salicyluric acid. and 
salicylic acid is tabulated in Table 1. The amount of nonconjugated gentiiic 
acid excreted in the urine of these subjects was 2.5% (subject 1) and 3.2% 
(subject 2) of the total dose, whereas excretion as nonconjugated salicyluric 
acid accounted for 50.0% of the dose in subject I and 59.6% in subject 2. The 
total salicylate recovered in the urine (as percentage of the dose) was 91.7% 
in subject 1 and 96.2% in subject 2. These values do not include the gqntisate 
excreted since this metabolite is not hydrolyzed to salicylic acid. Thus, urinary 
salicylate plus gentisic acid levels accounted for 94:9% (subject 1) and 98.7% 
(subject 2) of the administered dose of salsalate (Table I). 


This study of the metabolism of salsalate in two normal volunteers clearly 
demonstrates the essentially complete absorption of the drug (a? indicated 
by the almost complete recoveries of doses in the urine) and the incomplete 
hydrolysis of salsalate to salicylic acid (as indicated by the presence of glu- 
curonide conjugates of salsalate in the urine). Formation of the glucuronide 
conjugates of salsalate may occur either during its passage through the GI 
tract (7) or in the liver. Regardless of the site of glucuronidation. however, 
in this study 7- 10% of the dose was excreted as glucuronide conjugates of 
salsalate. Attempts to identify the structures of the glucuronide conjugates 
by mass spectrometry were unsuccessful. However, mass spectrometric 
analysisZo of peak 4 (Fig. 3) following treatment with 0-glucuronidase showed 
that the aglycone was salsalate. 


The presence of the glucuronide conjugates, however, suggests that the lower 


0 Numbcrs in piircnthescs indicate the percentage ofadministcrcd dosc recovercd i n  


2oCarricd out at the 3M Central Research Laboratories; Model 21-4918 CC-MS 
equipped with a solid sample probe: DuPont de Ncmours and Co.. Inc.. Wilmington. 
Del. 


plasma levels of salicylic acid achieved with salsalate. as compared with aspirin 
or choline magnesium salicylate in previous studies (1-3). are due to a de- 
creased amount of salicylic acid in  the body caused by the rapid conjugation 
of some salsalate (before its hydrolysis to salicylic acid) and its subsequent 
excretion into the urine. 


Although the percentages of the dose excreted as conjugates of salsalate 
in the two volunteers in this study do not fully explam the I5-23% lower than 
expected plasma levels of salicylic acid observed in patients (3) and normal 
volunteers ( I ,  2) after the administration of salsalate. it should be pointed out 
that a 10% decrease in the dose of available salicylate may be accompanied 
by a disproportionate decrease in serum salicylate levels. Such disproport- 
ionality follows from the observation that a 50% increase in thedosage of as- 
pirin can almost triple the serum salicylate levels (8). 


It should be noted that the decreased availability is only with respect to 
salicylate, however, since salsalatc is csscntially completely absorbed and the 
rapid glucuronidation and excretion prevents complete hydrolysis of salsalate 
to salicylic acid in oioo, thus decrcasing the amount of salicylic acid that 
reaches the systemic circulation. 


The results of the present study in  normal volunteers supports the results 
ofoui multipledose study in patients with rheumatoid arthritis (3) and indi- 
cates that the reduced availability of salicylic acid from salsalate is due to the 
incomplete hydrolysis of the prodrug. 


The clinical implication of these studies is that the dosc of salsalate needed 
to achieve equal plasma salicylate levels will be greater than that predicted 
from an equivalent dose of aspirin. Preliminary data from multiple dose studies 
in normal volunteers (2,9) suggest that the availability of salicylate from one 
5 W m g  tqblet of salsalate21 is approximately equivalent to that available from 
two 325-mg tablets of aspirin. These doses contain 535 and 500 mg equivalents 
of salicylic acid, respectively. However, for optimal salicylate therapy of in- 
flammatory arthritis, plasma salicylate concentrations should be determined 
periodically and used as the basis for dosage adjustment. 
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Abstract 0 The relationship between the refractive index and the dry sub- 
stance content of lactulose syrups of different compositions was investigated. 
It was found that, for a concentration range of 55-75% of dissolved carbo- 
hydrates, the sucrose tables can be used after correction by a factor of 
0.97. 


Keyphrases 0 Lactulose-determination of dry substance, refractive 
index-dry-substance content relationship 0 Refractive index-dry-substance 
content, lactulose syrups 


Lactulose (4-~-~-D-galaCtOpyranOSyl-D-frUCtOfUranOSe) 
is a synthetic disaccharide which is primarily used for the 
treatment of constipation ( l ) ,  portal systemic encephalopathy, 
and hepatic coma (2). The drug, prepared by a base-catalyzed 
isomerization of lactose, known as the Lobry de Bruyn-Al- 
berda van Ekenstein rearrangement, is commonly marketed 
as an aqueous syrup. This syrup also contains small amounts 
of lactose and other carbohydrates formed during the isom- 
erization process (3). 


Lactulose, lactose, and galactose can be analyzed by specific 
chromatographic (4 ,5)  or enzymatic methods (6); however, 
suitable methods are not available to determine each of the 
other sugars. The total weight of the other sugars can be de- 
termined from the difference between the amount of the an- 
alyzed compounds and the total weight of solid material dis- 
solved in the syrup. Our problem, therefore, was to find a 
method to determine the amount of carbohydrates present in 
the lactulose syrup. 


Several methods for dry-substance determination of sugars 
are known and have recently been critically discussed (7). 
Drying procedures at temperatures of > 1 O O O C  are not reliable 
for lactulose syrup because of the possible decomposition of 
labile carbohydrates and the loss of water by dehydration re- 
actions. Freeze-drying procedures are also unsatisfactory 
because water is not completely removed from the amorphous 
or syrupy residue and the remaining water must be determined 
by a different method. An indirect method for the determi- 
nation of the dry substance content is by measuring the water 
content using the Karl Fischer method (8). This method, 
however, requires special equipment and is time consuming. 
The dry-substance content of sugar solutions is frequently 
determined by means of refractometry (9) or densimetry (10). 
Refractive index measurements, in particular, are easily and 
accurately accomplished and would be the method of choice 
provided that the relationship between dry-substance content 
and refractive index is known. For aqueous sucrose solutions, 
correlation tables (Brix values) are readily available (9, 1 1 ,  
12) and are included in the refractive index measuring scale. 
Refractive index data have also been published for aqueous 
solutions of other common sugars such as glucose (1  2), fructose 
( 1  1 ), lactose (1 3, 14), and maltose (9) and for different types 


Table I-Results for the Solutions of Pure Lactulose in Water 


OBrix at  2OoC Factor' Real Dry Substance, 90 


54.37 
55.72 
60.99 


55.95 
57.10 
62.63 


0.972 
0.976 
0.974 


61.72 63.88 0.966 
67.96 70.85 0.959 
67.99 70.03 0.97 1 
74.53 76.85 0.970 
75.10 77.28 0.972 


Mean 0.970 
a The amount of real dry substance/dry substance from refraction. 


Table 11-Results for the Solutions of an Artificial Mixture of Pure 
Lactulose, Lactose, and Galactose 


Real Dry Substance, % 'Brix a t  2OoC Factor' 


54.74 
61.95 
67.47 
74.55 


Mean 


56.40 0.97 1 
63.78 
69.38 
76.60 


0.97 1 
0.972 
0.973 
0.972 


0 The amount of real dry substance/dry substance from refraction. 


of syrups (12, 15-17); however, no data were available for 
lactulose. Therefore, we have investigated the refractive 
index-dry-substance relationship for lactulose syrups with 
different compositions. 


EXPERIMENTAL SECTION 


Apparatus-Refractive indices were measured on a refractometer' ther- 
mostated a t  20 f O.IoC2. The water content in the dry substance was deter- 
mined automatically3. For freeze-drying proccdures, a self-made laboratory 
freeze-drier was used. The condenser was cooled with solid carbon dioxide 
in acetone. 


Chemicals-Lactulose, the analytical reference standard, had a purity 
>99.5% and a water content of 0.23% (recrystalized from methanol). The 
a-D-lactose monohydrate4 had a purity of >99.5% and the cY-D-gaIaCtOSe' 
had a purity of >99%. 


Preparation of Sugar Solutions-Eight solutions of pure lactulose in water 
were made by weight in  the range of 55-75% (Table I). Then, an artificial 
mixture containing lactulose (89.9%), lactose (4.5%), and galactose (5.6%) 
was prepared. Four solutions were made by weight in the range of 55-75s 
by dilution of this mixture with water (Table 11). 


Another set of sugar solutions was prepared with four samples of lactulose 
syrup which were freeze-dried. The amorphous residue was kept at 70°C for 
2 h. From the residue of each batch, four solutions in  water were made by 
weight in the range of 55-75%. Since it was not possible to obtain a water-free 
residue, a correction was made for the remaining water determined with the 
Karl Fischer titration (in the four batches these values were 0.93,0.98,0.21, 
and 0.20%, respectively) (Table 111). 


I Zeiss Opton Abbc refractometer. * Colora Ultra Thermostat K5. 
Metrohm Karl Fischer Automat E547. 
0138; Baker. 
1564; Baker. 
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Table 111-Results for Lactulose SYNP with Known Dry-Substance 
Content after Freeze-Drying 


~~~ 


Real Dry Substance, ?6 ‘Brix at 2OoC Factoro 


Batch 1 54.62 
Batch 2 54.19 
Batch 3 54.92 
Batch4 54.86 
Batch I 61.56 
Batch 2 61.45 
Batch 3 62.08 
Batch4 61.89 
Batch 1 67.22 
Batch 2 67.13 
Batch 3 67.93 
Batch4 68.03 
Batch 1 74.13 
Batch 2 74.42 
Batch 3 74.56 
Batch 4 74.86 


Meanb 


~~ ~~ 


56.40 
55.80 
56.53 
56.18 
63.53 
63.58 
63.60 
63.38 
69.53 
69.25 


76.60 
76.83 
76.10 
76.38 


0.968 
0.97 I 
0.975 
0.977 
0.969 
0.966 
0.976 
0.977 
0.967 
0.969 
0.974 
0.977 
0.968 
0.969 
0.980 
0.977 
0.973 


The amount of real dry substance/dry substance from refraction. b Mean of four 
batches. 


Table IV-Mean results for 26 Batches of Lactulose Syrup and 61 Batches 
of Formulated Product 


Dry Sub- ‘Brix at  SD of 
stance, %O 20°C Factorb Factor 


~~ __ 


Lactulose syrup 70.719 72.877 0.970 0.0085 
Formulated product 67.072 68.884 0.974 0.010 


Using Karl Fischer titration. The amount of real dry substance/dry substance from 
refraction. 


Table V-Correction Factors for Dry-Substance Determination using 
Sucrose Brix Values for Refractive Index Measurements at 20°C (9,11, 12) 


Correction Factor 
Product 30% d.s. 500/0 d.s. 700/0 d.s. Ref. 


~~~~~ ~ ~ 


Lactose 0.569 - - O  - 0  13, 14 
Maltose 0.979 0.981 - 0  9 
Glucose 1.010 1.015 1.021 12 
Fructose 1.013 1.016 1.021 I I  
HFCS (42)b 1.010 1.014 1.018 15-17 
CS (42)c 0.969 0.970 0.97 I 12, 15-17 
CS (70)d 0.988 0.99 1 0.994 12, 15- 17 


No data available due to low solubility. High fructose corn syrup. 42% fructose. 
C Corn syrup, acid conversion, 42 D.E. d Corn syrup, dual conversion. 70 D.E. 


Samples of 26 production batches of lactulose syrup and 61 bdtchcs of 
formulated product6 were analyzed for dry substance using the Karl Fischer 
titration and the refractive index (Table IV). 


RESULTS AND DISCUSSION 


The relationship between the real dry-substance content of lactulose solu- 
tions and the dry substance obtained from the refraction and sucrose index 


Duphalac: the lactulose content is 667 giL according 10 the label claim 


(‘Brix), is expressed as: real dry substanceldry substance from refraction. 
From the refractive index-dry-substance relationship, as  given for various 
sugars in the literature, correction factors can be calculated foisucrose dry- 
substance values. 


Table V gives the results for solutions of some common carbohydrates and 
syrups a t  three different concentrations. It appears that the factor for the 
aqueous sugar solutions varies between 0.969 for lactose and 1.021 for glucose 
and fructose. The mean factor we found in all our experiments was within this 
range. 


It may be concluded from Tables I and I 1  that the factor for pure lactulose, 
or for lactulose mixed with lactose and galactose, will be -0.97 for solutions 
of 55-75% of dry-substance content. Almost the same values were found for 
lactulose syrups of different compositions. Thus, the presence of other car- 
bohydrates in lactulose syrup does not significantly influence the refractive 
index. The dry-substance content of lactulose syrups can, therefore, be de- 
termined easily and accurately by refractometry using sucrose-drysubstance 
or Brix values after correction by a factor of 0.97. 
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Abstract 0 Various bioreversible derivatives of phenytoin, a poorly water 
soluble and erratically absorbed drug after both oral and parenteral dosing, 
were synthesized. Initial evaluation of these expected prodrugs, i.e., their 
aqueous solubility, cleavage in the presence of various animal tissues, and 
anticonvulsant activity in  mice, confirmed that a number of the derivatives 
did indeed behave as prodrugs. The more promising prodrugs were the diso- 
dium phosphate ester and various amino groups containing acyl esters of 3- 
(hydroxymethy1)-5.5-diphenylhydantoin. 


Keyphrases 0 Prodrugs-phenytoin, water-soluble, hydroxymethylation, 
anticonvulsants 0 Anticonvulsants-phenytoin prodrugs, water-soluble, 
hydroxymcthylation 0 Phenytoin-water-soluble prodrug, hydroxymethy- 
lation 


Phenytoin ( I )  is a high melting (293”C), weakly acidic (1, 
2) drug exhibiting poor solubility (3-5) in water. These 
properties lead to erratic absorption after oral dosing with both 
the free acid and the sodium salt (Ia) (3,6-19). For parenteral 
use, sodium phenytoin is formulated in an aqueous alkaline 
medium of pH -1 2 containing 40% propylene glycol and 1Wo 
ethanol. The parenteral dosage form is hazardous if the in- 
travenous injection is rapid (20,21), and the free acid appears 
to precipitate at intramuscular injection sites (22-25). The 
parenteral dosage form has also presented handling problems, 
especially if admixing or dilution was desired (26,27). 


C6H5 C6H5 


C6H5 t r  C6H5 


HNYNH 
0 


I 
0 
In 


H N Y N c H 2 0 H  
0 


I1 


One solution to these problems was to develop prodrugs of 
phenytoin with more desirable physicochemical properties’. 
The overall goal of this study, therefore, was to synthesize 
various water-soluble phenytoin prodrugs and to evaluate their 
potential oral and parenteral use. Recently, interest has arisen 
in N-hydroxymethyl derivatives of hydantoins, amides, 
and imides (4, 5, 28-31). In the present study 3-(hydroxy- 
methyl)-5,5-diphenylhydantoin or 3-(hydroxymethy1)phen- 
ytoin (11) was synthesized with the expressed purpose of pro- 
viding a “synthetic handle” in the molecule to which various 


I Paper I in this series was published in  “Prodrugs as Novel Drug Delivery Systems”, 
ACS Symposium Series. No. 14, 1975, Chap. 3, paper I 1  in J .  Phorm. Sci., 72.400 
( 1  983). 


other potential bioreversible water-solubilizing functional 
groups could be added (esters 111-X). 


H N Y N c n 2 0 R  
0 


111: R = COCH3 
IV: R = COCH2fiH(CH3)2 CH3SO3- 
V: R = CO(CH2)2fiH(C2Hs)? 


(2-naphthalenesulfonate) 
VI: R = C02(CH2)2fiH(CH3)2 C H ~ S O J -  


VII: R = P032-Na2+ 
VIII: R = SO3-Na+ 


IX: R = CO(CH2)2C02-Na+ 
X: R = CO(CHz)jC02-Na+ 


All the esters except 111 have an ionizable group in the ester 
moiety, and the salt forms of esters would be expected to have 
an increased aqueous solubility over that of phenytoin. Com- 
pounds IV-VI, IX, and X would be expected to be cleaved in 
oiuo by esterases to 11, which will be shown in this study to 
break down further to phenytoin and formaldehyde with a 
half-life of -2 s at 37OC and pH 7.4, an observation consistent 
with an earlier study (5). Similarly, VII and VIII were ex- 
pected to be catalytically hydrolyzed by phosphatase and 
sulfatase enzymes, respectively. 


The evaluation of VIII as a potential prodrug of phenytoin 
has been presented elsewhere (32); VIII was found not to be- 
have as a prodrug of phenytoin. The syntheses and preliminary 
evaluations of compounds IV-VII, IX, and X are presented 
herein. 


EXPERIMENTAL SECTION 


All compounds were synthesized by standard techniques. The specific details 
for the synthesis of each compound are presented below. 


3-(Hydroxymethyl)phenytoin [II, 3-(HydroxymethyI)-5,Sdiphenylhydan- 
tom]-A suspension of 20 g (0.08 mol) of phenytoin, 80 mL of formalin (1.07 
mol, 37% formaldehyde in water), 1 g (0.007 mol) of potassium carbonate, 
and 720 mL of water were stirred at  room temperature for 24 h. The mixture 
was filtered and the resulting white solid was washed with 3% aqueous 
formaldehyde, air dried for 24 h to give 21.5 g of I I  (92% yield), mp 187- 
189’C. IH-NMR (MezSO-d6): 6 4.85 (d, CH2). 6.4 (t, OH), 7.4 (s, 10). and 
9.6 ppm (s, NH). 


Anal.-cak. for C16Hl4N203: C, 68.08; H, 5.00; N. 9.92. Found: C. 68.15; 
H, 4.93; N, 9.97. 


3-(Hydroxymethyl)-5,5dipbenylhydantoin Acetate (Ester 111)-A solution 
of 1.5 g (0.0058 mol) of I I , 1  mL of acetic anhydride, and 10-20 pL of sulfuric 
acid was allowed to stand for 10 min. The solid precipitate was suspended in 
10 mL of ether, filtered, washed with 30 mL of ether, and then recrystallized 
from ethanol to give 1.69 g of ester 111 (WO yield), mp 154-157°C. IH-NMR 
(CDCI3): 6 2.0 (s, CH3). 5.55 (s. CH2), 7.4 (s, 10). and 7.7 ppm (s, NH).  


Am/.-Calc. for Cl&16N20,: C. 66.65; H. 4.97; N, 8.64. Found: C. 66.66; 
H. 5.01; N, 8.61. 
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3-(Hydroxymethyl)-5,5diphenylhydantoin Ester with N,N-Dimethylglycine, 
Monornethanesulfonate (W-A suspension of 3.65 g (0.035 mol) of N , N -  
dimethylglycine, 7.3 g (0.035 mol) of dicyclohexylcarbodiimide, and 10 g 
(0.035 mol) of I I  in 50 mL of dry pyridine was stirred at  room temperature 
for 24 h. After evaporation under reduced pressure at  5OoC, the syrupy con- 
tents were triturated with 100 mL of dichloromethane and the dicyclohexyl- 
urea was removed by filtration. The dichloromethane was removed under 
reduced pressure, and the trituration was repeated twice to produce a syrup, 
to which was added 50 mL of ether. After standing, the resulting precipitate 
was removed by filtration and washed with 25 mL of ether and dried in uacuo 
togive 11.3 gof  IVa (88% yield), mp 133-137OC. 'H-NMR and elemental 
analysis confirm the structure of the product as 3-(hydroxymethyI)-S,S-di- 
phenylhydantoin ester with N,N-dimethylglycine (IVa). A solution of 1.92 
g (0.005 mol) of IVa, 0.5 g (0.005 mol) of methanesulfonic acid, and 25 mL 
of dichloromethane was stirred, and the resulting precipitate was removed 
by filtration and recrystallized from ethanol-acetone-ether togive 2.1 5 gof 
IV (93%yield), mp 173-175OC. 'H-NMR (D20): 6 3.05 (s, CH3), 3.2 (s, 2, 
CH3), 4.4 (s, CH2). 5.85 (s, CH2), and 7.5 ppm (s, 10). 


Anal.-Calc. for C ~ ~ H ~ S N ~ O ~ S :  C, 54.42; H,  5.44; N,  9.07. Found: C, 
54.22; H, 5.40; N,  8.92. 
3-(Hydroxymethyl)-S,S-diphenyIhydantoin Ester with N,N-Diethyl- 


palanine, Mono-2-naphthalenesulfonate (V)-A suspension of 3.54 g (0.01 95 
mol) of 3-N,"-diethylaminopropionic acid hydrochloride, 4.02 g (0.0195 mol) 
of dicyclohexylcarbcdiimide, and 5 g (0.0177 mol) of I I  in 20 mL of dry pyridine 
was stirred at room temperature for 20 h and filtered. The glassy residue was 
triturated with 100 mL of dichloromethane, and the suspended dicyclohexyl 
urea was removed by filtration. The dichloromethane was removed under 
reduced pressure and the trituration was repeated twice. The syrup was dis- 
solved in 100 mL of water, the pH was lowered to 3 with dilute HCI, and the 
mixture was extracted twice. with 100 mL of ether. The pH of the aqueous 
layer was raised to 9 with solid potassium carbonate, and the mixture was 
extracted with 100 mL of ether. The organic phase was dried (magnesium 
sulfate), and the solvent was removed under reduced pressure to yield 3- 
(hydroxymethyl)-5,5-diphenylhydantoin ester with N,N-diethyl-8-alanine 
(Va). A solution of 4.35 g (0.0106 mol) of Va and 2.6 g (0.0106 mol) of 2- 
naphthalenesulfonic acid, dissolved in a minimum amount of methanol, in 
80 mL of dry ether was stirred until the precipitation of a white solid. The 
precipitate was removed by filtration, washed with 50 mL of ether, and dried 
in a vacuum desiccator to give 4.0 g of V (44.5% yield), mp 174-176OC. 
IH-NMR (MezSO-ds): 6 1.15 (1. 2CH3). 3.1 (m. 8). 5.55 (s, CH2). 7.4 (m, 
17), and 9.9 ppm (s, NH). 


Anal.-Calc. for C ~ ~ H ~ S N ~ O ~ S :  C. 64.17; H. 5.17; N,  6.80. Found: C, 
63.90; H, 5.72; N, 6.62. 


3-(Hydroxyrnethyl)-S,S-diphenylhydantoin Ester with 2-(Dimethylnmino)- 
ethyl Carbonate, Monomethanesulfonate (VI) Via 3-(Hydroxymethyl)-S,S- 
diphenylhydantoin, pNitropbenyl Carbonate ( X F A  solution of 6.78 g (0.033 
mol) ofp-nitrophenylchloroformateand 9.5 g (0.033 mol) of I 1  in 30 mL of 
dry pyridine was stirred at room temperature for 5 h, poured with vigorous 
stirring into ice water, and acidified with 0.38 mol of sulfuric acid. The pale 
yellow solid was removed by filtration and dried in a vacuum oven at  4OoC 
overnight togive 12.9 g of XI (88% yield), mp 191-193°C. 


A solution of 4 mL of 2-(N,N-dimethylamino)ethanol, previously dried 
by distillation, and 4.5 g (0.01 mol) of XI in 25 mL of acetonitrile was stirred 
at room temperature for 5 h, poured into ice water, and extracted with 100 
mL of dichloromethane. The organic layer was extracted twice with 25 mL 
of 5% aqueous potassium carbonate solution, dried over anhydrous magnesium 
sulfate, filtered, and evaporated under reduced pressure to give 1.42 g of a 
white glassy solid, (35% yield), mp 88-9OoC (Vla). 


The methanesulfonate salt of VIa (VI) was prepared in the same manner 
as IV from IVa, except that on filtration from dichloromethane, the salt was 
refluxed in acetone to remove phenytoin contamination (46% yield), mp 


4.75 (t. CH2). 5.8 (s, CH2). and 7.55 ppm (s, 10). 
Anal.-Calc. for CzzH27N10&: C. 53.57; H, 5.47; N, 8.51. Found: C, 53.2; 


H, 5.5; N, 8.3. 
3-(Hydroxymethyl)-S,S-diphenyIhydantoin Disodium Phosphate Ester 


(VII)-Sodium dibenzylphosphate and silver dibenzylphosphate were syn- 
thesized according to the method of Clark and Todd (33) from dibenzyl- 
phosphite2. 


3-(Chloromethyl)-5,5-diphenylhydantoin (XI/)-A solution of 20 g 
(0.071 mol) of 11 and 6.2 m L  of phosphorous trichloride in 100 mL of di- 
chloromethane was stirred at room temperature for 24 h, diluted with a further 
50 mL of dichloromethane, and extracted once with 100 mL of water and twice 
with 250 mL of 5% w/v aqueous sodium carbonate solution. The separated 
dichloromethane was dried over anhydrous magnesium sulfate, filtered, and 


186-189OC. 'H-NMR (D20): 6 3.05 (s, CH3). 3.2 (s, 2CH3), 3.7 (t, CH2). 


Table I-Aqueous Solubilities and pH Values of the Saturated Solutions of 
Phenytoin, II (in 1 M Aqueous Formaldehyde), and IV-VII at 25°C 


Solubility (Phenytoin Solubility Relative 
Compound pH Equivalent), mg/mL to Phenytoin 


I Neutral 0.02" (0.02) 
I 1  Neutral 0.19b (0.17) 


IV -2 I40 (76.2) 
V -4 I .9 (0.78) 


VI -2 I85 (94.6) 
V I I  -9 142 (88.17) 


1 
8.5 


3810 
39 


4730 
4408.5 


Literature values vary from 0.01 -0.04 rngJrnL ( I ,  26); A value of 0.02 rng/mL was 
found in our studies. b The solubility was crermincd in aqueous formaldehyde ( 1  
M). 


evaporated under reduced pressure to give 13.1 g of a white solid (61 % yield), 
mp 155.0-156.5°C. 


3-(Hydroxymethyl)-5,5-diphenylhydantoin Dibenzyl Phosphate Ester 
(XII1)-A suspension of 13.1 3 g (0.034 mol) of silver dibenzylphosphatc and 
10 g (0.033 mol) of XI1 in 300 mL of benzene was refluxed for 2 h, hot-filtered 
under reduced pressure, extracted with 250 mL of 5% aqueous potassium 
carbonate, dried over magnesium sulfate, filtered, and evaporated under re- 
duced pressure. The remaining syrup was triturated with 60 m L  of ether and 
allowed to stand overnight; the white precipitate (XIII) which formed was 
removed by filtration, washed with 60 mL of ether, and dried in a vacuum oven 
togive 12gofXl l l  (67%yield),mp 116-118°C. 


Phosphate Ester of// (Vlla) and Its Disodium Salt (VI1)--A suspension 
of I g of palladium (5%)  on activated carbon2 and 2 g (0.0037 mol) of Xll l  
in 100 m L  of ethyl acetate was subjected to hydrogenation) at 60 psi for 25 
min (34). The suspension was filtered and the filtrate was evaporated u d e r  
reduced pressure to give 0.7 g of a white solid (Vlla) which readily recrys- 
tallized from acetone (54.5% yield), mp 173- 176.5% 


And-Calc. for C I ~ H ~ ~ N ~ O ~ P :  C, 53.05; H, 4.17; N, 7.73. Found: C, 
52.88; H, 4.02; N, 7.60. 


A solution of 1.8 g (0.005 mol) of Vlla in 100 mL of methanol was titrated 
with I M NaOH to the second end point as determined by pH monitoring. 
The solution was filtered, evaporated under reduced pressure, and the white 
solid recrystallized from water-ethanol-acetone to give 1 .1  g of VII (56% 
yield), mp 22OOC (softens). 'H-NMR (D20): 6 5.3 (d, CH2) and 7.45 ppm 
(s. 10). 


Anal.-calc. for C I ~ H , ~ N ~ O ~ P N ~ Z ' ~ H ~ O :  c ,  43.4; H, 3.87; N, 6.33. 
Found: C, 43.25; H, 3.82; N, 6.3 1. 
3-(HydroxymethylkS,Sdiphenylhydantoin Sodium Succinate (Ester I X t A  


solution of 10 g (0.035 mol) of I I  in 100 mL of dry pyridine was stirred at room 
temperature for 5 d with the gradual addition of 4.85 g (0.043 mol) of succinic 
anhydride. The solution was poured into 400 mL of 5% w/v aqueous sodium 
bicarbonate and immediately extracted with 250 mL of chloroform. The 
aqueous layer was isolated and the pH was lowered to 2 with hydrochloric acid; 
the aqueous layer was then rapidly extracted with 400 mL of chloroform. The 
chloroform layer was dried over anhydrous magnesium sulfate, filtered, and 
evaporated under reduced pressure; the resulting white solid (IXa) was trit- 
urated with ether and removed by filtration, mp 144.5-147.5OC. 'H-NMR 
(CDCI3): 6 2.6 (s, 2CH2). 5.55 (s. CH2). 6.2 (s, I ) ,  7.4 (s, 10). and 7.6 ppm 
(s. 1). 


Anal.-Calc. for C2oH1&06: C, 62.83; H, 4.75; N, 7.33. Found: C, 62.74; 
H, 4.71; N, 7.20. 


The sodium salt of IXa was prepared by titrating IXa with an equimolar 
solution of sodium methoxide in anhydrous methanol to give 8.8 g (62% yield), 
mp 141.5-146°C. 


Anal.-Calc. for C2oH17N206Na.0.5 H2O: C, 38.13; H, 4.36; N, 6.78. 
Found: C, 57.87; H,  4.18; N,  6.57. 
3-(Hydroxymethyl)-S,S-ddiphenylhydantoin Sodium Gluturate (Ester X) 


-Compound X was synthesized by allowing glutaric acid anhydride to react 
with I1 in dry pyridine and isolated by a method identical to that described 
for the synthesis of IX (30% yield), mp 137.5-144OC. 'H-NMR of Xa 
(CDCI3): 2.8 (m, 3 CH3). 5.55 (s, CH2), 6.6 (s, I ) ,  7.4 (s, 10). and 7.7 ppm 


Anal.-Calc. for C21H20N206 (Xa): C, 63.6; H,  5.09; N, 7.07. Found: C, 
62.87; H. 5.07; N,  6.91. 


Anal.-Calc. for C21H19N206Na-H20 (X): C, 57.81; H, 4.81; N,  6.41. 
Found: C, 57.71; H,  4.77; N, 5.47. 


Aqueous Solubility of 11 and IV-VII---The aqueous solubility of I I  was 
determined by adding an excess of 11 to a solution of formaldehyde ( 1  M) in 
vials maintained at 25 f O.IoC in a constant-temperature water bath. Thc 
solubility was determined in I M formaldehyde solution in order to prevent 


(s, I ) .  


Aldrich Chemical Co., Milwaukee, Wis. Parr Instrument Co., Moline. 111 
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Table 11-Half-Lives for the Conversion of IV-VII to Phenytoin in Rat, 
Dog, and Human Plasma at  25°C and 37°C 


10' 


lo0 


- 
I .- 
E 


10-1 


J 


10-2 


10-3 


1.6 s 


4.7 s 


I l I 1 I I l l l  


PH 
1 2 3 4 5 6 7 6 9  


Figure 1-pH-rate profilefor the conversion of I I  tophenytoin at 25°C (0) 
and 37°C (B), p = 0.5. 


the decomposition of I I  to phenytoin. The vials were shaken for 24 h so that 
equilibrium solubility was attained. The contents of the vials were then filtered. 
Appropriate dilutions of the filtrate with 1 M formaldehyde were made, and 
the absorbances of the diluted solutions at  260 nm were measured. Thecon- 
centration of 11 was calculated from the measured absorbance by reference 
to standard curves. The aqueous solubilities of IV-VII were estimated at 25 
f 0.1 "C by shaking an ex- of the compound with a known volume of water, 
over a limited time period of 3-6 h to minimize the extent of degradation of 
the esters to phenytoin. The saturated solutions were filtered. diluted, and the 
concentrations of the esters were calculated from measured UV absorbanca: 
of the diluted solutions by reference to standard curves. The pH values of the 
saturated solutions were also measured. 


Cleavage of IV-VII to Phenytoin in Biological Tissues-Conversion of 
IV-VII to phenytoin was carried out a t  25OC and 37OC in plasma or whole 
blood obtained from rats4, beagle dogss, and human subjects6. Blood was 
treated with EDTA to prevent coagulation. Plasma was obtained by centri- 
fuging' blood for 15-20 min at 1 OOOXg. 


The conversion of VII to phenytoin was also studied in  rat and dog tissue 
homogenates at 37OC. Srensen's isotonic phosphate buffer (pH 7.4) was used 
to prepare the tissue homogenates and also to dilute plasma in cases where 
the reversion of the esters to phenytoin was too fast to follow in undiluted 
plasma. Reaction was initiated by injecting an appropriate amount of a stock 
solution of the ester in an appropriate solvent into temperature-equilibrated 
plasma, whole blood, or tissue homogenates. Samples obtained for the hy- 
drolysis of IV-VI were quenched with m-phosphoric acid and assayed for 
phenytoin by the GC* method of Stella (35). In the case of the hydrolysis of 
VII, 100 pL of blood, plasma, or tissue homogenate samples were extracted 
directly into toluene containing the gas chromatography internal standard, 
5-@-methylpheny1)-5-phenylhydantoin. 0.7 pg/mL. The rest of the procedure 


' Harlan Sprague-Dawley. Madison, Wis. 


' Dynac 11; k k t o n ,  Dickinson and Co. 
* Varian model 2100 or 3700 gas chromatograph fitted with a flame-ionization dc- 
tector. 


Kindly supplied by INTERx Rcscarch Corp. 
Communit Blood Bank, Kansas City, Mo. 


Temperature. Half-Life 
Compound O C  Rat Dog Human 


1v 


V 


VI 


25 I .3 min 19.5 min 1 . 1  min 
31 I6 s 10.7 min 2 3 s  


21 s o  20.3 min 24.0 min 
8.3 min 6.8 min 


25 
37 


25 1.1 minh 28.6 min 9.3 min 
37 33 S b  14. I min I .7 min 


C - 


a I n  10% rat plasma diluted with isotonic Sorenson's phosphate buffer, pH 7.4. I n  
Not de- 0.5% rat plasma diluted with isotonic SBrenson's phosphatc buffer. pH 7.4. 


termined. 


was as  described by Stella (35). Apparent first-order kinetics over 2-4 half- 
lives for the appearance of phenytoin wcre observed in all instances. Quanti- 
tative recovery (or conversion) of all the prodrugs werc observed. 


The tissue homogenates studied were rat and dog liver and rat intestinal 
homogenates prepared in pH 7.4, isotonic Siirensen's phosphate buffer (one 
part tissue to four parts buffer). The tissue was homogenized for 10 min using 
a 100-mL glass homogenizer with a polytef pestle having radial serrations9. 
The homogenizer was mechanically driven using a 3/8-hp variable-specd drill. 
The homogenates were centrifuged'O for 90 min at I00,OOOXg at SOC. The 
temperature was maintained between 5- 10°C during the preparation of the 
tissue hornogenate to prevent inactivation of the enzymes. 


Hydrolysis of I 1  to Phenytoin-The rates of decomposition of I I  in buffer 
solutions a t  25OC and 37OC were studied spectr~photometrically'~ by re- 
cording the decreascll in absorbance at 255 nm. A 10-cm thermostated quartz 
cuvette was filled (30 mL) with pre-equilibrated buffer solutions [0.1 M ac- 
etate buffer (pH 3.0-5.0). 0.1 M phosphate buffer (pH 5.0-7.05), ionic 
strength 0.51, and the reaction was initiated by injecting a 25-pL aliquot of 
a stock solution of I I  in acetonitrile to yield a final concentration of II of 8 X 
10-5 M. All reactions followed apparent first-order kinetics as determined 
from plots of log (A, - A,) versus time, where A, and A, are the absorbance 
readings at time r and at completion of the reaction, respcctively. In  all cases 
the final spectrum corresponded to that of phenytoin. In a few studies, the 
effects of varying buffer concentrations at constant pH were evaluated. Since 
no buffer catalysis was noted at any pH value, no further studies on the effect 
of buffers were attempted. 


Anticonvuhnt Activity and Toxicological Evaluation of IV-VII-Com- 
pounds IV-VII wcre evaluated using the anticonvulsant drug screening pro- 
gram (36) conductcd by the National Institute of Neurological and Com- 
municative Disorders and Stroke at  the National Institutes of Health, Be- 
thesda, Md. All four compounds underwent the primary evaluation (phase 
I); in a minimal number of animals, the anticonvulsant activity of each com- 
pound was evaluated by the maximal electroshock test (MES) and thc sub- 
cutaneous pentylenetctrazol test (ScMET); the C N S  toxicity of each com- 
pound was evaluated by the rotorod test using mice'* (36). After this initial 
evaluation, any potentially useful derivatives may be subjected to further 
comprehensive screening for activity and toxicity. Specifically, this consists 
of the phase II and phase. I V  studies. Thc phase II study requires administering 
the drug intrapcritoneally to mice and determining the timc of peak effcct 
(activity and toxicity) by the MES and the rotorod test. From this, the effective 
dose 50% (ED5o) and toxic dose 50% (TD5o) for the prodrugs could be dc- 
termined. The phase IV study is similar to the phase I I  study except that the 
drug is administered orally. .. 


For specific details of the procedures used in the screening, the reader is 
directed to Ref. 36. With the current compounds, IV-VII underwent the initial 
screening (Phase I), VI underwent phase 11, while IV and VII underwent both 
phase I 1  and phase IV evaluations. 


RESULTS AND DISCUSSION 


Compounds IV-X were synthesized by standard procedures as indicated 
in the Experimental Section. All compounds were found to conform to the 
proposed structures and showed only one spot on T1.C. Compounds IX and 
X showed less than theoretical values for carbon and nitrogen analyses. Re- 
crystallization attempts did not improve the results. The precursors IXa and 
Xa gave reasonable C, H. N analyses, so it appcars that during the formation 


Series 3431-EM; A. H. Thomas Co.. Philadelphia, Pa. 


Carworth Farm # I mice. 


lo Bcckman Model L-5-50 Ultracentrifuge. T-35 rotor. 
' 1  Cary Model 118; Varian Instruments. 
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of the sodium salts in methanol a certain amount of degradation took place 
and the final product may have been contaminated with small quantities of 
phenytoin. 


The solubility of I 1  in aqueous formaldehyde ( I  M )  and thesolubilities of 
I and IV-VII in water at 25OC are shown in Table 1. The increase in solubility 
of I1  over I of 8.5-fold may partly be attributed to the decreased intermolecular 
hydrogen bonding in the crystal latticeof 11. This is reflected by the decrease 
in the melting point from 293OC for phenytoin ( I )  to 187- 189OC for 11. The 
reported solubilities of IV-VII are only approximate, as the prodrugs did begin 
to revert to phenytoin to some extent during the course of the solubility de- 
terminations, i.e., the solid state is a mixture of prodrug and precipitated 
phenytoin. The methanesulfonate salts of IV, VI, and V11 were prepared 
preferentially to the hydrochloride salts to prevent any common ion solubility 
problems on oral dosing with the prodrugs. Also, the hydrochloride salt of 1V 
was very hygroscopic. The hydrochloride and methanesulfonate salts of V were 
prepared but were also found to be very hygroscopic; therefore, only the 2- 
naphthalenesulfonate salt was evaluated. 


The solubilities of IX and X in water could not be determined because initial 
clear solutions rapidly began precipitating phenytoin acid, which was easily 
characterized on filtration by its melting behavior. This rapid precipitation 
of phenytoin from IX and X precluded the use of IX and X as parenteral forms 
of phenytoin and, therefore, IX and X were discarded as potentially useful 
prodrugs of 1. 


Compounds IV-VII were more soluble in water than phenytoin (Table I, 


VI 
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\ 
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Figure 2-Plots of the percent of the total population found toxic 
(@) by the rotorod test or the percent o j  the total population 
protected (0) againsi the MES test versus iime after inlraperi- 
toneal administraiion of IV, VI. and VII to mice. 


last column). Based on this initial observation, IV, VI, and VII wereconsidered 
possible candidates for parenteral and oral forms of phenytoin, while V was 
considered as  a possible oral prodrug form of phenytoin. 


For IV-VII to behave as true prodrugs of phenytoin, they must undergo 
cleavage to phenytoin under in viuo conditions. Therefore, the cleavage rates 
of IV-VII were studied in various rat, dog, and human tissues to give indica- 
tions as to their in vioo behavior. The hydrolysis of esters IV-VI, 2 X M, 
monitored by following the formation of phenytoin, exhibited pseudc-first- 
order kinetics in rat, dog, and human plasma. The half-lives are given in Table 
11. Esters IV-VI were quantitatively hydrolyzed to phenytoin in the plasma 
of all species studied. The hydrolysis of V and VI was determined in 10 and 
0.5% rat plasma, respectively, because their cleavage rates were too fast to 
follow at  higher plasma concentrations. Under comparable conditions in the 
absence of plasma, IV-VI hydrolyzed slowly to phenytoin; however, no at- 
tempts were made at  this stage to unambiguously discriminate as to whether 
the acceleration in the cleavage rates in the presence of plasma was truly en- 
zymatic in nature. Overall, the cleavage of the esters was slowest in dog 
plasma, consistent with findings of low overall esterase activity in various dog 
tissues relative to other animal species (37-39). The differences in the relative 
cleavage rates indicate that the spectrum of esterases present in plasma varies 
between the animal species. 


An attempt was made to determine the hydrolysis of VII in the plasma of 
rats, dogs, and humans. No detectable cleavage was observed over a 3-h period. 
Since phosphatases are known to exist in red blood cells (40,41), cleavage of 


Table III-EDW and TDw of Phenytoin, IV, V1, and VII after lntraperitoneal and/or Oral Administration to Mice 


lntraperitoneal Administration Oral Administration 
EDso (MW", TD50 (Rotorod)o, EDJO ( M E W ,  TDso (Rotorod)', 


Compound mg/kg f SE mg/kg f SE mg/kg f SE mg/kg f SE 


I b  


1v 


9.50 


10.3 f 2.35 
(8.1 3-10.4)' 


65.4 


46.2 f 3.1 
(52.5-72.1 )' 


9.04 


10.6 f 1 . 1  
(7.39-10.62)' 


86.71 


80.7 f 0.8 
(80.39-96.09)' 


v 1  7.9 f 1.4 47.1 f 1.02 -d -d  


81.6 f 3.1 VII  10.3 f 2.2 42.1 f 1.9 11.8f 1.4 


0 All values are in phenytoin equivalents. Reported by the Anticonvulsant Drug Screening program (36). 95% confidence interval. Not determined. 
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Figure J-Plors of thepercent of rhe totalpopularion found roxic (0) by the rororod rest or the percent of the toralpopulationprotected (0) againsr the MES 
rest versus time after oral administration of W a n d  VII ro mice. 


VII in rat, dog, and human whole blood was evaluated. Cleavage in rat whole 
blood was observed ( t l l z  = 2 hand 30 min at  25°C and 37°C. respectively). 
Slow cleavage in dog whole blood ( t 1 / 2  > 24 h) was observed, but no significant 
cleavage was seen in human whole blood. These results tend to suggest that 
either the activity of the phosphatase enzymes was low in dog and human 
whole blood or that VII had poor accessibility to red blood cell phosphatases. 
The catalytic conversion of VII tophenytoin in the rat liver (tip < 30 s) and 
intestinal homogenates ( r l 1 2  < 30 s) and dog liver homogenate ( t l / 2  = 57.5 
min) were observed at 37°C. 


It appears from these tissue studies that esters IV-VII would behave as 
prodrugs of phenytoin in uiuo based on their reasonably facile cleavage in uirro 
in rat, dog, and human tissues. The only questionable candidate for quanti- 
tative conversion might be the phosphate ester V11, although there is adequate 
precedence in the literature for phosphate estersof various alcohols as prodrugs 


Mechanistically, the cleavage of esters IV-VII is expected to follow Scheme 
1. where kl represents the in uitro or in uiuo cleavage of esters IV-X to 11, 
which should then hydrolyze releasing f~rmaldehydel~ .  The dehydroxy- 
methylation of 11 to phenytoin was, therefore, studied in the pH range 4-7 
at both 25OC and 37°C (p = 0.5). As stated earlier, the hydrolysis followed 
pseudo-first-order kinetics, and no buffer catalysis was observed. Figure I 
shows the pH-rate profiles for the hydrolyses of I1 to phenytoin a t  25°C and 
37OC. The half-lives for the dehydroxymethylation extrapolated to pH 7.4 
are also indicated in the figure. These data are quantitatively and qualitatively 
similar to those observed by Bundgaard and Johansen (5) who proposed a 


(42-50). 


0 0 


1 k, ( fas t )  


$sH 5 


+ 
CHcP 


Scheme I 


I 3  Formaldehyde toxicity ma be raised as a problem with these types of prodrugs. 
Whether the quantity of formaldkhyde generated here is sufficient to raise concerns will 
have to be evaluated. 


mechanism involving an initial fast ionization of the hydroxyl group (pKa > 
12) followed by a slower nitrogen-carbon bond cleavage step producing 
phenytoin and formaldehyde. The very rapid breakdown of I I  to phenytoin 
(1112 < 2 s a t  pH 7.4 and 37OC) precludes the accumulation of I I  when esters 
IV-VII are  cleaved in uitro or in uiuo. 


Compounds IV-VII underwent pharmacological evaluation in the anti- 
convulsant drug screening program operated by National Institute of Neu- 
rological and Communicative Disorders and Stroke (36). In the phase I (initial 
screen) study all compounds showed good anticonvulsant (antiseizure) activity 
after intraperitoneal administration in the MES evaluation, but (as expected) 
showed no activity in the ScMET testi4. The least active prodrug was V, which 
showed no protection in the MES test a t  30 mg/kg; all the other compounds 
were active at 30 mg/kg. From the results of this initial screen, IV, VI, and 
VII were subjected to phase I I  analysis, where the anticonvulsant activity, 
MES, and rotorod toxicity were evaluated after intraperitoneal administration 
of the prodrugs in a larger number of animals. Compounds IV and VII were 
also evaluated in a phase IV study, which involves administering the prodrugs 
orally. Table I I I  summarizes the ED50 and TD5o data for IV, VI, and VII after 
intraperitoneal and oral administrations to mice. 


As can be seen in Table 111. all the prodrugs had equivalent activity when 
compared with phenytoin, but all displayed slightly higher toxicity (lower TDso 
values). This may be consistent with the more rapid absorption of phenytoin 
in  the form of the prodrugs or an elevated intrinsic toxicity by the prodrugs 
exacerbated by their expected more rapid absorption relative to phenytoin, 
i.e., the T D ~ , v a l u e s  probably should be compared with the TDso of intrave- 
nous phenytoin. Figures 2 and 3 are plots of the percent of the total mice 
population studied found to be toxic by the rotord test (toxicity-time profile) 
and the percent of the total population protected against the MFS (activity- 
time profile) uersus time after intraperitoneal and oral administrations, rc- 
spectively. In Fig. 2 (intraperitoneal data) prodrugs VI and VII show an early 
peaking in the activity- and toxicity-time profile, suggesting rapid release 
of phenytoin, providing that the anticonvulsant activity is attributable to 
phenytoin. Ester IV, however, shows maximum activity a t  2 h and the toxicity 
peaking at  0.5 h postdose. This tends to suggest that IV may be undergoing 
slow hydrolysis, compared with V1 and VII,  and that the early toxicity peaking 
may be due to the intact ester IV. 


The lack of early toxicity in the oral study (Fig. 3) for IV compared with 
its activity suggests that after oral dosing, IV may be hydrolyzed during the 
absorption process. The delayed peaking of both toxicity and activity for VII  
after oral dosing (compared with the intraperitoneal data), suggests that the 
activity and toxicity of VII are probably due to phenytoin and that VII is only 
slowly absorbed from the intestine; alternatively, VI1 may be cleaved slowly 
in  the GI tract, releasing phenytoin which was subsequently absorbed. 


Based on the findings presented in this paper, IV, VI, and VII were evalu- 
ated further with respect to other physicochemical properties (51 )  and their 
pharmacokinetic behavior after oral and intravenous administration to dogs 
compared with phenytoin (52). Compound VII was also evaluated after in- 
tramuscular and intravenous administration to rats (53). 
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A h c t  0 Unbonded silica gel is an effective support for reverse-phase. liquid 
chromatographic separations of lipophilic amines. Simple buffered aque- 
ous-organic mobile phases provide rapid isocratic separations of antihista- 
mines. Phenylpropanolamine hydrochloride, chlorpheniramine maleate, and 
dextromethorphan hydrobromide are separated in 8 min on bare silica with 
a mobile phase of 75% methanol and 25% water which is 0.01 M in 
(NH&HPO,. Quantitation is reproducible. A wide variety of additional 
compounds may be separated using the same mobile phase. 


Keyphrases 0 Bare silica-reverse-phase stationary phase, liquid chroma- 
tography 0 Antihistamines-buffered aqueous organic liquid chromato- 
graphic mobile phases 


The object of this work is to demonstrate that the use of 
silica in the reverse-phase mode is practical for the liquid 
chromatographic separation of lipophilic amines. The group 
of amines used as antihistamines, antitussives, and decon- 
gestants are frequently formulated together. When using 
Cl8-bonded phase columns, it is necessary to use amine mo- 
bile-phase modifiers to ensure good retention and peak shape 
(1) in the ion-suppression mode. While Cl8-bonded phases 
have been reported most often for the separation of these 
lipophilic amines, recent work (2) suggests that unbonded silica 
gel, with the maximum concentration of surface silanol groups, 
is a preferable stationary phase for these compounds. 


Using unbonded silica as the stationary phase permits the 
analyst to separate a wide variety of amine compounds with 
a simple mobile phase of organic solvent and an aqueous 
phosphate buffer for pH control. The retention volumes are 
lower and the peaks are more symmetrical when silica, rather 
than a Cl8-bonded support, is used as the stationary phase. 
However, because this use for unbonded silica is new, it is 
necessary to demonstrate long-term performance in routine 
operation. 
Table I-Formulations 


Components Concentration 


Syrup 
A Acetaminophen 


Phenylpropanolamine hydrochloride 
Chlorpheniramine maleate 
Dextromethorphan hydrobromide 


Pseudoephedrine hydrochloride 
Chlorpheniramine maleate 
Dextromethorphan hydrobromide 


E Phenylpropanolamine hydrochloride 
Chlorpheniramine maleate 


F Guaifenesin 
Pseudoephedrine hydrochloride 
Dextromethorphan hydrobromide 


B Potassium guaiacolsulfonate 


Tablet 
C Acetaminophen 


Phenylpropanolamine hydrochloridc 
Dextromethorphan hydrobromide 


D Pyrilamine maleate 
G Theophylline 


Ephedrine hydrochloride 
Pvrilamine maleate 


625 mg/30 mL 
25 rng/30 mL 
2 rng/30 mL 
20 mg/30 mL 
100 mg/5 mL 
30 mg/5 mL 
2 mg/5 mL 
10 mg/5 mL 
12.5 mg/5 mL 
2 mg/5 ml. 
100 mg/5 mL 
30 mg/5 rnL 
10 mg/5 mL 


325 mg 
12.5 mg 
10mg 
25 mg 
I30 rng 
24 mg 
16.6 mg 


This paper demonstrates that practical separations of 
commercial antihistamine formulations on unbonded silica in 
the reverse-phase mode result in reproducible analyses and 
good column life. In addition, the sample preparation is 
straightforward so that high throughput of samples is at- 
tained. 


EXPERIMENTAL SECTION’ 


The salts2, ammonium hydroxide3, sodium hydroxide’, hydrochloric acid3, 
and phosphoric acid3 used in this study were obtained commercially. Purified 
water4, chromatographic-grade ace t~ni t r i le~ ,  and methanolS were used for 
mobile phase preparation. The mobile phases were filtered through 0.45-pm 
cellulose acetate filters6 and deaerated under vacuum in an ultrasonic bath 
before use. 


Seven different over-the-counter pharmaceutical formulations (tablets or 
syrups) were purchased in a local pharmacy and prepared as  samples by dis- 
solving 10 mL, or I tablet, in 100 mL of mobile phase and filtering through 
a 0.5-pm filter’. The composition of the various formulations is shown in Table 
I .  A standard solution of formulation A was prepared from pharmaceutical 
grade materials obtained from a variety of sources. The concentrations of 
standards were designed to duplicate a 1O:l dilution of label concentration. 


1 2 


: I I 0 4 n 
8 mln 


Figure 1-Separation of a 1 : l O  solution of syrup A. Operating conditions 
were: solvent: 75% methanol, 25% H2O. 0.01 M (NH4)2HPOd. pH f 7.8;flow 
rate: 4 mL/min; 50-pL injection: detection at 254 nm; 0.05 AUFS. Key: ( I )  
aceraminophen; (2)  phenylpropanolamine; (3) chlorpheniramine; (4) dex- 
tromethorphan. 


I The chromatographic system was a Waters Associates, Inc.. (Milford, Mass.) Model 
244 ALC which included a Model 6000A Solvent Delivery System, Model U6K Injector, 
Model 480 Variable Wavelength Spectrophotome!ric. Detector. and a Model R401 
Refractomcter. The column was Radlal-PAK pPorasil S111ca (8 rnm X I 0  cm) cartridp 
which were maintained under radial compression in the Z-Module Radial Compression 
Separation System (Waters). If excessive back preSsure developed, the cartridge was 
revcrsed and the tubing to the detector was detached and sent to waste; thecartridge was 
flushed with mobile phase. When the pressure returned to theoriginal value, the cartridge 
was returned to theoriginal orientation and the module was reattached tothcdetcctor. 
The analog output of the absorbance (UV)  was recorded with a Model 730 Data Module 
(printer, plotter, and integrator) (Waters) and the quantitation was done at 214 nm. 
Retention times were converted to retention volumes using the flow rate. Sam les were 
injected automatically using the Model 7 IOB Waters Intelligent Sample froccssor 
(WISP). Automatic control of flow rate. injection, and data documentation was ac- 
com lished using the Model 720 System Controller. 


Fisher Scientific, Fair Lawn, N.J. 
3 Baker Chemical Co., Phillipsburg. N.J. 
4 Milli-Q System; Millipore Corp.. Bedford. Mass. 


6 HAWP 04700; Millipore Corp. 
7 Millex Filter; Millipore Corp. 


Waters Associates. 
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1 
I-- 
0 S 10 


I I 


10 MINUTES 
Flgure 2-Chromatogram of the standard solution. Conditions as in Fig. I ,  
except that detection was at 214 nm and 0.05 AUFS. 


RESULTS AND DISCUSSION 


Development of the Separation-Formulation A, which had one nonionic 
component (acetaminophen) and three amines, was chosen as a demonstration 
case. The first separations were done with the acetonitrile-aqueous salt eluant 
described in a previous report (2). This separation resulted in inadequate 
resolution of chlorpheniramine (10.33 min) and dextromethorphan (1 1.10 
min). Since methanol frequently exhibits different selectivity than acetonitrile 
(increased a) and weaker solvent strength (increased k’), it was evaluated 
at  various aqueous salt concentrations. Using the organic content of 75% 
methanol and a salt concentration of 10 mM resulted in the optimized chro- 
matogram shown in Fig. 1. The retention volumes were adequate and the 
resolution was more than baseline for chlorpheniramine and dextromethor- 
phan. The relationship between the fraction of organic modifier (methanol) 
and the log retention volume was linear, as shown in a previous report (2). 


Determination of Optimum Wavelength of Detection-For the separation 
shown in Fig. 1, detection was at  254 nm. The absorbance of acetaminophen 
(molar absorptivity = 13,200 at 248 nm) saturated the detector amplifier and 
gave a nonlinear response when a sufficient mass of the amines was injected 
for convenient detection; the amine components are present in  much lower 
concentrati2nc than acetaminophen. Inspection of the UV spectra of the 
various components indicated that acetaminophen has a minimum absorbance 
at 217 nm and that a significant improvement of signal strength occurs for 
phenylpropanolamine at 214 nm. Evaluation at 214 nm indicated that sensi- 
tive, reliable quantitation of the lipophiiic amines was possible (Fig. 2). At 
254 nm, sensitivity for phenylpropanolamine and chlorpheniramine was ex- 


Table 11-Reproducibilitj of Quantitation with Standard Solution a 


Compound Conc., mg/mL RSD, % 


Phenyl ropanolamine hydrochloride 0 0847 f 0 . 6 5  


Dextromethoruhan hvdrobromide 0 0669 f 1.45 
ChlorpEeniramine maleate 0 00672 f4 .53  


0 n = 30; run completed overnight. 


Table 111-Linearity of Response with Sample Load 


Coefficient of 
Compound Slope Intercept Correlation 


Phenylpropanolamine hydrochloride 0.01952 0.00223 0.9980 
Chlorpheniramine maleate 0.0221 7 0.000038 0.9980 
Dextrornethorohan hvdrobromide 0.01 9 13 0.00239 0.9980 


Table IV-Quantitative Analysis of Syrup A 


Conc., mg/mL 
% of 


Compound Found Label Claim Label Claim 
~~ 


Phenylpropanolamine 0.08008 0.08333 96. I 
hydrochloride 


malcate 


hqdrobromide 


C hlorpheneramine 0.00629 0.00667 94.3 


Dextromethorphan 0.0632 0.06667 94.8 


ccllent, while sensitivity for dextromethorphan was not as  good. At 214 nrn, 
the relative sensitivity of chlorpheniramine is reduced compared with dex- 
tromethorphan and phenylpropanolamine. The quantification is better for 
all components at 214 nm. Even so, the absorbance of acetaminophen was still 
too high (from 26 to 350 times as much as the amines) for quantitation. When 
it was desirable to quantitate acetaminophen, it was necessary to decrease the 
sample size such that detection of dextromethorphan (254 nm) or chlor- 
pheniramine (214 nm) was very difficult. A different method with greater 
retention is preferable for acetaminophen. 


Determination of Reproducibility and Linearity-A standard solution was 
prepared from pharmaceutical grade materials which duplicated a 10: I 
dilution of the label concentrations in Syrup A of phenylpropanolamine, 
chlorpheniramine, and dextromethorphan. Table I1  shows that the quanti- 
tation of the three bases in the standard solution is excellent: two components 
had <2%SD for a seriesof 30 injections, and the component present in lowest 
concentration had a <5% SD. The linearity of the system with sample load 
was evaluated. When plots of sample load in pg oersus detector response in 
mg/mL were evaluated, the lines reported in Table 111 were obtained. The 
system was linear from 0.002 mg/mL to 0.022 mg/mL. The assay results of 
a 1O:l dilution of syrup A is shown in Table IV. The concentrations found were 
4 5 %  of label for all three components. This method was developed on a single 
column and several hundred injections were completed with comparable 


1 


2 


3 


i I 1 
0 5 10 


10 MINUTES 
Figure 3-Chromatogram of ouer-the-counter cough syrup F. Conditions 
as in Fig. 2. Key: ( I )  guaifenesin; (2)  pseudoephedrine; (3) dextromethor- 
phan. 
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resolution: More than 800 injections werecompleted on a second column with 
no change inthe separation. 


Analysis bf Additional Over-the-counter Pharmaceutical Formulations- 
The six additional preparations, shown in Table I, were examined to determine 
whether the silica adsorbent was appropriate for other basic drugs. Chro- 
matograms were obtained using the same mobile phase and detector wave- 
length as for quantitation of syrup A, and no attempt was made to optimize 
the separations. For example, Fig. 3 illustratcs that other basic drugs are also 
eluted in this mobile phase system. 


CONCLUSIONS 
The separation of lipophilic bases on unbonded silica stationary phases in 


the reverse-phase mode is rapid and convenient. No amine modifiers or gra- 
dients are necessary for the separation; only simple buffers are required for 
pH control. Separations of several samples indicated that a variety of com- 
pounds may beseparated with this system. Assay of a single sample indicated 
t h a t  linearity, reproducibility, and length of column life are excellent. 
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Hypolipidemic Activity of Phthalimide Derivatives V: 
Reduced and Hydrolytic Products of Simple Cyclic Imides 
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Abstract 0 A series of cyclic imides and related compounds have previously 
been shown to possess hypolipidemic activity at the low dose level of 20 
mg/kg/d. Hydrolytic and reduced products of the cyclic imides were syn- 
thesized and examined todiscern if p i b l e  metabolic products were the active 
chemical species of these hypolipidemic agents. Phthalimide proved to be the 
most active cyclic imide tested. Unfortunately, the new products did not, in 
general, improve hypolipidemic activity in rodents. The exceptions were pi- 
peridine which demonstrated improved hypotriglyceridemic activity, and 
3,4,5,6-dibenzohomopiperidin-2-one, which demonstrated improved hypo- 
cholesterolemic activity compared to phthalimide. 


Keypbrases 0 Cyclic imides-phthalimide derivatives, reduced and hydrolytic 
products, hypolipidemic activity 0 Phthalimide derivatives-cyclic imides, 
hypolipidemic activity, reduced and hydrolytic products 0 Hypolipidemic 
activity-phthalimide derivatives, cyclic imides, reduced and hydrolytic 
products 


A series of cyclic imides including phthalimide (I) ,  suc- 
cinimide, I ,8-naphthalimide, and saccharin have been shown 
to be potent hypolipidemic agents in rodents (1). After con- 


Phthalimidine (11) Isoindolin (111) 


Glutaramic Acid (XIV) 


Ld 


Diphenamic Acid (XIX) 


Diphenimide (XVI) 


Diphenic Acid (XX) 


ducting dose response studies on these comkunds, the opti- 
mum dose appears to be 20 mg/kg/d ip when tested in mice. 
Thus, we have selected that dose for this structure-activity 
relationship study. The mode of action of these derivatives is 
different from standard therapeutic agents on the market in 
that they do not inhibit the regulating enzyme of cholesterol 
synthesis, HMG CoA reductase; rather, they regulate mito- 
chondrial citrate exchange and the availability of acetyl CoA, 
the key intermediate required in the synthesis of fatty acids 
and cholesterol (1). These agents also decreased cholesterol 
absorption in the intestine and accelerated cholesterol excretion 
by the biliary route. The agents had no effect on appetite, organ 
weights, or body weight, and there was no evidence of organ 
toxicity or deleterious systemic effects (1). Since these are 
potentially hypolipidemic agents, we expanded the types of 
imide rings and examined a series of their reduced and hy- 
drolytic products, which may be potential metabolic products 
of the parent imide yet retain pharmacological activity. 


am””’ CO,H 


Phthalamic Acid (IV) Succinamic Acid (IX) 


3,4,5,6-Dibenzohomo 3.4.5.6-Dibenzohomo 
piperidin-2-one (XVII) piperidine (XVl l l )  


C N H  
Homopiperidine (XXIII) 


H O Z C ( C H ~ ) ~ C O N H ~  
Adipamic Acid (XXIV) 
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Phenytoin Prodrugs IV: Hydrolysis of Various 
3 4  Hydroxymethy1)phenytoin Esters 
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Abtraet 0 The aqueous chemical stability of various bioreversible derivatives 
or prodrugs of phenytoin, a poorly water-soluble and erratically absorbed drug 
after both oral and intramuscular parenteral dosing, were evaluated. This 
study, together with assessments of other physicochemical properties including 
cleavage in the presence of various animal tissues and anticonvulsant activity 
in mice, helped identify a number of promising candidate prodrugs. Various 
amino groups containing acyl esters of 3-(hydroxymethy1)phenytoin [ 3- 
(hydroxymethyl)-5,5-diphenylhydantoin] were identified as potential orally 
and perhaps parenterally useful prodrugs, while the disodium phosphate ester 
of 3-(hydroxymethy1)phenytoin appears to be ideally suited as a parenteral 
form of phenytoin. 


Keypbrases 0 Prodrugs-water-soluble. phenytoin stability, pH profiles 0 
Phenytoin-water-soluble prodrugs, stability, pH profiles 0 Anticonvul- 
sank-phenytoin, water-soluble prodrugs. stability, pH profiles 


The aqueous chemical stabilities of various selected pro- 
drugs and model compounds of phenytoin (I), i.e., various 
esters (111-VII) of 3-(hydroxymethy1)phenytoin [II, 34hy- 
droxymethyl)-5,5-diphenylhydantoin], are presented in this 
paper. The synthesis and a preliminary evaluation (including 
aqueous solubility determination, cleavage rates in the pres- 
ence of various animal tissues, the chemical degradation of I1 
to I under simulated physiological conditions, and, in some 
cases, the anticonvulsant activity in mice) of 11-VII and other 
potential prodrugs of phenytoin were presented in the previous 
paper (1). 


H N Y N H  0 


I 


HNYNCH20H 0 


I1 


H N Y N  ,OR 
0 


111: R = COCH3 
IV: R = COCH2fiH(CHj)2CH$O3- 
V: R = CO(CH2)21hH(C2Hs)2 


VI: R = C O ~ ( C H ~ ) ~ I ~ H ( C H ~ ) Z C H ~ S O ~ -  
VI1: R = P032-Na2+ 


The overall goal of this series of studies was to identify orally 
bioavailable phenytoin prodrugs with delivery characteristics 
superior to phenytoin itself, and parenterally useful prodrugs 
of phenytoin with good aqueous solubility and stability at a 
physiologically acceptable pH, a goal that was only partially 
achieved in a previous study (2). 


Since any prodrug, to be useful as either an oral or paren- 
teral form of phenytoin, must display adequate chemical sta- 


bility, a study of the aqueous stability pH profiles for 111-VII 
was undertaken. Because phenytoin has poor aqueous solu- 
bility (1, 3-6), the stability-limiting factor for a potential 
parenteral prodrug form of phenytoin was not considered to 
be maintenance of some percentage of the labeled amount of 
prodrug, but rather, the time that it takes for the poorly 
water-soluble phenytoin to begin precipitating from an aqueous 
solution of the prodrug on chemical degradation (2). This 
question will also be addressed briefly in this paper. 


EXPERIMENTAL SECTION 


Materials-Unless otherwise stated, all reagents used were analytical grade. 
Phenytoin was obtained from a commercial source'; the prodrugs were_syn- 
thesized previously and were analytically pure ( I ) .  The water used in the 
stability studies was deionized (I I-mho conductance) and charcoal-filtered 
prior to use or freshly distilled from an all-glass still. All buffers were prepared 
in carbonate-free (freshly boiled) deoxygenated (nitrogen-purge) water. 


Kinetic Studies-Stock solutions of 111 in dry acetonitrile, IV-VII in water, 
and V in methanol-water were prepared immediately before use. An appro- 
priate aliquot of the stock solution was mixed with the aqueous buffers to 
initiate kinetic runs. The final concentration of methanol in the case of V was 
<0.2% v/v and that of acetonitrile for 111 was <0.01% v/v. 


All kinetic studies were carried out at a constant temperature maintained 
by a circulating-water bath2. The kinetics of conversion of IV-VI in the pH 
range of 3-5 and VII a t  all pH values were studied in aqueous buffers by the 


1 1 1 1 1 1 1 1 1 1 1 J  


1 2  3 4 5 6 7 6 9 10 11 12 
PH 


Figure I-pH-rate projiles for the hydrolysis of I I  (A). IV (B).  V (C). and 
VI (0) tophenytoin at 25°C. p = 0.5 M. 


I Sigma Chemical Co., St. Louis, Mo. 
Brinkman Model. Landa RC 20. 
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Table I-Buffers Used in the Hydrolysis of the Esters 111-VII at Various 
pH Values 


Table Ill-Effect of Buffer Concentration on the Rates of Hydrolysis of IV 
at Various pH Values 


pH Range Buffer 


3.0-5.0 Acetate 
6.0-8.1 Phosphate 
8.5-9.5 Borate 


10.0 Carbonate 
1 1 .o- 12.2 Sodium hydroxide 


Table 11-Observed First-Order Rate Constants for the Hydrolysis of 111 at 
Various pH Values a 


Observed First-Order Rate 
PH Constant ( k o b ) .  h-' 


12.19 
11.92 
11.8 
11.5 
1 1 . 1  
1 1.01 
10.8 


39.7 
17.2 
15.3 
1 1.08 
3.24 
3.34 
2.01 


fl  - 0.5,2S°C. pH adjusted with sodium hydroxide. 


initial rate method (7) since the half-lives of the esters under these conditions 
were long. The prodrugs in their stock solutions were mixed with the tem- 
perature-equilibrated buffer solution, and phenytoin production was followed 
until -5% of the reaction was complete. All other kinetic studies were followed 
to completion by monitoring the appearance of phenytoin. 


Thechemical stability of Ill-V1 was assessed in aqueous buffer solutions 
at 25 f O.IoC, and VII was studied at 70 f 0.1 OC (and at  5OoC and 9OoC 
at pH 7.4). A list of the buffers used at the various pH values is shown in Table 
1. The ionic strength was adjusted to 0.5 by the addition of potassium chloride. 
The stability studies were carried out at different buffer concentrations to allow 
for the determination of the rate constant at zero buffer concentration. Unless 
otherwise specified, all rate constants used in the pH-rate profiles were ob- 
tained by extrapolation to zero buffer concentration. The hydrolysis of 111 was 
monitored by UV spectroscopy3, and the stability of VI-VII was studied by 
following the formation of phenytoin as  a function of time using GC4 as de- 
scribed previously by Stella (8). 


Specifically, the rateof hydrolysis of 111 was studied at 25OC by following 
the decrease in absorbance at  256 nm. The initial concentration of the ester 
was 2 X lo-' M. The reaction followed pseudo-first-order kinetics, and a p  
parent first-order rate constants were determined from plots of log (A, - A,) 
cersus time, where A, and A, are the absorbance readings at time t and at  
the completion of the reaction, respectively. In all cases, the final spectrum 
corresponded to that of phenytoin. Conversion to phenytoin was also confirmed 
by TLC and GC. 


The stability of IV-VII was studied by observing the appearance of phen- 
ytoin as a function of time using G C  analysis ( I ,  8). In thecase ofesters pos- 


l a  t 


0.025 0.05 0.075 0.1 
[ACETATEIT 


Figure 2-Effect ofacetate buffer concentration on the hydrolysis of l V a t  
pH 3.2 (A), 4.0 (8), and 5.0 (0); 25°C. p = 0.5 M. 


3 Cary Model 118, Varian Instruments. ' Varian Model 2100 or 3700 gas chromatograph. 


~ 


Buffer Apparent First-Order k o b  at  Zero 
Conc., Rate Constant Buffer Conc., 


Buffer M ( k ) ,  X 104 h-l x 104h-1 


Acetate 
pH 3.2 
pH 4.0 


pH 5.0 


Phos hate 
pd6.0  


pH 6.5 


pH 7.0 


pH 8.0 


Borate 
pH 9.0 
pH 9.5 


Carbonate 
pH 10.0 


0.025-0.1 
0.025 
0.05 
0. I 
0.025 
0.05 
0.1 


0.01 
0.02 
0.03 
0.01 
0.02 
0.03 
0.01 
0.02 
0.03 
0.01 
0.02 
0.03 


0.02-0.04 
0.01 -0.04 


0.01 
0.03 
0.04 


60.4b 
66.1 
83.9 
85.7 


103.0 
131.3 
173.9 


243 
267 
3 1 5  
422.5 
468.2 
515.1 
788 
856 
963 


1103.0 
1194.0 
1280.0 


2310' 
5500' 


12882 
13500 
13980 


60.4 


65.8 


81.7 


204.0 


376.0 


695.0 


1015 


2310 
5500 


12499.7 


p = 0.5. 25'C. No buffcr catalysis. 


sessing an amino group in the ester moiety (IV-VI), 100-pL samples were 
removed from the temperature-equilibrated reaction vessels at regular in- 
tervals and added to 100 p L  of 10% metaphosphoric acid solution. The 
metaphosphoric acid helped quench the reaction due to the increased stability 
of these compounds under acidic conditions and also protonated the amino 
group of the ester, which prevented its extraction into toluene, the next step 
required for the work'up for the G C  analysis (8). 


For conversion of VII to phenytoin at elevated temperatures in aqueous 
buffer solutions, aliquots (IWjtL) were removed from the,reaction vessel at 
various intervals and transferred to tubes immersed in dry ice in order to 
quench the reaction. The samples were then assayed by the same technique 
used for following the hydrolysis of VII in tissue samples ( I ) .  


The conversion of the esters to phenytoin followed first-order kinetics. 
Apparent first-order rate constants for the production of phenytoin from the 
various prodrugs were determined from plots of log (D,  - D,)  uersus time 
where D, and D ,  are the concentrations of phenytoin at time I and infinity, 
respectively. The apparent first-order rate constants for the decompositions 
of IV-VI in the pH rangeof 3-5 and VII were determined by the initial rate 
method, in which <5% of the reaction was followed (7). 


14 c 


4 w 
2 h  1- 0.03 


0.01 0.02 


[PHOSPHATEIT 


Figure 3-Effect of phosphate buffer concentration on the hydrolysis of IV 
a t p H 6 . 0 ( 0 ) , 6 . 5 ( A ) ,  7 . 0 ( 8 ) , a n d 8 . 0 ( ~ ) : 2 5 " C , p = 0 . 5 M .  
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Table IV-Effect of Buffer Concentration on the Rates of Hydrolysis of V 
at Various DH Values 


Table V-Effect of Buffer Concentration on the Rates of Hydrolysis of VI 
at Various pH Values 


Buffer Apparent First-Order k o b  at  Zero 
Conc., Rate Constant Buffer Conc., 


Buffer M ( k ) ,  x 104 h-I x lo" h-l 


Buffer Apparent First-Order k o b  at Zero 
Conc., Rate Constant Buffer Conc., 


Buffer M ( k ) ,  X lo" h-' x lo" h-l 


Acetate 
pH 3.2 


pH 4.0 


pH 5.0 


Phosphate 
pH 6.0 
pH 7.4 
pH 8.0 


pH 8.5 
DH 9.0 


Borate 


0.02 
0.05 
0.2 
0.025 
0.1 
0.2 
0.02 
0.1 
0.2 


0.02-0.04 
0.01 -0.04 
0.02-0.04 


0.02-0.04 
0.02-0.04 


7.9 
8.5 


10.9 
10.7 
12.6 
15.2 
69.2 
74.2 
80. I 


507.0b 
10,Ol 4S6  
35,568.0b 


I 12,2006 
221.405 


7.6 


10.0 


68.0 


507 
10.01 4.5 
35,568.0 


I 12.200 
22 1.405 


~~~ ~ 


,I /r = 0.5,25T. * No buffer catalysis. 


F'recipitation Time Shrdy-This study was carried out to determine the time 
for precipitation of phenytoin from aqueous solutions of IV and V11. Various 
aqueous solutions of IV, i.e., I ,  10, and 100 mg/mL, were prepared and fil- 
tered, and the pH values of the solutions were measured. Visual observations 
and spectral determinations of the precipitation times were recorded by the 
following technique. Three-milliliter aliquots of the solutions were placed in 
cylindrical I-cm quartz spectrophotometer cells. These cells were then placed 
in a constant-temperature shaking water bath' and maintained at  25 f O.IoC. 
The absorbance of these solutions as a function of time was followed at  500 
nm, a wavelength at which there was no absorbance due to the compounds, 
and the light absorption due to precipitate formation could be easily assessed. 
Plots of absorbance uersus time were made and the precipitation time deter- 
mined when a significant break occurred in the plot. 


To determine the time for precipitation of phenytoin from a61-mg/mL 
aqueous filtered solution of VII, visual observations were made. The solution 
was stored in sealed vials, and these were kept a t  ambient temperature 
(23-26OC). The vials were not subjected to an). agitation during storage. The 
vials were inspected at  regular intervals for the presence of any turbidity, in 
order to get an estimate of the time for phenytoin to precipitate from solu- 
tion. 


RESULTS AND DISCUSSION 


Esters Ill-VII would be expected to revert to phenytoin in aqueous solution 
according to Scheme I, with the cleavage of the ester being the rate-deter- 


kmc€lo- 
F v  4-Dependence of the catalytic constant. ba,, on the fraction of acelute 
ion, f c H , c ~ - .  for the hydrolysis of IV. 


Acetate 
pH 4.01 0.05 


0.15 
0.2 


pH 4.98 0.1 
0.15 
0.2 


10.4 
11.2 
12.2 
18.2 
19.4 
20.7 


9.8 


15.7 
Phosphate 


pH 6.0 0.01-0.03 143.66 143.6 
pH 7.4 0.01 -0.03 24806 2480 


Borate 
pH 8.5 0.02-0.04 15180b 
DH 9.0 0.03-0.04 2O55Ob 


15180 
20550 


a p = 0.5, 2 5 O C .  No buffer catalysis. 


mining step. The pH-rate profile for the cleavage of 11 to I was presented in 
the previous paper in this series ( I ) ,  as well as  by Bundgaard and Johansen 
( 5 ) .  The log k.,t. versus pH profile isreproduced in Fig. I (pH profiles at 25OC 
for II and IV-VI) to show that for all the esters a t  all the pH values studied, 
kz was indeed fast relative to k , .  


The observed pseudefirst-order rate constants ( k h )  for the hydrolysis of 
Ill to phenytoin at alkaline pH 01 = 0.5,25OC) is given in Table II, and a plot 
of log k h  versus pH was linear with a slope of 0.92, indicating a hydroxide 
ion-catalyzed reaction. The observed pseudo-first-order constant follows the 
form of: 


kotn = kOHaOH (Es. 1) 


where aOH is the hydroxide ion activity (calculated from kv/UH) and kOH 
is the second-order hydroxide ion-catalyzed rate constant for the hydrolysis 
of 111. A valueof 50.8 M-' min-l was calculated for koH at 2SoC, which was 
consistent with similar findings by Bundgaard and Johansen ( 5 )  for the hy- 
drolysis of Ill at 37OC. 


The purpose of studying the hydrolysis of Ill was twofold: (u) to observe 
the hydrolysis rate of Ill as a standard for the accelerative effect of amino 
groups in the acyl function, e.g., how much faster does IV cleave relative to 
111. and ( b )  the determination of koH for I l l  allows an estimate of the pKa' 
of the hydroxyl group of II. For example, Bruice et 01. (9) have shown that 
a linear relationship exists between the logarithm of the second-order rate 
constants for the alkaline hydrolysis ofvarious acetyl esters and the pKa' for 
the corresponding leaving-group alcohol. This relationship is given by: 


log  OH = -0.253 - pK,' + 4.9 (Es. 2) 


Substituting the koH value for 111 into this equation gives a pKa' = 12.6, a 


I k, ( fast)  


+ 
=v ' A 0  Model No. 2156; American Optical Corp.. Buffalo, N.Y.  Scheme I 
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Table VI-Rite and Dissociation Constants for the Hydrolysis of IV-VI in 
Buffered Aqueous Solutions 


1v V VI 


ka X 104 h-' 60.0 7.5 9.8 


k ' o ~ ,  X IO-'M-'h-' 1.2 NDb ND 
K.. x 109 253 <1  6.3 
DK, 6.60 >9.0 8.20 


k o H .  X I 0-6 M-'h-' 2.4 3.6 1.44 


p = 0.5, 25°C. * N D  = Not determinable. 


Table VII-Effect of Buffer Concentration on the Rate of Hydrolysis of 
VII a t  Various pH Values' 


Buffer Apparent First-Order koh at Zero 
Conc., Rate Constant Buffer Conc., 


Buffer M ( k ) ,  x 104 h-l x 104 h-1 


Acetate 
pH 3.9 0.025 


0.05 
50.1 
50.7 


0.1 62.1 44.4 
Phosphate 


pH 6.5 0.02 
0.03 
0.04 


pH 7.4 0.01 -0.04 
pH 8.1 0.02-0.04 


13.4 
15.2 
18.3 
2.9b 
I . lb 


8.3 
2.9 
1.1 


a p - 0.5, 70T. No buffer catalysis 


value comparable to the apparent pK,' of 13.1 at  37OC previously reported 
for N-(hydroxymethy1)benzamide (4). 


In aqueous solution, IV-VI hydrolyzed to yield phenytoin quantitatively. 
The effect of pH and buffer concentration on the apparent first-order rate 
constants for the hydrolyses of IV-VI are shown in Tables 111-V, respectively. 
The buffer-free apparent first-order rate constants (kok)  at various pH values 
were obtained from intercepts of linear plots of the apparent first-order rate 
constants against the total buffer concentration (see Fig. 2). The slopes of thee  
plots are the catalytic constants for buffer catalysis, kat. Figure 1 is a plot 
of the logarithm of k o b  uersus pH for the hydrolysis of I1 and IV-VI to 
phenytoin at 25OC, p = 0.5. 


The pH-rate profiles for IV-VI are consistent with Scheme 11, where RI 
= -CH3 or -C2H5, n = 0-2, x = -CH2- or -0- and can be adequately 
described bf: 


where ko is the pseudo-first-order rate constant for the pH-independent hy- 


R R 


R 


7 


/ kbn- 


1 fas t  


p h r n y t o i n  f o r m a l d r h y d r  


Scheme 11 


6 It is recognized in this and subsequent cases that kinetically equivalent terms may 
be equally correct and indistinguishable. 


lor 


0.2 0.4 0.6 0.8 1 .P 
k+!Xm- 


Figurr 5--Dependence of the catalytic constant. L,, on the fraction of acetate 
ion. fcHlcoa-. for the hydrolysis of V. 


drolysis of the protonated form of the ester (pH < 4). and koH and  OH are 
the second-order rate constants for the apparent attack of the hydroxide ion 
on the protonated and unprotonated form of the esters, respectively. K,, is the 
dissociation constant of the protonated amino group. Equation 3 predicts a 
break in the pH profile at around the pK, if k o ~  is significantly different from 
k'oH (as expected). Breaks can be seen at pH values close to the expected pKa' 
values of the amino group for 1V and VI. Ester V did not show a break up to 
pH 9.0, suggesting its pK, may be >9.0. The lines drawn for the pH-rate 
profiles for IV-VI in Fig. 1 were constructed from Q. 3 and the appropriate 
rate constants given in Table VI. These pH profiles were similar to the pH-rate 
profile of phenyl-3dimethylaminopropionate reported by Kirby and Lloyd 
(10). as well as other amino side-chain esters (1 1-15). 
Based on the pH profiles alone, it is difficult to assign mechanisms for these 


reactions. For example, the reaction term defined by k o ~  in Scheme I1 and 
EQ. 3 is kinetically equivalent (mathematically equivalent) to the water-cat- 
alyzed hydrolysis of the unprotonated ester, perhaps facilitated intramolec- 
ularly through a general-base mechanism by the unprotonated tertiary amino 
group; alternatively, the possibility of an intramolecular nucleophilic attack 
by the tertiary amine on the acyl function displacing the alcohol has to be 
considered. A clue as to the possible mechanisms can be seen from an analysis 
of the buffer catalysis. The hydrolysis of 1V exhibited buffer catalysis in the 
presence of acetate and phosphate buffers (see Figs. 2 and 3). Plots of k,, 
uersus the fraction of acetate ion fCH3C00- for each pH (Fig. 4) shows that 
the only catalytic species is the acetate ion. Similarly, reference to Fig. 3 shows 
that HPO4*- is a better catalpt than H2P04-. All these results are consistent 
with a general-base catalysis mechanism for these buffers, where the buffers 
are facilitating the attack by a water molecule on the acyl function or stabi- 
lizing a transition state. 


In the case of V and V1, little or no buffer catalysis was observed, except 
in the case of acetate buffer for V. A plot of k,, uersusfCH,Cm- (Fig. 5) for 
the cleavage of V again showed that general-base catalysis by the acetate anion 
was the primary catalyst; however, ~ C H ~ C W -  for IV is 1.5 X lo-' M-lh-', 
while kCHICW- for V is 8.5 X lo-) M-lh-', i.e.. acetate anion is a 17.6-fold 
better catalyst of IV hydrolysis compared with V. No significant buffer ca- 
talysis was seen for the hydrolysis of VI. It would appear from these results 
that the following mechanisms for the hydrolysis of IV-VI are operative: 


I .  At pH values <4, the primary reaction, k a  involves water attack on the 
protonated ester, facilitated by general bases such as acetate and phos- 
phate. 


2. At pH values >5 but <pK,,. the primary reaction (defined mathemat- 
ically in Q. 3 as k o H )  is probably hydroxide ion attack on the protonated 
amine or attack of water on the unprotonated amine. The reason it is difficult 
to distinguish between these two mechanisms is that if the first mechanism 
is operative, no catalysis by buffers should be seen provided the rate-deter- 
mining step is the actual attack on the acyl function by the hydroxide ion. This 
is usually seen with esters that have good leaving groups, e.g., esters of acti- 
vated phenols. Compound I1 should show behavior intermediate between a 
phenol and an aliphatic alcohol (a conclusion based on a pKa of 12.6). Water 


R '  


Scheme 111 
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1 2  3 4 5 6 7 8 9 10 
PH 


Figure 6-  - p H -  rate profile for the hydrolysis of VII at  70°C. p = 0.5. 


attack on the unprotonated ester should bc subject to general-base catalysis, 
but as seen in Scheme 111 intramolecular general-base catalysis by the di- 
alkylamino group may be operative. 


Such a mechanism is unfavorable for IV because afiue-membered ring 
including a hydrogen bond would be required. Hydrogen-bonded systems favor 
a linear hydrogen bond (16) which, therefore, is not favored in a five-mem- 
bcred ring. Compounds V and VI form six- and seven-membered rings, re- 
spectively. Such cyclic structures are favorable for hydrogen-bond formation 
( 16, 17). This type of intramolecular general-base catalysis has been shown 
by Kirby and Lloyd (10) to occur in  the hydrolysis of other 3-dimethylami- 
nopropionates. To fully differentiate between the two mechanisms, techniques 
such as proton inventory solvent isotope effects will have to be employed. 
Alternatively. ionic strength and solvent polarity changes could be used. 
However. interpretation of results obtained from such studies are complicated 
by changes in pK, values, etc. 


3. More than likely at pH > pK, (e.g.. pH > 9 for IV) .  the major reaction 
is probably hydroxide attack on the unprotonated amine. Corpistent with this 
is the lack of buffer catalysis by carbonate or borate’ in  the hydrolysis of 
IV.  


Phosphate esters such as VII are of interest pharmaceutically because their 
polar nature provides a means of making water-soluble derivakves of sparingly 
soluble compounds such as those containing a hydroxyl group. I n  addition 
phosphate esters have been found to be chemically stable at neutral to slightly 
alkaline pH (18-22). The hydrolysis of such esters follow pseudo-first-order 
kinetics; it is assumed that V11 would behave similarly. 


Table VII  contains the data on the rates of hydrolysis of VII to phenytoin 
at 7OoC and various pH values and buffer concentrations, while Fig. 6 shows 
the pH--rate profile for the hydrolysis of VII at 7OOC. 


To determine the apparent energy of activation and the half-life for the 
hydrolysis of VII at 2S°C and pH 7.4, rate constants were determined at  
various temperatures. Figure 7 shows the Arrhenius plot for the hydrolysis 
of VII, obtained by plotting the apparent first-order rate constants, determined 
at pH 7.4 and in 0.04 M phosphate buffer, uersus the reciprocal of the absolute 
temperatures. From the slope of the Arrhenius plot, the apparent energy of 
activation and the half-life for the hydrolysis of VII at 25OC were calcu- 
lated. 


The data on the hydrolysis of VII  suggests that it is catalyzed by acetate 
and phosphate buffers at pl l  3.9 and 6.5. The pH-rate profile for VII  is similar 
to the pH-rate profiles reported for the hydrolysis of various other phosphate 
monoesters (18-22). The rate of hydrolysis increases with decreasing pH 
suggesting that the monoanionic form of VII  is the reactive species. The 
concentration of the monoanion would be at a maximum at  pH -4.0, as the 


lo: 


- 
I r 
an- 


X 
z 
.* 


10’ 


101 1 I I I 
2.8 2.9 3.0 3.1 


I I T X  103 


Figure I-Arrhenius plot for the hydrolysis of VII to phenytoin in 0.04 M 
phosphate buffer. p H  7.4, p = 0.5. 


second pK, of most phosphate esters is 6.0-6.5 (18-21) a t  this ionic strength. 
The pK,, of VII in water at 25OC was determined to be 6.2 by titration with 
hydrochloric acid. Thus, the pH-rate profile for VII began to plateau at pH 
4.0; however. the rate of degradation of VII below pH 4.0 was not studied. 
The hydrolysis of other phosphate esters a t  pH <4.0 has been shown to in- 
crease (20) or decrease (23, 24) depending on the reactivity of the neutral 
species. The neutral species may undergo degradation, with carbon-oxygen 
bond cleavage. The mechanism for the hydrolysis of VII i n  the pH range 
3.9-8. I is probably similar to that proposed for the hydrolysis of other phos- 
phate monoesters (20-22). The probable reaction mechanism is shown in 
Scheme IV. The mechanism involves the negative charge on the phosphate 
oxygen acting as the driving force for the reaction. Proton transfer to the 
alkoxide group occurs by formation of a six-membcred ring through hydrogen 


r 


1 


’ This was also no1 unexpected, as borate is a poor general-base catalysl Scheme IV 
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Table VIII-Time for 10% Hydrolysis (1%) of IV-VI at pH Values of 
Maximum Stabilitv and of VII a t  o H  7.4 ' 


Compound PH tm, h 


IV 
V 


VI 
VII 


3.2 
3.2 
4.0 


17.4 
138.1 
107.1 


Scheme V 


bonding with a single water molecule. This would be- consistent with the di- 
anion being less susceptible to hydrolysis, as  observed in the pH- rate pro- 
file. 


Another concerted mechanism can be proposed to explain the buffer ca- 
talysis observed at pH 3.9 and 6.5 (Scheme V). The mechanism involves the 
buffer acting as  both a proton donor and a proton acceptor. 


The apparent energy of activation of 20.5 kcalmol-I obtained for the hy- 
drolysis of VII was consistent with the activation energies reported for other 
phosphate esters (18). Ester VII had a long half-life of -6800d at  25OC and 
pH 7.4, which is characteristic of most phosphate esters. 


Based on the pH profiles (Figs. 1 and 7) and the data presented in the rest 
of this study, esters IV-VII  hydrolyze to phenytoin uia pseudo-first-order 
kinetics at fixed pH values with no accumulation of the decomposition in- 
termediate, 11. The amino acyl esters exhibit maximum stability in the pH 
range 3-4 (Table VIII). which is within the physiologically acceptable range 
for parenteral dosage forms. The superior stability of VII over IV-VI makes 
it an attractive prodrug Candidate for parenteral administration provided it 
is nontoxic and rapidly and quantitatively reverts to phenytoin in uiuo. 


Table VIII points out the tm (time for 90% of the ester remaining at  the 
indicated pH values), perhaps suggesting that this may be the determining 
factor controlling the shelf life of a reconstituted dosage form of these prodrugs 
if they were to be formulated as reconstituted parenteral dosage forms (sterile 
powder or freeze-dried powder). However, as pointed out earlier, the tm will 
probably not be the stability-limiting factor for these products, since hydrolysis 
of the esters produces the sparingly soluble parent drug, phenytoin. For ex- 
ample, if a 5Gmg/mL solution (phenytoin equivalents) of IV is prepared, then 
theoretically. when 0.02 mg/mL of phenytoin is produced, phenytoin should 
begin precipitating from solution; i.e., the reaction would only have to proceed 
to the extent of 0.04% before problems could occur. For this reason, and be- 
cause IV and VII (25,26) were considered to be the two most likely candidates 
as oral/parenteral and parenteral prodrugs, respectively, a limited studyn on 
the theoretical and observed precipitation times for phenytoin was undertaken 


2.8 ,j 
1.8 


t 1.6 


8 1.4 


5 
w l . 2  


m 
a 0.6 


I 
I 


0.2 


-0.2 0 ' 4 ~  0.0 6 16 24 32 40 46 58 


0 
HOURS 


Figure 8-Plot of change in the absorbance a t  500 nm of aqueous solutions 
of IV due to precipitation ojphenytoin. Solutions are  100 (A) .  10 (B), and 
I mg/mL (C) of IV.  


8 A more comprehensive study of this problem of preclpitaiion is currently underway 
in  our laboratory. Results will be formally presented in a later paper. 


7.4 24.769.0 
(2.8 years) 


0 p = O.5.2S0C 


Table IX-Theoretical (tppt,c.lc) and Experimental ( I  ~ b . )  Precipitation 
Times for the Formation of Phenytoin from Aqwous%lutions of IV and 
VII. Determined a t  25°C 


Initial Cone. 
of Ester 


(Phenytoin equivalent), pH of 
Compound mg/mL Solution tppI.ca~c t P p m  


IV I(0.54)  3.86 6 h" -55 h 
IV 10 (5.44) 2.85 0.6 ha -43 h 
1V 100 (54.43) 1.94 0.06;" -19 h 
v11 61.3 (38.1) 8.5 13.7d >114dr 


The half-life for the degradation of IV to phenytoin was taken as 1 1  5.0 h at pH 3.2 
and 25OC. The apparent fint-order rate amstant for the degradation of V11 to phenytoin 
was taken as 68.9 X lo-* h-' at pH 8 . 5  and 2S'C. No prccipitation was observed at 
the end of the 114-d period. 


using aqueous solutions of 1-100 mg/mL of IV at 25 f 0.1OC and a 61.3- 
mg/mL aqueous solution of V11 at  pH -8.5 and ambient room tempera- 
ture. 


In the case of IV, I- ,  lo-, and IOO-mg/mL solutions of IV were prepared 
and the presence of a precipitate was detected by following absorbance changes 
at  500 nm (Fig. 8).  The break in the absorbanceuersus time plots was due to 
the light absorption by the solid phenytoin when it began to precipitate from 
solution. In the case of VII, only periodic visual inspection over a 1 14-d period 
was attempted. Table IX summarizes the calculated and observed times for 
phenytoin to precipitate from aqueous solutions of esters IV and VII.  The 
calculated times were based on the assumption that the rate constant for hy- 
drolysis was independent of initial concentration and that precipitation would 
occur when a 7.9 X M (20-pg/mL) solution of phenytoin was produced 
at 25OC. It was also assumed that the prodrug solutions contained no phenytoin 
as an initial impurity. 


The results shown in Table IX show no correlation between the calculated 
(theoretical) and observed precipitation times. Possible explanations for this 
behavior have appeared in the literature (2) .  In an extension of the results 
presented in Table IX, we have tentatively shown* that the following processes 
contribute to this lack of correlation. 


1. In the case of IV, associated solutions (probably micellar) occur at -3-5 
mg/mL of IV, resulting in a slowing of the rate of phenytoin production at  
concentrations >3-5 mg/mL than would be predicted by the dilute solution 
kinetics. This contributes approximately a factor of two to the discrepancy 
between tppI.ca~c and fppl.obr. 


2. Phenytoin is significantly solubilized by IV at concentrations >3-5 
mg/mL, e.g., a SO-mg/mL solution of IV has been shown to dissolve -1.6 
mg/mL of phenytoin*, an increase in aqueous solubility of phenytoin of 
-80-fold over water alone. This increased solubility by the prodrug, along 
with the processes mentioned above, can account for all but about a factor of 
three in the discrepancy between the theoretical and observed precipitation 
times. A similar study with VII showed that in the presence of 74 mg/mL of 
VII, the solubility of phenytoin was approximately double that in wate?. 


3. Therefore, it appears from our preliminary results that there may also 
be a contribution from supersaturation (a factor of two to five). 


Based on the data presented in this paper and the solubility data on IV-VII 
presented in the previous paper (1) .  it seems that all the compounds should 
be sufficiently stable for oral usage, especially in solid dosage forms; i.e., the 
compounds do not appear to be excessively unstable in aqueous solution. It 
also seems likely that any injectable form of IV, V19, and VI1 would have to 
be of the reconstitutable type, although there may be a chance that VII  
maintained at pH -9-9.5 would be sufficiently stable as  a constituted injec- 
tablelo. Based on stability considerations alone, the best candidate for an in- 
jectable form of phenytoin appears to be the phosphate ester, VII. 


Compound VI will be rejected later due to toxicity concerns. Compound V had al- 
ready been rejected as a parenteral form due to its low aqueous solubility. 


lo Such studies on VII are ongoing. 
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Abstract 0 Phenytoin bioavailability was evaluated in beagle dogs after oral 
and intravenous administrations of sodium phcnytoin and two amino acyl 
esters and a disodium phosphate ester of 3-(hydroxymethyl)phenytoin (three 
prodrugs of phenytoin). Phenytoin displayed nonlinear pharmacokinetics in 
the dogs, complicating thc determination of the absolute bioavailability of 
phenytoin from sodium phenytoin and the prodrugs. All threc prodrugs es- 
sentially released phenytoin after intravenous administration in a quantitative 
manner, and all gave plasma levels of phenytoin after oral administration 
greater than those found after administration of sodium phenytoin. Based on 
the behavior in dogs and the earlier determination of the physicochemical 
properties of the prodrugs, it was concluded that one of the amino acyl esters, 
3-(hydroxymethyl)-S,S-diphenylhydantoin N,N-dirnethylglycine ester 
methanesulfonate, would be the most useful prodrug for oral administration, 
while 3-( hydroxyrnethyl)-5.5-diphenylhydantoin disodium phosphate ester 
would be the most useful for parenteral administration. 


Keyphrases 0 Prodrugs-phenytoin, bioavailability, dogs 0 Phenytoin- 
hydroxymethyl esters, prodrugs, bioavailability, dogs 0 Bioavailability- 
phenytoin prodrugs, dogs 


Phenytoin ( I ) ,  because of its weakly acid nature (1-4) and 
poor aqueous solubility (3-9 ,  shows erratic absorption pat- 
terns after oral administration of either the sodium salt (Ia) 
or the free acid in both humans (6-19) and dogs (20, 21). 
Sodium phenytoin (la) in the parenteral dosage form is haz- 
ardous if rapidly injected intravenously (22,23), and the free 
acid appears to precipitate at intramuscular injection sites 
(24-29), leading to prolonged and marginal phenytoin re- 
lease. 


In the previous papers in this series ( 5 ,  30), a number of 
water-soluble prodrugs of phenytoin were evaluated with re- 


spect to their physicochemical properties (e.g., solubility and 
stability), their cleavage to phenytoin in animal tissues, and 
their anticonvulsant activity in mice. Based on those studies, 
three of the prodrugs, 3-(hydroxymethyl)-5,5-diphenylhy- 
dantoin N,N-dimethylglycine ester methanesulfonate (II)l, 
3-(hydroxymethyl)-5,5-diphenylhydantoin N,N-dimethyl- 
aminoethyl carbonate methanesulfonate ( I I I ) l ,  and 3-(hy- 
droxymethyl)-5,5-diphenylhydantoin disodium phosphate 


C6H5 


c 6 H 5 ‘ t f  C6HS 


“ N Y N H  0 


1 
0 
la 


HNKCH20R 0 


t 
II: R = -COCH2NH   CHI)^ CHiSO3- + 


III: R = -C02(CtI2)2NH(CH3)2 C H J S O ~ -  
I V  R = -PO3*- Na2+ 


’ Compounds 11, 111. and IV are equivalent to IV,  VI,  and VII, respectively, in p a p s  
I l l  and 1V in thisseries. 
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Improved Bioassay for Glucagon by Continuous Glucose 
Monitoring 
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Abstract 0 A simplified and rapid in ciuo bioassay for glucagon is described. 
The test involves continuous monitoring of blood glucose which makes possible 
an exact rendering of the glucose peaks induced by intravenous injection of 
glucagon. Two injections of known amounts of glucagon (0.002 and 0.004 U) 
are followed by an intravenous injection of a solution containing an unknown 
amount of glucagon for testing. The whole procedure can be completed in 8 
h. The interassay variability of 6 bioassay procedures was f12.4%. The 
intra-assay variability was f3%. 


Keyphrases 0 Glucagon - i n  cico bioassay, continuous glucose monitoring, 
dogs Glucose monitoring-. glucagon, in ciao bioassay, dogs 0 In uivo 
bioassay- -glucagon. continuous glucose monitoring, dogs 


Measurement of glucagon and its synthetic analogues by 
radioimmunoassay (1 -3) does not necessarily reflect their 
biological activity, since there is no relationship between the 
binding affinity of glucagons to antibodies and their biological 
activity. There are several established in uitro bioassays for 
glucagon that are based on: ( a )  the in vitro release o f  glucose 
by liver slices; ( 6 )  the stimulation of adenyl cyclase in sub- 
cellular particles of the dog liver (4); and (c) the relaxing action 
on strips of rabbit renal artery (5). 


Although these in oitro bioassays are more specific than the 
immunoassays, they do not neccssarily reflect biological ac- 
tivity in  uiuo. Consequently, thc USP bioassay of glucagon 
requires measurements of the in uiuo hyperglycemic effect of 
glucagon ( 6 ) .  The USP bioassay also calls for multiple assays 
of the glucose levels in eight fasting adult cats and requires four 
intravenous injections of glucagon to each cat (two injections 
of a standard solution and two injections of assay samples). 
Two blood samples are taken after each injection. 


The purpose of this study is to describe a simplified and 
rapid in uioo bioassay for glucagon, which can be completed 
in 8 h and requires only one dog. 


EXPERIMENTAL SECTION 


Animals-. Six female hound dogs. weighing 17 kg, were used. The test was 
repeated six times on each dog at 2-week intervals. The dogs were anesthetized 
with intravenous sodium pentobarbital’ ( I  50-mg initial dose. 25 mg every 30 
min for maintenance). Continuous glucose monitoring was then initiated, using 
a nonthrombogenic catheterization of the front paw. 


Instruments-The glucose monitoring instrument consisted of systems for 
blood withdrawal and glucose measurement. The blood withdrawal system 
included a disposable sterile intravcnous cathekr connected to a peristaltic 
pump. Coating the inside of the catheter with triiododecylmethylammonium 
chloride complexed with heparin created a nonthrombogenic surface. The 
blood that was withdrawn continuously (at a rate of 8 mL/h) from a vein 
through the nonthrombogenic catheter was diluted in the plexiglass mixing 
chamber with 6 volumes of simultaneously withdrawn phosphate buffer so- 
lution (0.15 M, pH 7.4) and moved into the sensory chamber. 


Table [--Six Repeated Bioassays of 0.003 U Clucagon after Intravenous 
Injection of Clucagon 


Blood Glucosc Levels, mg/dL 
Bioactivity 


of  0.003 
u of 


Dogs Peak I ,  0.002 U Peak 2.0.004 U Peak 3,0.003 U Glucagon 


I I29 
2 I25 
3 I09 
4 95 
5 I08 
6 I08 


155 
148 
121 
I05 
I28 
I35 


147 0.00 33 . .. .. 


I33 0.00 26 
I I5 0.00 28 
91 0.00 23 


I20 0.00 30 
I24 0.00 30 


Mean I 1  2.3 I32 122.7 0.00 28 
f S D  12.5 18.2 16.8 0.00 035 
C‘V. ?h 11.12 13.70 13.60 12.4 


The glucose measuring system included a plexiglass mixing chamber, a 
glucose-sensing probe, a digital display and a microprocessor-controlled digital 
graphic recorder. Theglucose probe was a Clark clectrode (7) .  A membrane 
impregnated with glucose oxidase covered the tip of the probe. Enzymatic 
oxidation of glucose diffusing through the glucosc oxidase membrane gen- 
cr;itcd hydrogen peroxide at a rate proportional to the concentration of glucose. 
Thus, current flow through the electrode was linearly related to the concen- 
tration of blood glucose. The level of blood glucose was exhibited by a digital 
display and by the digital graphic recorder. 


Reagents- -A glucagon standard solution for intravenous injection was 
prepared in accordance with the USP (6). 


Bioassay ‘Method--The hyperglycemic peak induced by intravenous in-  
jection of glucagon was accurately depicted in real time, using the non- 
thrombogenic glucose monitor. The assay consisted of comparing the hyper- 
glycemic peak, induced b) an unknown amount ofglucagon, to the peaks in- 
duccd by two intravenous injections of a known amount of glucagon. 


The blood level of glucose was first monitored for at least 0.5 h in  order to 
cstablish a baseline level of glucose. After establishing a steady baseline. the 
dog was given the first standard amount of glucagon. The glucagon was ad- 
ministered as an intravenous injection in a rapid bolus which was immediately 
flushcd with 10 mL of saline. The first peak ofglucose was recorded by the 
glucosc monitor within 14 min after thc injection of glucagon. A period of 41 
min following a peak w llowed for rcstabiliiation of the glucose baseline. 
This procedure was then repeated using a second standard amount of glucagon. 
The second standard was usually higher than the first standard. After re- 
cording the second peak of glucose, a third injection of an unknown amount 
of glucagon was administered. The level of “unknown” glucagon was then 
calculated by linear regression of semilogarithmic paper of  the three peak 
levels P I .  PI, and Pj. 


RESULTS 


Interassay Variability-The bioassay was repeated six times using standards 
of 0.002 and 0.004 U of glucagon and an injection of 0.003 U to represent the 
unknown. Thc results are given in Table I .  The interassay variability of the 
zix consecutive assays was 12.4%. 


Intra-assaj Variability---The intra-assay variability of the bioassay was 
measured by comparing the variability of five consccutive peaks by a constant 
amount of glucagon. Two assays of intra-assay variabilities wcrc carried out: 
one wi th  0.002 U. the other with 0.004 U. The results are recorded in Tables 
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Table 11-Variability of Peaks after Repeated Intravenous Injection of 0.002 U of Glucagon 


Blood Glucose Levels, mg/dL I ntra-assay Variability 
Peak I Peak 2 Peak 3 Peak 4 Peak 5 Mean fSD C‘V. % 


I I07 


6 I18 


I05 
I02 
I30 
I l l  
I04 
I l l  


I l l  
98 


I27 
I14 
101 
I21 


Mcan 108.8 110.5 I12 
f S D  13.2 10.25 10.25 
cv. % 12.13 9.27 9.00 


I05 
97 


I29 
I I3 
101 
1 I4 
109.8 


11.4 
10.5 


I04 
93 


I27 
110 
102 
112 
I08 


11.4 
10.5 


106.4 2.79 2.62 
98.2 3.56 3.62 


128.2 I .79 I .38 
108.8 7.33 6.73 
101.6 I .so I .47 
11.5.2 4.2 I 3.65 
109.8 3.53 3.24 


Table Ill-Variability of Peak after Repeated Intravenous Injection of 0.004 U of Glucagon 


Blood Glucose Levels, mg/dL Intra-assay Variability 
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Mean f S D  cv, 70 


I I25 I22 1 I9  1 I9 I23 121.6 2.60 2.14 
2 I23 124 I I6 I 15  I I7 I I9 4.18 3.5 I 
3 I08 I02 97 I04 I07 103.6 4.40 4.24 
4 I06 95 110 107 I09 105.4 6.02 5.71 
5 141 I45 154 I46 145 146.2 4.17 3.26 
6 I12 I I6 I I9 I18 I18 116.6 2.60 2.24 


Mean 119.2 117.3 119.2 118.2 I 14.8 117.6 4.09 3.52 
f S D  13.20 17.70 19.08 14.90 13.60 cv, % 11.07 15.08 16.12 12.60 11.35 


I I  and 111. The intra-assay variability of the assay using 0.002 U of glucagon 
was 3.2%. The intra-assay variability of the assay using 0.004 U was 3.5%. 


The time interval from the intravenous injection of 0.002 U of glucagon 
to the peak level of glucose was 10.0 f 1.2 min (mean f 1 SD), while the time 
to peak of 0.004 U glucagon was I 1.9 f 2.5 min. The peak level of glucose was 
maintained for 100 f 69 s after 0.002 U of glucagon and 92 f 49 s after 0.004 
U of glucagon. 


DISCUSSION 


This new bioassay of glucagon is very similar to a previously published 
improved bioassay for insulin (8). Similar to the insulin bioassay, the improved 
accuracy of the bioassay for glucagon is based on the ability to obtain a con- 
tinuous and almost instantaneous record of the changing levels of blood glu- 
cose. The continuous glucose monitor made possible an accurate determination 
of the glucagon-induced peaks of blood glucose, even though it lasted only for 
a few minutes and occurred at unpredictable times. 


The l lSP bioassay depends on sampling of blood for glucose at predeter- 
mined times (6) which almost never occurred at the precise moment of the 
glucose peak. We have found the actual peaks of blood glucose, which uere 
induced by a repcated but constant dose of glucagon. to be markedly consis- 
tent. The time to peak, on the other hand, was highly variable in relation to 
its duration. Thus, it is obvious that the USP bioassay, which depends on blood 
sampling for glucose levels at predetermined times, is inherently less accurate. 
This new bioassay procedure would bc more practical, less expensive, and more 


accurate than the USP bioassay for the standardi7ation of LSP preparations 
of glucagon, provided the actual dose used for injection is adjusted to range 
from 0.002 to 0.004 L. 
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Abstract 0 A rapid high-pcrformancc liquid chromatographic method for 
the determination of esmolol hydrochloride. a ncw ultra-short-acting beta 
blocker. is described. The stability-indicating nature of the method was 
demonstrated by resolving esmolol from synthetic intermediates, potential 
impurities, and the product ofdecomposition. Reverse-phase liquid chroma- 
tography was performed with a microparticulate ( 10-wn) cyano-bonded 
silica-packed column, a fixed-wavelength UV absorbanccdctector (A = 280 
nm), and a mobile phase of acetonitrile-0.005 M sodium acctate-acetic acid 
( I  5:84: I ) pumped at 2 mL/min. The internal standard was 2-p-chlorophe- 
nyl-2-methylpropanol. A percent RSD of < I  .7% and an accuracy ( IOWO - 
mean error) of >98.6% were achieved over the concentration range studied 
(100-500 pg/mL). with corrclation coefficients >0.9996. 


Keyphrases 0 HPLC--determination of esmolol hydrochloride 0 Esmolol 
hydrochloride-- HPLC 


Esmolol hydrochloride (methyl 3 [ 4-[2-hydroxy-3-[( 2- 
met hylet hy1)aminoj propoxy] phenyl] propionate hydrochloride; 
I )  is the first of a new class of beta blockers, known as ultra- 
short-acting beta blockers, to enter clinical trials. The ultra- 
short-acting beta blockers were designed to extend the use- 
fulness, safety, and efficacy of beta blockers in critical cardiac 
therapy through controlled and titratable intravenous therapy 
( 1 ). This was accomplished by designing chemical instability 
into the molecule. The ester functionality of the molecule is 
susceptible to cleavage by the nonspecific serum esterases to 
the free acid 3 [ 4- [ 2- h ydrox y-3- [ (2-methy let hy1)am in01 - 
propoxy ] phenyllpropionic acid. 


Esmolol hydrochloride was synthesized (2) from 3-@- 
hydroxypheny1)propionic acid (I I )  uia a four-step process 
(Scheme I) .  In this report the development and validation of 
a high-performance liquid chromatographic (HPLC) method 
for the quantitation of esmolol in the presence of synthetic 
intermediates (11-IV) and free acid (V) is described. 


EXPERIMENTAL SECTION 


Materials--Compounds I, I l l ,  IV. V.and V I  were synthesizcd i n  this lab- 
oratory. 2-@-Chloro-phenyl)-2-methyl propanol’, compound 11, glacial acetic 
acid*. and sodium acetate2 were used as received. Class-distilled acetonitrile 
and methanol were used for all proccdures3. Purified water4 was used 
throughout. 


Chromatography-A liquid chromatographic system (3). equipped with 
a fixcd-wavelength UV absorbance detectorS at 280 nm. an on-linc data sys- 
tern6, and a column (30 cm X 3.9 mm) packed wi th  cyano-bonded silica 
( IO-pm)’. was used. Sample injections were 50 pL. Mobile phase was prepared 
fresh daily by thoroughly mixing 150 tnL of acetonitrile, 10 mL of glacial 
acetic acid. and 840 mL of sodium acctate trihydrate (0.068%. w/v) buffer 
which WBS filtered through a 0.5-pm filters prior to use. h constant flow rate 
of 2 mL/min  yielded a pressure of <2000 psi. 


I Aldrich Chemical Co.. Milwaukce. Wis. 


J Burdick & Jackson I.aboratories. Muskegon. Mlch.. or J. T Baker Chemlcal Co.. 


5 Model LC- 15. Perkin-Elmer Corp.. Norwalk. Conn.. or model 440; Waters Asso- 


’ p-Bondapak CN; Waters Associates. 


Analytical reagent; Mallinckrcdt. St. Louis. Mo. 


MiIIi.Q Watcr Purification System; Millipore Corp , Bedford, Mass. 


tlP.3354: Hewlett-Packard, Avondalc. Pa. 


Uillipure Corp. 


Phillipsburg. N.J. 


c i a ~ o .  Milford. Mass. 


ocn,cn-cn, 
cicn,cn- /O\  cn, ‘O’ . 


I 
CH,CH,CO,R’ 


V 


&H,CH,CO,R’ 


I 


R’=H:R’=  CHI 
Scheme I 


Standard concentrations of 500,400. 300,200. 100, and 0 &mL were 
prepared in quadruplicate. To I .O ml. of each standard or sample was added 
750 pL of the internal standard 2-(p-chlorophcnyl)-2-methyl propanol (4 
mg/mL) in methanol-water (5050). Peak arcas were measured. and the ratios 
for esmolol-internal standard were calculated with the data system, yielding 
a calibration curve. Samples were prepared in  water at 500pg/mL. 


Spedficity of the Metbod-Esmolol hydrochloride (50 mg) was placed in 
each of four 100-mL volumetric flasks. Into each flask was added 75  mL of 
either water 1 M HCI, I M NaOH, or 3090 hydrogen peroxide. The flasks were 
gently boiled for I h. After cooling. the pH was adjusted to 4 with concentrated 


I 


m 
0 3  9 12 


Figure I - - Typical chromatogram showing the resvlurion (111 from the syn- 
(hetic intermediates (II-IV) and rhe anricipoted breakdown produel (VI. I S .  
internal standard. 
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Figure 2-Chromatogram of esmolol hydrochloride solurions boiled for I 
h. Key: (A)  water. pH 5.5; (B)  I M NaOH; (C) I M HCI; (Dl 30% HzO2. 


HCI or 10 M NaOH. All flasks were brought to volume with water and ana- 
lyzed. 


RESULTS AND DISCUSSION 


The direct measurement of the raw drug for esmolol hydrochloride content 
in the presence of the anticipated synthetic intermediates, the synthetic starting 
material, and the anticipated breakdown product is shown in  Fig. 1. The de- 
tector wavelength (280 nm) was chosen to enhance visualization of all potential 


Table I-Analysis of Four Experimental Lots of Esmolol Hydrochloride 


Mean, RSD, Number of 
Lot % % Determinations Time 


A 97.8 1.15 24 2 years 
B 91.4 1.23 24 2 years 
C 98.6 I .95 21 I year 
D 97.5 0.8 I 18 9 months 


synthetic intermediates and not for maximum sensitivity for esmolol. The limit 
of quantitation for esmolol hydrochloride was -I0 pg/mL under the reported 
operating conditions. 


Applicability-The specificity of the HPLC system was tested with de- 
graded esmolol samples. No changes in I concentration were seen in the boiled 
aqueous solution. After 1 h in boiling acid ( I  M HCI) or base ( I  M NaOH), 
I was almost completely converted to V, as might be expected under these 
conditions. Finally, boiling for I h in 33% hydrogen peroxide yielded several 
additional unidentified products (Fig. 2). In each chromatogtam, it can be 
seen that the size of the I peak decreases with degradation. The practicality 
of the method was demonstrated by the analysis of four synthetic lots (Table 
I). The percent RSD values for the analysis over a 2-year period and with 
several analysts were consistently <2%. 


Accuracy and Precision-ln spite of consistently high correlation coeffi- 
cients (>0.996), the peak height ratio method was not employed, as erroneous 
results were obtained due to tailing at  higher concentrations. Curvature or 
tailing did not influence the peak area ratio calculations which were employed 
for all studies. Data generated by three separate analysts on each of 3 d yielded 
an accuracy >98.6%, percent RSD of < I  .64%, and correlation coefficients 
>0.9996 for thecalibration curves. The percent RSD valucs for a single sample 
were <2% (Table I). 
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Abstract 0 The effects of ethanol, glycerol, propyleneglycol, phosphate buffer, 
and ionic strength on the stability of phenobarbital sodium have been studied. 
Ethanol had the maximum stabilization effect followed by propylene glycol 
and glycerol when compared with the stability in water. The estimated half- 
lives at 5OoC (pH - 8) were 78.95. 109, and 127 d in water and 2w0 aqueous 


solutions of glycerol, propylene glycol, and ethanol. respectively. The effects 
of phosphate buffer and ionic strength were negligible. 


Keyphrases 0 Phenobarbital sodium-stability, cffectsof ethanol, glycerol, 
and propylene glycol 0 Stability-phenobarbital, effect of solvents 


It is well known that thc stability of phenobarbital in liquid 
dosage forms depends on thc pH and the vehicle. A common 
method to minimize dcgradation ( 1 )  is to use a mixed solvent 
of water and an organic solvent such as ethanol, glycerol, or 
propylene glycol. The stabilization effect of ethanol is thought 
to be due to a decreased dielectric constant (2), which slows 


down the reaction between ions of like charges, i.e., the ionized 
form of phenobarbital and the hydroxyl ions. 


An earlier report (1) indicated that it was difficult to select 
a stability-indicating method for the quantitation of pheno- 
barbital. Recently, a stability-indicating assay method (3) 
based on HPLC has been rcported which is applicable to liquid 
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Abstract 0 The present investigation offers experimental results concerning 
the degradation kinetics of the sodium salt of phenylbutazone based on a re- 
liable HP1.C procedure. The method allows the simultaneous determination 
of the parent compound and its main decomposition products. Thedegradation 
kinetics at 37OC were compared at pH 7.9 and 10.0 and under oxygen and 
nitrogen atmospheres. Parallel tests were carried out in the dark and under 
photolytic conditions for the aforementioned conditions. The influence of 
traces of iron and a chelating agent of iron on the degradation was studied. 
At pH 7.9 and pH 10.0 the main degradation products are 3-hydroxy-2- 
oxohexanoic acid 1,2-diphenylhydrazide and 3-carboxy-2-oxohex~noic acid 
1,2-diphenylhydrazide. Azobenzene is formed only at pH 10.0. At pH 7.9, 
in the dark, the degradation proceeds with a lag phase. In contrast, no lag phase 
is observed under photolytic conditions. The process of autoxidation and hy- 
drolysis is catalyzed by traces of iron both in the dark and under irradiation 
conditions. An unexpected increase in the degradation is observed in the 
presence of iron(ll1) and EDTA in aerobic conditions and under irradia- 
tion. 
Keyphrases 0 Phenylbutazone-autoxidation, hydrolysis, degradation, 
degradation products, effects of light and pH 


Numerous accounts on the stability of phenylbutazone ( I )  
in drugs have been reported (1 -7). A degradation pathway has 
been suggested which involves oxidation and hydrolysis (4). 
Furthermore, Schmid (8)  has shown that the hydrolysis of I 
to IV is reversible. 


Kinetics of the degradation of the sodium salt of phenyl- 
butazone in aqueous solution have been previously investigated 
(9, 10) using UV spectrophotometry. The procedure was only 
valid for the determination of the parent compound; the ki- 
netics of formation of the degradation products were not 
evaluated. 


Since 11, VIII ,  and IX (see Scheme I of the immediately 
preceding paper for the structures of the degradation products) 
have been suspected to have noxious properties (1 I ,  12) it is 
useful to investigate, under different conditions, the degra- 
dation kinetics of I together with the formation of all its de- 
composition products. I n  the present work, a reliable HPLC 
procedure (1 3)  has been used to follow simultaneously the 
kinetics of the breakdown of the parent compound and the 
formation of six main degradation compounds, using experi- 
mental conditions which complement previous work (9, 10). 


EXPERIMENTAL SECTION 


Materials, Reagents, and Solutions-Phenylbutazone and its decomposition 
products(!!', I I I ' ,  !V',VI1,VIII,and IX) wereusedasreceived(seeScheme 


I of the immediately preceding paper for the structures of the degradation 
products). All chemicals were analytical reagent grade and water was glass 
distilled. 


M con- 
centration of I and an ionic strength of p = 0.5. The solutions were prepared 
in 0.2 M ammonium acetate buffer (when a buffer effect wasstudied at pH 
7.9 the buffer concentrations were 0.1.0.2, and 0.3 M). The experiments were 
carried out at pH 7.9 and 10.0 without additives, and at pH 7.9 in the presence 
of iron and iron and EDTA. 


For each set of experiments, the sodium salt of phenylbutazone solution 
(solution A) was prepared in a volumetric flask (100 mL) by dissolving phe- 
nylbutazone ( I 0 0  mg) in a minimum amount of concentrated NaOH (-4 M). 
Solution A was then added to a volume of 100 mL as described below. 


For experiments a t  pH 7.9 and 10.0. without additives, an acetic acid so- 
lution was added to solution A toget a 0.2 M (or 0.1 M. or 0.3 M) final acetate 
concentration. The pH was adjusted2 to 7.9 or 10.0 with ammonium hydroxide. 
Potassium chloride and water were added to a volume of 100 mL to have an 
ionic strength of p = 0.5. 


For experiments in the presence of iron, a saturated solution of iron(l1l) 
chloride in the buffer was prepared by shaking (in a water bath at 40°C) 
iron(ll1) chloride in the buffer for 48 h. The filtered solution was added to 
solution A to make I 0 0  mL. The iron concentration was determined in the 
filtrate by atomic absorption spectr~photometry~ using a graphite furnace. 
The concentrations of the solution was 0.008 X 10-3 M iron(ll1). 


For experiments in the presence of iron and EDTA, an appropriate amount 
of EDTA was added to an aliquot of the solution described above. The con- 
centrationsof thesolutions were 0.008 X M and 10.52 X lo-' M with 
respect to iron(ll1) and EDTA. 


Sample Processing--For each experiment. 3-ml. aliquots of the solution 
were transferred to 10-mL standard antibiotic vials. The vials were closed with 
a rubber seal. The solutions were bubbled for 3 min with either oxygen or ni- 
trogen through the rubber cap using inlet and outlet syringe needles. 


Sets of vials corresponding to the different experiments were placed in the 
same incubator at 37 f I O C .  The ceiling of the incubator was fitted with a 
distributed light source delivering a radiative power - I %  of that emitted by 
the sun on a bright day. The amount of near UV and visible radiation received 
by the solutions was estimated using actinometry4 and was found to bc 800 
pW/cm2. The set of vials to be studied in the dark was enclosed in a light-tight 


The study was conducted at pH 7.9 or 10.0 using a 3.24 X 


~ ~~ ~ ~~~~ ~~~~~ ~ ~ 


I Girls from Geigy Laboratories, Basel, Switzerland. These wmpounds were described 


* Potentiograph Metrohm E 436. 


' In a first step. the spectral power distribution of a lamp was measured by means of 
a calibrated spectroradiometer. Then. a graph of the yield in Fez+ ions versus lamp power 
was obtained using potassium fcrrioxalate actinometry. Actinometer preparation and 
final titration followed the Parker and tlatchard procedure ( C  A. Parker and C. G .  
Hatchard. J .  Pfiys. Cfiem.. 63.22 (1959): see also C. A .  Parker in "Photoluminescence 
of Solutions." American Elsevier. New York, N.Y. 1968, p.  210). The irradiation step 
only was different. since we used the full spectrum of [he lamp. The last step was the 
measurement of the actual sample in the incubator. Oncc the absorbed p w e r  was 
measured. yield was obtained following standard procedures using the power distribution 
of the lamp, the yield wrsus wavelength quantum yield change of the actinometer. and 
the absorption curve of the sample. 


in G. Pawelczyk and R. Wachowiak. Diss. Pharm. Pharmacol.. 20,653 (1968). 


Model 420 equipped with an H . t i .A .  graphite furnace: Perkin-Elmer. 
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box. The contents of the vials were mixed by a gentle motion once a day. 
Analytical Procedure--The samples were analyzed by HPLC on a home- 


made Lichrosorb R P  I8 column ( 5  pm, 15  cm X 0.4 cm) under the chroma- 
tographic conditions previously (13). A wavelength of 237 nm 
was selected for the detection of I-IV, VI ,  and V111; 314 nm was used for IX. 
Determinations were carried out in duplicate on twoseparate vials withdrawn 
at suitable time intervals. The samples were assaytd immediately after dilution 
with the mobile phase. The reaction was stopped at 50% completion. At this 
point, 0.315 mL of oxygen was consumed of the 7 mL present in the vial (on 
the average) since the total oxidation of 3.0 mg of I requires 0.63 mL of oxygen. 
The observed differences between the values measured for a duplicate pair 
of vials were -3% for I for 95% of the samples. For the remaining 5%, dif- 
ferences as high as 5%. and rarely 10%. were noted. We tentatively attribute 
the latter to defective sealing and/or degradation of the stopper which per- 
mitted entry of oxygen. At the end of each experiment pH values were mea- 
sured: no significant variation was observed. 


RESULTS AND DISCUSSION 


All experiments relate to 3.24 X lo--' M solutions of I i n  a 0.2 M acetate 
buffer a t  an ionic strength of 0.5 p a n d a  temperature of 3 7 T .  except where 
otherwise stated. 


Aerobic Conditions-Qualitatice Results -Typical chromatograms of 
phenylbutazone solutions withdrawn at  -30 40% decomposition level (at p H  
7.9) under photolyticconditions are given in Figs. la and b. Thechromatogram 
obtained at pH 10.0 is similar with one exception: product U2 is not present 
in the latter. The same decomposition pattern for the identified products was 
obtained in the dark. 


At pH 7 9, the main decomposition product is I l l ;  IV is formed in a smaller 
amount. Compound II is detected but is not quantifiable because it is readily 
hydrolyzed to 111 which is the major degradation product in aerobic conditions. 
Compound V I  was not detected because it probably is not formed in  our 
working temperature range (8, 14). No authentic samples of V and VII  were 
available to identify on the chromatogram, but under our experimental con- 
ditions, the decarboxylation of I l l  leading to V and V I I  seems improbable. 


Two unknown degradation products (U,  and Uz) are found at a low and 
nearly constant level. Product U I  is detectable after 15% decomposition of 
1 under illumination; Uz is detectable after 20 and 25% decomposition of I 
under illumination and in the dark, respectively. Based on starting product 
I, the percent yields of U I  and U2 are supposed to have the same molecular 
absorption coefficient as I, and are. respectively, 0.7% (pH 7.9) or 1 . I  5% (pH 
10) and 0.56% (pH 7.9). Products Vll l  and IX are not involved in the pH 
range near neutrality (4) and are not formed. 


At pH 10.0, the main decomposition product is 111; IV is formed in a smaller 
amount and, as expected at this pH value, IX appears but at trace levels after 
25% decomposition of I (Fig. 2). Both in the dark and under photolytic con- 
ditions, IX is present as trans-azobenzene (relative retention time of trans- 
to cis-arobenzene is 2.9 min with the mobile phase described in footnote 6). 
Although a photostationary mixture of cis- and trans-azobenzene should be 
formed under illumination, the competing thermal isomeri7ation efficiency 
(cis to trans) at 37OC and the low incident light flux result in undetectable 
amounts of the cis isomer ( I  5 ) .  These observations for experiments a t  pH 7.9 
and 10.0 are in good agreement with degradation Scheme I of the immediately 
preceding paper. 


Quantitatiue Results-Kinetics of decomposition of phenylbutazone were 
studied at two different pt i  values (7.9 and 10.0). The influence of pH on the 
degradation is shown in  Figs. 3a ( in  thedark) and b (under irradiation).The 
degradation pattern under irradiation at both pH values, and in the dark at 
pH 10.0. results in a single straight line. In contrast, at pH 7.9 in the dark. two 
linear relationships are observed; the effect is more evident with product I l l .  
In  thedarkand under irradiation. thedegradation of I is faster at pH 7.9 than 
at  10.0. The formation of I I I  is a sensitive function of pH, in contrast to I V .  
This means that only degradation pathway 1 is dependent on pH. 


In the dark, attempts to determine the reaction order at pH 7.9, by a 
graphical method, show that the degradation process does not follow a simple 
order and that a complex reaction is involved. A fractional order probably 
occurs in the dark at pH 7.9. The half-lives (Table I) show an acceleration 
of the degradation at pH 7.9 compared with pH 10.0. At pH 10.0. zero-order 
kinetics are observed ( r  = 0.994). 


Under photolytic conditions, the degradation process follows zero-order 
kinetics at pH 7.9 ( r  = 0.994) and at pH 10.0 ( r  = 0.999). The rate constants 


~~~~~~~~~~~~~ ~~ ~~~ ~~ ~ 


5 Mobile phase: 0. I M Tris-citrate buffer (pH 5.25) acetonitrile (52:48); flow rate: 


Mobile phase: 0.1 M Tris-citrate buffer (pH 5.25)-acetonitrile (40:60); flow rate: 
2.0 mL/min. 


2.0 mL/min. 


a 


I 


I 


b 


. ml" 
0 4 0 1 8 I2 


RETENTION TIME 


Figure I-Chromatograms of a 2.34 X M phenylbutarone solution 
diluted I to 20 (a) and diluted I to 2 (b). withdrawn at -30-40% degradation 
a t  pH 7.9. Kinetic determinations were made in aerobic conditions and under 
irradiation. determined at  237 nm. 


calculated from the slopes and the half-lives given in Table I clearly show an 
increase of the degradation at pH 7.9 compared with pH 10.0. 


I n  contrast to pH 7.9. where the sum of 1 and its decomposition products 
is always -100% (with respect to the initial concentration of I), this sum is 
lowered to 90% at pH 10.0. This apparent loss under photolytic conditions can 
be explained by the formation of non-UV-absorbing species. 


The influence of the buffer concentration on the decomposition was carried 
out at pH 7.9 in the dark and under irradiation. No signifmnt differences were 
found between the slopes obtained for each concentration. The influence of 
a buffer concentration change which could be expected to appear in the hy- 
drolysis step is negligible. 


The influence of light on the kinetic behavior of phenylbutazone solution 
without additives at pH 7.9 and 10.0 is shown in Figs. 4a and b, respectively. 


0 4  


R E T E N T I O N  T4ME 


Figure 2-Chromatogram of a undiluted 2.34 X lo-' M phenylbutazone 
solution withdrawn at  -30- 40% degradation at  pH 10.0. Kinetic conditions 
are the same a s  Fig. I. Detection waoelength was at  314 nm. 
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Table I-Half-lives (tl12) and Rate Constants (k) under the Degradation of 
Phenylbutazone under Aerobic Conditions 


1 1 1 2 .  h 
Under 


PH Additive In the Dark Irradiation Irradiation 


10.0 None 3000 I500 0.034 
7.9 None 473 458 0.120 
7.9 Iron 300 220 0.234 
7.9 Iron + EDTA 450 I70 0.28 1 


Exposure to light increases the decomposition of 1. (Compare half-lives in the 
dark and under irradiation at both pH values in Table 1.) 


For decomposition in the dark at  pH 7.9 (Fig. 4a), the process shows a lag 
phase which is not observed under photolytic conditions. This induction phase 
suggests that radical formation is even taking place in the dark. At pH 7.9. 
1 i n  lo3 phcnylbutazone sodium salt molecules [pK - 4.6 (16)] is in  its acid 
form. I n  this form. the proton available next to the carbonyl group could be 
the site of the homolytic process. As the presence of oxygen is necessary to 
observe a photochemical degradation, it seems likely that some activated form 
of molecular oxygen is involved. The primary species would be either singlet 
‘ 0 2  or superoxide 0;. The latter, in aqueous solution, would first react to give 
‘OOH radicals. These could be identical to the species generated in the thermal 
activation and explain why the observed decomposition products distribution 
is the same ( 1  0). The activation of molecular oxygen could be sensitized by 
I since the latter absorbs part of the exciting light. 


a 


Figure %Influence of pH on the percentage 
of I ,  I I I ,  IV, and IX as a function of time 
during the decomposirion of phenylhutazone 
in aerobic conditions in the dark (a) and under 
photolytic conditions (b) (open symbols). Key: 
a t p H  7 . 9 - ( 8 )  I ;IV}  II1;(+)IV;andatpH 
IO.O-(O) I; (A) 111; I + )  IV; (*) IX. (Right 
ordinate refers to IV and IX.) 


At pH 10.0 no lag time is observed in the dark in the decomposition process. 
but the same pattern as for pH 7.9 for the evolution of 111 and IV is observed 
(Figs. 4a and b). 


In the course of our kinetic run. we observed that the rate of formation of 
IV is not affected by irradiation at both pH values studied (Figs. 4a and b) 
whereas that of 111 is increased. In the presencc of oxygen. the effect of light 
is to cause the reaction to proceed faster along path I .  


The influence of the additives iron and EDTA was investigated at pH 7.9. 
Figures 5a (in the dark) and b (under photolytic conditions) show the influcnce 
of traces of iron(1ll) alone and in the presence of EDTA, compared with the 
kinetics without iron. These graphs and the calculated values of rate constants 
and half-lives (Table I )  show the catalytic role of iron(ll1) on the decompo- 
sition. 


EDTA is a strong complexing agent for iron at  pH 7.9. As can be scen, a 
large increase in the degradation is observed in  the presence of iron( I 1  I )  and 
EDTA, under irradiation (Figs. 5a and b, Table I ) .  This result is unexpected 
since EDTA is used in commercial formulations for its “stabilization prop- 
erties.” Similar accelerating effects on the dcgradation rates have been pre- 
viously observed with another chelating agent in  the oxidation kinetics of 
epinephrine, carried out in the dark (I 7). The effect of EDTA in  our system 
cannot be elucidated at  present. Recent studies (18) have shown that the 
well-known decomposition of peroxides by iron(ll1) EDTA involves formation 
of active ‘OH radicals. 


Anaerobic Conditions-Determinations were carried out with nitrogen 
bubbled samples to compare with the oxygen-flushed samples. The results 
given in Table I 1  show that in  the presence of nitrogen, the degradation is 
largely decreased compared with the degradation in aerobic conditions, at 


b 


Figure 4--Influence of light on the decom- 
position of phenylbutazone in aerobic condi- 
tions at pH 7.9 (a)  and pH 10.0 (h). 
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1 a 


z ? 5  e 
f 


Pc,tril t E 0 T.A. 
Figure 5-Influence of iron(III) (0.008 X 


l o - )  M )  on the decomposition ojphenylbu- 
tazone at pH 7.9, in aerobic conditions in the 
dark (a)  and under photolytic conditions (h) 
(open symbols). Key: without additive-(.) 
I ;  (A) Ill; with iron-((.) I ;  (r) 111; with iron 


4 


; 
M) in the presence of EDTA (10.52 X No oddilwe 


50 


5 


if and EDTA-( +) I ;  (+) I I I .  
=\ 


b 


Table 11-Comparative Degradation of Phenylbutazone (I) at Different Time Intervals 


Initial Concentration of I ,  %, with Nz Initial Concentration of I ,  %,with 02 
PH Time, h Compound" In the Dark Under Irradiation In the Dark Under Irradiation 


I 
7.9 71 I l l  


IV 
I 


7.9 191 111 
I V  
I 


1.9 357 I l l  
IV  
I 


7.9 520.50 I l l  
IV 
1 


10.0 699 I l l  
1v 
IX 
I 
111 


10.0 1510 IV  
IX 


100.49 
N.D.d 
0.35 


100.47 
N.D. 


I .06 
98.36 


0.67 
1.82 


98.22 
0.70 
2.62 


95.25 
0.45 
2.14 


N.D. 
91.84 
0.81 
6.38 


N.D. 


97.23 
N.D. 
0.34 


97.88 
N.D. 


I .02 
97.40 


1.27 
1.68 


93.72 
1.35 
2.52 


90.16 
0.93 
2.06 


N.D. 
85.22 


I .92 
6.08 


N.D. 


94.50 
4.00 
0.24 


87.50 
10.00 
0.72 


66.00 
31.00 


I .40 
- 
- 


- 


88.00b 
7 . 0 0 b  
2.70* 


N.D. 
72.44 
16.13 
5.24 
0.064 


91.50 
7.50 
0.24 


77.00 
21.00 
0.64 


57.50 
39.50 


1.22 
- 
- 
- 


78.5OC 
1 2.5OC 
2.6OC 


K.D. 
47.98 


9.81 
4.37 
0.14 


See Scheme 1. Calculated from Fig. 3a. Calculated from Fig. 3b. d Not detected. 


both pH values. In these samples, the main degradation route is 2 which, 
through hydrolysis, leads to IV. Compound I l l  isalso formed in small amounts. 
(The formation of I l l  might be due to the fact that the deaerating procedure 
is not totally effective.) The removal of oxygen shows up clearly in the variation 
of the ratio IV:III in the dark as well as  under irradiation (Table 11). 


Theeffect of additives (Table I l l )  can be analyzed as follows: iron(1ll) alone 
induces some degradation whereas the addition of iron(ll1) and EDTA has 
no clear stabilizing effect in  the dark. The effect of light is only to increase 
decomposition when it exists in the dark. 


Table Ill-Effect of Additives on the Decomposition of Phenylbutazone 
under Anaerobic Conditions 


Time, Phenylbutazone Remaining, % 
h Additive In the Dark Under Irradiation 


None 100.47 98.88 
191 Iron 98.88 90.45 


Iron + EDTA 98.58 96.59 
None 98.22 93.72 


530 Iron 83.00 78.52 
Iron + EDTA 92.30 90.76 


CONCLUSIONS 


The results we obtained at  pH 7.9 and pH 10.0 are in good agreement with 
the general degradation scheme proposed by Awang ef a / .  (4): evidence for 
two main degradation paths corresponding to hydrolysis (path 2) and aut- 
oxidation followed by hydrolysis (path I )  have been disclosed by HPLC 
analysis. 


Kinetic results in aerobic conditions showed that only the oxidation path 
is affected by pH. This agrees with the findings of Pawelczyk and Wachowiak 
(2). I n  the dark at  pH 7.9, a lag phase is observed. This was not found by 
Pawelczyk and Wachowiak who worked at a higher temperature which offset 
the induction time. This means tha.t one cannot use data obtained between 
6OoC and IOOOC to predict the shelf life of phenylbutazone samples. 


The influence of light as well as the catalyticeffect of iron traces have been 
shown to increase the rate of degradation of I through theoxidation pathway. 
HPLC analysis permitted the determination of trace amount of IX. We have 
found that it would only be formed at pH 10.0 and after -25% decomposition 
of 1. Compound IX, a potential carcinogen. could be formed in pharmaceutical 
formulations where autoxidation and hydrolysis are found at such pH con- 
ditions; the problem could arise for injections. I n  fact, Pawelezyk and Wa- 
chowiak report the formation of IX in injectable formulations, but only beyond 
their storage limit (3). In tablet and capsules. hydrolysis would be so impeded 
that formation of IX is highly improbable. Compound IX has been detected 
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in solid formulations only after sustained heating at 60°C after a prolonged 
storage time ( 5 ) .  
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Abstract 0 Based on drug release by microporous hollow fibers and the recent 
introduction of microporous polymers, a new technique was developed for 
controlled delivery of peptides. Small-diameter microporous polypropylene 
tubing, lumen-loaded with microgram quantities of vasopressin, and coated 
with collodion, releases vasopressin after in uirro immersion slowly ( I  -100 
ng/d) and constantly for months. The mechanism of pseudo-zero-order de- 
livery is based on high adsorption of vasopressin, keeping the void volume 
concentration of dissolved vasopressin constant, which is consequently a 
constant driving force of outward diffusion. The collodion coating prevents 
the entry of proteinaceous compounds which would result in rapid desorption 
of vasopressin. The present delivery module provides a lasting release for other 
peptides as well (lysine-vasopressin, oxytocin, Lu-rnelanocyte-stimulating 
hormone and, to a lesser extent, Met-enkephalin). The microporous poly- 
mer-collodion device is biocompatible and, loaded with vasopressin, suc- 
cessfully alleviates the diabetes insipidus of Brattleboro rats deficient for 
vasopressin. Subcutaneous implantation normalized diuresis for a period of 
60 d and constant urine vasopressin excretion is observed. When the com- 
mercially available osmotic minipurnp is too large for implantation, the small 
size of the present controlleddelivery system allows peptide treatment of young 
and immature laboratory rats, even if located in tctero. 


Keyphrases 0 Controlled drug delivery-vasopressin, microporous polymers, 
Brattleboro rat 0 Vasopressin-controlled drug delivery, microporous 
polymers, Brattleboro rat 0 Brattleboro rat-vasopressin, controlled delivery, 
microporous polymers 


Peptide hormones and many other substances must be ad- 
ministered in a long-term continuous fashion and within a 
specified range of concentrations in order to bring about 
physiological changes. Effective dosages can be given by in- 


jections, but because of the short half-life of hormone peptides, 
high doses often have to be administered, resulting in a saw- 
tooth pattern of peptide levels. As a consequence, side effects 
frequently occur. Several controlled-release techniques have 
been developed, ensuring a continuous and constant application 
for a variety of substances (1 -5 ) .  Most of these techniques are 
based either on the principle of (a )  constant diffusion of 
substances (mostly hydrophobic steroids and drugs) through 
polymer matrices (6) or (b) constant delivery of a liquid vol- 
ume containing the physiologically active agents from an 
osmotically active core (3). A widely used osmotic mini- 
pump-an example of the second approach-has the advan- 
tage that it is suitable for all types of compounds (including 
peptide hormones). However, because of its size, implantation 
cannot be performed in small laboratory animals or fetuses. 


Recently we encountered problems when vasopressin sup- 
plementation had to be given to vasopressin-deficient newborn 
Brattleboro rats (7). Based on the possibilities of drug release 
by the use of hollow fibers (6) and the recent introduction of 
a new microporous polymer matrix’ (8,9), a technique has now 
been developed through which controlled delivery of peptides 
can be obtained. It is small enough to allow the use in immature 
rats. Preliminary results both on the development and on the 
applications of the present technique have been partially in- 


’ Accurel polypropylene. 
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resolution: More than 800 injections werecompleted on a second column with 
no change inthe separation. 


Analysis bf Additional Over-the-counter Pharmaceutical Formulations- 
The six additional preparations, shown in Table I, were examined to determine 
whether the silica adsorbent was appropriate for other basic drugs. Chro- 
matograms were obtained using the same mobile phase and detector wave- 
length as for quantitation of syrup A, and no attempt was made to optimize 
the separations. For example, Fig. 3 illustratcs that other basic drugs are also 
eluted in this mobile phase system. 


CONCLUSIONS 
The separation of lipophilic bases on unbonded silica stationary phases in 


the reverse-phase mode is rapid and convenient. No amine modifiers or gra- 
dients are necessary for the separation; only simple buffers are required for 
pH control. Separations of several samples indicated that a variety of com- 
pounds may beseparated with this system. Assay of a single sample indicated 
t h a t  linearity, reproducibility, and length of column life are excellent. 
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Abstract 0 A series of cyclic imides and related compounds have previously 
been shown to possess hypolipidemic activity at the low dose level of 20 
mg/kg/d. Hydrolytic and reduced products of the cyclic imides were syn- 
thesized and examined todiscern if p i b l e  metabolic products were the active 
chemical species of these hypolipidemic agents. Phthalimide proved to be the 
most active cyclic imide tested. Unfortunately, the new products did not, in 
general, improve hypolipidemic activity in rodents. The exceptions were pi- 
peridine which demonstrated improved hypotriglyceridemic activity, and 
3,4,5,6-dibenzohomopiperidin-2-one, which demonstrated improved hypo- 
cholesterolemic activity compared to phthalimide. 


Keypbrases 0 Cyclic imides-phthalimide derivatives, reduced and hydrolytic 
products, hypolipidemic activity 0 Phthalimide derivatives-cyclic imides, 
hypolipidemic activity, reduced and hydrolytic products 0 Hypolipidemic 
activity-phthalimide derivatives, cyclic imides, reduced and hydrolytic 
products 


A series of cyclic imides including phthalimide (I) ,  suc- 
cinimide, I ,8-naphthalimide, and saccharin have been shown 
to be potent hypolipidemic agents in rodents (1). After con- 


Phthalimidine (11) Isoindolin (111) 


Glutaramic Acid (XIV) 


Ld 


Diphenamic Acid (XIX) 


Diphenimide (XVI) 


Diphenic Acid (XX) 


ducting dose response studies on these comkunds, the opti- 
mum dose appears to be 20 mg/kg/d ip when tested in mice. 
Thus, we have selected that dose for this structure-activity 
relationship study. The mode of action of these derivatives is 
different from standard therapeutic agents on the market in 
that they do not inhibit the regulating enzyme of cholesterol 
synthesis, HMG CoA reductase; rather, they regulate mito- 
chondrial citrate exchange and the availability of acetyl CoA, 
the key intermediate required in the synthesis of fatty acids 
and cholesterol (1). These agents also decreased cholesterol 
absorption in the intestine and accelerated cholesterol excretion 
by the biliary route. The agents had no effect on appetite, organ 
weights, or body weight, and there was no evidence of organ 
toxicity or deleterious systemic effects (1). Since these are 
potentially hypolipidemic agents, we expanded the types of 
imide rings and examined a series of their reduced and hy- 
drolytic products, which may be potential metabolic products 
of the parent imide yet retain pharmacological activity. 


am””’ CO,H 


Phthalamic Acid (IV) Succinamic Acid (IX) 


3,4,5,6-Dibenzohomo 3.4.5.6-Dibenzohomo 
piperidin-2-one (XVII) piperidine (XVl l l )  


C N H  
Homopiperidine (XXIII) 


H O Z C ( C H ~ ) ~ C O N H ~  
Adipamic Acid (XXIV) 
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Table I-HypolipidemicActivity of Reduced and Hydrolytic Products of Cyclic lmides in CFI Mile Mice a t  20 mg/kg/d ip' 


Serum 


Compound Day 9 Day 16 Day 14 
Serum Cholesterol Trig1 yceride. 


I Phthalimide 
I 1  Phthalimidine 


I l l  Isoindoline 
IV Phthalamic acid 
V Phthalic acid 


VI Succinimide 
VII 2-Pyrrolidinone 


IX Succinamic acid 
X Succinic acid 


XI Glutarimide 
XI1 Valerolactam 


X l l l  Piperidine 
XIV Glutaramic acid 
XV Glutaric acid 


XVI Diphenirnidc 
X V l l  3,4,5,6-Dibenzohomopiperidin-2-one 


XIX Diphenamic acid 


XXI A rpimide 


V l l l  Pyrrolidine 


X V l l l  3,4,5,6-Dibenzohomopiperidine 


XX Dthenic  acid 


X X l l  6-Caprolactam 
XXlI l  Homopiperidine 
X X l V  Adipamic acid 
XXV Adipic acid 
1% Carboxymethylcelluloe 


63 f g b  
89 f 6 
86 f 8 
85 f 10 
91 f 7  
78 f 9b 
8 6 f 7  
82 f 7b 
93 f 3 
85 f 6 
80 f 4h 


102 f 4 
81 f 6 6  
90 f 7 
92 f 4 
81 f 7 b  
84 f 6 b  
70 f 66 
80 f 76 
81 f 7  


100 f 7 
104 f 8 
72 f 6h 
89 f 7 
73 f 6 b  


100 f 56 


57 f 7h 
8 7 f  14 
74 f 5 6  
52 f 9h 
78 f 7 h  
73 f 86 
82 f 56  
69 f j h  
87 f 8 
79 f 9c 
78 f 56 
74 f 5 6  
73 f 1 6  
81 4 ~ 6 ~  
74 f 86 
82 f 4b 
49 i 4h 
51 1 3 b  
78 f 6 h  
8 2 f  I f  
76 f 1 
75 f 56 
71 f 6 b  
79 f 46 
71 f 7 h  


100 f 6c 


44 f 8 b  
78 f 7b 
69 f 6 b  
70 f 4 b  
86 f 4c 
68 f 7b 
80 f 8C 
93 f 6 
93 f 7 
9 4 f  I2  
77 f 6b 
94 f 7 
34 f 46 
58 f 66 
80 f 46 
81 i 7  
73 f 56 
52 f 4 h  
56 f 5 h  
58 f 26 
89 f 5 
84 f 7 
80 f 8 
8 5 f 6  
68 i 6 b  


l O O f 6 J  


Expressed as percentages of control (mean f SD). b p  < 0.001. < p  < 0.010. 125 mg%. 122 mgk. f 137 mg/dL. 


EXPERIMENTAL SECTION 


All chemicals used as synthetic intermediates were purchased and used as 
obtained from the manufacturers'. Melting points were obtained on a capillary 
melting point apparatus* and are uncorrected. Column chromatography was 
performed on silica gel 60 (70-230 mesh)2. TLC was performed using pre- 
coated silica gel plates with fluorescent indicators3. IH-NMR spectra wcre 
obtained on a 60-mHz Fourier transform spectrometc?. Elemental analyses 
for prepared compounds are correct within f0.4% of theoretical values. 


Phthalimidine (11)-Preparation of this compound has been reported pre- 
viously (I). The yield is 47%; mp 150-152°C. 


Isoindoline(II1)-The procedure of Bornstein and Shields (2) was used to 
prepare this compound in 43% yield, bp 98OC/IO mm Hg [lit. (bp) 12OoC/30 
mmHg]; IH-NMR (CDC13): 6 7.2 [s, 4, ArH41 and 4.19 ppm [s, 4, 
( C W 2 1 .  


Phthahmic Acid (IQ-Utilizing the process of Chapman and Stephen (3) 
8.0 g (0.0054 mol) of phthalic anhydride was added to 40 mL of concentrated 
ammonium hydroxide, and the reaction mixture was stirred for 1 h at room 
temperature. The water was removed under reduced pressure, and the colorless 
solid residue was dissolved in 80 mL of water. Concentrated hydrochloric acid 
was added and the mixture was cooled on ice to afford a precipitate, which 
was removed by filtration to give I .2 g (13%) of a colorless solid, mp 149- 
152OC; IR (KBr): 3180 (N-H), 1675, and 1645 (C=O) cm-l. 


And-Calc. for C E H ~ N O ~  for C, 72.17; H, 5.30. Found: C, 72.38, H, 
5.28. 


Glutaramic Acid ( X I V t T h e  synthesis of this compound has been reported 
previously (4). 


Dipbenimide (XV1)-Utilizing the procedure of Underwood and Kochmann 
(5). diphenamic acid (25.0 g, 0.10 mol) was added to a solution containing 
30 mL of glacial acetic acid and 37 mL of acetic anhydride; the mixture was 
then stirred under reflux for 7.5 h. Oncooling, thecrude product which pre- 
cipitated was removed by filtration and recrystallized from ethanol to afford 
1O.Og (43%) of a colorless solid, mp 217-219OC. 


Awl.-Calc. for C14HgN02: C. 75.33; H, 4.06; N,  6.27. Found: 75.53; H, 
4.18; N, 6.28. 


3,4,S,&Dibhomopiperidin-2one (XVIl&-The procedure of Chapman, 
el 01. (6) was used to reduce XVI to the lactam. Powdered zinc (5.5 g, 0.085 
mol) was stirred for 5 min in a solution of 450 mg of mercuricchloride in 1.5 
mL of concentrated hydrochloric acid and 13 mL of water. The supernatant 
was decanted, and the zinc amalgam was washed with 20 mL of water. Di- 


I Compounds 1. V. VI, and X wcre obtained from Fastman Organic Chemicals; VII, 
VIII, IX. XI. XII. XV. XX, XXl,,XXll, XXIII, and XXV from Aldrich Chemical 
Company; and XI11 from Fisher Scientific Company. * Thomas Hoover Company. 


3 E. M. Reagents. ' JEOL, deutcrochloroform plus tetramethylsilanc. 


phenimide (XVI) (1.9 g, 0.0085 mol) was added, followed by 10 mL of water 
and 15 mL of concentrated hydrochloric acid. The mixture was stirred under 
reflux for 6 h, and was then filtered hot. The cooled filtrate was extracted with 
dichloromethane. The organic phase was dried (sodium sulfate) and the solvent 
evaporated under reduced pressure to afford 2.0 g ofcrude solid. which was 
purified by column chromatography5 to afford 250 mg ( 1  3%) of a yellow solid, 
mp 167-169OC: IH-NMR (CDCI3): 6 7.04-8.18 [m. 8, (ArH&] and 4.12 
ppm (m, 2, CH2). 


Awl.-Calc. for: C I ~ H I I N O :  C, 79.68; H, 4.89; N ,  6.22. Found: C, 79.35; 
H, 5.26; N, 6.49. 


3.4.5,CDibenzobomopiperidine (XVII1)-The procedure of Uffer and 
Schletterl (7) for reduction of imides to amines was used. To a 766-mg 
(0.02-mol) suspension of lithium aluminum hydride in 25 mL of ether was 
added, in a dropwise manner, a solution of 0.5 g (0.0067 mol) of XVI in 30 
mL of dry tetrahydrofuran. The mixture was stirred under reflux for 16 hand 
the excess hydride was decomposed by dropwise addition of water. The re- 
sulting suspension was filtered and the filtrate was extracted with 1.0 M HCI. 
The aqueous extracts were combined and extracted with ether. made alkaline 
with sodium hydroxide, and extracted again with ether. The organic extracts 
were dried (sodium sulfate) and evaporated under reduced pressure to afford 
400 mg of a viscous oil which was purified by column chromatography6 to 
afford 375 mg (29%) of XVl l l  a s a  viscous oil. IH-NMR (CDCI3): 6 7.42 [m, 
8. (ArHd21 and 3.64 ppm Is, 4. (CHd21. 


Anal.-Calc. for C14H13N: C,  86.16; H. 6.66; N,  7.17. Found: C, 86.03; 
H. 6.73; N, 6.97. 


Dipbenamic Acid (XIXtUti l iz ing the procedure of Underwood, et al. (5), 
a 93% yield of product was obtained, mp 189-191OC [lit. (5) mp 187.0- 


Adipamic Acid(XX1Q-The synthesis of this cornpound has been reported 
187.50Cl. 


previously (4). 


RESULTS AND DISCUSSION 


Examination of the individual imides, I, VI,  XI, XVI, and XXI,  for hypo- 
lipidemie activity showed that the phthalimide moiety was more active than 
succinimide, glLtarimide, diphenimide, and adipimidc (Table 1). However, 
all these imides were more active at  20 mg/kg/d than clofibrate, which is 
inactive at  this dose. Clofibrate requires doses of 150-200 mg/kg to observe 
a 15% reduction of serum cholesterol levels and a 25% reduction of triglyceride 
levels. Succinimide, for example, reduced serum triglyceride levels 32% and 
glutarimide reduced the levels 23%. 


Examination of derivatives where the carbonyl groups were reduccd dcm- 
onstrated mixed results. In the phthalimide series, reduced compounds were 


5 Dichloromethane:methanol (9: l ) .  
Dichloromethane:ethyI acetate (9: I ). 
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Table 11-Hypolipidemic Activity of 3,4,5,6Dibenzohomopiperidine in 
Male CF, Mice a 


Do=. 
mn /kn/d 


Serum Serum 
Cholesterol Triglyceride 


Dav 9 Dav 16 Dav 14 


Control ( I %  Carboxymethyl- 100f 5c 1 0 0 f 6 d  1 0 0 f 6 e  
cellulose) 


Compound XVIll 
10 61 f 5 b  5 0 f 5 b  4 8 f 5 b  
20 6 8 f 4 b  4 8 f 4 b  4 9 f 5 b  
40 67 f 6 b  5 4 f 4 b  4 4 f 6 b  
60 6 9 f 5 b  5 1 f 4 b  5 5 f 6 b  


E x p r d  as percentage of control (mean f SD); n = 6 .  p < 0.001. 125 me%. 
d 122 mgS. ' 137 mg/dL. 


lcss active than 1 in both the cholesterol and triglyceride screens; interestingly, 
the completely reduced compound isoindoline (111) was more active than the 
partially reduced phthalimidine (11) in both screens. In the succinimide series, 
the reduced compounds VII and VIIl demonstrated less hypotriglyceridemic 
activity; the partially reduced compound 2-pyrolidinone (VII) demonstrated 
less hypocholesterolemic activity, but the totally reduced compound, pyrro- 
lidine (Vlll) was more active than succinimide in the cholesterol screen. 
causing 31% reduction. In the glutarimide series, the partially reduced com- 
pound, valerolactam (XII), demonstrated approximately the same activity 
in the cholesterol screen as glutarimide, but it demonstrated less hypotrigly- 
ceridemic activity than glutarimide. The fully reduced compound, piperidine 
(XIII) was more effective in both screens, with a marked reduction, 66%. 
of serum triglyceride levels. The reduction of diphenimide led to improved 
hypocholesterolemic activity for both derivatives, lowering serum cholesterol 
levels 5 1-4996 and the fully reduced derivative serum triglyceride levels 48%. 
In the adipimide series, the reduction of the carbonyl groups led to little change 
in hypolipidemic effects in either screen. 


Examination of the hydrolytic products of the phthalimide series showed 
that the half amide, phthalamic acid (IV), afforded approximately the same 
hypochdestedemic activity as phthalimide; however, IV produced less effect 
on lowering triglyceride levels than I. The phthalic acid (V) demonstrated 
less activity in both screens compared to I. The hydrolytic products of the 
succinimideseries (IX and X), the glutarimide series (XIV and XV), and the 
adipimide series (X, XXIV, and XXV) demonstrated no improvement in 


hypolipidemic activity over the parent derivatives. In the diphenimide series, 
the hydrolytic products XIX and XX demonstrated approximately the same 
hypocholesterolemic activity as XVI. 


In conclusion, there did not appear to be a trend among all of the reduced 
products of imide analogues with respect to improvement or loss of activity 
in the hypolipidemic screens in mice. In general, the new compounds examined 
in this study did not extensively improve the hypocholesterolemic and hypo- 
triglyceridemic activity of the lead compound, phthalimide (1). Piperidine 
produced improved hypotriglyceridemic activity compared to I, and XVIl 
demonstrated improved hypocholesterolemic activity compared to 1. The 
compound which demonstrated the best activity in both screens, other than 
I, was XVIII, which was slightly more potent than I in the cholesterolemic 
screen (6%) and slightly less active in the triglyceridemic screen (8%) in mice 
(Table 11). These differences are probably not significant. Thus, I and XVIII 
are very similar in hypolipidemic activity. A dose response study with XVlIl 
from 10-60 mg/kg showed that a 20 mg/kg/d dose was optimum for reducing 
serum cholesterol levels, and a 40 mg/kg/d dose lowered serum triglyceride 
levels to the level observed for I at 20 mg/kg. Further investigation of these 
derivatives is warranted since they are more active than commercially available 
agents, e.g., clofibrate. 
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Liquid Crystals as a Potential Ointment Vehicle 
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A h c t  0 A lecithin-water lyotropic liquid crystal was used as an ointment 
vehicle for a hydrocortisone formulation. The hydrocortisone was soluble in 
the liquid crystalline phase up to 5% by weight. The diffusion coefficient de- 
termined for the hydrocortisone in the liquid crystalline phase was 5.5 X 
cms-l. which is four magnitudes higher than the corresponding value for 
skin. 


Keypbnses 0 Ointments-vehicles, liquid crystals. lecithin-water 0 Leci- 
thin-liquid crystals as potential ointment vehicle 0 Hydrocortisone-leci- 
thin-water liquid crystals as potential ointment vehicle 


The total therapeutic effect of percutaneous preparations 
depends not only on the action of the drug itself, but also on 
other factors related to the structure of the vehicle (1,2). These 
latter factors may be divided into two main groups. 


The first group contains vehicle-barrier interactions, mostly 
involving changes in the structure of the stratum corneum 
caused by the vehicle. These interactions may be evaluated in 


Accepted for publication October28, 1983. 


toto by use of standardized tests such as the blanching test (3, 
4). Stratum corneum structural changes may facilitate or re- 
tard the diffusion of the active substance through this layer, 
as found for the absorption of solvents through skin ( 5 ) .  It has 
been claimed that some substances enhance penetration of 
pharmacological agents when topically applied (6). 


The second group includes vehicle-drug interactions. Of 
these, the capacity of the structure to dissolve (solubilize) the 
active substance, the related chemical potential difference of 
the drug in the vehicle and in the stratum corneum, and the 
diffusion rate of the drug through the vehicle are the most 
important (7). The vehicle is usually a liquid that is immobil- 
ized by the presence of polymers or solid particles (1). The 
factors mentioned above are, therefore, related to the prop- 
erties of the liquid phase; the immobilization of the bulk has 
little importance for the drug diffusion. 


The possibilities of using colloidal structures as ointment 
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Abstract 0 Phenytoin bioavailability was evaluated in beagle dogs after oral 
and intravenous administrations of sodium phcnytoin and two amino acyl 
esters and a disodium phosphate ester of 3-(hydroxymethyl)phenytoin (three 
prodrugs of phenytoin). Phenytoin displayed nonlinear pharmacokinetics in 
the dogs, complicating thc determination of the absolute bioavailability of 
phenytoin from sodium phenytoin and the prodrugs. All threc prodrugs es- 
sentially released phenytoin after intravenous administration in a quantitative 
manner, and all gave plasma levels of phenytoin after oral administration 
greater than those found after administration of sodium phenytoin. Based on 
the behavior in dogs and the earlier determination of the physicochemical 
properties of the prodrugs, it was concluded that one of the amino acyl esters, 
3-(hydroxymethyl)-S,S-diphenylhydantoin N,N-dirnethylglycine ester 
methanesulfonate, would be the most useful prodrug for oral administration, 
while 3-( hydroxyrnethyl)-5.5-diphenylhydantoin disodium phosphate ester 
would be the most useful for parenteral administration. 


Keyphrases 0 Prodrugs-phenytoin, bioavailability, dogs 0 Phenytoin- 
hydroxymethyl esters, prodrugs, bioavailability, dogs 0 Bioavailability- 
phenytoin prodrugs, dogs 


Phenytoin ( I ) ,  because of its weakly acid nature (1-4) and 
poor aqueous solubility (3-9 ,  shows erratic absorption pat- 
terns after oral administration of either the sodium salt (Ia) 
or the free acid in both humans (6-19) and dogs (20, 21). 
Sodium phenytoin (la) in the parenteral dosage form is haz- 
ardous if rapidly injected intravenously (22,23), and the free 
acid appears to precipitate at intramuscular injection sites 
(24-29), leading to prolonged and marginal phenytoin re- 
lease. 


In the previous papers in this series ( 5 ,  30), a number of 
water-soluble prodrugs of phenytoin were evaluated with re- 


spect to their physicochemical properties (e.g., solubility and 
stability), their cleavage to phenytoin in animal tissues, and 
their anticonvulsant activity in mice. Based on those studies, 
three of the prodrugs, 3-(hydroxymethyl)-5,5-diphenylhy- 
dantoin N,N-dimethylglycine ester methanesulfonate (II)l, 
3-(hydroxymethyl)-5,5-diphenylhydantoin N,N-dimethyl- 
aminoethyl carbonate methanesulfonate ( I I I ) l ,  and 3-(hy- 
droxymethyl)-5,5-diphenylhydantoin disodium phosphate 


C6H5 


c 6 H 5 ‘ t f  C6HS 


“ N Y N H  0 


1 
0 
la 


HNKCH20R 0 


t 
II: R = -COCH2NH   CHI)^ CHiSO3- + 


III: R = -C02(CtI2)2NH(CH3)2 C H J S O ~ -  
I V  R = -PO3*- Na2+ 


’ Compounds 11, 111. and IV are equivalent to IV,  VI,  and VII, respectively, in p a p s  
I l l  and 1V in thisseries. 
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MINUTES 


ester (1V)I were chosen for further evaluation in the beagle 
dog. 


Compounds I1 and 111 were evaluated as possible oral-de- 
livery forms of phenytoin because of their aqueous solubility 
(-1 50 mg/mL), pK, values (6.60 and 8.20, respectively), and 
because they are readily cleaved enzymatically to phenytoin. 
However, the chemical stability of I1 and 111 indicated that 
there could be some difficulty in preparing suitably stable in- 
jectable dosage forms (30). Ester IV was chosen primarily as 
a parenteral candidate but was also evaluated for oral delivery 
of phenytoin, since recent evidence has suggested that dexa- 
methasone phosphate quantitatively releases dexamethasone 
after oral dosing (31). Beagle dogs were chosen for this study 
because of their ease of handling and because phenytoin has 
been shown to be marginally bioavailable in dogs (20, 21), 
probably because of their short GI transit times (20). Dogs, 
therefore, may be a good model for pediatric patients, where 
phenytoin absorption has been shown to be particularly erratic 
(10, 19). 


EXPERIMENTAL SECTION 


Prodrugs 11-IV were analytically pure and were prepared as previously 
described ( 5 ) .  Phenytoin and sodium phenytoin were obtained from a com- 
mercial source2. 


Gas chromatographic Analysis of Phenytok-Venous whole blood obtained 
from dogs was immediately centrifuged for 15-20 min at  IOOOXg and plasma 
was collected. In the case of 11 and 111, a 100-pL plasma sample was imme- 
diately treated with 100 pL of a IWO metaphosphoric acid solution and assayed 
for phcnytoin by GC according to the method of Stella (32). A second plasma 
sample was allowed to stand at  37°C for >1-2 h and then was assayed as  
described above. Any I 1  or 111 in dog plasma is cleaved to phenytoin during 
this period ( 5 ) .  This procedure allowed for the analysis of phenytoin (first 
sample) and phenytoin plus prodrug (second sample), whereby prodrug 
concentration could be determined by difference. None of the samples (after 
both oral and parenteral dosings), contained any significant levels of I I  or 
111. 


The procedure for I V  was modified. The first plasma sample was not 
quenched with metaphosphoric acid, but was extracted into toluene, the first 
step in  preparation for the GC assay. The second plasma sample was diluted 
with 100pLof IW~amylase~,  maintainedat 37'Covernight,and then assayed 
for phenytoin as described above. Only in the case of the 5-15-min samples 
were any levels of 1V detectable after intravenous administration of IV; IV 
could not be detected after oral dosing. 


Oral and Intravenous Evaluation Studies in --Four adult female beagle 
dogs, ranging in weight from 8 to 13 kg, were used for two crossover studies 
employing a Latin-square design. The intravenous and oral studies were 
carried out according to Table 1. Each dog received 15-mg/kg (phenytoin 
equivalent) doses of sodium phenytoin, 11,111, and IV orally and intravenously. 
The dogs were fasted overnight prior to drug administration, but were allowed 
water ad libitum. The dogs were rested for at least I week between 
studies. 


Sigma Chemical Co.. St. Louis, Mo. 
Diatase orclarase, a phosphatase enzyme preparation, was found to cleave IV with 


a half-life of < I  h; lisher Scientific Co., Fair Lawn, N.J. 


Figure 1-Plasma levels of phenyroin in dog 
20 following oral administration of la ( M), 
I 1  (m), 111 (A). and I V ( 0 )  in capsuleform. 
Doses (phenyroin equivalents) were 1.5 
mglkg. 


For the intravenous study, fresh aqueous solutions of 11, 111, and I V  were 
used. Phenytoin was administered intravenously as the sodium salt in a solvent 
system of propylene glycol-alcohol-water (4:1:5). The pH of this solution was 
adjusted to -I 1.5-12.0 with sodium hydroxide. The injection volumes ranged 
from 2 -3.5 mL and were administered into the leg vein over a period of 1-2 
min. 


In the oral study the compounds were administered in hard gelatin capsules 
without any excipients. After administering the compound, sufficient water 
to guarantee that the capsule had been swallowed (100-200 mL) was ad- 
ministered. The dogs were then returned to their respective cages. 


After administration of the drug, serial venous blood samples were taken 
at  appropriate times from the neck vein. The samples were withdrawn into 
2-ml containers4 containing 3 mg of EDTA. The blood samples were imme- 
diately centrifuged, and the separated plasma samples were analyzed for 
phenytoin and prodrug as described earlier. 


Dose-Dependent Pharmacokinetics in Dogs-The evaluation of plasma 
concentration time curves of phenytoin, after administration of sodium 
phenytoin and the prodrugs of phenytoin at 15 mg/kg (phenytoin equivalents), 
suggested that phenytoin at a dose of 15 mg/kg displayed nonlinear phar- 
macokinetics. To confirm this, dogs 20 and 2 I ,  used in the 15-mg/kg study, 
were each administered lO-mg/kg and 6.6- or 5.5-mg/kg (phenytoin equiv- 
alent) doses of sodium phenytoin intravenously; plasma samples were assayed 
for phenytoin as described earlier. 


RESULTS AND DISCUSSION 


Figure 1 is a representative plot of the plasma phenytoin concentration 
versus time obtained after oral administrations of 15-mg/kg (phenytoin 
equivalent) doses of sodium phenytoin ( la)  and 11-IV to dog 20. Dog 22 
consistently rejected 111, and hence, data for 111 for that particular dog could 
not be obtained. The areas under the plasma phenytoin concentration versus 
timecurves (AUC;) after oral administration of la  and 11-IV were evaluated 
by the trapezoidal method (33) (Table 11). Statistical analysis by one-way 
ANOVA showed that there was significant difference (p < 0.05) between 
the mean AUC," values obtained after oral administration of the prodrugs 
and the mean A U G  obtained after oral administration of sodium phenytoin 
(la). However, there was no significant difference (p >0.05) in the mean 
AUC,' values between the prodrugs. Figures 2 and 3 show two representative 
plots of the plasma phenytoin concentration versus time after intravenous 
administration of the prodrugs and sodium phenytoin todogs 19 and 20. Dogs 
21 and 22 were not administered the intravenous injection of 111, since the 
compound was observed to cause pain and toxic manifestations in dogs 19 and 
20. Intravenous administration of 111 to dog 20 appeared to be incomplete, 
since pain and swelling around the injection site suggested that some of the 
dose may not have been placed directly in the vein. 


Prodrugs Il-IV, on oral administration, produced higher plasma phenytoin 
levels than the levels obtained after oral administration of la. The poor 
availability of phenytoin from la  was probably due to the precipitation of 
phenytoin acid in the acidic environment of the stomach as well as the poor 
dosage form used, i.e., sodium phenytoin in a hard gelatin capsule. Phenytoin 
has a low aqueous solubility and, thus, the slow and incomplete redissolution 
probably results in low plasma levels of phenytoin. 


The primary purpose of the intravenous and oral administration of the 
prodrugs to the beagle dogs was to determine (a) if the prodrugs quantitatively 
released phenytoin and ( b )  the extent of absorption of phenytoin from the 
prodrugs on oral administration. Such an evaluation of the prodrugs of 
phenytoin is difficult since the elimination kinetics of phenytoin may be 


' Vacutainers, No. 6496; Becton. Dickinson and Co., Rutherford. N.J 
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Table I-Intravenous a d  Oral Studies Using a Latin-Square Design 
Carried out in Beagle Dogs 


~ ~~ 


Experiment Dog 19 Dog 20 Dog21 Dog22 


Intravenous 
1 
2 
3 
4 


Oral 
5 
6 


111' IV la  I I  
I1 l l l b  IV la 
la  I1 I I I C  IV 


IV l a  I I  I l l C  


la  I1 IV II ld  
111 la I1  IV 


7 IV 111 la  II  
8 I1 IV 111 la 


* R o d u d  mere toxic reactions in thedog includingsalivation.dilatation of the pupils, 
and hypotension. Appeared to cause severe pain on administration, thus resulting in  
incomplete administration of the dwe. Not administered due to toxicity seen in Ex- 
periments I and 2. Dog 22 rejected 111 three times. Further attempts to administer Il l  
orally to dog 22 were therefore terminated. 


nonlinear (34,35), probably due to the saturation of the enzyme system re- 
sponsible for the metabolism of phenytoin to 5-p-hydroxyphenyl-5-phen- 
ylhydantoin (36). Dayton et al. (34) and Frey and Loseher (35) have shown 
that phenytoin exhibits dose-dependent kinetics in the dog. It was reported 
(35) that after intravenous administration of 20. 10, and 5 mg/kg (phenytoin 
equivalents) of l a  to dogs, the apparent elimination half-life of phenytoin 
decreased from 11.2 to 6.1 to 4.3 h, respectively. A plot of the logarithm of 
the plasma phenytoin concentration versus time was curvilinear a t  the three 
doses studied. Such a curvilinear plot is typical of drugs with Michaelis- 
Menten kinetics with a capacity-limited pathway of elimination or for drugs 
exhibiting product inhibition (37-41). In the present study, the nonlinear 
behavior of phenytoin in the beagle dog is apparent from the curvilinear shape 
observed in the plot of the logarithm of the plasma phenytoin concentration 
versus time obtained after intravenous administration of a 15-mg/kg 
(phenytoin equivalent) dose of la  (Fig. 4). 


In its simplest form, the pharmacokinetic model in Scheme I can be pro- 
posed for phenytoin and its prodrugs. Since phenytoin seems to exhibit non- 
linear elimination kinetics in the dog (34.35) at  a dose of 15 mg/kg (phenytoin 
equivalents) of either la or the prodrug, quantitation of the extent of conversion 
of the prodrugs to phenytoin is difficult. This is because the elimination rate 
and the clearance of phenytoin (and thus the area under the plasma phenytoin 
concentration versus time profiles) depends on its input rate. This, in turn, 
depends on either the absorption rate of the prodrug after oral dosing and/or 
the metabolic conversion rate of the prodrug to phenytoin. 


To  confirm the nonlinear behavior of phenytoin in the beagle dog, a phar- 
macokinetic study involving variation of the dose of Ia was carried out in dogs 
20 and 21. Dog 20 was administered 15-, lo-, and 6.6-mg/kg (phenytoin 
equivalent) doses of l a  intravenously and dog 21 was administered 15-, lo-, 
and 5.5-mg/kg (phenytoin equivalent) doses of Ia intravenously. The AUC; 
values obtained after intravenous administration of the different doses of l a  
were determined by the trapezoidal method. A plot of the AUG- values versus 
the dose is shown in Fig. 5 .  The plot shows that the relationship between A U G  
and the dose is nonlinear. In the case of drugs obeying linear pharmacokinetics, 


18 


12 


10 :b 


Prodrug Excreted 
Intact  or as a 
Non- roductive 
Metagolite 


Prodrug in 
Blood a n d  
Tissues 


i 
I 


I Metabolic 


Tissues 


Metabolism 


Elimination 


Incomplete 
Absorption in 
Case of Oral 
Administration 


Scheme I 


the AUC; obtained after intravenous administration of the drug is directly 
proportional to the intravenous dose: 


where Di, is the intravenous dose and CL is the total body clearance of the 
drug. Thus, the AUC; would increase proportionately with dose if the 
clearance remains constant. The elimination half-life of the drug should also 
be independent of the dose for drugs obeying linear pharmacokinetics. Hence, 
the nonlinear relationship between A U G  versus dose and the increase in the 
apparent elimination half-life with increasing dose observed in this study 
(Table Ill) confirms the dose dependency and nonlinear behavior of phenytoin 
in the current study. 


The absolute bioavailability of drugs (or prodrugs) exhibiting linear 
pharmacokinetics is normally determined by calculating the ratioof the A U G  
of the parent drug obtained after oral administration of the'drug (or prodrug) 
and the A U G  obtained after intravenous administration of the parent drug 
(33). Also, the availability of the parent drug after intravenous administration 
of a prodrug could be determined by calculating the ratio of the A U G  values 
obtained after intravenous administration of the prodrug and those obtained 
after intravenous administration of an equivalent dose of the parent drug. 
Table IV summarizes the A U G  values. calculated by the trapezoidal method, 
of the plasma phenytoin concentration versus time profiles obtained after 
intravenous administration of molar equivalent doses of l a  and 11-IV. If 
phenytoin did exhibit linear pharmacokinetics, then the ratio of the A U G  
obtained after intravenous administration of the prodrugs and the AUC; 
obtained after intravenous administration of Ia (Table V)  would give the extent 
of conversion of the prodrugs to phenytoin. Similarly, the ratio of the A U G  
values obtained after oral administration of the prodrug and those obtained 


Figure 2-Plots of rhe plasma phenytoin 
concentrations versus time obtained after 
intravenous administration of l a  (e), I1 (m), 
111 (0). and W(A) todog 19. Doses (phen- 
ytoin equivalents) were I5 mg/kg. 
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Figure 3-Plots of the plasma phenytoin 
concentrations versus time obtained ajier 
intravenous administration of la (a), I1 (m), 
and I V (A) to dog 20. Doses (phenytoin 
equivalents) were I S  mglkg. 


MINUTES 


after intravenous administration of la (Table VI) would give the absolute 
bioavailability of the prodrugs. However, since phenytoin exhibits nonlinear 
behavior, the ratios summarized in Tables V and V1 are only apparent values 
sf the bioavailabilities of the prodrugs compared with la. 


To determine the bioavailabilities of the prodrugs, the model shown in 
Scheme I I  is proposed, representing a one-compartment model. Although 
phenytoin does exhibit two-compartmental behavior, the distribution phase 
in the dog is insignificant; most authorsS (35,42,43), therefore, describe the 
kinetics of phenytoin according to a one-compartment model6. According to 
the model, elimination of phenytoin. after an intravenous or oral dose D ,  is 
assumed to occur by a capacity-limited process. It will be assumed that the 
capacity-limited process, described by the Michaelis-Menten equation for 
a one-enzyme reaction, is applicable to phenytoin elimination in the dog. 


The values of V,, K,. and Vd obtained are shown in Tablc V11. Figures 
6 and 7 show the semilogarithmic plots of the plasma phenytoin concentration 
versus time in dogs 20 and 21, respectively, after administration of the three 
different doses of la; the solid lines were computer-gcneratcd from Eq. 2 using 
the individual V,,, and K,,, values determined at  the different doses. The solid 
lines in Fig. 4 are the theoretical lines obtained using Eq. 3 and the mean V,,, 
and K ,  values shown in Table VII. 


To determine the true bioavailability of the prodrugs in dogs 20 and 21, the 
method described by Martis and Levy (39) and Jusko et al. (38) for calculating 
the bioavailability of drugs exhibiting dose-dependent elimination due to 
enzyme saturation was employcd. The method assumes a one-compartment 
pharmacokinetic system with a constant volume ofdistribution and a capac- 
ity-limited pathway of elimination. The volume of distribution of phenytoin, 
shown in Table VII. is practically constant. Following oral administration of 


Scheme I1 


Following intravenous administration of a dose (QY) of phenytoin, the 
differential equation describing the concentration of phenytoin a t  any time 
t in the body is: 


where V ,  is thc theoretical maximum velocity per unit volume of distribution 
of the capacity-limited proccss (and in the present case has the units of 
pg/mL/min) and K ,  represents the Michaclis-Menten constant (and has 
the units of concentration. pg/mL). Numerical values of V, and K ,  for dogs 
20 and 21 were obtained by nonlinear least-squares iteration of the integrated 
form of Eq. 2, i.e.: 


(Eq. 3) 


using the SIMPLEX program; data was obtained at three different intrave- 
nous doses of sodium phenytoin. CI is the first plasma phcnytoin concentration 
point chosen by inspection in the elimination phase at time t I .  


The volume of distribution, Vd (really Vd extrapolated) was obtained 
from: 


CI - C +  K , .  In (Cl/C) = V,(t - t I )  


where CO is the time zero plasma phcnytoin concentration, determined by back 
extrapolation of the climination phase of the plasma phenytoin concentration 
versus time profile obtained after intravenous administration of la. 


D. F. Kowalcryk, unpublished results. 
The differences in AUC-0 values between assumin a distribution phase and disre- 


garding the distribution phase is only 0.5 and 3.8% in fogs 20 and 21, respectively, for 
the I S-mg/kg data. 


0.8 


0.6 


V." 


100 200 300 400 500 600 700 8QO 
MINUTES 


Figure 4-Semilogarithmic'plots of plasma phenytoin concentrations versus 
time afier an intravenous dose of I5 mglkg (phenyroin equivalents) of sodium 
phenytoin to dog 20 (0) and dog 21 (8) .  (-) theoretical line using mean 
V, and K, values. 
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Tible 11-Area under the Plasma Phenytoin Concentration versus Time Curve After Or81 Administration of a Dose Equivalent to IS mg/kg of Phenytoin 


AUC,', pg-min/mLa 
Compound Dog 19 Dog 20 Dog 21 Dog 22 Mean f SD 


Ia 
11 


376 
2569 


668 
3724 


921 
2915 


659 
2576 


656 i 222 
2961 i 543 


111 3306 4438 1869 -6 3204 i 1287c 
IV 1714 2065 4190 2151 2530 f 1123 


Calculated uia the trapezoidal method. Compound 111 was rejected three t i m a  by dog 22. Mean obtained from results of 3 dogs. 


the prodrugs and la, the rate of change of phenytoin concentration in the body 
can be expressed by: 


dC - kaFDi&-Ka' V,C -- -- 
dt Vd K ,  + C 


where k. is the first-order absorption rate constant and F represents the 
fraction of the dose absorbed. Di, is the intravenous dose, and this is equal to 
the oral dose, i.e., I5 mg/kg. The rate of elimination of phenytoin from the 
body after oral administration is given by: 


-)(2=- 1 dA V,C 
Vd dt K , + C  


where A, is the amount of phenytoin eliminated at  any time I .  If the total 
amount of drug eliminated is equal to the amount absorbed, then: 


where Dora! is the oral dose. However, from Eq. 6: 


Combining Eqs. 7 and 8, the following equality is obtained: 


Vd s dt = FD,,,l 
o K , + C  


Dividing Eq. 9 by the intravenous dose, Di,, gives: 


Div 


(Eq. 7) 


(Eq. 9) 


Since equivalent doses are administered intravenously and orally, Eq. 10 re- 
duces to: 


where F is the corrected bioavailability. Equation 1 1  can also be used to de- 
termine the availability of phenytoin after an intravenous dose of the prodrug 
relative to an equivalent intravenous dose of Ia. 


Toobtain the numerator of kQ. 1 1 ,  the area under the plot of V,,,C/(K, + 
C )  versus time from zero to the last time point ( t ~ )  was determined by the 
trapezoidal method (33). The concentration at the last time p i n t  in the plasma 


Table 111-Apparent Elimination Half-Lives of Phenytoin after Intravenous 
Administration of Three Different Doses' 


Dose, mg/kga 
DOQ I5 10 6.6 5.5 


3.2 h 2.6 h 2.3 h - 
21 6.1 h 4.4 h - 2.9 h 
20 


~ ~ ~~ 


a Dosa of sodium phenytoin. exprcssed as phcnytoin cquivalenls. Linear kinetics are 
assumed. 


Table IV-Area under the Plasma Phenytoin Concentration versus Time 
Curves after Inhavenom Administration of a Dose Equivalent to 15 mg/kg 
of Phenytoin 


AUC,', pgmin/mLa 
Cornpound Dog 19 Dog 20 Dog 21 Dog22 


la 3697 3889 7225 4720 
3808 3070 4873 


111 2762 - c  - c  - b  
I1  


IV 3008 349 1 4452 3150 


2499 


Calculated uia the trapezoidal method. Unable to administer complete dase due 
to excessive pain on administration. Compound 111 was not administered. 


phenytoin concentration versus time profile after oral and intravenous ad- 
ministration of the prodrugs was very low. The contribution of the AUC;",of 
a plot of V,C/(K, + C) versus time would, therefore, be very small. Thus, 
A U C g  would be approximately equal to AUCC, which is equal to the nu- 
merator of Eq. 1 1. 


The results of the determination of the corrected true bioavailability of 
intravenously administered prodrugs 11 and IV in dogs 20 and 21 relative to 
intravenously administered la  are summarized in Table VIII,  and corrected 
bioavailabilities of prodrugs 11-IV in dogs 20 and 21 after oral dosing are 
shown in Table IX. Similar calculations could be done to determine the cor- 
rected bioavailabilities of oral and intravenously administered prodrugs, re- 
spectively, in dogs 19 and 22 if the v, and K ,  values could have been accu- 
rately estimated. 


Comparison of the A U G  values to determine the availability of phenytoin 
after intravenous administration of its prodrugs relative to Ia can result in an 
underestimation in the case of drugs like phenytoin, which exhibit nonlinear 
pharmacokinetics. The extent of underestimation will depend on the rate of 
conversion of the prodrugs to phenytoin. If the rate of hydrolysis of the pro- 
drugs is slow, the input rate of phenytoin will be slow. This in turn will show 
a decreased degree of saturation of the enzyme system responsible for me- 
tabolism of phenytoin compared with the saturation that would be exhibited 
by an equivalent intravenous dose of la. Similarly, the bioavailability of the 
prodrugs calculated by determining the ratio of AUC; obtained after oral 
administratioh of the prodrugs and the AUC; obtained after intravenous 
administration of an equivalent dose of la  can result in an underestimation. 
If the input rate of phenytoin ( i .e . ,  the absorption and conversion of the pro- 
drug) is slow, the apparent absolute bioavailability is considerably underes- 
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Figure 5-Plot of the area under the plasma phenytoin concentration versus 
time curve. AUC;. as a function of the intravenous dose ojsodium phenytoin 
administered 10 dog 20 (0)  and dog 21 (B). Doses are in phenytoin equiva- 
lents. 


1084 I Journsl of phanneceutical Sciences 
Vol. 73, No. 8, August 1984 







Table V-Apparent Bioavailability of Phenytoin after Intravenous 
Administration of Prodrugs 11-IV 


c:, % b  
Compound Dog 19 Dog 20 Dog 21 Dog 22 


I I  67 
Ill 75  
IV 81 


I o i  
- c  - 42d - 
98 


90 62 67 


' Relative to la. * Calculated as [AUGP (pr+rug)/AUC&, (la)] X 100. Unable 
Compound Ill to administer complete dosc due to excessive pain on administration. 


was not administered. 


Table V1-Apparent Bioavailability of Phenytoin after Oral 
Administration of In and 11-IV a 


c:, Wb 
Compound Dog 19 Dog 20 Dog 21 Dog 22 


la 10 17 13 14 
I1 69 96 41 55 


111 89 1 I4 26 - c  
IV 46 53 58 46 


a Relative to intravenously administered la. Calculated as [AUCC, (la and 
prodrugs)/AUC;,, ( la)]  X 100. Compound Ill was rejected by dog 22. 


h a t e d .  This is apparent from the results summarized in Tables V l l I  and IX. 
The corrected bioavailabilities show that in dog 21, the apparent bioavaila- 
bilities are drastic underestimations. This is consistent with the larger change 
in the AUC; and the apparent elimination half-life of phenytoin with dose 
observed in dog 21 compared with the change observed in dog 20 (Table Ill), 


Table VII- V,,, K,,, and the Apparent Volume of Distribution (Vd) 
Calculated from the Data Obtained after Intravenous Administration of 
Sodium Phenvtoin 


Dose mg/kg' 
Parameters 15 10 5.5 Mean f SD 


2o r 


Dog 20 
K m .  &mL 25.3 15.9 7.9 16.4 f 8.7 
V,, p@L/min 0.1 0.087 0.045 0.077 f 0.03 
V d . L  g 1.15 1.15 1.28 1.19 f 0.07 


Dog 21 
K m .  &mL 4.5 2.7 4.7 3.99 f 1 . 1  


0.016 0.016 0.02 0.018 f 0.003 
1.77 1.54 f 0.20 


b; &$p$/min 1.41 I .43 


Dam are in phenytoin equivalents. * Volume of distribution extrapolated. 


suggesting that dog 21 is more susceptible to enzyme saturation than is dog 
20 (lower K,,, value observed for dog 21). 


The corrected bioavailability of both orally and intravenously administered 
11 in dog 20 is -100%; in dog 21, it is -6%. This suggests that in dog 20, I 1  
undergoes quantitative hydrolysis to phenytoin and is completely absorbed 
from the GI tract. However, in dog 21, it seems that the complete oral dose 
of I I  may be absorbed from the GI tract, but the prodrug may not undergo 
quantitative conversion to phenytoin, i.e., the ester may be undergoing a 
nonproductive metabolic pathway such as hydroxylation of the hydantoin 
phenyl ring followed then by the cleavage of the ester. This pathway may be 


I I I I 1 I I I 1 
100 200 300 400 500 600 700 800 


MINUTES 


Figure 6-Semilogarithmic plots of plasma phenytoin concentrations versus 
time following intravenous administration of I5 (O),  10 (m), and 6.6 (A) 
mglkg (phenytoin equivalents) of sodium phenytoin to dog 20; (-) com- 
puler-fitted lines. 


0'3 t 
1 I I 1 I I I 1 I 


100 200 300 400 500 600 700 800 
MINUTES 


Rgure 1-Semilogarithmic plots of plasma phenytoin concentrations versus 
timejollowing intravenous administration of I5 (a), 10 (m), and 5.5 (A) 
mg/kg (phenytoin equivalents) of sodium phenytoin to dog 21: (-) com- 
puter-fitted lines. 
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Table MII-Calculation of the Corrected Bioavailability of Phenytoin’ after Intravenous Administration of I1 and IV to Two Beagle Dogs 


S - z d r  p,FP. % b  Corrected F,  %c 
o K , + C  


Compound Dog 20 Dog 21 Dog 20 Dog 21 Dog 20 Dog 21 


I I  13.8 6.4 98 42 i06 60.2 
1v 12.8 10. I 90 62 98.7 95.3 


Corrected for enzyme saturation. Calculated by [AUGmjV (prodrug)/AUC& (la)] X 100. Based on Eq. 1 I .  


Table IX-Calculation of the Corrected Bioavailsbility of Phenytoin’ after Oral Administration of la and 11-IV to Two Beagle Dogs 


Corrected F ,  %OC 


Compound Dog 20 Dog 21 Dog 20 Dog 21 Dog 20 Dog 21 


la 
11 


Ill 


2.5 
16.3 
16.1 


2.3 
6.8 
4.5 


17 
96 


1114 


13 
41 
26 


19.5 
125.4 
123.8 


21.9 
64.1 
42.9 


1v 8.2 9.2 53 58 63.2 86.8 


Corrected for enzyme saturation. 6 Calculated by [AUCZ, (Ia and prodrugs)/AUC& (la)] X 100. Based on Eiq. I I .  


competing with the hydrolysis of the ester to phenytoin. Another possibility 
is that theesterase activity in dog 21 may be low. Prodrug Ill also seems to 
show a bioavailability of only -45% in dog 21. whereas, in dog 20. the cor- 
rected bioavailability of 111 is -100%. 


The results in Table VIIl suggest that IV is quantitatively hydrolyzed to 
phenytoin on intravenous dosing to dogs 20 and 21. However, the corrected 
bioavailability of 1V on oral dosing in dogs 20 and 21 was -65 and -90%. 
respectively. This suggests that the ester may be incompletely absorbed from 
the GI tract, probably because of its polar nature. 


In all the calculations and discussions to date, it was assumed that phenytoin 
does not exhibit presystemic clearance in the dog and that orally or intrave- 
nously administered prodrugs do not exhibit a sequential first-pass effect (44); 
i.e., if the prodrugs are cleaved to phenytoin prior to reaching systemic cir- 
culation, then the formed phenytoin may be further metabolized prior to re- 
lease to systemic circulation. For dogs 20 and 21, presaturation clearances 
could be calculated from: 


Vd Vm CL = - 
Km 


(Es. 12) 


For dog 20, the approximate phenytoin clearance is 5.6 mL/min/kg, while 
for dog 21 a clearance of -6 .9  mL/min/kg is calculated. If it is assumed that 
phenytoin readily equilibrates between red blood cells and plasma, that the 
metabolism of phenytoin occurs only in the liver, and that liver blood flow in 
dogs is 40-45 mL/min/kg (45), then it can be estimated that phenytoin at 
presaturation doses may exhibit a first-passeffectof-12-141and 15-171 
in dogs 20and 21, respectively. Obviously, this is not sufficient to account for 
the poor oral performance of la, but it may a m n t  for the < I W o  availability 
of phenytoin from the prodrugs, even correcting for the nonlinear kinetics. 


It can be concluded that I1 would be a better oral-delivery form of phenytoin 
than la. Compound 111 caused nausea, vomiting on oral dosing, and pain and 
hematoma on intravenous dosing. This would make it less favorable as a 
prodrug candidate for either oral or parenteral use. Compound I 1  would 
probably be quantitatively hydrolyzed to phenytoin on oral administration 
to humans, since the esterase activity of the intestinal mucosa ofdogs is paor 
relative to other mammalian species (46). Oral administration of I 1  would 
help in overcoming the problem of low and erratic bioavailability of phenytoin 
associated with the oral administration of Ia. 


The long shelf life of IV (30) and its high aqueous solubility at physiological 
pH (5) would render i t  useful as a parenteral dosage form for the delivery of 
phenytoin in humans, provided it is quantitatively hydrolyzed to phenytoin 
(as was observed in the dog). This would aid in  overcoming the hazards as- 
sociated with intravenous administration of sodium phenytoin. 
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Abstract 0 Tissue damage caused by subcutaneous and intramuscular ad- 
ministration of three phenytoin prodrugs to rats was assessed. Since. two of 
the prodrugs caused significant irritation, only 3-(hydroxymethyl)-5,5-di- 
phenylhydantoin disodium phosphate ester might be useful as a nonirritant 
phenytoin prodrug suitable for parenteral administration. To confirm the 
release of phenytoin from this prodrug, phenytoin availability after intra- 
muscular and intravenous administrations of the phosphate prodrug was 
evaluated in  rats and compared with sodium phenytoin. The prodrug quan- 
titatively released phenytoin after intravenous administration, and phenytoin 
levels from intramuscular administration of the prodrug were far superior to 
those generated from similarly administered sodium phenytoin. Based on this 
and earlier studies, it was concluded that this prodrug should be. further as- 
sessed as  a parenteral form of phenytoin. 


Keyphrases 0 Phenytoin-phosphate prodrug, parenteral administration, 
rats 0 Prodrugs-phenytoin, phosphate ester, parenteral administration, rats 
0 Anticonvulsants-phenytoin. phosphate prodrug, parenteral administration, 
rats 


The parenteral form of the anticonvulsant drug phenytoin 
(I), i.e., sodium phenytoin (la) dissolved in a vehicle consisting 
of 40% propylene glycol and 10% alcohol at  pH -1 2, is haz- 
ardous if too rapidly injected intravenously (1,2); intramus- 
cular injection results in delayed release of phenytoin from the 
precipitated phenytoin acid at the injection site (3-8). We 
recently evaluated the potential usefulness of a series of 
phenytoin prodrugs (9-1 1). Based on those studies, 11-IV were 
thought to be possible parenteral forms of phenytoin because 
of their superior solubility properties compared with phenytoin 
(9). In a dog study, these prodrugs quantitatively released 
phenytoin after intravenous injection (1 l ) ,  although 111 was 
observed to cause significant acute toxicity in the dog and 11 
had only marginal chemical stability (10). It was concluded 
that IV would be the best candidate among prodrugs 11-IV 
( 1  1 )  for parenteral administration. 


C6H5 h H 5  


c 6 H , , t f  CsH, hf-".' 
H N Y N H  0 
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HN+ 0 
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R = -COCHzNH (CH3)z CHISO>- 
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11: 
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111: R = - C O ~ ( C H Z ) ~ N H ( C H &  CHJSOJ- 
IV: R = -P032- Na2+ 


Presented here are two further studies, designed to evaluate 
the possible utility of 11-IV as parenteral forms of phenytoin. 
First, an evaluation of the tissue damage after subcutaneous 
and intramuscular injection of prodrugs 11-IV to rats was in- 
itiated. Based on these findings (significant irritation seen with 
both I1 and 111 but not IV) a second study, the intravenous and 
intramuscular availability of phenytoin from IV in rats, was 
addressed. The results of the two studies are presented in this 
paper. 


EXPERIMENTAL SECTION 


Evaluation of the Tissue Damage Cawed by SubcutPncous and IntnmuPcuLr 
Administration of 11-IV-Male Sprague-Dawley rats', weighing between 
250-275 g, were used; twelve rats were used for each ester studied. Fresh 
aqueous solutions of esters 11-IV (9). 25 mg/kg (phenytoin equivalents), were 
prepared, and each of six groups of six rats received an ester injected intra- 
muscularly in the thigh muscle or an ester injected subcutaneously under the 
thigh skin. The injection volume did not exceed 200pL.  After administration, 
the rats were placed in metabolism cages with access to food and water. At 
24 h postdose, three rats administered drug intramuscularly and three rats 
administered drug subcutaneously for each ester were sacrificed, and the 
extent of tissue damage was evaluated. The extent of tissue damage in the 
remaining six rats was evaluated after 7 d postdose. Visual observations were 
made to determine the extent of tissue damage. The rats were observed ex- 
ternally to check for any skin damage after the subcutaneous injection. The 
animals were then checked for internal damage by exposing the thigh muscle 
(intramuscular administration) or the muscles underlying the skin at the in- 
jection site (subcutaneous injection). 


In Vivo Evaluation of IV as a Prodrug of Phenytoin in Rats-The avail- 
ability of phenytoin after intramuscular administration of IV was studied in 


I Harlan Sprague-Dawley, Madison, Wis. 
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Abstract 0 Testosterone levels in the blood were determined in rats following 
nasal, intravenous, and intraduodenal administration of 25-pg and 50-pg 
doses. The results indicated that the drug levels after nasal and intravenous 
administration were similar, whereas intraduodenal administration resulted 
in considerably lower levels. The bioavailability of the nasally administered 
drug was calculated to be 99% and 9Wo at the 25-pg and SO-pg doses, re- 
spectively. The intraduodenal bioavailability was only I %  at the dose 
studied. 


Keyphrases 0 Testosterone-nasal absorption, rats 0 Nasal absorption- 
testosterone, rats 


Testosterone is considered to be the most potent of the 
natural male sex hormones. This androgen is readily absorbed 
orally, but it is ineffective when so administered because of 
extensive metabolism in the GI tract and the liver before 
reaching systemic circulation ( 1) .  The esters of testosterone 
are similarly metabolized ( 1 ). Consequently, testosterone and 
its esters are generally administered by intramuscular injec- 
tion. Other routes of administration, for example, buccal, 
transdermal, and subcutaneous implantation, have been at- 
tempted, but success has been limited (1 ) .  


Previous studies by Hussain and co-workers have shown that 
selected drugs, for example, propranolol and progcsterone, are 


'-i 


I 
30 60 90 120 1 50 180 


MINUTES 


Figure I -Mean blood levels of testosterone in rats following nasal (0). in- 
tracenous (0). and intraduodenal (u) administration of 25-pg testosterone 
per rat. Points represent mean oalues of 3 animals H E M .  


Table I- Area Under Blood Level Curve (AUC) Following Intravenous, 
Nasal, and lntraduodenal Administration of Testosterone in Rats 


Dose, AL'C. AUC (nasal, intraduodenal) 
Route ng-h/mL" AUC (intravenous) 


25 Intravenous 900.6 f 90.9 
Nasal K90.5 f 168.0 0.99 
Intraduodenal 8.9 f 0.19 0.0 I 


50 Intravenous I7  16.3 f 47.2 - 
Nasal 1545.7 f 168.6 0.90 


Mean f SEM ( n  = 3) .  


efficiently and completely absorbed following nasal absorption 
in animals and man (2-5) .  To enhance testosterone bioavail- 
ability from non-parenteral routes, the nasal route was ex- 
amined. This report presents results on the nasal administra- 
tion of testosterone in rats as compared to intravenous and 
intraduodenal administration of the drug. 


EXPERIMENTAL SECTlOlV 


Animal Studies-Male Sprague- Dawley rats, each weighing approximately 
300 g, were anesthetized with pentobarbital (50 mg/kg). The surgical oper- 
ation carried out on the rats was that described by Hussain et al. (2). For nasal 
administration of [3H]testosterone', an incision was made in  the neck of the 
animals, and the trachea was cannulated with a polyethylene tube. A closed 
tube was inserted through the esophagus to the posterior part of the nasal 
cavity. The nasopalatinc passage was closed with an adhesive agent to prevent 
drainage of the drug from the nasal cavity to the mouth. Two doses of 25 and 
50 pg of [3H]testosterone. each containing 20 pCi of [3H]testostcrone in 0.1 
mL of I %  polysorbatc 80-saline solution, were administered to the nasal cavity 
by means of micropipet. and the nostrils were then closed with an adhesive 
agent. For intravenous administration, the Same doses were injected through 
the femoral vein. For intraduodenal administration, the abdomen was opened 
by a midline incision, and the 25-pg dose in 0.1 mL of 1 %  polysorbate 80-saline 
solution was injected directly through the duodenum. 


Analytical Method-The blood samples were placed in polyethylene tubes, 
to which 0.2 g of NaCI, 200 pL of nonradioactive testosterone solution ( I  .25 
mg/mL) in ethyl acetate, and 5 mL of ether were added. After shaking and 
centrifugation, the tube was frozen in a dry ice-acetone mixture. The ether 
layer was decanted into another tube and evaporated to dryness. The residue 
was then dissolved in 60 p L  of methanol and 40 p L  was spotted on TLC plates 
and developed using chloroform-acetone (9:l,  v/v). The spot that corre- 
sponded to unchanged testosterone was then scraped off the plate, and the 
powder was suspended in 10 mL of scintillation cocktail for a radioactivity 
count. The developing solvent system was shown to separate unchanged tes- 
tosterone from its metabolites. 


RESULTS AND DISCUSSION 


The lcvcls of testosterone in  the blood after nasal administration increased 
rapidly and attained the peak level within 2 min, whereas the intraduodenal 
administration resulted in  considerably lower blood levels. The blood lcvels 
following nasal administration were similar to those following intravenous 
administration, and the half-life of elimination for the two routes was -40 
min. 


The nasal bioavailability, calculated from the ratio of the area under the 
blood level-time curve [(nasal/intravenous) X loo], was 99% at the 25-pg 
dose and 90% at the 50-pg dose; the intraduodenal bioavailability was only 
I %  of that of the intravenous bioavailability at the dose studied (Table I ;  Fig. 
1 ) .  


The results of this study strongly suggest that the natural male sex hormone, 
testosterone. is rapidly absorbed from the nasal mucosa into systemic blood 


~ _ _ _  ~~ ~ ~~ 


' [ IP,ZP-'H]Testosterone (40 Ci/rnrnol); New England \uclear. Boston. Mass. 
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without first-pass metabolism. The nasal route may be of practical value for 
the administration of this hormone. 
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Abstract 0 The reaction of 2.4-dInitrofluorobenzcne (Sanger’s rcagcnt) is 
used to form colored products with aminoglycoside antibiotics. Stopping the 
progress of the reaction with acid after a fixed time allows aqueous solubility 
to be maintained while discharging any color due to excess reactant. Thechoice 
of an appropriate analytical wavelength results in  adherence to Beer’s law. 
Although this colorimetric method is not expected to be stability-indicating, 
it is convenient and should be useful in content uniformity dcterminations for 
pharmaceutical dosage forms (e.g., ointments). 


Keyphrases 0 Colorimetry-aminoglycosides, 2.4-dinitrofluorobenzene 0 
Aminoglycosides-2,4-dinitrofluorobenzene, colorimetric determination 


Most assays for monitoring aminoglycoside antibiotics 
which are mentioned in the Federal Registcr ( 1 )  arc plate-cup 
bioassays. A number of chemical assays ( 2 )  have been dcvel- 
oped for use with pharmaceutical dosage forms and content 
determinations. These assays are useful, in some cases, as rapid 
control procedures featuring high precision, but do not actually 
measure bioactivity; most arc amine reagents (3) .  We found 
in our preliminary work that certain pharmaceutical formu- 
lation excipicnts do not react with 2,4-dinitrofluorobenzene 
(Sanger’s reagent) (4-6); therefore, this reagent could be 
useful when determining aminoglycosides. Sanger’s reagent 
was originally used to detect terminal amino groups in  insulin, 
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Figure I--  Absorbonce ofaminoglycosides at 415 nm with 20-min reaction 
time. Key: ( A )  amikacin, IS) tohramycin. (C) kanamycin. ID) gmtanricin. 


and was utilized recently (7) for postcolumn HPLC-deriva- 
tization and detection of neomycin sulfate. 


This paper reports the direct one-phase determination of 
gentamicin sulfate, kanamycin sulfate, tobramycin, and am- 
ikacin. The reaction was allowed to proceed under ambient 
conditions and then it was stopped, after an appropriate time, 
by acidification. The analytical wavelength chosen was not the 
absorption maximum, but one which permitted measurement 
in the aqueous-alcoholic medium without problem precipi- 
tation and with adherence to Beer’s law over the range of 0- 
1000 pg/mL (Fig. 1). A typical reaction profile of gentamicin 
sulfate is outlined in  Fig. 2. 


EXPERIMENTAL SECTION’ 


Colorimetric Measurement- Exactly 5.0 rnL of an aqueous solution con- 
taining-500 pg of the aminoglycoside being tested was transferred to a 10-mL 
glass-stoppered flask or tube. Similarly, a series of flasks or tubes containing 


- 1  


0 30 60 
1. min 


Figure 2-Gentamicin sulfate reaction profile 


1 
90 


~~ ~ 


I Gentamicin sulfate (lot G M C - 6 M - 6 0 2 4 .  potency 581 &mg) was obtained from 
the Schering Carp.. Kcnilworth. N.J. Kanamycin sulfate (lot 76F-140. potency 780 
mg/ml.) and amikacin (lot 74F-1805. potency 934 mg/ml.) were both obtained from 
Bristol Labs., Syracuse, S.Y. The tobramycin (lo! OCU55. potency Y60pg/rng) was 
made availablc !hrough the courtesy of Eli Lilly and Co., Indianapolis, Ind. Sangcr’s 
reagent. 2.4-dinirrofluorobcn7ene (lot 101 547, purity 98’70). was obtained from the Al- 
drich Chemical Co.. Milwaukee. Wis. Measurements were made on a Cary Model IS 
UV-visible spectrophotometcr. 
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Figure 2-Chromatogram of esmolol hydrochloride solurions boiled for I 
h. Key: (A)  water. pH 5.5; (B)  I M NaOH; (C) I M HCI; (Dl 30% HzO2. 


HCI or 10 M NaOH. All flasks were brought to volume with water and ana- 
lyzed. 


RESULTS AND DISCUSSION 


The direct measurement of the raw drug for esmolol hydrochloride content 
in the presence of the anticipated synthetic intermediates, the synthetic starting 
material, and the anticipated breakdown product is shown in  Fig. 1. The de- 
tector wavelength (280 nm) was chosen to enhance visualization of all potential 


Table I-Analysis of Four Experimental Lots of Esmolol Hydrochloride 


Mean, RSD, Number of 
Lot % % Determinations Time 


A 97.8 1.15 24 2 years 
B 91.4 1.23 24 2 years 
C 98.6 I .95 21 I year 
D 97.5 0.8 I 18 9 months 


synthetic intermediates and not for maximum sensitivity for esmolol. The limit 
of quantitation for esmolol hydrochloride was -I0 pg/mL under the reported 
operating conditions. 


Applicability-The specificity of the HPLC system was tested with de- 
graded esmolol samples. No changes in I concentration were seen in the boiled 
aqueous solution. After 1 h in boiling acid ( I  M HCI) or base ( I  M NaOH), 
I was almost completely converted to V, as might be expected under these 
conditions. Finally, boiling for I h in 33% hydrogen peroxide yielded several 
additional unidentified products (Fig. 2). In each chromatogtam, it can be 
seen that the size of the I peak decreases with degradation. The practicality 
of the method was demonstrated by the analysis of four synthetic lots (Table 
I). The percent RSD values for the analysis over a 2-year period and with 
several analysts were consistently <2%. 


Accuracy and Precision-ln spite of consistently high correlation coeffi- 
cients (>0.996), the peak height ratio method was not employed, as erroneous 
results were obtained due to tailing at  higher concentrations. Curvature or 
tailing did not influence the peak area ratio calculations which were employed 
for all studies. Data generated by three separate analysts on each of 3 d yielded 
an accuracy >98.6%, percent RSD of < I  .64%, and correlation coefficients 
>0.9996 for thecalibration curves. The percent RSD valucs for a single sample 
were <2% (Table I). 
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Abstract 0 The effects of ethanol, glycerol, propyleneglycol, phosphate buffer, 
and ionic strength on the stability of phenobarbital sodium have been studied. 
Ethanol had the maximum stabilization effect followed by propylene glycol 
and glycerol when compared with the stability in water. The estimated half- 
lives at 5OoC (pH - 8) were 78.95. 109, and 127 d in water and 2w0 aqueous 


solutions of glycerol, propylene glycol, and ethanol. respectively. The effects 
of phosphate buffer and ionic strength were negligible. 


Keyphrases 0 Phenobarbital sodium-stability, cffectsof ethanol, glycerol, 
and propylene glycol 0 Stability-phenobarbital, effect of solvents 


It is well known that thc stability of phenobarbital in liquid 
dosage forms depends on thc pH and the vehicle. A common 
method to minimize dcgradation ( 1 )  is to use a mixed solvent 
of water and an organic solvent such as ethanol, glycerol, or 
propylene glycol. The stabilization effect of ethanol is thought 
to be due to a decreased dielectric constant (2), which slows 


down the reaction between ions of like charges, i.e., the ionized 
form of phenobarbital and the hydroxyl ions. 


An earlier report (1) indicated that it was difficult to select 
a stability-indicating method for the quantitation of pheno- 
barbital. Recently, a stability-indicating assay method (3) 
based on HPLC has been rcported which is applicable to liquid 
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Table I-Stability Studies of Phenobarbital Sodium Solutions (0.5 mg/mL) 


Apparent Estimated Apparent 
Phosphate Ionic PHinmai Half-Life PHfinalC 


Solution Solvent” ’Buffer, M Strengthb (h0.l) at 5OoC, d ( i O . 1 )  
- d I 


2 20% Ethanol 
3 40% Ethanol 
4 20% Glycerol 
5 40% Glycerol 
6 20% Propylene glycol 
7 40% Propylene glycol 
8 - d  
9 -d  


10 
I I  
12 
13 


0. I 
0. I 
0.1 
0. I 
0.1 
0. I 
0. I 
0.05 
0.1 
0.15 
0. I 
0. I 
0.1 


0.26 
0.26 
0.26 
0.26 
0,.26 
0.26 
0.26 
0.39 
0.39 
0.39 
0.26 
0.39 
0.52 


7.7 
8. I 
8.4 
7.7 
7.7 
1.9 
8.2 
7.7 
7.7 
7.7 
7.7 
7.7 
7.7 


78 7.8 
I27 8.0 
I70 8.2 
95 7.6 


I34 7.6 
I09 8.0 
I65 8.2 
79 7.8 
77 7.8 
77 
78 
79 
80 


7.8 
7.8 
7.8 
7.8 


Prepared in water. Adjusted with KCI. After 163 d. Water alone. 


dosage forms such as phenobarbital elixir. The purpose of these 
investigations was to study the effect of ethanol, glycerol, 
propylene glycol, phosphate buffer concentration, and ionic 
strength on the stability of phenobarbital sodium using the 
recently developed (3) HPLC method. 


EXPERIMENTAL SECTION 


Chemicals, Reagents, and Apparatus-All chemicals and reagents were 
either USP, NF, or ACS quality. Phenobarbital sodium’ ( I )  was used as re- 
ceived. 


The chromatograph* was equipped with a multiple-wavelength detector’ 
and a recorder4. A semipolar column5 (30 cm X 4 mm i.d.) was used. The 
mobile phase contained 35% methanol in 0.02 M aqueous ammonium acetate. 
The flow rate was 3.0 mL/min, and the temperature was ambient. The sen- 
sitivity was set a t  0.1 (245 nm) and the chart speed was 30.5 cm/h. 


Preparation of Phenobarbital Sodium Solutions--All solutions (Table I )  
contained 0.5 mg/mL of phenobarbital sodium and were prepared using a 
simple solution method. The standard solution of phenobarbital sodium in 
water (0.5 mg/mL) was prepared fresh daily. 


After the initial assay and pH value determination6 the solutions were stored 
at  50 f I OC in 60-mL amber bottles’ in an electric oven. The data were re- 
corded again at appropriate intervals. The solutions were assayed using HPLC 
(3) except that the f l o N  rate was 3.0 mL/min. The other chromatographic 
conditions were the same, except that no internal standard could be added since 
the solutions were injected into thcchromatograph without dilution. The re- 
sults were calculated using a previously described equation (3) and are prc- 
sented in  Table 1 and Fig. I .  


RESULTS AND DISCUSSION 


Effect of Vehicle-The results (Tablc 1) indicate that ethanol had the 
maximum stabilizing effect on Phenobarbital sodium followed by propylene 
glycol and glycerol. The apparent ptl values of these solutions varied slightly, 
although they all contained 0.1 M phosphate buffer and the ionic strength was 
adjusted to 0.26 with KCI. The pH-rate profile curve of phenobarbital is less 
sensitive to pH changes from 7.5 to 9 (4), the range used in these experiments. 


I American Chemical and Drug Co..  Los Angeles. Calif. 
Model ALCZ02 quipped with a U6K Universal injector; Waters Associates, Milford, 


Spectroflow Monitor SF770; Schocffel Instruments Corp.. Ramsey, N.J. 
Omniscribe 5213-12; Houston Instruments. Austin. Tex. 


SS-3 Zeromatic pHmeter: k c k m a n  Instruments. 
Brockway Glass Co., Brockway, Pa. 


Mass. 


’ p-Bondapak phenyl: Waters Associates. 
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Figure I-First-order plots of solutions I and 5 (Table I ) .  Key: (a) solution 
I ;  (0)  solution 5. 


Above pH 9, decomposition occurs readily (4). Considering this, it is obvious 
that the stabilizing effect of ethanol may be even better than the results in- 
dicate since the initial pH values of solutions containing ethanol (Table I )  were 
higher than those containing propylene glycol or glycerol. Solutions containing 
glycerol had the lowest apparent pH values (Table I) and still had less stabi- 
lizing effect than propylenc glycol and ethanol. Glycerol was better only when 
compared with water (Table I), which was expected. The estimated half-lives 
of solutions in water, 20% glycerol. 20% propylene glycol, and 20% ethanol 
were 78,95. 109, and 127 d, respcctively. Obviously, the stabilizing effect is 
inversely related to dielectric constant values of 80,43,32, and 25 for water, 
glycerol, propylene glycol, and ethanol. respectively. a t  20OC. This is in 
agreement with earlier observations (2) that the stabibation effect is due to 
a decrease in the dielectric constant, which slows down the reaction between 
ions of like charges. Using the first-order equation (Fig. 1) and taking the 
activation energy value of 25 kcal/mol-deg (4). the 190 for solution 7 (Table 
I) at 2S°C was determined to be -I .8 years. 


Effect of Phosphate Buffer and Ionic Strength--The phosphate buffer did 
not catalyze the reaction (solutions 8-10. Table I) and the effect of ionic 
strength was negligible (solutions I 1 - 13). This was expected since the reaction 
between the un-ionized molecule of phenobarbital and the hydroxyl radical 
is -250 times greater than that between the ionized form and OH- (4). 
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in solid formulations only after sustained heating at 60°C after a prolonged 
storage time ( 5 ) .  
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Abstract 0 Based on drug release by microporous hollow fibers and the recent 
introduction of microporous polymers, a new technique was developed for 
controlled delivery of peptides. Small-diameter microporous polypropylene 
tubing, lumen-loaded with microgram quantities of vasopressin, and coated 
with collodion, releases vasopressin after in uirro immersion slowly ( I  -100 
ng/d) and constantly for months. The mechanism of pseudo-zero-order de- 
livery is based on high adsorption of vasopressin, keeping the void volume 
concentration of dissolved vasopressin constant, which is consequently a 
constant driving force of outward diffusion. The collodion coating prevents 
the entry of proteinaceous compounds which would result in rapid desorption 
of vasopressin. The present delivery module provides a lasting release for other 
peptides as well (lysine-vasopressin, oxytocin, Lu-rnelanocyte-stimulating 
hormone and, to a lesser extent, Met-enkephalin). The microporous poly- 
mer-collodion device is biocompatible and, loaded with vasopressin, suc- 
cessfully alleviates the diabetes insipidus of Brattleboro rats deficient for 
vasopressin. Subcutaneous implantation normalized diuresis for a period of 
60 d and constant urine vasopressin excretion is observed. When the com- 
mercially available osmotic minipurnp is too large for implantation, the small 
size of the present controlleddelivery system allows peptide treatment of young 
and immature laboratory rats, even if located in tctero. 


Keyphrases 0 Controlled drug delivery-vasopressin, microporous polymers, 
Brattleboro rat 0 Vasopressin-controlled drug delivery, microporous 
polymers, Brattleboro rat 0 Brattleboro rat-vasopressin, controlled delivery, 
microporous polymers 


Peptide hormones and many other substances must be ad- 
ministered in a long-term continuous fashion and within a 
specified range of concentrations in order to bring about 
physiological changes. Effective dosages can be given by in- 


jections, but because of the short half-life of hormone peptides, 
high doses often have to be administered, resulting in a saw- 
tooth pattern of peptide levels. As a consequence, side effects 
frequently occur. Several controlled-release techniques have 
been developed, ensuring a continuous and constant application 
for a variety of substances (1 -5 ) .  Most of these techniques are 
based either on the principle of (a )  constant diffusion of 
substances (mostly hydrophobic steroids and drugs) through 
polymer matrices (6) or (b) constant delivery of a liquid vol- 
ume containing the physiologically active agents from an 
osmotically active core (3). A widely used osmotic mini- 
pump-an example of the second approach-has the advan- 
tage that it is suitable for all types of compounds (including 
peptide hormones). However, because of its size, implantation 
cannot be performed in small laboratory animals or fetuses. 


Recently we encountered problems when vasopressin sup- 
plementation had to be given to vasopressin-deficient newborn 
Brattleboro rats (7). Based on the possibilities of drug release 
by the use of hollow fibers (6) and the recent introduction of 
a new microporous polymer matrix’ (8,9), a technique has now 
been developed through which controlled delivery of peptides 
can be obtained. It is small enough to allow the use in immature 
rats. Preliminary results both on the development and on the 
applications of the present technique have been partially in- 


’ Accurel polypropylene. 
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corporated in other publications (10-12); this paper describcs 
the method in full detail. 


EXPERIMENTAL SECTION 


Miterirk-The new microporous polymer matrix' has a large void volume, 
consisting of cells interconnected by small pores (8,9. 12). In  the present study,, 
polymer matrix polypropylene tubing2 (P 78/15/2; wall void volume 7l%, 
cell and pore size of -5 and 0.5 pm, and an 0.d. and i.d. of 1.6 and 0.9 mm, 
respectively) was used. Vasopressin3 (465 U/mg), lysine-vasopressin. Met- 
enkephalins. o x y t o d ,  cu-melanocyte-stimulating hormone6, and [-'HI- 
Met-enkephalin' (50 Ci/mmol) were obtained commercially. [12SI-Tyr]- 
vasopressin was prepared (1 3) with a specific activity of 0.5-1 .O Ci/mmol. 


Test Tube Experiments-Microporous polymer tubing (2 cm; one end 
heat-sealed with a mini-soldering iron) filled with ethanol (a few minutes under 
reduced pressure) was either immersed in an aqueous vasopressin solution 
for wall-loading (1 mg/mL, 24 h) or in water ( I  h) for lumen-loading using 
a syringe (7 or 22 pg of vasopressin in 7.5 pL). The tubing was then mounted 
on a serum filter tubeso that 1.5 cm of the closed end was immersed or, after 
heat-sealing the other end, was completely immersed. In the final stage a 
lumen-loaded double-closed preparation was enfilmed with collodion? the 
tubing was dipped three times in the collodion solution [0.05 g/mL ether- 
ethanol, 3:l (v/v)] and air dried between dippings (12). As a control for this 
final procedure, vasopressin was made in 2% agar and sucked into silicon 
tubing containing a strand of suture silk running through its lumen. A 1.5-cm 
rod was prepared with the outer dimensions of the microporous polymer tubing 
which could also be. coated with collodion (6 dips). 


Release of vasopressin was followed at 37OC in 1 mL of distilled water 10% 
swine serum containing 0.01% sodium azide or 0.5% bovine serum albumin. 
The volume was replaced daily. When release during I d was followed, 25-pL 
samples were drawn. Samples were stored at  -2OOC until an RIA for vaso- 
pressin was carried out (14, 15). Degradation of the vasopressin immuno- 
reaction in water, serum, and albumin media (water, 0.5 ng-0.5 mg/mL; al- 
bumin and serum, 7 ng/mL) was determined during 24-h incubation at  
37OC. 


Microporous polymer-collodion devices were prepared (containing 7 jtg 
of lysine-vasopressin, oxytocin, and a-melanocyte-stimulating hormone) and 
daily release was followed radioimmunologically in 10% serum (14-16). The 
tritiated form of Metenkephalin (7 pg; final specific activity, I .2 pCi/mmol) 
was applied and the release was followed by counting radioactivity. 


Animal Experiments-Homozygous (HOM) Brattleboro rats (-140 g), 
congenitally deficient for vasopressing (1 7), were kept under standard con- 
ditions in metabolism cages (18). After a control period of 3 d, in which the 
rats showed diabetes insipidus, the animals received subcutaneously, under 
light ether anaesthesia, microporous polymer-collodion tubing loaded with 
7.522,  or 220 pg of vasopressin. Vasopressin release was followed in duplicate 
animals by measuring daily urine production and osmolality and by the assay 
of urine-excreted vasopressin (see above). 


For comparison, single HOM Brattleboro male rats received: a 22-pg va- 
sopressin-loaded microporous polymer without collodion enfilming; a 22-pg 
vasopressin-agar-collodion preparation; a minipumplo filled with 22 pg of 
vasopressin in saline (pumping rate was 0.4 pL/h, i.e., lo00 ng/d); or daily 
subcutaneous injections of vasopressin tannate" (0.5 U/lOO g). Finally, a 
male Wistar rat received a microporous polymer-collodion implant containing 
22 pg lzSI-vasopressin (1  mCi/mmol), to follow urine excretion of iodine-] 25 
(drinking water contained 0.1% KI).  


Perinatal Implantations-HOM Brattleboro pups (age, 5 d)  (7) received 
subcutanmusly a water-filled microporous polymer-collodion tubing (1.5 cm) 
with a 0.7-mm diameter (P 17/80/2) or the dimensions used above. The 
largest tubing, placed longitudinally to the animal's spine, was checked daily 
by palpation, and, a t  I month of age, all pups were sacrificed and an attempt 
was made to locate the tubing. 


The uterus of pregnant (18th day of gestation) Wistar rats was exposed for 
fetal operation according to Swaab and Honnebier (19). A small diameter 


Kindly supplied by Mr. D. Heitmann (ENKA Research Institute, Obcmburg, 


Grade VIII. lot 99C-1352; Sigma, St. Louis, Mo. 
'Grade IV; Si ma 
UCB, Brusscfs. Belgium. 
Organon. Oss. The Netherlands. ' NEN. Doorn. The Netherlands. 


FRG). 


* Parlodion; Schuchardt. 
CPB/TNO, Rijswijk. The Nethcrlands. 


lo Model 2002: Alzet. 
Pitresin tannate; Parke-Davis 
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Figure 1- Vasopressin levels measured in daily renewed I -mL water volumes 
containing a microporous polymer polypropylene tubing loaded with the drug 
(shaded area). Data were taken from single representative experiments. Key: 
(0) 21 pg. wall-filled end-sealed tubing; (0 )  I5 pg/S jtL. lumen-filled 
end-sealed tubing; (A) 7 pg/7.5 pL,  lumen-filled double end-sealed 
tubing. 


microporous polymer-collodion preparation, 0.5- or I -cm in length inserted 
into a 19-gauge needle, was placed through the uterine wall underneath the 
skin of the back of the fetus. Implants were performed on several fetuses within 
the exposed uterus. Ten days after birth the offspring were sacrificed and the 
location of the microporous polymer implant was examined. 


RESULTS 


Test Tube Experiments with Vasopressin-From the different loading 
procedures of the microporous polymer polypropylene tubing, the most con- 
tinuous and constant release of vasopressin on water immersion was reached 
after lumen loading with double-end-closed tubing (Fig. I ) .  On wall filling, 
vasopressin ran out almost asymptotically whereas the lumen-filled open 
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Figure 2-Eflect of collodion coating on vasopressin level in daily renewed 
10% swine serum on immersion of a vasopressin-microporous polymer- 
collodion preparation (7 pg) .  Key: (A) without collodion; (0) with collodion; 
( S) drug. 
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Figure 3-Daily release of oxyiocin from microporous polymer polypro- 
pylene-collodion tubing as a function of the amount of oxyiocin brought into 
ihe tubing lumen. The medium is 1 mL of 0.5% albumin, renewed daily. Data 
are from duplicaie incubations assayed over a period of 30 d.  Vertical bars 
indicate f SEM; ihe dashed line is the linear relationship. 


tubing had a 5-d delay before a period of rather constant release. The envel- 
oped vasopressin preparation total release was small: - I %  of the original 
vasopressin load after 2 weeks. Since aqueous vasopressin loses only 20% of 
its activity during the same period, a strong adsorption of vasopressin onto 
the large internal polypropylene surface (-100 m2/g) (9) was presumed. This 
contention was supported by the 300% accumulation of radioactivity of the 
microporous polymer polypropylene after immersion for 1 h in a i251-vaso- 
pressin solution, and the enhancement of total release (170%) asymptotically 
when surface active (0.05% Triton X-100) and/or absorption-competitive 
proteinaceous compounds (concentration dependent from 0.025 to 1 .O% 
gelatin) were coloaded with vasopressin (not shown). Since incubation in 10% 
serum (i.e., entry of externally present proteinaceous compounds) showed 
the rapid depletion of vasopressin as well (Fig. 2). it was therefore necessary 
for in viuo application to abolish or suppress the effect of external agents. 
Enveloping the vasopressin-microporous polymer preparation with cellulose 
dialysis membrane or an exclusion filteri2 (both permeable to vasopressin) 
did not prevent the asymptbtic release peak (data not shown). However, after 
coating with nitrocellulose (collodion), the constant release of vasopressin 
reappeared in serum solution (Fig. 2). This enfilming was therefore applied 
in all subsequent studies. With a 7-pg load, daily released amounts of 2-10 
ng of vasopressin were found for at least 50 d. Higher loads increased the re- 
lease rate, but the relation between loading and average first month daily 
release shows a progressive enhancement for the heterologous oxytocin (Fig. 
3).  For the highest load (200 pg), constancy of release was lost; instead, a 
slowly asymptotically decreasing release was seen over the 30-d period. 


Concentration of vasopressin in the release medium as a function of time 
during the first 3 d of immersion and on day 15 showed similar daily loga- 
rithmic curves (maximum reached by 6 h in serum, Fig. 4). Incubations in 
0.5% albumin, started in the presence of external vasopressin ( 1 2 0 0  ng/mL) 
showed that with external concentrations <50 ng/mL, a release of vasopressin 
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Figure 4-Daily time course of vasopressin content in I mL of 10% serum 
on immersion of a vasopressin-microporous polymer-collodion device (7 
pg) during the first 3 d and on day 15 (duplicate incubations). 


l2 Amicon UM-2. 


Table I-Release and Uptake of Vasopressin by Microporous Polymer- 
Collodion Tubing in an Albumin Medium s 


Vasopressin 
Vasopressin in  Medium 
in Medium, (by RIA), ng/mL 


n d m L  O h  24 h 
I, 


Vasopressin-microporous 
polymer 


200 1 8 7 6  16 6 6 f  I 3  
100 9 3 f 9  5 9 f 9  
50 4 0 f 7  31 f 7  
10 6.1 f 0.5 3 4 f  7 
0 0 30 f 5 


Mediumb 200 197 164 
50 42 37 


a Tubing loaded with vasopressin (7 pg) in a 0.5% albumin medium at 3 7 T .  Data 
f SEM are averages of duplicate findings assayed on 3 subsequent days (n  = 6). Du- 
plicate assays were performed on a single day for the medium, showing no marked deg- 
radation of vasopressin. 


is seen; with external concentrations >50 ng/mL, vasopressin is taken up from 
the medium by the microporous polymer device (Table I). 


The mean thickness of the collodion layer around the tubing was 45 pm 
(SEM, 2) as measured under a microscope in random 30-pm cryostat cross 
sections of eight preparations. A collodion bag of similar shape and thickness 
(42 pm, SEM, 2; measured in three preparations) around vasopressin in agar 
shows a total wash-out of vasopressin in 10% serum within a few days, while 
without collodion this occurs even more rapidly (data not shown). 


Test Tube Experiments With other Peptides-The in viiro results with 
vasopressin were similarly obtained with lysine-vasopressin- and oxytocin- 
loaded microporous polymer-collodion devices, while the release pattern of 
a-melanocyte-stimulating hormone showed an initial lag-phase of 5 d (Fig. 
5). Met-enkephalin was not adsorbed to the polypropylene (in a water medium, 
70% of the load released asymptotically within 4 d) but when microporous 
polymer tubing was covered with collodion, the release rate was considerably 
retarded. 


Application in the Brattleboro Rat-Immediately after implantation of the 
vasopressin-microporous polymer-collodion preparation, diuresis decreased 
from 60-70 mL of urine/100 g of body weight/d to normal (heterozygous) 
levels of 5-15 mL. Urine osmolality concomitantly increased from 200 to 
>lo00 mOsm/kg H20 (Fig. 6 A-C; Table 11). A load of 7.5 pg of vasopressin 
reduced diuresis for 30 d, after which it slowly reached pre-implantation di- 
abetes insipidus values at day 60. The period of low urine production increased 
to 35-45 and 50-80 d for the 22- and 220-pg vasopressin-filled microporous 
polymer tubing, respectively, with urine osmolalities of -I  500 mOsm/kg of 
H2O (Table 11). Return to preimplantation values became immediate after 
surgical removal of the implants (Fig. 6B, C). The removal was carried out 
under ether anesthesia. The connective tissue enveloping the implant was not 
attached and no signs of infection or growth abnormalities were seen. 
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Figure 5-Daily in vitro release in 10% serum medium of several neuro- 
peptides from the microporous polymer-collodion delivery module filled 
with 7 pg17.5 pL solutions. 
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figure &Urine producrion (thick lines) and osmolality (thin lines) in male 
Brattleboro rats after implantation of dqferent vasopressin-releasing 
preparations. Key: (A-C). duplicate subcutaneous implants of a microporous 
polymer-collodion device loaded with 7,22,  and 220 pg of vasopressin re- 
spectively (removal of the implant is indicated in Band C); (0) subcutaneous 
implanted osmotic minipump loaded with 22 pg of vasopressin (release rate. 
I &d); (E)  implantation ofa  microporous polymer device without collodion 
enfilming (-) or of an agar cylinder with collodion ensheathment (.-..) 
containing 22 pg of vasopressin. 


The implantation of a n  agar-collodion preparation and a microporous 
polymer tubing without collodion, both containing 22 pg of vasopressin, gave 
only short periods of low urine production (Fig. 6E). An osmotic minipump 
filled with 22 pg of vasopressin alleviated the diabetes insipidus for 20 d but 
not to control levels. (Fig. 68, D; Table 11). 


The use of the microporous polymer technique gave reasonably constant 
amounts of vasopressin in daily urine during the periods of constant low di- 
uresis (Fig. 7). Daily excreted quantities increased with the load of vasopressin, 
but not proportionally (Table 11). Vasopressin excretion using microporous 
polymer without collodion or an agar-collodion preparation showed rapidly 
decreasing curves toward undetectable levels (Fig. 8A). Excretion of vaso- 
pressin in the first few days appeared to be somewhat higher (Fig. 7). which 
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Figure 7-  Vasopressirrexcretion in the daily urine of Brattleboro rats after 
implantation of vasopressin-microporous polymer-collodion preparations 
containing 7 (A), 22 (6). and 220 pg of vasopressin (C) (Figs. 6A-C). 
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Figure 8- Vasopressin excretion in the daily urine of Brattleboro rats after 
implantation of (A) a vasopressin-microporous polymer device with no 
collodion (A) and a vasopressin-agar-collodion preparation (0) (both with 
a 22-pg load; cf. Fig. 6E) and (B) an osmotic minipump ( I  pgld;cf. Fig. 60). 
and after (C) daily vasopressin tannate injections (0.5 U / I M  g of body 
weight). 


was also observed when the osmotic minipump or daily injections of vasopressin 
tannate were used (Fig. 8B, C). 


To quantify the actual in vivo release, microporous polymer-collodion 
tubing filled with 125l-vasopressin (22 pg) was used. Daily excretion of ra- 
dioactivity with the urine was - 1 %  for 40 d (compare with Fig. 7B). After 
removal of the implant, 47% of its radioactivity was still present, giving an 
almost complete recovery of the label. 


Perinatal Implantation Trials-Five-day-old pups always survived the 
implantation well, but the 1.5-cm microporous polymer preparation did not 
allow the sutured incision to heal if the tubing was not placed at a safe distance 


Table 11-Diuretic Changes and Urine Vasopressin Excretion of Homozygous Brattleboro Rats After Subcutaneous Implantation of 
Vasopressin Delivery Dovices 


Vasopressin 
Urine Urine 


do mL/ 100 g/d mOsm / kg n d d  
Load, Period, Diuresis, Osmolality, Excretion, 


Microporous polymer 


Minipump 
Vasopressin tannateb 
Pre-operative valuesC 
Heterozygous controls 


7.5 
22 


220 
22 
- 


30 
35-46 
52-82 


20 
10 


10.8 f 0.6' 
7.3 f 0.3e 
6.2 f 0.2 


12.6 f 0.5' 
5.4 f 0.4 


67.5 f 2.6e 
5.8 f 0.7 


I 140 f 40' 0.16 f 0.03e 
1430 f 30 0.30 f 0.04 


1.9 f 0.1' 1550 f 30 
0.40 f 0.12 lo00 f 30' 


1270 t 40e 1.6 f 0.3c 
255 f 25e -f 


0.44 f 0.09 1440 f 60 


a Period of the drug-polymer-implanted animals taken as the r i d  of urine output <I2 mL 100 /d and urine osmolalit >800 mOsm/kg (Fig. 6) .  The hrst day peak values 
were not taken for the calculation of average values (see text a n f i i  6) * Injections (0.5 U / l k  g) for 10 d. Mean of all grattleboro rats used (n = 10). measured 3 d prior to 
vasopressin treatment. * Nineteen animals taken from a prior study (7f e Significantly different from heterozygous rat control data, using Student's I test (p < 0.05)./ Not detectable. 
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from the incision. Consequently, the implant was lost. Occasionally, skin 
tension at the site of the rough and hard ends of the implant caused injuries, 
and the implant was lost. Howcver, when still present after 6 d, it remained 
in s i fu without further problems. These problems were not encountered when 
we used small-diameter (0.7 mm) microporous polymer tubing. 


The subcutaneous deposition of a small implant into rat fetuses ( I  8th day 
of gestation) by needle penetration through the uterus, chorion, and amnion 
appeared to be possible, since delivery normally took place 4 d later. The pups 
were sacrificed 10 d after birth and of 10 implants. 4 were localized subcu- 
taneously, 3 were found between the rib muscles, and 3 were lost. 


DISCUSSION 


Mechanism of the Mieroporous Polymer-Collodion Delivery Module-In 
this study a long-lasting and rather constant release of vasopressin from mi- 
croporous polymer polypropylene.collodion preparation was realized. Ap- 
parently the vasopressin, adsorbed on the large internal surface of the mi- 
croporous polymer polypropylene, forms a stock from which it is gradually 
freed on imtnersion. The constant release period might be explained by a small 
change in the adsorption equilibriumdetermined concentration of vasopressin 
in the void volume of the tubing, since only small amounts of vasopressin are 
released. This constant concentration consequently will be a constant drive 
for outward diffusion causing the pseudo-zero-order release rate. Such a 
mechanism is reinforced by: the logarithmic time release in a constant volume 
(the release stops when inside and outside aqueous concentrations are the same, 
Fig. 4); and the increase and decrease of external vasopressin concentration 
to a fixed level on immersion of a (high) vasopressin-loaded device in solutions 
of, respectively, lower and higher vasopressin (release or uptake until equi- 
librium is reached, Table I). It should be emphasized that such a state of 
equilibrium is maintained even in 10% serum (Fig. 4), in which considerable 
degradation of vasopressin occurs. The proposed mechanism also explains that 
a slowly declining release replaces the constancy of liberation of vasopressin 
when either the release rate is enhanced by coloading with gelatin ( I  2) or the 
load is in excess of the adsorption capacity of the polypropylene surface (200 
pg of oxytocin, Fig. 3). I n  both cases, according to Langmuir absorption ki- 
netics, the concentration of vasopressin in  the void volume of the microporous 
polymer polypropylene will be relatively high and on release not replenished 
from the adsorbed stock. Consequently. the device empties itself quickly, which 
diminishes release rate more noticeably with time. A period of pseudo-zero- 
order release is finally reached regardless, i .e.,  when the adsorbed stock is 
below the maximum capacityI3. 


The collodion layer apparently prevents the rapid entry of many proteina- 
ceous surfactants that could otherwise desorb vasopressin. Like vasopressin, 
oligopeptides from a medium will pass this membrane but in the opposite di- 
rection and will possibly enhance desorption. Comparing the curves in Figs. 
1 and 2, this is not noticeable for 10% serum immersion, but inuiuo (a wider 
variety of tissue compounds) this might be different (see below). The necessity 
of both microporous polymer and collodion for long-lasting release is shown 
when vasopressin preparations are implanted in Brattleboro rats in the absence 
of one or the other (Figs. 6B and E). Collodion itself, therefore, does not 
stipulate the constant hormone delivery, although it will undoubtedly influence 
release rate because of its thickness (6,20,21). 


On the basis of this mechanism, the microporous polymer polypropylene- 
collodion preparation should prove applicable to any peptide. provided it 
sufficiently adsorbs to the polypropylene. This was true for oxytocin, lysine- 
vasopressin, and cu-melanocyte-stimulating hormone, although constant re- 
lease was not achieved for Met-enkephalin. The extent to which polypropylene 
adsorbs a peptide will depend on the hydrophobicity of the peptide ( i . e . ,  its 
constituent amino acids). I f  polypropylene does not act properly for less hy- 
drophobic peptides, perhaps appropriate internal surface coating or the use 
of other microporous polymers might give the required surface interaction. 


Determination of Release Rate-Because dynamic equilibrium is reached 
i n  constant-volume incubations in uifro. the actual in uiuo release should be 
higher. Assuming the body to be an infinite medium (outside vasopressin 
concentration is always zero), the release rate measured directly after the onset 
of in uitro incubation might be extrapolated and considered to be the release 
rate present in uiuo. Such a calculation, on the basis of several curves as  pre- 
sented in Fig. 4, gives a release of 1-270 of the vasopressin load each day. This 
fits the radioactivity data on daily in uiuo urine excretion (-1%) of iodinated 
vasopressin for 40 d. However, in general, in uiuo rates cannot be derived easily 
from the release patterns in uitro and should be determined in uiuo, e .g . ,  by 
implants with [3H]vasopressin. 


Vasopressin Release in the Brattleboro Rat- Long-term reduction of dia- 


bctcs insipidus and reasonably constant excretion of vasopressin for several 
weeks were achieved by vasopressin implants (Fig. 7; note that compared with 
Fig. 2, vasopressin data are not expressed on a logarithmic scale). The higher 
excretion in the first few days was due to adaptation, probably at the level of 
the kidney (22,23), since it was also seen with injected or minipumpdriven 
vasopressin treatment (Fig. EB, C) .  Assuming that -I%vasopressin was cx- 
trudcd daily from the implant for 40 d, the 67% remainink in the stock should 
have a lower release rate. Since vasopressin urine excretion in rats is indc- 
pendent of infusion rate (24), the vasopressin excretion in  Brattleboro rats 
should decline over time. The present data do not show such an effect. Only 
a twofold decrease occurs during the first 40 d for the 220-pg loaded implant 
and no decrease is observed for the 22-pg load (Fig. 7B. C). For high loads, 
i .e.,  high release rates, the expected I-2% of release per day is therefore an 
overestimation, probably due to the assumption of a zero subcutaneous con- 
centration. I n  fact, a concentration gradient is to be expected around the va- 
sopressin implant, which inhibits release (21) (it also could not account for 
the preparation acting over 100 d; Fig. 7C). In contrast to in uifro release (Fig. 
4). the in uiuo release indicated by daily urine vasopressin excretion appeared 
to be lowered with vasopressin tubing load (Table 11). This additionally points 
to a protracted subcutaneous release of vasopressin. The rapidly decreasing 
release rate with the use of low-vasopressin contents of the microporous 
polymer tubing (Fig. 7A) is less easy to explain. Inactivation of the lower 
vasopressin stock may have a, relatively higher threshold, or a tight encircle- 
ment of the tubing by connective tissue my bc more effective i n  reducing the 
escape of vasopressin into the blood (25). 


Daily injection of 100 mU of vasopressin tannate ( i .e . ,  -200 ng of vaso- 
pressin as a long-acting preparation) is shown to be the substitution dose of 
the Brattleboro rats (22). Normalization of diuresis 140 d, was brought about 
by implantation of a 22-pg vasopressin-loaded microporous polymer-collodion 
device (Table 11) from which <220 ng/d is extruded. An approximately 
fivefold higher treatment (but supplied by an osmotic minipump) decreased 
urine production to near normal levels (Table 11) (26). The present device, 
therefore, not only yielded a bctter alleviation of the diabetes insipidus (Table 
I I ) ,  but also considerably prolonged the period with a more efficient use of 
vasopressin. Perhaps differences in release surface (entire surface of tubing 
I;ersus small orifice of minipump) cause this effect, which could result in a 
different rate of uptake. 


Concluding Remarks-The microporous polymer-collodion delivery module 
appears to be biocompatible and can be used as an implant in adult rats. Its 
use requires a simple operation and treatment is easily terminated. When the 
commercially available osmotic minipump is too large for implantation, the 
size of the microporous polymer delivery system allows peptide treatment of 
young and immature laboratory rats. The potential of the present device, 
moreover, is underlined by the possibility of prenatal application with 
smaller-sized microporous polymer tubing. The release properties of this 
0.7-mm diameter tubing have bcen examined only in pilot studies, but did give 
a lasting release for vasopressin in uirro as we11I4. 


The adsorption-based mechanism of the constant delivery makes the mi- 
croporous polymer technique a novice in the field of polymer monolith or 
membrane-controlled drug delivery systems (5,6,21). Whenever adsorption 
can be introduced on the typical microporous structure of microporous polymer 
and protection against the rapid dcsorption from outside compounds is pos- 
sible, the device will provide a constant and lasting release for other peptides 
and possibly for other physiological compounds and pharmaceuticals as  
well. 
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Abstract 0 The object of this study was to evaluate the sustained-rclcdsc 
characteristics of a new formulation of disulfiram. Solid rods (500 mg) made 
of a composite of 80% poly(glyco1ic-co-L-lactic acid) and 20% ’‘C-labcled 
disulfiram were implanted subcutaneously in five Wistar CD-I rats; a control 
group received I 0 0  mg of I4C-labeled disulfiram subcutaneously. Excretion 
of radiolabeled material in the urine and feces was monitored for 88 d. Sus- 
tained mobilization of drug was observed in the copolymer-.disulfiram implant 
group, reaching a peak value 30 d after implantation. The control group ex- 
hibited first-order kinetics of drug mobilization. At necropsy, there was no 
encapsulation of the residual rods. The copolymer-disulfiram composite 
performed as a true sustained-release system, and improved formulations may 
have clinical applications in the treatment of alcoholic humans. 


Keyphrases 0 Disulfiram-sustained-release implantable formulation, rats, 
poly(glyco1ic-co-L-lactic acid) 0 Sustained-release formulations-im- 
plantable disulfiram, poly(glyco1ic-co-L-lactic acid), rats 


Disulfiram is widely prescribed to discourage alcoholics 
from drinking alcohol, since the two drugs interact to produce 
a subjectively unpleasant experience characterized by facial 
flushing, nausea, tachycardia, and hypotension (1 -4). The 
effectiveness of disulfiram as a treatment for alcoholism is 
severely limited by the willingness of patients to take the drug 
every day; many stop taking their tablets so that they might 
resume drinking alcohol as soon as the effects have worn off 
( 5 ) .  Frequent failures of treatment with the orally adminis- 
tered drug have stimulated interest in parenteral therapy with 
subcutaneously implanted disulfiram tablets, but numerous 


studies during the past 25 years have demonstrated that these 
implants have miniscule pharmacological effects, possibly due 
to their poor bioavailability (6-8). 


However, animal studies have demonstrated that disulfiram 
can be rapidly mobilized from a subcutaneous site, provided 
that the drug is injected in an appropriate vehicle, e .g . ,  sus- 
pended in arachis oil (9) or dissolved in polyethylene glycol 
(10). These findings suggest that it might be possible to prepare 
a sustained-release disulfiram implant with a true pharma- 
cological effect. Ideally, such a formulation would combine 
disulfiram with a vehicle which would deliver the drug into the 
circulatory system at a steady rate for several weeks or months 
at  a time and be free of any significant local or systemic tox- 
icity. A vehicle which appears to offer thesc features is a ne% 
biodegradable polymer, poly(glyco1ic-co-L-lactic acid) 
(PLGA). When implanted subcutaneously, the copolymer 
appears to degrade slowly into its parent monomers, lactic acid 
and glycolic acid, while continuously releasing any bound drug 
at a steady rate. In vivo studies of PLGA combined with con- 
traceptives, narcotic antagonists, and antimalarials have shown 
that these implants can deliver the drug continuously into the 
circulatory system for several months at  a time (1 1) .  We de- 
scribe a study of the sustained-release characteristics of a new 
formulation of disulfiram combined with the copolymer, which 
was undertaken to investigate the feasibility of using such a 
preparation in the treatment of alcoholic humans. 


1718 I Journal of Pharmaceutical Sciences 
Vol. 73, No. 12, December 1984 


0022-35491841 1200- 1718$0 1.001 0 
@ 1984. American Pharmaceutical Association 












Table 11-Hypolipidemic Activity of 3,4,5,6Dibenzohomopiperidine in 
Male CF, Mice a 


Do=. 
mn /kn/d 


Serum Serum 
Cholesterol Triglyceride 


Dav 9 Dav 16 Dav 14 


Control ( I %  Carboxymethyl- 100f 5c 1 0 0 f 6 d  1 0 0 f 6 e  
cellulose) 


Compound XVIll 
10 61 f 5 b  5 0 f 5 b  4 8 f 5 b  
20 6 8 f 4 b  4 8 f 4 b  4 9 f 5 b  
40 67 f 6 b  5 4 f 4 b  4 4 f 6 b  
60 6 9 f 5 b  5 1 f 4 b  5 5 f 6 b  


E x p r d  as percentage of control (mean f SD); n = 6 .  p < 0.001. 125 me%. 
d 122 mgS. ' 137 mg/dL. 


lcss active than 1 in both the cholesterol and triglyceride screens; interestingly, 
the completely reduced compound isoindoline (111) was more active than the 
partially reduced phthalimidine (11) in both screens. In the succinimide series, 
the reduced compounds VII and VIIl demonstrated less hypotriglyceridemic 
activity; the partially reduced compound 2-pyrolidinone (VII) demonstrated 
less hypocholesterolemic activity, but the totally reduced compound, pyrro- 
lidine (Vlll) was more active than succinimide in the cholesterol screen. 
causing 31% reduction. In the glutarimide series, the partially reduced com- 
pound, valerolactam (XII), demonstrated approximately the same activity 
in the cholesterol screen as glutarimide, but it demonstrated less hypotrigly- 
ceridemic activity than glutarimide. The fully reduced compound, piperidine 
(XIII) was more effective in both screens, with a marked reduction, 66%. 
of serum triglyceride levels. The reduction of diphenimide led to improved 
hypocholesterolemic activity for both derivatives, lowering serum cholesterol 
levels 5 1-4996 and the fully reduced derivative serum triglyceride levels 48%. 
In the adipimide series, the reduction of the carbonyl groups led to little change 
in hypolipidemic effects in either screen. 


Examination of the hydrolytic products of the phthalimide series showed 
that the half amide, phthalamic acid (IV), afforded approximately the same 
hypochdestedemic activity as phthalimide; however, IV produced less effect 
on lowering triglyceride levels than I. The phthalic acid (V) demonstrated 
less activity in both screens compared to I. The hydrolytic products of the 
succinimideseries (IX and X), the glutarimide series (XIV and XV), and the 
adipimide series (X, XXIV, and XXV) demonstrated no improvement in 


hypolipidemic activity over the parent derivatives. In the diphenimide series, 
the hydrolytic products XIX and XX demonstrated approximately the same 
hypocholesterolemic activity as XVI. 


In conclusion, there did not appear to be a trend among all of the reduced 
products of imide analogues with respect to improvement or loss of activity 
in the hypolipidemic screens in mice. In general, the new compounds examined 
in this study did not extensively improve the hypocholesterolemic and hypo- 
triglyceridemic activity of the lead compound, phthalimide (1). Piperidine 
produced improved hypotriglyceridemic activity compared to I, and XVIl 
demonstrated improved hypocholesterolemic activity compared to 1. The 
compound which demonstrated the best activity in both screens, other than 
I, was XVIII, which was slightly more potent than I in the cholesterolemic 
screen (6%) and slightly less active in the triglyceridemic screen (8%) in mice 
(Table 11). These differences are probably not significant. Thus, I and XVIII 
are very similar in hypolipidemic activity. A dose response study with XVlIl 
from 10-60 mg/kg showed that a 20 mg/kg/d dose was optimum for reducing 
serum cholesterol levels, and a 40 mg/kg/d dose lowered serum triglyceride 
levels to the level observed for I at 20 mg/kg. Further investigation of these 
derivatives is warranted since they are more active than commercially available 
agents, e.g., clofibrate. 
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Liquid Crystals as a Potential Ointment Vehicle 
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A h c t  0 A lecithin-water lyotropic liquid crystal was used as an ointment 
vehicle for a hydrocortisone formulation. The hydrocortisone was soluble in 
the liquid crystalline phase up to 5% by weight. The diffusion coefficient de- 
termined for the hydrocortisone in the liquid crystalline phase was 5.5 X 
cms-l. which is four magnitudes higher than the corresponding value for 
skin. 


Keypbnses 0 Ointments-vehicles, liquid crystals. lecithin-water 0 Leci- 
thin-liquid crystals as potential ointment vehicle 0 Hydrocortisone-leci- 
thin-water liquid crystals as potential ointment vehicle 


The total therapeutic effect of percutaneous preparations 
depends not only on the action of the drug itself, but also on 
other factors related to the structure of the vehicle (1,2). These 
latter factors may be divided into two main groups. 


The first group contains vehicle-barrier interactions, mostly 
involving changes in the structure of the stratum corneum 
caused by the vehicle. These interactions may be evaluated in 
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toto by use of standardized tests such as the blanching test (3, 
4). Stratum corneum structural changes may facilitate or re- 
tard the diffusion of the active substance through this layer, 
as found for the absorption of solvents through skin ( 5 ) .  It has 
been claimed that some substances enhance penetration of 
pharmacological agents when topically applied (6). 


The second group includes vehicle-drug interactions. Of 
these, the capacity of the structure to dissolve (solubilize) the 
active substance, the related chemical potential difference of 
the drug in the vehicle and in the stratum corneum, and the 
diffusion rate of the drug through the vehicle are the most 
important (7). The vehicle is usually a liquid that is immobil- 
ized by the presence of polymers or solid particles (1). The 
factors mentioned above are, therefore, related to the prop- 
erties of the liquid phase; the immobilization of the bulk has 
little importance for the drug diffusion. 


The possibilities of using colloidal structures as ointment 
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Figure I-Concentration profile of hydrocortisone as a function of distance 
from the initial dividing interface at di//erent times after the start ofrhe 
experiment. Key: (A) 96 h; ( X )  I92 h; (- . -) I = -. 


vehicles in a systematic manner have not been utilized in 
preparations so far, in spite of the interesting solubility prop- 
erties of these structures (8). This report describes the prop 
erties of a lamellar liquid crystal for use as the basic vehicle 
for an ointment preparation. 


The preparation appears to have a series of advantages. It 
is thermodynamically stable, the solubility in hydrocortisone 
is considerably higher than in a liquid, and the diffusion of the 
active substance is higher than is the case for a suspension of 
solid hydrocortisone, the common preparation form. 


EXPERIMENTAL SECTION 


Materials-Micronized hydrocortisone', and a soy lecithin2 with 95% 
phosphatidylcholine were obtained commercially. The purity was checked 
by TLC. The water was twice distilled. 


Prepantion-The liquid crystals were prepared by the general technique 
introduced by Loomis el 01. (9). The hydrocortisone was dissolved to 1.5% 
by weight in absolute alcohol, and the lecithin was dissolved to 10% in chlo- 
roform. Different volumes of the two solutions to give required hydrgorti- 
sone-lecithin ratios were mixed, and the solvent was evaporated at ambient 
temperature and reduced pressure. The range of volumes were I - I  .95 to give 
5% by weight of hydrocortisone in the liquid crystal. Water in a 3:7 weight 
ratio was added to the hydrocortisone-lecithin mixture and homogenized by 
a combination of heating to 5OoC and vibrational stirring. 


The maximum solubility of hydrocortisone was directly detected by visual 
observation in a microscope with polarized light against the liquid crystalline 
background. A series of samples with a different percentage of hydrocortisone 
were examined, and the solubility limit was determined to be the highest hy- 
drocortisone concentration at which no crystals could be observed. The hy- 
drocortisone crystals are a conspicuous feature and easily detected. The 
presence of crystals was verified from their X-ray diffraction patterns with 
a camera>. 


Structure Determimatiom-The liquid crystalline structure was identified 
from its optical pattern in polarized light, and the spacing ratios in the low- 
angle X-ray diffraction pattern were obtained with a camera4. 


Diffusion Coefiicient-The diffusion rate was determined in the following 
manner. A glass cylinder (23 mm i.d.) was filled with liquid crystal-containing 
hydrocortisone. An identical cylinder with the liquid crystal without hydro- 
cortisone was placed on top of the first one with the free surfaces in complete 
contact. The cylinders were dismantled at different times, and the liquid crystal 
was pressed from the cylinders, scraped off, and weighed to enable exact 
calculations of the thickness of removed layers. The cortisone concentration 
was determined photometrically a m d i n g  to Pharm. Nord. (see Appendix). 


I Upjohn S.A.. Lichterstraat. B 2670, Puurs. Belgium. * Epikuron 200; Lucas Meyer. Ausschllger. Elbdeich 21. Hamburg 28. Federal Re- 


' Kiessig; Seifert & Co. 


public of Germany. 
Debye-Schemer; Seifert & Co., Hamburg, Federal Republic of Germany. 


RESULTS 


Solubility of Cortisow-The maximum solubility of hydrocortisone in the 
liquid crystal with 70% Iecithin-304b water was 5.0% by weight. This meant 
a molecular ratio of 1:6 for hydrocortisone-lecithin. 


Low-Angle Diffraction-The repeat fraction distance showed a 1 :2 spacing 
ratio, confirming the optical patterns which indicated a lamellar structure. 
The interlayer spacing for the sample without hydrocortisone was calculated 
to be 5.3 nm, which is in good agreement with previously reported values (10). 
A sample with 3% hydrocortisone gave exactly the same interlayer 
spacing. 


Diffusion Rate-The concentration of hydrocortisone uersus the distance 
at 96 and 192 h isshown in Fig. I. Thecurvesshowexcellent symmetryacrms 
the separating surface, which is marked as distance zero on the diagram. 


Calculation of Diffusion Coefficient-The second equation of Fick states 
that: 


dC 62C 
bt dx2 
- t D- 


where C is the concentration of diffusing substance, t is time, D is the diffusion 
coefficient. which is assumed to be constant, and x is the distance along the 
diffusion axis. From this relation, an explicit expression can be given for the 
relation between concentration, time, and coordinate for the system in ques- 
tion: 


where # ( x / 2 a )  is the probability integral. The diffusion coefficient is 
obtained by: 


where #*(I - 2C/CA) is the inverse function of the probability integral. 
The calculations were made by using the values shown in Fig. I .  The pa- 


rameter I - 2C/CA was calculated for a series of points along the curves, and 
numerical integration was used to obtain #*( 1 - 2C/CA). The values obtained 
gave an average of D = 5.0 X f 0.1 X lom9 crns-l with a 95% confidence 
interval. 


DISCUSSION 


The results of this study show two features of importance for the use of a 
liquid crystal as an ointment vehicle for percutaneous hydrocortisone prepa- 
rations. The first feature is the high solubility of hydrocortisone in the lamellar 
liquid crystalline phase. The value is about four times greater than the cor- 
responding solubility of hydrocortisone in the commonly used ethylene glycol. 
The reason for this high solubility is not the subject of this report, but the 
qualitative information may be useful for other applications. According to 
Israelachvili et a/ .  (1 I ) ,  the free energy of a planar layer in a liquid crystal 
may not be the lowest energy level of an amphiphile-water system. A vesicle 
with a certain radius may be a more stable configuration for a certain volume 
of the hydrocarbon chains and a certain cross-sectional area of the polar group. 
The ratio between the two free energies is (1 - a), in which a depends on the 
factors mentioned above. 


This condition means that the addition of a solute to the structure may in 
some cases lower the structure-dependent part of the free energy and hence 
give a higher solubility than can be achieved in an isotropic liquid with a similar 
chemical composition. 


The second feature of importance is the large value of the diffusion mf- 
ficient. Its value is distinctly in excess of the one determined for passage 
through skin. This fact implies a full benefit of the high concentration in the 
liquid crystal during percutaneous treatment with hydrocortisone. The barrier 
giving rise to slow release in the commonly used dispersion does not exist in 
a liquid crystal vehicle. This high diffusion coefficient is related to the location 
of the hydrocortisone in the structure of the lamellar liquid crystal, and a 
discussion of the site of the hydrocortisone molecules may be of interest. 


The low-angle X-ray diffraction studies showed identical values for the 
liquid crystal with and without hydrocortisone. This indicates that the hy- 
drocortisone molecules are located between the lecithin molecules in the liquid 
crystalline structure. A location between the layers would have given a pro- 
portional increase of the interlayer spacing. A location between the molecules 
would facilitate the diffusion of the hydrocortisone molecules. 


Such a location and the structure of hydrocortisone make a comparison 
meaningful with the lecithin-cholesterol-water system (12). which has been 
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Figure 2-The optical pattern in polarized light typical of a lamellar 
structure. 


carefully investigated with regard to its importance for atherosclerotic lesions 
( I  3). The influence on the chain order by the presence of cholesterol has been 
evaluated by Mclntosh (14) for the gel state. In all cases the cholesterol 
molecule is located between the lecithin molecules, and its influence on the 
interlayer spacing is ascribed to change in tilt and/or order of the hydrocarbon 
chains. It appears reasonable to assume that the location of the hydrocortisone 
molecule is between the lecithin molecules and that its diffusion mainly takes 
place within the constraints of the hydrophobic parts of the lamellar struc- 
ture. 


Diffusion coefficients for the lecithin molecules in liquid crystals with 
cholesterol have recently been determined by pulsed-spin echo NMR (IS). 
The presence of cholesterol up to 33 mol %counted on lecithin increased the 
diffusion coefficient for the lecithin by 33%. The amounts of hydrocortisone 
present in the liquid crystal investigated were less than half the value in the 
case of cholesterol, and it appears that the presence of hydrocortisone has a 
relatively minor influence on the diffusion conditions. 


The value found for the diffusion coefficient of hydrocortisone was -10 
times less than the one determined previously for lecithin (1  5 )  in a lamellar 
liquid crystal. Two factors contribute to the difference. The values found for 
lecithin are for the local diffusion parallel to the layers. The values reported 
for hydrocortisone are bulk volumes for a body of the liquid crystal in which 
layers have orientations varying in all directions. 


A completely statistical distribution of diffusion directions in space would 
reduce the diffusion coeffKient. By assuming equal distribution in all directions 
and neglecting diffusing perpendicular to the layer plane, the ratio between 
diffusion as measured by NMR ( D N M R )  and the total diffusion coefficient 
measured in this investigation (DtOl) would be the average over all angles: 


D~, ,~ /DNMR = L * ” s i n  ode = 2/7r (Es. 4) 


The ratio between measured values is obviously larger than this, and additional 
factors must be found to explain the difference. 


One such factor originates from the dislocation pattern in a lamellar phase 
(16). The dislocations are mainly of the focal-conical type or other closed 


figures. Any part of the total space in the sample in  which the layers form a 
closed figure adds to the total diffusion only to an insignificant amount. A 
superficial observation of a typical dislocation pattern of a lamellar liquid 
crystal in this concentration range (Fig. 2) does not rule out a considerable 
part of the structure consisting of closed figures. The overall diffusion coef- 
ficient found in this manner appears to be of reasonable magnitude for a system 
in which the hydrocortisone molecules are located between the lecithin mol- 
ecules that diffuse in the hydrophobic layers only. The diffusion coefficient 
for hydrocortisone in a lamellar liquid crystal was considerably higher than 
the one for passage through skin; this is a factor of importance for some topical 
dosage forms. 


APPENDIX 


Reagents-The following reagents were used for hydrocortisone analysis: 
absolute ethanol; concentrated acetic acid; a 10% solution of tetramethyl 
ammonium hydroxide (TMAH)S, which was kept refrigerated in the dark; 
1% TMAH by dilution of 10% TMAH with 9 parts ethanol; 2,3,5-triphenyl 
tetrazolium chloride (TPTC)6. which was kept in the refrigerator and dark; 
0.5% of TPTC in ethanol, which was prepared immediately before use and 
protected against light; hydrocortisone standard (50 mg of hydrocortisone 
standard was dissolved in 100 ml of ethanol; 10.00 mL of this solution was 
diluted to 100.00 mL with ethanol). 


Procedure-Ointment (0.2500 g) was weighed in a 50-mL flask. Ethanol 
(40 mL) was added, and the mixture was heated to boiling on a water bath 
with careful stirring. The flask was removed from the water bath and shaken 
vigorously. 


After cooling to room temperature, alcohol was added to 50 mL and the 
solution was filtered; 5 mL of filtrate and I3 mL of ethanol were added to a 
25-mL flask with 2.0 mL of 1% TMAH, and after careful shaking with 2.0 
mL of TPTC, 0.5% TPTC was carefully added. 


The solution was stored in the dark for 60 min and after 0.05 mL of con- 
centrated acetic acid and ethanol to 25 mL were added, the extinction was 
determined at 485 nm in a 1-cm cell. As the reference solution was used, 18 
mL of ethanol was treated analogously. Calibration was made by using an 
identical procedure on 5 mL of the hydrocortisone standard and 13 mL of 
ethanol. 
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Abstract 0 Tissue damage caused by subcutaneous and intramuscular ad- 
ministration of three phenytoin prodrugs to rats was assessed. Since. two of 
the prodrugs caused significant irritation, only 3-(hydroxymethyl)-5,5-di- 
phenylhydantoin disodium phosphate ester might be useful as a nonirritant 
phenytoin prodrug suitable for parenteral administration. To confirm the 
release of phenytoin from this prodrug, phenytoin availability after intra- 
muscular and intravenous administrations of the phosphate prodrug was 
evaluated in  rats and compared with sodium phenytoin. The prodrug quan- 
titatively released phenytoin after intravenous administration, and phenytoin 
levels from intramuscular administration of the prodrug were far superior to 
those generated from similarly administered sodium phenytoin. Based on this 
and earlier studies, it was concluded that this prodrug should be. further as- 
sessed as  a parenteral form of phenytoin. 


Keyphrases 0 Phenytoin-phosphate prodrug, parenteral administration, 
rats 0 Prodrugs-phenytoin, phosphate ester, parenteral administration, rats 
0 Anticonvulsants-phenytoin. phosphate prodrug, parenteral administration, 
rats 


The parenteral form of the anticonvulsant drug phenytoin 
(I), i.e., sodium phenytoin (la) dissolved in a vehicle consisting 
of 40% propylene glycol and 10% alcohol at  pH -1 2, is haz- 
ardous if too rapidly injected intravenously (1,2); intramus- 
cular injection results in delayed release of phenytoin from the 
precipitated phenytoin acid at the injection site (3-8). We 
recently evaluated the potential usefulness of a series of 
phenytoin prodrugs (9-1 1). Based on those studies, 11-IV were 
thought to be possible parenteral forms of phenytoin because 
of their superior solubility properties compared with phenytoin 
(9). In a dog study, these prodrugs quantitatively released 
phenytoin after intravenous injection (1 l ) ,  although 111 was 
observed to cause significant acute toxicity in the dog and 11 
had only marginal chemical stability (10). It was concluded 
that IV would be the best candidate among prodrugs 11-IV 
( 1  1 )  for parenteral administration. 
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c 6 H , , t f  CsH, hf-".' 
H N Y N H  0 


I 


HN+ 0 


la 


I I  


HNKNC " ,OR 
0 


R = -COCHzNH (CH3)z CHISO>- 
t 
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Presented here are two further studies, designed to evaluate 
the possible utility of 11-IV as parenteral forms of phenytoin. 
First, an evaluation of the tissue damage after subcutaneous 
and intramuscular injection of prodrugs 11-IV to rats was in- 
itiated. Based on these findings (significant irritation seen with 
both I1 and 111 but not IV) a second study, the intravenous and 
intramuscular availability of phenytoin from IV in rats, was 
addressed. The results of the two studies are presented in this 
paper. 


EXPERIMENTAL SECTION 


Evaluation of the Tissue Damage Cawed by SubcutPncous and IntnmuPcuLr 
Administration of 11-IV-Male Sprague-Dawley rats', weighing between 
250-275 g, were used; twelve rats were used for each ester studied. Fresh 
aqueous solutions of esters 11-IV (9). 25 mg/kg (phenytoin equivalents), were 
prepared, and each of six groups of six rats received an ester injected intra- 
muscularly in the thigh muscle or an ester injected subcutaneously under the 
thigh skin. The injection volume did not exceed 200pL.  After administration, 
the rats were placed in metabolism cages with access to food and water. At 
24 h postdose, three rats administered drug intramuscularly and three rats 
administered drug subcutaneously for each ester were sacrificed, and the 
extent of tissue damage was evaluated. The extent of tissue damage in the 
remaining six rats was evaluated after 7 d postdose. Visual observations were 
made to determine the extent of tissue damage. The rats were observed ex- 
ternally to check for any skin damage after the subcutaneous injection. The 
animals were then checked for internal damage by exposing the thigh muscle 
(intramuscular administration) or the muscles underlying the skin at the in- 
jection site (subcutaneous injection). 


In Vivo Evaluation of IV as a Prodrug of Phenytoin in Rats-The avail- 
ability of phenytoin after intramuscular administration of IV was studied in 


I Harlan Sprague-Dawley, Madison, Wis. 
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Table I-Extent of Tissue Damage' Observed at the End of 1 and 7 d after 
Sukutaneous and Intramuscular Injections of 11-IV to Rats' 


Table 11-Area under the Blood Phenytoin Concentration versus Time 
Curves for la and IV after Intramuscular Administration of 10 and 7 mg/ 
ks' 


Observations after 
Subcutaneous Intramuscular 


Compound Administration Administration 


I 1  Externally, a white patch at Slight necrosis with inflamma- 
the injection site 


Severe tissue damage and 
necrosis of the skin 


Build up of scar tissue and 
severe skin necrosis 


tion at  site of injection 


I I I  


IVo No visible damage No visible damage 


Inflammation at injection site 


Doses were 25 mg/kg ( henytoin equivalents). I t  is realized that more elaborate 
studies including histopathoLgy would be needed i f  considerations were given to testing 
I V  clinically. However, these clear-cut findings probably eliminate further evaluation 
of I I  and I l l  clinically. 


the rat model. Specifically, three different types of crossover studies were 
carried out on male Sprague-Dawley rats in an effort to evaluate the quan- 
titative nature of the conversion of IV to phenytoin after intravenous and in- 
tramuscular dosing. The crossover studies comprised of ( a )  three rats which 
received phenytoin-equivalent doses of 7 mg/kg im of IV2 and 10 mg/kg im 
of sodium phenytoin; (b)  three rats which received 7 mg/kg im of IVz and 10 
mg/kg iv of sodium phenytoin, and a second group of three rats which received 
10 mg/kg im of IV and 10 mg/kg iv of sodium phenytoin; and (c) two rats 
which received 10 mg/kg iv of IV and 10 mg/kg iv of sodium phenytoin. The 
rats weighed between 250-300 g. Each rat was used for only one crossover 
study, at the end of which it was sacrificed. The rats were rested for a t  least 
1 week between doses and were fed standard laboratory diet and water ad 
libitum. 


Prior to a study, the rats were weighed and anesthetized with 60 mg/kg ip 
of sodium pentobarbital. The animals were kept on a heated surgical table 
(38OC) to maintain their normal body temperature. The rats were kept un-  
conscious throughout the experiment by administering smaller doses of sodiuni 
pentobarbital (30 mg/kg) whenever the animal showed signs of regaining 
consciousness. 


The jugular vein was exposed by means of a small incision on the ventral 
side of the neck region. The right jugular vein was used to administer aqueous 
solutions of IV and also to obtain blood samples a t  various time intervals. At 
the end of the experiment the area of incision was cleaned with ethanol, and 
the incision was closed using a nonabsorbable, sterile, surgical silk suture3. 


l3  r 


I I I 1 1 I 1 
0 30 60 90 120 150 180 210 


MINUTES 


Figure I -Plors of blood phenyroin concenrrations versus rime afrer intra- 
venous administration of 10-mglkg (phenyroin equivalent) doses of l a  (a) 
and I V (m) to rhe same rat. 


After having carried out these two partial studies. it was found that one particular 
batch of I V  (prepared just bcfore this in ciuo study) was only 70% pure as confirmed by 
G C  and TLC (9). The impurity was determined to be inorganic in nature. Hence. instead 
of administering 10 mg/kg (phenytoin equivalents) of I V ,  rats in study a and the first 
study b received a 7-mg/kg (phenytoin equivalent) dose of I V .  This was the only batch 
of I V  that was so contaminated. Earlier batches reported (9-1 I )  were pure. 


Sutupak. SA-63H; Etgicon. Inc., Somerville, N.J. 


AUC;'', pg.min/mLb 
Compound Rat I Rat 2 R a t 3  M e a n f S D  


la 30 189 75 97.8 f 82.0 
IV 348 343 329 339.8 f 9.7 


Doses expressed as phenytoin equivalents. Calculated oia the trapezoidal 
method. 


The rats were then placed in  metabolism cages with access to food and 
water. 


Administration of sodium phenytoin intravenously and intramuscularly 
leads to precipitation of phenytoin at the injection site. If  blood samples were 
obtained after intravenousadministration of sodium phenytoin from the same 
vein where sodium phenytoin had been administered, it may show erroneous 
blood levels of the drug. To overcome this problem, sodium phenytoin was 
administered intravenously through the exposed femoral vein and blood 
samples were obtained from the left jugular vein. 


The various routes of administration of sodium phenytoin and IV were as 
follows. 


I .  For IV, fresh aqueous solutions were intravenously administered into 
the right jugular vein, with blood samples from the same vein; intramuscular 
administration was into the thigh muscle, with blood sampling also from the 
right jugular vein. 


2. For sodium phenytoin, the drug was dissolved in  a solvent of propylene 
glycol-alcohol-water (4:1:5) with the pH adjusted to 1 I .5-12 with sodium 
hydroxide. This was administered intravenously into a femoral vein, and blood 
was sampled from the left jugular vein. Intramuscular administration was 
into the thigh muscle, with blood sampling also from the left jugular vein. The 
volume administered did not exceed 250 pL. Intravenous injections of sodium 
phenytoin and IV were infused slowly over a I-min period. 


Blood samples obtained from the jugular vein were transferred to con- 
t a i n e r ~ ~  containing 3 mg of EDTA and were immersed in  an ice bath. A 
measured quantity (usually 100-200 pL) of blood was extracted into 2 mL 
of toluene containing the internal standard. The GC procedure described 
earlier ( I  2) for the determination of phenytoin was then followed. No effort 
was made to determine the presence of the prodrug, as earlier studies had 
indicated rapid conversion of IV to phenytoin in  rat tissues (9). 


RESULTS AND DISCUSSION 
Compound IV has been shown to have physicochemical properties that are 


ideal for a prodrug of phenytoin for parenteral use (9-1 I ) .  Although prodrugs 
I I  and 111 had been projected as possible oral delivery formsof phenytoin (9, 
lo), they may also be potentially useful parenteral prodrugs. 


Emergency use of parenteral phenytoin, e.g., in cases of controlling seizures 
in  patients with head injuries, may require the administration of the prodrug 
intramuscularly. A study was undertaken, therefore, to qualitatively assess 
the extent of the localized tissue damage caused by prodrugs I I  IV after in- 
tramuscular and subcutaneous administration to rats. 


To be clinically acceptable, intramuscular administration of a drug should 
cause minimal tissue damage at the injection site. Intramuscular adminis- 
tration of sodium phenytoin has been reported to be painful, probably due to 
the precipitation of phenytoin (7).  It has also been shown to cause hemorrhage, 
hematoma, and necrosis at the injection site in  cats and rabbits (3, 8). 


Table I summarizes the extent of tissue damage observed after subcutaneous 
and intramuscular administration of 11-IV to rats. There were only some 
minor qualitative differences between the 1 - and 7 d  observations; the results 
were, therefore, summarized together. Esters I I  and I l l  cause tissue damage 
after subcutaneous as well as intramuscular administration. The tissue damage 
may have been caused by the ester or the products formed on hydrolysis of 
the ester. Recently, Adachi el al. ( I  3 )  have shown that aged solutions of 
cephalothin caused pain when administered intrapcritoneally to mice, which 
was attributed to the acetic acid produced on hydrolysis of cephalothin. The 
possibility of irritation and tissue damage caused by the acids produced on 
hydrolysis of the esters cannot be ruled out. Another possibility for the cause 
of the tissue damage was the methanesulfonate anion of II and 1 1 1 .  Admin- 
istration of the hydrochloride salt of 3-(hydroxymethyl)-5,5-diphenylhy- 
dantoin N,N-dimethylglycine ester was found to cause tissue damage com- 
parable to that caused by l l s .  Many parenteral dosage forms ofaminedrugs 
for intramuscular use are administered as their hydrochloride salts and have 


~~~~~~~~ ~ ~~ ~ 


Vacutainers, No. 6496; Becton. Dickinson and Co.. Rutherford. N.J. 
The hydrochloride salt was not extensively evaluated with respect to its physico- 


chemical properties because of i ts  hygroscopic properties. I t  was prepared in a small 
quantity specifically for this test. 
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Table Ill-Area under the Blood Phenytoin Concentration versus Time 
Curve Obtained in Rats after Administration of IV Intramuscularly and la  
Intravenously a 


30 60 90 120 150 180 210 
MINUTES 


Figure 2-Blood concentrations of phenytoin in rats (n = 3)following in- 
tramuscular administration of la (@) and IV (A). Doses (phenytoin equio- 
alents) were 10 mglkg of l a  and 7 mglkg of IV: Bars represent SD. 
not been reported to cause any specific tissue damage due to the choice of the 
hydrochloride salt. Thus, i t  seems that the counter anion of I I  and I l l  does 
not cause the observed tissue damage. 


Ester I V  did not exhibit any tissue damage after subcutaneous or intra- 
muscular administration. Thus, IV could be a suitable prodrug candidate for 
intramuscular delivery of phenytoin, providing that the ester is well absorbed 
from the site of injection and is quantitatively converted to phenytoin in 
vim. 


The bioavailability of phenytoin after intramuscular and intravenous in- 
jections of IV to rats was studied. The specific aims of this study were to ( a )  
determine whether IV was quantitatively converted to phenytoin in vioo after 
its intravenous administration, (b) compare the levels of phenytoin obtained 
after intramuscular administration of I V  with those obtained after intra- 
muscular administration of sodium phenytoin (la), and ( c )  determine the 
absolute bioavailability of I V  after intramuscular administration. All the 
studies carried out in rats were crossover studies, asdescribed i n  the Experi- 
mental Section. Crossover studies were used instead of a single treatment per 
rat in order to minimize the effects of differences in the elimination half-lives 
of phenytoin due to variations in the extent of protein binding of phenytoin 
among rats (14). 


Gerbcr el a l .  ( 1  5). Ashley and Levy ( I  6, 17) and Vicuna et al. ( 18) have 
shown that phenytoin displays dose-dependent or nonlinear kinetics in  rats. 
The apparent half-lives of phenytoin after intravenous administrations of lo-, 
25-, and 40-mg/kg doses of phenytoin to rats increased from 0.6 to I .2 to 2.5 
h. respectively ( I  5). There is considerable controversy as to whether the dose 
dependency exhibited by phcnytoin in rats is due to saturation of the enzyme 
system responsible for metabolism of phenytoin to 5-(p-hydroxyphenyl)-5- 
phenylhydantoin (p-HPPH) or to product inhibition in  which p-HPPH can 
have an inhibitory effect on the biotransformation of phenytoin. However, 
it has been reported by a numbcr of workers ( 1 5 -  18) that the pharmacoki- 
netics of phenytoin approaches linear elimination kinetics in rats after a 
IO-mg/kg iv dose of phenytoin. Thus, for the present study, dosesof 10 mg/kg 
(administration equivalent) of IV and la were used, and the data was evaluated 
assuming linear phenytoin elimination kinetics. 


To determine whether IV  reverted quantitatively to phenytoin in aivo, a 
crossover study in which each rat received either a IO-mg/kg (phenytoin 
equivalent) dose of IV or a IO-mg/kg (phenytoin equivalent) dose of la in- 
travenously was undertaken. Figure I is a linear plot of blood phenytoin 
concentrations as a function of time in  one rat after intravenous administra- 
tions of la and IV.  Semilogarithmic plots of blood phenytoin versus time after 
intravenous administrations of IV and la showed that phenytoin exhibited 
two-compartmental pharmacokinctics in  the rat, which is consistent with the 
results obtained by other workers ( I  4, 16. 17). Compound IV produced plasma 
phenytoin levels similar to those obtained after the intravenous administration 
of an equivalent dose of la. The percentage ratios of the areas under the plasma 
concentration versus time profiles from 0 to 180 min after intravenous ad- 
ministrations of IV  and la were 109.7 and 91.2% in the two rats studicd. This 
suggests that IV was completely hydrolyzed to phenytoin in these rats. 


The evaluation of 1V as an intramuscular form for the delivery of phenytoin 
required the determination of blood levels of phenytoin after intramuscular 
administration of the prodrug and la. Figure 2 shows a plot of the mean blood 
concentrations of phenytoin versus time obtained after intramuscular ad- 
ministrations of IV and la at doses of 7 and 10 mg/kg (phenytoin equivalents). 
respectively, to three rats. Table I I  summarizes the area under the blood 
phenytoin concentration versus time curves from 0 to 210 min obtained in each 
rat after intramuscular administrations of I V  and la. Statistical analysis of 
the mean phenytoin blood level data using the paired I test showed that the 


Intramuscular Administered IV Intravenous Administered la 
Rat AUC,", pgmin/mLb AUC;, pgmin/mL' F d  


522 
527 
330 


2209 
552 


a37 


723 1 .o 
786 1 .O 
578 0.8 
763 1.1 


2695 0.8 
467 1.2 


~~ 


Rats 4-6 received 7 mg/kg of IV intramuscularly; rats 7-9 received 10 mg/kg of 
IV intramuscularly. Compound la was administered at a dose of 10 mg/kg. All doses 
were henytoin equivalents. AUC; was calculated using the trapezoidal method. 


A d , '  was calculated using ( A / a )  + (B/@). Calculated by AUC;/Dose (intra- 
muscular) + AUC,'/Dose (intravenous). 


blood levels of phenytoin at  5, 30, 45, and 60 min after intramuscular ad- 
ministrations of 1V and la were significantly different (p < 0.05). The one-way 
ANOVA showed the mean area under the blood phenytoin concentration 
versus timc curve from 0 to 210 min was significantly different (p < 0.01). 


To determine the absolute bioavailability of intramuscularly administered 
IV, a crossover study was initiated in which the rats received an intramuscular 
injection of IV followed 1 week later by an intravenous dose of la. The same 
order of administration of I V  and la was maintained in all the rats (see Ex-  
perimental Section for explanation). The results are reported in two groups 
of three rats each. The first group of rats received 7 mg/kg (phenytoin 
equivalents) of IV intramuscularly and the second group of rats received 10 
mg/kg (phenytoin equivalents) of IV. The division into two groups occurred 
as the first group was administered an impure batch of IV2; i.e., theester was 
only 70% pure, with the other 30% of the dose as inorganic impurities. Thus, 
instead of administering a IO-mg/kg (phenytoin equivalent) dose of IV. the 
rats in group I were inadvertently administered a 7-mg/kg (phenytoin 
equivalent) dose of IV. Both thc groups received IO-mg/kg (phenytoin 
equivalent) dose of la intravenously. The blood phenytoin concentration uerms 
time profiles for a rat in group 2 is shown in  Fig. 3. Table I l l  summarizes the 
areas under the blood phenytoin concentration oersus time curves (AUC;) 
obtained after intramuscular injection of IV, calculated using the trapezoidal 
method (19). The blood phenytoin concentration (C) versus time profile after 
intravenous administration of la was computer-fitted to Eq. 1 using the 
AUTOAN-NONLIN library program (20,21): 


C = Ae-"I + Be-" (Eq. 1 )  
Equation 1 describes a two-compartment open model. The parameters A ,  a, 
B ,  and fl  were then used to calculate AUC; using: 


14- 
!*  


12 l 3 I \  


p 7 -  


P 6 -  


2 4 -  


5 -  
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3 -  
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Figure 3--Plots of the blood phenytoin concentrations versus time following 
administration of 10-mglkg doses of IV intramuscularly (a) and of la in- 
travenously (@) to rat 8. Doses are in phenytoin equicalents. 
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The absolute bioavailability was determined by dividing the AUC; values 
obtained after intramuscular administration of IV  by those obtained after 
intravenous administration of la. corrected for dose. 


Compound IV was rapidly and quantitatively hydrolyzed following intra- 
venous administration to rats, producing blood levels of phenytoin similar to 
those obtained after intravenous administration of an equivalent dose of la. 
This is consistent with the rapid and quantitative hydrolysis of 1V observed 
in an in oifro rat liver homogenatestudy (9). Thus, IV must be metabolized 
catalytically by phosphatase enzymes at a rate faster than the rate a t  which 
the ester would be eliminated by other mechanisms. Intramuscular adminis- 
tration of IV showed a higher area under the blood phenytoin concentration 
oersus time profile compared with that obtained after intramuscular ad- 
ministration of la. The large standard deviation in the AUCi’Ovalue observed 
after intramuscular administration of la reflects the erratic and unpredictable 
absorption of phenytoin from la. This has been attributed to the precipitation 
of phenytoin at the site of injection. It has been shown that the intramuscular 
administration of la is much less effective, and doses of -2--3 times higher 
than the oral dose may be necessary to achieve comparable plasma concen- 
trations on single dose administration (5,6). Intramuscular administration 
of IV produced highcr blood phenytoin levels, which peaked within 45-60 min; 
this showed that IV was rapidly cleared from the site of injection. The mean 
absolute bioavailability of intramuscular administered ester I V  was deter- 
mined, assuming linear pharmacokinetics, to be 98.4%. This suggested that 
the administered dose of IV was completely absorbed from the site and was 
quantitatively converted to phenytoin in oioo. This is consistent with the 
quantitative conversion of IV  observed after intravenous administration of 
this prodrug. 


Based on rat data presented in this paper, earlier physicochemical studies 
(9, lo), and an in oicjo evaluation in dogs ( 1  I ) .  it can be concluded that IV 
would be an ideal prodrug for the parenteral delivery of phenytoin provided 
it is quantitatively hydrolyzed to phenytoin in humans. Compound IV could 
be administered intravenously or intramuscularly as an aqueous solution in 
emergency cases to control seizures. The use of IV as a parenteral delivery 
form would overcome the problems of precipitation of phenytoin associated 
with intravenous and intramuscular administration (3. 4, 8) of sodium 
phenytoin (la). It should also be free. of the toxic cardiac effects seen after rapid 
intravenous injections of sodium phenytoin and the tissue damage reported 
to occur after intramuscular administration of sodium phenytoin. 
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Tobramycin, and Amikacin Aminoglycosides with 
2,4-Dinitrofluorobenzene 


JAMES A. RYAN 
Received March 29, 1983, from the Deportment of Pharmaceutical Research and Decelopment, Merck Sharp and Dohme Research Laboratorres. 
Dicisionuj Merck ond Company, Inc. West Point, PA 19486. Accepted for publication August 3, 1983. 


Abstract 0 The reaction of 2.4-dInitrofluorobenzcne (Sanger’s rcagcnt) is 
used to form colored products with aminoglycoside antibiotics. Stopping the 
progress of the reaction with acid after a fixed time allows aqueous solubility 
to be maintained while discharging any color due to excess reactant. Thechoice 
of an appropriate analytical wavelength results in  adherence to Beer’s law. 
Although this colorimetric method is not expected to be stability-indicating, 
it is convenient and should be useful in content uniformity dcterminations for 
pharmaceutical dosage forms (e.g., ointments). 


Keyphrases 0 Colorimetry-aminoglycosides, 2.4-dinitrofluorobenzene 0 
Aminoglycosides-2,4-dinitrofluorobenzene, colorimetric determination 


Most assays for monitoring aminoglycoside antibiotics 
which are mentioned in the Federal Registcr ( 1 )  arc plate-cup 
bioassays. A number of chemical assays ( 2 )  have been dcvel- 
oped for use with pharmaceutical dosage forms and content 
determinations. These assays are useful, in some cases, as rapid 
control procedures featuring high precision, but do not actually 
measure bioactivity; most arc amine reagents (3) .  We found 
in our preliminary work that certain pharmaceutical formu- 
lation excipicnts do not react with 2,4-dinitrofluorobenzene 
(Sanger’s reagent) (4-6); therefore, this reagent could be 
useful when determining aminoglycosides. Sanger’s reagent 
was originally used to detect terminal amino groups in  insulin, 
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Figure I--  Absorbonce ofaminoglycosides at 415 nm with 20-min reaction 
time. Key: ( A )  amikacin, IS) tohramycin. (C) kanamycin. ID) gmtanricin. 


and was utilized recently (7) for postcolumn HPLC-deriva- 
tization and detection of neomycin sulfate. 


This paper reports the direct one-phase determination of 
gentamicin sulfate, kanamycin sulfate, tobramycin, and am- 
ikacin. The reaction was allowed to proceed under ambient 
conditions and then it was stopped, after an appropriate time, 
by acidification. The analytical wavelength chosen was not the 
absorption maximum, but one which permitted measurement 
in the aqueous-alcoholic medium without problem precipi- 
tation and with adherence to Beer’s law over the range of 0- 
1000 pg/mL (Fig. 1). A typical reaction profile of gentamicin 
sulfate is outlined in  Fig. 2. 


EXPERIMENTAL SECTION’ 


Colorimetric Measurement- Exactly 5.0 rnL of an aqueous solution con- 
taining-500 pg of the aminoglycoside being tested was transferred to a 10-mL 
glass-stoppered flask or tube. Similarly, a series of flasks or tubes containing 


- 1  


0 30 60 
1. min 


Figure 2-Gentamicin sulfate reaction profile 


1 
90 


~~ ~ 


I Gentamicin sulfate (lot G M C - 6 M - 6 0 2 4 .  potency 581 &mg) was obtained from 
the Schering Carp.. Kcnilworth. N.J. Kanamycin sulfate (lot 76F-140. potency 780 
mg/ml.) and amikacin (lot 74F-1805. potency 934 mg/ml.) were both obtained from 
Bristol Labs., Syracuse, S.Y. The tobramycin (lo! OCU55. potency Y60pg/rng) was 
made availablc !hrough the courtesy of Eli Lilly and Co., Indianapolis, Ind. Sangcr’s 
reagent. 2.4-dinirrofluorobcn7ene (lot 101 547, purity 98’70). was obtained from the Al- 
drich Chemical Co.. Milwaukee. Wis. Measurements were made on a Cary Model IS 
UV-visible spectrophotometcr. 


002235491 84 0900- 130 1$0 1.001 0 
@ 1984, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 1301 
Vol. 73, No. 9, September 1984 







Table I-Stability of Developed Color after Acidification 


Absorbance Values 
7 ' + 1 7 h  


Initial a t  Room Temperature 


Blank 0.066 
Gentamicin sulfate 0.321 
Kanamycin sulfate 0.419 
Amikacin 0.747 
Tobramvcin 0.586 


0.069 
0.3 I8 
0.419 
0.747 
0.586 


5-rnL aliquots of standard solutions containing 250, 500,750, 1000. I250 pg 
per 5.00 mL of the aminoglycoside were prepared. Using a definite sequence 
and a convenient but reproducible time interval between reagent additions, 
the following operations were performed on each sample and standard solu- 
tion. 


One milliliter of a 2% aqueous NaHCO, solution was added to each tube. 
The tubes were stoppered and mixed. Exactly 2.0 ml. of a freshly prepared 
ethanolic (95%) solution of 2.4-dinitrofluorobenzcne? ( 5 , 6 )  containing 0.25 
mL/100 mL was added to each tube. The contents of the tube were mixed 
thoroughly. After 20 min for tobramycin, amikacin, and kanamycin sulfate, 
or 30 min for gentamicin sulfate. the solution was neutralized by the addition 
of0.5 mL I M IiCI. After tapping thecell gently torcmoveanyCO2 bubbles. 
the absorbance was determined at  41 5 nm in the spectrophotometer using I 
cni cells and distilled water as a reference liquid. 


RESULTS AND DISCIJSSIOK 


Inasmuch as adherence to Beer's law was obtained, the concentration of 
each aminoglycoside was determined by direct ratio to the diluted reference 
standard. Since the yellow color, due to excess reagent, is discharged by the 
acid solutions, no reagent blank was rcquired when assaying colorless solutions. 
The RSD of each of the aminoglycosides tested was: gentamicin sulfate 
f 1.4%. kanamycin sulfate f0.86%, tobramycin f 1 .6%. and amikacin f I .  1%. 
The color that developed after acidification was found to be stable for a t  least 
17 h (Table I). Use of filter photometers or other instruments with wide 
spectral band-pass may possibly result in deviations from Beer's law at 41 5 
nm. 


A probe experiment was also conducted to check the stability of the response 
of aqueous solutions of these antibiotics to the a s ~ y .  Dilutions of the individual 
antibiotics in unbuffered aqueous solutions wcrc prepared at  levels of -10 
mg/100 rnl.. The solutions were sampled for their color response and then 
rechecked after 35 d under ambient conditions (--21.5"C in laboratory light) 
(Table 11). 


Compatibility of the Method with Various Pharmaceutical Excipients used 
for lopical Administration of the Antibiotics-. Five grams of an ointment base-' 


Exercise appropriate caution: handle in  hood wi th  prolectivc gloves and  clothing. ' Ointment consisted 0 C  0 267 p of Wool Alcohols B.P.. 0.80 IS g of Arnerchol C. I .8: 
.g of Multivax W44S White WAX.  and 2.06 g of isopropyl inyristate. 


Table 11-Color Responses of Amino Functions after 35 d at 21.5"C in 
I!nbuffered Aqueous Solutions 


Initial Final % 
mmmL m r / m l .  Initial 


Gentamicin sulfate 10.1 10.1 I00 
Kanamycin sulfate 9.74 10.5 I07 
Arnikacin 10.3 10.2 99.0 
Tobramycin 10.7 1 1 . 1  104 


was mixed for 5 niin with 20 niL of water and filtered4. The clear filtrate was 
used as a gcntamicin sulfate diluent instcad of water in the assay method and 
compared to a standard in distilled water. The average of three consecutive 
comparisons of these gentamkin solutions showed watcr extract absorbance 
valucs only 100.5% of those obtained with distilled water diluent solutions 
which demonstrates the lack of \ignificant interference from the excipi- 
ents. 


Phosphate buffers arc oftcn used in connection with the bioassays ofami-  
noglycosides such as gentamicin sulfate, however, they were found to interfere 
with the color development reaction. Those studied were 0.1-1 .0 M buffers 
adjustcd to pH 7.0. An average of eight me;isurements of four buffer strengths 
a t  pH 7 produced only 3 I .2% of the color development of a sample in distilled 
water. 


Potential Automated Modifications -The requirement for precise timing 
during the initial reaction step and the need for caution to prevent exposure 
of Sanger's reagent to the skin indicates that, if automated, this method might 
reasonably bc expected to hare wide application. 
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Abstract 0 A rapid and sensitive spectrophotometric method has been de- 
veloped to quantitate the peroxides present in sorbitan monooleate and 
monostearate. The method relies on the peroxide conversion of iodide to iodine. 
The method has also been found to work for polysorbate 60. 


Keyphrases 0 Peroxides-sorbitan monooleate and monostearate by spec- 
trophotometry 0 Sorbitan monooleate-spcctrophotometric quantitation 
of peroxides 0 Sorbitan monostcarate---- spectrophotometric quantitation of 
peroxides 


Nonionic surfactants, used extensively as emulsifying 
agents, are integral components of semisolid dosage forms. 
However, surfactants tend to form peroxides, which have 
caused stability problems in numerous oxidizable drugs (1 -3). 
The formation of peroxides can also lead to chemical modifi- 
cations in the surfactants themselves (e.g., chain shortening) 
that may unfavorably modify their physical properties ( I ,  4, 
5). Titrimetric assay methods have been developed to deter- 
mine the peroxide content in surfactants, but most of these are 
limited to the water soluble surfactants, e.g., polyoxyethylene 
surfactants ( 6 , 7 ) .  One titrimetric method, that has been used 
to quantitate the peroxides present in  fats and oils, relies on 
the partitioning of the desired fat or oil between an organic and 
aqueous layer. The fat or oil is then transferred with “constant 
and vigorous shaking” from the organic layer to the aqueous 
layer where the actual titration occurs (8). Another limitation 
of titrimetric quantitation of peroxides can arise when meth- 
ylene blue is used as an indicator. With the yellow surfactant 
sorbitan monooleate, for example, the color change at the end 
point, from green to aqua, is extremely difficult to detect. 


In  the course of our studies of the stability of steroids in 
surfactant systems, an analytical method was needed to 
quantitate the peroxides that were initially present in the 
surfactants. This method also had to be sensitive enough to 
ensure that the peroxide content had been significantly reduced 
in each of the surfactants following a purification procedure 
designed to eliminate peroxides from the surfactants. 


To ovcrcome the limitations of water insolubility and a 
difficult titrimetric assay, we have developed a rapid and 
sensitive spectrophotometric method to quantitate the per- 
oxides present in sorbitan monostearate and monooleate, two 
poorly water soluble surfactants. This method was also shown 
to work for polysorbate 60. 


EXPERIMENTAL SECTION 


Materials and Instrumentation --Peroxides were removed from polysorbatc 
60’. sorbitan monostearate’, and sorbitan monooleate’ according to the 
method of Segal er al. (9). with modifications. Hexanc was substituted for 
methylene chloride to solubilize sorbitan monooleate. and hcxane with -5% 
methylene chloride was used to solubilize sorbitan monostearate. 


The following reagents were used: resublimcd iodine2, potassium iodide2, 
sodium thiosulfatc2, sodium metabisulfitc2, reagent grade isopropyl alcohol2, 


I Emery Industries, Cincinnati, Ohio. 
Mallinckrodt Chemical Works. St. Louis, Mo. 


methylene blue3. and double-distilled water. U V  spectral scans and absorb- 
ances were obtained on a rapid-scanning UV-VIS spectr~photometer~. 


Tibimetric Peroxide Number Determination of Polysorbate 60 and Sorbitan 
Monooleate-To 2.0 g of burfactant was added 3 mL of glacial acetic acid- 
rncthylene chloride (3:2). The mixture was stirred until a clear solution was 
obtained. After 50 pL of a KI-saturated aqueous solution was added, the 
mixture was stirred for exactly 2.0 min and 5 mLof isopropyl alcohol and 100 
pL of an aqueous 0.025% methylene blue solution were added. The solution 
was titrated with standardized sodium thiosulfate to an aqua end point. 


Iodine Standards for Spectrophotomctry-A 0.010 M iodine standard was 
prepared by dissolving iodinc in an aqueous 5% KI  solution. This standard 
solution was further dilutcd with the 5% KI solution to give an iodine con- 
centration of I 0-4- I Ow7 M. Iodine standards containing 2% purified sur- 
factant were also prepared as described above at an iodine concentration range 
of to 5 X 10+’M. 


Spectrophotometric Analyses of Polysorbate 60 and Sorbitan Monoole- 
ate-Aqueous saturated K I  solution (50 pL) was added to 2 gof surfactant 
dissolved in 3 mL acetic acid-methylene chloride (3:2) and the solution was 
stirred under a blanket of nitrogen for 2 min. A 5.0-ml. portion of isopropyl 
alcohol was added and immediately 200 pL of this solution was diluted to 2.0 
ml. with isopropyl alcohol. The absorbance at 360 nm was then measured 
within 2-3 min after mixing. Two blanks wcre determined under the same 
conditions, onc without surfactant, and the other without KI .  


Spectrophotometric Analysis of Sorbitan Monostearate --The procedure 
followed for analysis of sorbitan monostearate was exactly the same as for 
sorbitan monooleate with one exception: prior to the final addition of 2.0 mL 
of isopropyl alcohol, 100 pL of methylcne chloride was added to maintain the 
solubilization of the monooleate. 


RESULTS AND DISCG‘SSlOlri 


This spectrophotometric method takes advantage of the iodine generated 
from the reaction of peroxides on iodide (6). From the stoichiometry of the 
reaction, I mol of iodine i5 produced for each moleof hydropcroxide present. 
The quantitation of iodine formed is thus a direct measure of the peroxides 
present in the samples. 


I n  the absence of surfactant, the absorbamce at 360 nm was obtained as 
a function of the concentration of iodine. Beer’s law was obeyed over the 
10-4-10-7 M iodine concentration range. Beer’s law was also followed in the 
presence of purified sorbitan monostcurate at an iodine concentration range 
of 10-4-10-6 M at 360 nm. The molar absorptivities i n  the absence of sur- 
factant and in the presence of sorbitan monostearate were 24.000 M - ’  cm-l 
and 27,000 M - ’  cm-I, rcspectively. indicating that purified surfactant had 
little effect on the value of the molar absorptivity at 360 nm. 


Two solutions prepared for peroxide quantitation by the spectrophotometric 
method. one without K I  and the other without surfactant, showed no ab- 
sorbance at 360 nm. Therefore, the absorbance determined in samples assayed 
by this method is due entirely to the generation of iodine by the peroxides 
present in the surfactant. 


To  eliminate iodine fading6, one of the complications of iodimetric assays. 
part of the experimental procedure was conducted under a blanket of nitrogen. 
This nitrogen blanket provided several minutes to obtain the final absorbance 
reading after the dissolution of the surfactant. When the nitrogen blanket was 
not uscd. iodine fading was detected immediately after dilution with the final 
portion of isopropyl alcohol. 


The quantitation of peroxides is frequently expressed in  terms of the per- 
oxide number (PN). By definition. the PN is the number of equivalents of 
peroxide contained in  1000 g of surfactant. 


~ ~~ ~~ ~~~~~~ ~ 


Matheson Coleman and Bcll. East Rutherford. N.J.  
Model 8450A; Hewlett-Packard. Palo Alto, Calif. 
Tri-iodide. in equilibrium with iodine and iodide in the presence of water. IS actually 


Azaz el ol. (6) have developed a kinetic spectrophotometric assay for peroxide 
the species that is quantitated (6). 


quantitation in water soluble surfactant$ which corrects for iodinc fading. 
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Table I-Peroxide Number (PN) of Sorbitan Monooleate, Sorbitan 
Monostearate, and Polysorbate 60 Using the Speetrophotometrie Method 


Peroxide Number 
Before Peroxide After Peroxide 


Surfactant Removal Removal 


Sorbitan Monooleate 0.24" 
Sorbitan Monostearate I .3 
Polysorbate 60 9.86 


<o. I0 
<o. 10 
<o. 10 


0 By titrimetric assay the PN was detcrmined to be 0 39. By titrimetric assa) the 
PN was determined to be 5.8. 


The PN of the three surfactants in this study were determined by the 
spectrophotometric method before and after peroxide removal (Table I). For 
comparison, the PN of polysorbate 60 and sorbitan monooleate were dcter- 
mined before peroxide removal by thc titrimctric assay. 


The lower limit of <0.10 for the PN by the spectrophotometric method 
(Table I )  was chosen because i t  corresponded to the lowest iodine concen- 
tration in the prescnce of purified surfxtant used in establishing the linearity 
of the method. This lower limit was sensitive enough to assure that the peroxide 
level had been significantly reduced after extraction with sodium mctabisul- 


From the results shown in Table I,  thc titrimctric and the spectrophoto- 
metric method for polysorbate 60 and sorbitan monooleate agreed fairly well. 
However. the color transition at the titrimetric end point for sorbitan mono- 
oleate, from green to aqua. was difficult to observe. N o  such problcms were 
encountered using the spectrophotomctric method; hcncc, this method may 


171.9. 


' These authors feel that the lower limit of peroxide quantitation by this spcctropho- 
tometric method can be extended by 10-fold. to PN valueS at levels <O.OI. This is bated 
on our findings that Beer's law is valid at a 50-fold lower iodine concentration i n  the 
absence of surfactant. 


provide a more accurate measure of the peroxide content of sorbitan mono- 
oleate than thc  titrimetric assay. 


While the titrimetric assay worked well for polysorbate 60 and fairly well 
Tor sorbitan monooleate, i t  did not work at all for sorbitan monostearate. It 
was not possible to keep the sorbitan monostearatc solubilized during the ti- 
tration with aqueous thiosulfate using the titrimetric method. Therefore, the 
PN of sorbitan monostearate could only be determined using the spectro- 
photometric method detailed in this report. 


In  summary. a sensitive spectrophotometric method has been developed 
to quantitate the peroxides preseni in sorbitan monostearate and monooleate, 
and polysorbate 60. This method should be casily extended to include other 
poorly water soluble as well as water soluble surfactants. 
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Abstract 0 A gas chromatographic (GC) method for screening drug raw 
materials, soluble in aqueous media, for volatile solvent residues has been 
developed. After dissolution, separate portions of thc drug arc each scparately 
extracted with n-octane, toluene. and ether and injected into a chromatograph 
quipped with a porous polymer column and a flame ionization dctector. The 
range of extractant polarities provides chromatograms which, taken together, 
are free of interfering peaks from 0 to -20 min. Peaks due to solvent residues 
in the drug are identified by retention time with confirmation of identity by 
GC-MS. 


Keyphrases GC-solvent residues in drug raw materials, comparison with 
MS 0 Solvent residues-drug raw materials. GC, comparison with M S  


Drug raw materials are manufactured in an increasing 
number of countries. Whether, for a given drug, the same 
synthetic route is used universally or whether different routes 
are used, the necessarily diverse sources of raw materials, 
technical experience, and manufacturing conditions can lead 
to differences in the amount and kind of drug-related im- 
purities (1 -4). Solvent residues may also be present ( I ) .  These 
may be revealed by modern techniques such as liquid chro- 
matography but, due to their volatility, not by thin-layer 
chromatography (a method often used to assess drug impuri- 


ties). Besides being undesirable contaminants, solvent residues 
may interfere with the determination of drug-related im- 
purities. The problem of solvent residues is recognized by the 
USP ( 5 )  which includes monographs involving, for example, 
tests for chloroform and ethyl acetate in colchicine, pyridine 
in diethylstilbestrol diphosphate, and isopropyl alcohol in 
dihydroxyaluminum aminoacetate. Work in this laboratory, 
reported herein, has shown for example, that some sulfinpy- 
razone and flurazepam hydrochloride raw materials are con- 
taminated with toluene and acetone, respectively. To maintain 
surveillance over this situation, a method for the detection and 
quantitation of solvent residues in drug raw materials has been 
developed. 


Each of three portions of an aqueous solution of the drug to 
be examined is individually extracted with ether, toluene, and 
n-octane, and the extracts are tested for volatile organic sol- 
vents by gas chromatography ( G C ) .  The three solvents were 
chosen to provide a range of polarities. This enhances the 
probability that any solvent residue in the drug will be sub- 
stantially extracted into at least one of them. In addition, each 
of the three provides a different retention time range free of 
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Abstract 0 The object of this study was to evaluate the sustained-rclcdsc 
characteristics of a new formulation of disulfiram. Solid rods (500 mg) made 
of a composite of 80% poly(glyco1ic-co-L-lactic acid) and 20% ’‘C-labcled 
disulfiram were implanted subcutaneously in five Wistar CD-I rats; a control 
group received I 0 0  mg of I4C-labeled disulfiram subcutaneously. Excretion 
of radiolabeled material in the urine and feces was monitored for 88 d. Sus- 
tained mobilization of drug was observed in the copolymer-.disulfiram implant 
group, reaching a peak value 30 d after implantation. The control group ex- 
hibited first-order kinetics of drug mobilization. At necropsy, there was no 
encapsulation of the residual rods. The copolymer-disulfiram composite 
performed as a true sustained-release system, and improved formulations may 
have clinical applications in the treatment of alcoholic humans. 


Keyphrases 0 Disulfiram-sustained-release implantable formulation, rats, 
poly(glyco1ic-co-L-lactic acid) 0 Sustained-release formulations-im- 
plantable disulfiram, poly(glyco1ic-co-L-lactic acid), rats 


Disulfiram is widely prescribed to discourage alcoholics 
from drinking alcohol, since the two drugs interact to produce 
a subjectively unpleasant experience characterized by facial 
flushing, nausea, tachycardia, and hypotension (1 -4). The 
effectiveness of disulfiram as a treatment for alcoholism is 
severely limited by the willingness of patients to take the drug 
every day; many stop taking their tablets so that they might 
resume drinking alcohol as soon as the effects have worn off 
( 5 ) .  Frequent failures of treatment with the orally adminis- 
tered drug have stimulated interest in parenteral therapy with 
subcutaneously implanted disulfiram tablets, but numerous 


studies during the past 25 years have demonstrated that these 
implants have miniscule pharmacological effects, possibly due 
to their poor bioavailability (6-8). 


However, animal studies have demonstrated that disulfiram 
can be rapidly mobilized from a subcutaneous site, provided 
that the drug is injected in an appropriate vehicle, e .g . ,  sus- 
pended in arachis oil (9) or dissolved in polyethylene glycol 
(10). These findings suggest that it might be possible to prepare 
a sustained-release disulfiram implant with a true pharma- 
cological effect. Ideally, such a formulation would combine 
disulfiram with a vehicle which would deliver the drug into the 
circulatory system at a steady rate for several weeks or months 
at  a time and be free of any significant local or systemic tox- 
icity. A vehicle which appears to offer thesc features is a ne% 
biodegradable polymer, poly(glyco1ic-co-L-lactic acid) 
(PLGA). When implanted subcutaneously, the copolymer 
appears to degrade slowly into its parent monomers, lactic acid 
and glycolic acid, while continuously releasing any bound drug 
at a steady rate. In vivo studies of PLGA combined with con- 
traceptives, narcotic antagonists, and antimalarials have shown 
that these implants can deliver the drug continuously into the 
circulatory system for several months at  a time (1 1) .  We de- 
scribe a study of the sustained-release characteristics of a new 
formulation of disulfiram combined with the copolymer, which 
was undertaken to investigate the feasibility of using such a 
preparation in the treatment of alcoholic humans. 
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EXPERIMENTAL SECTION 


Polymer Synthesis- -The general principles of poly(glyco1ic-co-L-lactic 
acid) synthesis have been described ( I  I ) .  I t  was synthesized in bulk in an 
evacuated glass vessel from a mixture of 90 g of 1.-lactide and 10 g of glycolide 
with I g of p-toluenesulfonic acid monohydratc as a catalyst. Aftcr deacrdting 
the mixture to <0.05 mm Hg for 45 min. the vessel was sealed, rotatcd to mix 
the ingredients, heated at 118°C for 2 h, mixed again, then heated for 10 d 
at 1 1  8 f 2'C. The resulting polymer was dissolved in tetrahydrofuran. filtered 
through glass wool, precipitated in distilled water, and vacuum dried. The 
mean molecular weight of the copolymer (34,428 f 877) was determined by 
dissolving the polymer in tetrahydrofuran (5 mg/ml.) and assaying by gel- 
permeation chromatography using an HPLC system' equipped wi th  p-Styr- 
age1 columns and a differential refractive index detector. 


Dilution of Radiolabeled Disultiram-Radiolabeled (5.0 mCi) disulfiram, 
[ I-'4C]bis(diethylthiocarbamoyl)disulfide2, was diluted with 14.9991 g of 
unlabeled disulfiram3 by stirring for 2 h a t  room temperature in 650 ml, of 
reagent-grade ethanol4; 14.9860 g of diluted disulfiram was recovered after 
vacuum drying at 60°C for 10 d. Two samples of the diluted radiolabeled drug 
were assayed in triplicate for specific activity on a liquid scintillation counter5; 
the mean specific activity was 336 jiCi/g. 


Composite Prepnration-A ctisolution of ''C-labeld disulfiram and PLGA 
(1:4, w/w) was prepared in dichlormethane and cast as a thin film on a clean 
glass surface. The film was adjusted t00.06 em (0.025 in.) in thickness with 
a film spreader6, air dried, then vacuum dried at 45'C. The final dosage form 
was prepared by extruding rods of this composite through a 0.3175-cm die, 
a t  a temperature between 70-80'C and pressures up to 140 psi. Thesedisul- 
firam-copolymer composite rods (20:SO) had a mean spccific activity of 62.92 
f 8.1 1 pCi/g. 


Implantation-Two groups of animals were studied: a test group receiving 
the subcutaneous ''C-labeled disulfiram-copolymer implant, and a control 
group receiving subcutaneous uncompounded 14C-labeled disulfiram. Each 
group was comprised of five Wistar CD- I male rats (100-200 g). After an- 
esthesia' was administered a slit was cut in the skin of the interscapular region 
and a small subcutaneous pocket was dissected (large enough for the intro- 
duction of the 0.3175-cm diameter rods). Each rat received 500 mg of the 
compounded 20% rods (containing 100 mg of ''C-labeled disulfiram and 400 
mg of thecopolymer) and the wound was closed with clips. The second group 
or rats served as controls and similarly received 100 mg of uncompounded 
powdered 14C-labeled disulfiram. No attempt was made to preserve strict 
asepsis during these procedures. 


Sample Collection and Analysis-All rats were individually housed in 
metabolism cages to facilitate the separate collection of urine and feces. Prior 
to implantation, three fecal and urine samples were collected to determine 
background counts. Subsequent samples of all excreted urine and feces were 
collected I ,  3.7.9, I I .  15. 18, 22,25,29,32,39,46,53.60,67,74.8 I ,  and 88 
d after implantation. Urine samples were assayed for I4C-labeled material 
in a liquid scintillation counter8. and the extraction was calculated as the mass 
of implanted disulfiram which contained an equivalent amount of radiolabel. 
Feces were combusted lo I4CO2 with an oxidizerg and adsorbed in  oxyfluor- 
C02'O for counting. At the conclusion of the study, the rats were sacrificed 
and the excised rods from the experimental animals were assayed for residual 
drug. Pathological studies were performed cn the injection sites of two animals 
from each group: the sites were inspected for gross changes and tissue sections 
were prepared (thickness, 7-10 pm), stained with hematoxylin and eosin, and 
examined microscopically. 


Data Analysis --All data were stored on diskettes using a microcomputer'' 
and softwaret2 to calculate the mcan and standard deviation of total disulfiram 
excretion during each collection interval in  the test and control groups. The 
line of best fit for the control g;oiip was calculated by the least-squares 
method. 


RESlJLTS 


Drug Excretion--The average daily excretion of radiolabeled material is 
shown for the test and control groups in Figs. 1 and 2. The combined excretion 
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Figure 1--Disulfiram--copolymer composite group mean daily excretion of 
radiolabeled metabolites in urine and feces following subcutaneous im- 
plantation. Bars indicate I SD. 


in urine and feces is expressed as the mass of implanted disulfiram which 
originally contained an equivalent amount of radiolabel. In all collection pe- 
riods, the quantity of radiolabeled material in the urine was approximately 
10 timesgreater than the amount detected in the feces. This was true for both 
groups of animals throughout the study. The cumulative recovery of radio- 
labeled material in urine and feces (expressed as a percentage of the total 
administered dose fl SD) was 17.41 f 2.27% for the group receiving the 
disulfiram-copolymer composite and 80.54 f 9.56% for the control group. 


Residual Drug in Implanted Composite- -The residual radiolabeled material 
in the excised composite rods accounted for an additional 55.53% (SD = 
14.83%) of the administered dose of disulfiram. Hence, the total recovery of 
radiolabel from the rats receiving the disulfiram-copolymer composite ac- 
counted for 72.94% (SD = 14.49%) of the implanted dose. The mean weight 
of the rods recovered from the implantation sites was 55.53 mg (SD = 12.84). 
No residual drug was observed at the injection site in the control group. 


Pathological Findings-One rat in the control group died on day 63 of the 
study; the cause of death was unknown. Excretion data from this animal did 
not deviate statistically from the others in the group and were included in the 
study. In the remaining animals, tissues from the injections sites were grossly 
and microscopically normal, with no evidence of residual drug, necrosis. or 
inflammatory reaction. 


One rat in the test group excreted aberrantly large quantities of radiolabel 
during the early days of the study; at autopsy, a large abscess was  found at  
the implantation site with no remaining rods. Data from this animal was not 
included in the findings reported above. The implantation sites of the re- 
maining animals were grossly and microscopically normal, with no evidence 
of necrosis, inflammatory reaction, or encapsulation of the rods. 


DISCUSSION 


All excretion of radiolabeled maerial in this study was expressed in terms 
of the equivalent quantity of implanted disulfiram. This was not meant to 
imply that unchanged disulfiram was measured in the urine and feces; to the 
contrary, there is strong evidence that disulfirdm is very rapidly metabolized 
in the blood and liver, and the breakdown products are promptly excreted (10, 
12, 13). At least one of the metabolites, carbon disulfide, is a volatile compound 
excreted in the breath, which niight account for some part of the discrepancy 
between the implanted dose and the total amount of drug recovered. The real 
utility of expressing excretion of radiolabel in terms of quantity of the parent 
drug lies in the insight it provides into the rate of mobiliiation of the disulfiram 
from the injection site. 


The mobilization of drug from the disulfiram-copolymer composite (Fig. 
I )  demonstrates that the major objective of the study was achieved: sustained 
systemic delivery of disulfiram for a 3-month period. During that time, the 
drug was delivered continuously, although fluctuations were observed in  the 
rate of delivery. An ideal implantable drug delivery system would achieve 
zero-order kinetics, i .e.,  the rate of delivery would rapidly reach its maximal 
value and remain there until the supply of drug was exhausted. However, in 
clinical practce, even a nonideal delivery system may achieve a near-ideal 
pharmacological effect, provided that the rate of delivery oscillates within a 
defined "therapeutic window" (with upper and lower limits defined as the rates 
of delivery at which either toxic effects or inadequate clinical responses are 
observed). Consequently, even though fluctuations were observed in the rate 
of delivery of disulfiram from the composite implant, i t  could provide an ac- 
ceptable therapeutic effect for a period of 3 months or longer. 


The mobilization of injected powdered disulriram in the control group 
provided an unexpected finding (Fig. 2). in view of the known poor bioavail- 
ability of disulfiram in subcutaneously implanted tablets. The first-order 
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Figure 2-Control group mean daily excretion of radiolabeled metabolites 
in urine and feces following subculaneous injection of powdered disulJram 
t l12 = 7.53 d .  Bars indicate I SD. (Log y = -0.04 x t 0.80; rz = 0.97; p < 
0.0001 .) 


mobili7ation kinetics are consistent with the commonly observed kinetics of 
other parenterally administered drugs (14). It is possible that the bioavail- 
ability of the disulfiram was enhanced by administering it in powder form, 
thus greatly increasing the surfacc area available for the dissolution of the 
drug in the interstitial fluid. The long half-life of the powdered disulfiram (7.53 
d) may be a function of its poor solubility in water, and raises the possibility 
that this preparation may also have potcntial clinical application. 


These data demonstrate that the disulfiram-copolymer composite has the 
properties of a sustained-release formulation when implanted subcutaneously 
in rats, with no evidence of local or systemic toxicity. However, a number of 
factors must be taken into account before any trial of a similar material is 
contemplated in human subject,. First, the ratio ofdisulfiram to thecopolymer 
is low, so that prohibitively large volumes of cdmposite might be required for 
a prolonged period of treatment. For use in human subjects, an imp;oved 
composite with a higher ratio of drug to vehicle would probably be desirable. 
Second, the daily dosage requirement for parenteral disulfiram is not yet 
known. Although patients generally require 250-500 mg of the oral drug each 
day to achieve a clinical effect, more research is required to determine whether 
or not parenteral disulfiram needs to be administered in similar quantities. 
Pending these advances in technology and basic knowledge, we suggest that 
sustained-release disulfiram implants may eventually achieve a clinical a p  
plication in the treatment of alcoholic humans. 
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Abstract 0 A high-performance liquid chromatographic (HPLC) method 
is described which determines ibuprofen in human capillary or venous plasma. 
Ibuprofen plus the internal standard, flurbiprofen, were extracted from 
acidified plasma with pentane-ether, back-extracted into base, and then ex- 
tracted into the pentane-ether solution after acidification of theaqueous phase. 
A reverse-phase octadccylsilane column with acetonitrile-water-phosphoric 
acid as mobile phase and UV detection provided a quantifiable peak for 1 
pg/mL of ibuprofen in 0.1 mL of plasma. Capillary and venous plasma level 
curves were virtually superimposable after administration of 400 mg of ibu- 
profen to four normal volunteers. No ibuprofen was detected in the saliva of 
the subjects. 


Keyphrsses 0 Ibuprofen-HPLC, small volumes, human plasma and d i v a  
0 Anti-inflammatory agents-ibuprofen, HPLC, capillary and venous 


plasma, saliva, humans 


Ibuprofen, a nonsteroidal phenylpropionic acid derivative 
possessing potent anti-inflammatory, antipyretic, and analgesic 
properties (1 -3), is used extensively to treat adult rheumatoid 
arthritis (4-6). In addition, the drug has been shown to be an 
effective pediatric antipyretic (7). A variety of GC (8-13) and 
high-performance liquid chromatographic (HPLC) (1 4- 16) 
methods suitable for measuring ibuprofen in plasma or serum 
have been reported. With the exception of the electron-capture 
GC procedure (8), which detects 21 pg/mL in 0.1 mL of 
sample, all methods require >0.5 mL of plasma or serum 
which limits their use in juvenile or pediatric populations and 
in multiple-dose studies requiring small sample volumes. The 
electron-capture ptocedure (8) is tedious because it involves 
a TLC step prior to derivatization. 


We describe a rapid, specific, and sensitive HPLC method 
with UV detection for measuring L 1 pg/mL of ibuprofen in 
0.1 mL of plasma or serum. Application of this method to 
human capillary venous plasma and to saliva is described. 


EXPERIMENTAL SECTION 


Instrumentation-The high-pressure liquid chromatograph' was equipped 
with a variable-wavelength UV detector2, an octadecylsilane column3 (1 5 cm 
X 4.6 mm), an automatic injectoe, and a recorders. The flow rate was 
maintained at 1.5 mL/min (1250 psi) at ambient temperature. The UV de- 
tector was set at 195 nm with an attenuation of 0.2 AUFS. The mobile phase 
was acetonitrile-water-phosphoric acid (550:450:0.5), filtered through a 
membrane6 and deaerated before use. 


Cbemicak and Reagents-Reagents were analytical grade or better. Ace- 
tonitrile was distilled in glass'. Anhydrous ether was monitored daily for 
peroxide formation. Stock solutions of ibuprofen* (1 mg/mL) and flur- 
biprofen* (1 rng/&L) were prepared in acetonitrile. Appropriate spiking SO- 


' Model 1 I2 pum . k h a n  Inktruments, Fullerton, Calif. 
Sactromonitor k l  variable-wavelenath UV absorbance detector; Laboratory Data 


Contrd, Riviera Beach, Fla. 
- 


Zorbax ODS; Dupont. Wilmington, Dcl. ' WISP 7108: Waters Associates, Milford, Mass 
Linear Instruments Corp.. Reno, Nev. 
GS Millipore membrane filtering apparatus; Millipore Corp., Bcdford, Mass ' Burdick and Jackson Laboratories. Muskegon. Mich. * The Upjobn Co.. Kalamazoo, Mich. 


lutions of ibuprofen in acetonitrile and a 10-pg/mL spiking solution of flur- 
biprofen internal standard in acetonitrile were brepared from the respective 
stock solutions. The water was deionizedg. 


Analytical Metbod-Standards ranging from 0 to 100 fig/mL were pre- 
pared in culture tubes by combining 100 pL each of an appropriate ibuprofen 
spiking solution, internal standard, and drug-free matrix with 900 pL of 
deionized water. Samples were prepared by combining 100 pL each of ace- 
tonitrile, internal standard, and sample with 900 p L  of deionized water. All 
tubes were vortex-mixed briefly, 0.5 mL of 1 M HCI was added to each, and 
the tubes were mixed again. The samples were extracted with 10 mL of pen- 
tane-ether (80:20, v/v). The upper organic layers were transferred to clean 


1 


2 


c I, 
I I I I - 
2 4 6 8  2 4 6 8  


a b 
Elapsed Time, min 


Figure 1-Typical chromatogram of (aJ normal human plasma spiked with 
I0 pg/mL of inrernal standard (1) and 6 pg/mL of ibuprofen (2) and (b) un- 
spiked human plasma showing a region where the above peaks would be 
expected. 


Milli-Q d&onized water; Millipore Corp. 
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Table I-Sensitivity and Precision of the Assay of Ibuprofen in Plasma 


Theoretical Mean Conc.. 
Conc., pg/mL ClgImLa SD RSD. % 


1 .o 1 .oo 0.1 16 11.6 
3.0 3.01 0.148 4.90 
6.0 


10.0 
5.93 0.282 4.75 


Low curve 10.0 0.191 1.91 
High curve 9.39 0.536 5.7 1 


30.0 30.5 0.978 3.20 
60.0 60.5 1.43 2.36 


100.0 99.5 2.82 2.83 


Mean of 14 determinations except for nominal concentration of 60.0 pg/mL. which 
was the mean of 13 determinations. 


culture tubes and extracted with I .O mL of 1 M NaOH. After aspirating off 
the upper organic layer, the pH was adjusted with 2.0 mL of 1 M HCI and 
the samples were extracted with 10 mL of pentane-ether. The upper organic 
layer was transferred to clean culture tubes and evaporated to drynesst0. The 
residue was dissolved in 0.4 mL of acetonitrile-water (55:45), transferred to 
vials, and 25-pL was injected onto the HPLC. 


CllcuhtioaP-Calculations were made using baseline-corrected peak height 
values". Standgrds were fit to the linear equati0n.y = a + bx, where x cor- 
responds to the dncentration of ibuprofen (pg/mL) and y corresponds to the 
ratio of ibuprofen-to-interhal standard peak heights. A split curve was used 
to calculate the data. The two curves consisted of standards from I to 10 
pg/mL and from 10 to 100 pg/mL. This was done to prevent negative bias 
on low-end values caused by variation in the high-end standards. A correlation 
coefficient was calculated to judge if an adequate curve fit was obtained. Slope 
and intercept values were also checked to note day-to-day consistencies. 
Control and sample values were calculated from the appropriate standard 
curves. 


VPLiQtion W y - A  standard curve with seven data points, a blank plasma 
control, and two positive plasma controls were assayed in duplicate on each 
of 3 d. On the fourth day a saliva standard curve, a blank saliva control, and 
two positive saliva controls were analyzed in duplicate. 


To estimate recovery, 100 pL of 10-pg/mL flurbiprofen and ibuprofen 
spiking solutions were either added too. 1 mL of plasma and analyzed (matrix 
standard) or diluted to 0.4 mL with mobile phase and injected directly into 
the chromatograph (injection standard). Runs were made on four separate 
occasions and recoveries were determined by comparing matrix-standard peak 
heights with injection-standard peak heights. 


Validation samples were generated by administering ibuprofen to four 
non-obese volunteersI2 whose averageage was 39.5 years (range, 31-47 years) 
and whose average weight was 69.2 kg (range, 59-77 kg). Each subject fasted 


32 r 


$ cn a 24 


I 
2 4 6 a 10 


0 
0 


Time After Drug Administration, h 


Figure 2-Auerage ibuprofen plasma level curves afier a single oral 400-mg 
dose of ibuprofen iableis. Key: (0) capillary plasma; (a) venous plasma. 


lo N-Evap nitrogen evaporator. Organomation Associates, South Berlin. Mass. 
I i  Model 3356 data system integrator. Hewlctt-Packard. Avondale, Pa 
IZ Informed written consent was obtained from each subject prior to participation 


Table 11-Evaluation of Between- verius Within-Day Variation via 
Analysis of Variance 


Mean 
Source DFa Square F P 


Low Calibraiion b r u e  (1-10 pg/mL) 
Nominal concentration 3 92.8 2546 <0.0001 
Day 2 0.0384 I .05 0.37 
Error 18 0.0365 


Nominal concentration 3 9166b 1593 <O.OOol 
Day 2 0.0466b 0.0081 1 0.99 
Error 17 5.75 


High Calibraiion Curve (10-100 pg/mL) 


Degrees of freedom. Adjusted for missing day 3. a 6 0 - ~ g / m L  value. 


9 h prior to drug administration, then received a 400-mg dose of ibuprofen" 
with 180 mL of water. Food was withheld for an additional 4 h after 
dosing. 


Blood specimens (venous and capillary) were withdrawn at predetermined 
times over a 10-h period after dosing. Seven milliliters of venous blood was 
collected at each interval from a forearm vein into evacuated tubes containing 
sodium heparinI4. Approximately 0.5 mL of capillary blood was simulta- 
neously collected by fingertip puncture with a sterile blood lancet into 
heparinized capillary collection tubes15. The plasma was harvested and stored 
frozen until the time of assay. 


Saliva samples also were collected at each sampling time and frozen im- 
mediately. The production and collection of saliva was facilitated by allowing 
the subjects to chew on a piece of flexible thermoplastic sheetingl6. Plasma 
and saliva samples were assayed using a seven-point standard curve, a blank 
plasma control, and 5.0- and 50.0-pg/mL positive plasma controls. 


RESULTS AND DISCUSSION 


A typical chromatogram (Fig. 1) of a plasma extract with and without 
ibuprofen and the internal standard, flurbiprofen, shows well-resolved sharp 
peaks free from endogenous interferences. The precision of the assay was 
assessed by evaluating 14 sets of calibration curve data. Six sets were generated 
from duplicate curves run on three consecutive days, and eight sets were 
generated during the analysis of plasma levels of ibuprofen from the four 
subjects who were administered a 400-mg dose of ibuprofen tablets. The RSD 
ranged from 1.91 to 11.6% (Table I). Excluding the I-pg/mL concentration, 
the m a n  RSD was 3.7%. Assay sensitivity was 1 pg/mL for a 0.1-mL sample. 
The mean correlation coefficient for the low curve was 0.9987, while that for 
the high curve was 0.9992. 


An estimate of withinday versus betweenday variability was obtained by 
statistically evaluating the duplicate calibration curve data using a two-way 
ANOVA with nominal concentrations and days as blocking variables. In this 
analysis, the mean square associated with days represents between-day vari- 
ation, while that for the error term represents within-day variation. No sig- 
nificant differences were observed for either the low or high calibration curves 
(Table 11) indicating that between- versus within-day variabilities were 
comparable. 


The accuracy of the method was estimated by assaying the two positive 
plasma contrdls on 14 separate occasions. The results show that excellent 
accuracy was obtained at both low and high concentrations; the mean RSD 
was 5.1%. Recoveries were 59.2 and 57.2% for the internal standard and 
ibuprofen, respectively. 
Results f r m  the measurement of ibuprofen in capillary and venous plasma 


in four normal human volunteers after a single oral 400-mg dose of ibuprofen 
(tablets) are shown in Fig. 2. Capillary and venous plasma level curves were 
superimposable. No significant differences between capillary and venous 
concentrations were observed using the nonparametric Wilcoxon signed-rank 
test. 


In Table 111 the pharmacokinetic parameters obtained from capillary and 
venous plasma for the four subjects are compared. Values from the two 
sampling techniques were virtually identical, demonstrating the utility of 
capillary sampling for bioavailability/phnrmacokinetic studies where small 
volumes of blood are prerequisites. 


Saliva samples were also assayed for ibuprofen; calibration curves, positive 
controls, and blank (negative) controls were prepared in drug-free saliva rather 


13 Motrin tablets, 400 mg. Lot 270PF; The Upjohn Manufacturing Co., Bareloneta. 


1' Baton. Dickinson and Co., Rutherford. N.J. 
15 Caraway tubes; Scientific Products, McGaw Park, 111. 
l6 Parafilm M; American Can Co.. Greenwich, Conn 


P.R. 
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Table 111-Comparison of Ibuprofen Pharmacokinetics in Venous and Capillary Plasma Following the Administration of One 400-mg Ibuprofen Tablet to 
Four Normal Healthy Subjects 


Cmax., pg/mL tmax, h AUClo, pg/mL - h r 1 1 2 ,  h 
Subiect Capillary Vcnous Capillary Venous CaDillarv Venous CaDillarv Venous 


1 32.8 32. I 4.0 4.0 I80 I62 1.65 2.54 
2 35.2 31.4 2.0 2.0 151 148 1.95 2.01 
3 33.9 32.6 3.0 3.0 107 106 1 .so 1.45 
4 33.1 32. I 3.0 3.0 138 132 2.49 2.76 


Mean 33.7 32. I 3.0 3.0 I44 I37 1.90 2.19 
SD 1.07 0.493 0.8 I6 0.8 16 30.3 24.0 0.439 0.585 


than drug-free plasma17. All saliva concentrations were below assay sensitivity. 
indicating the unsuitability of saliva sampling as a noninvasive alternative 
to the collection of blood samples. 
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Abstract 0 A sensitive, specific high-performance liquid chromatographic 
procedure was developed for the determination of plasma drotavcrine levels. 
Basic plasma samples were adjusted to pH 1.5 and extracted with chloroform. 
HPLC [n-heptane-dichloromethane-diethylamine (50:25:2)] on a micro- 
porous silica column, with a variable-wavelength UV detector set at 302 nm 
allowed the measurement of drotaverine at the 50-ng/mL level. The utility 
of this method for determination of drotaverine in dog and rat plasma was 
demonstrated. 


Keypbrases 0 Drotaverine-liquid chromatography, plasma Liquid 
chromatography-determination of plasma drotaverine levels 


Drotaverine, [ 1 -(3,4-diethoxybenzylidene)-6,7-diethoxy- 
1,2,3,4-tetrahydroisoquinoline] (I) ,  an effective spasmolytic 
drug ( l ) ,  is also marketed as a salt developed with theophyl- 
line-7-acetic acid (2). 


There are only a few reports in the literature describing the 
measurement of drotaverine in plasma. 14C-Labeled drotav- 
erine was used to study the pharmacokinetics of the drug in 
mice (3) and humans (4). The spectrophotometric method (5) 
and the procedure suggested for the assay of papaverine (6) 
was found to be neither specific nor sensitive. This paper de- 
scribes a modification of the high-performance liquid chro- 
matographic method (HPLC) which has been reported for the 
measurement of papaverine in plasma (7).  


EXPERIMENTAL S E ~ I O N  


Reagents-Drotaverine', papaverine hydrochloride', drotaveraldine' ( I I ) ,  
chloroform2, hydrochloric acid3, n-heptane4, diethylamine), dichloromethane). 
glacial acetic acid5, and anhydrous sodium sulfate) were used without any 
further purification. 


Apparatus-The liquid chromatograph6 was fitted with a siopped-flow 
injector6, a variable-wavelength UV detector7 (set at 302 nm), and a micro- 
porous silica columna. The flow rate of the mobile phase was 1.6 mL/min. 
Chromatograms were recorded9 at  1 crn/min chart speed. 


d5c20qN '5'2' 


I 


I Chinoin Chemical Works Ltd., Budapest. Hungary. 
Merck, Darmstadt, Federal Republic of Germany. 


3 Reanal Chemical Works, Budapest, Hungary. 
Reachim. Soviet Union. 


5 ErdokCmia Chemical and Industrial Co.. Budapest. Hungary. 
Model Liquochrom 307; Labor MIM, Budapest, Hungary. ' Yodel Liquodet 308; Labor MIM, Budapest, Hungary. 
Chromspher-Sil 10 pm; 3.9 X 250 mm; Labor MIM. Budapest. Hungary. 
YE-230 recorder; EMG, Budapest, Hungary. 
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Labeling Suspended Aerosol Particles with Short-Lived 
Radionuclides for Determination of Particle Deposition 
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Abstract 0 Radiotracer techniques were developed to examine parameters 
that characterize pressurized aerosols designed to deliver insoluble particles 
suspended in the aerosol formulation. Microaggregated bovine serum albumin 
microspheres that were to be suspended were labeled with iodine-131 ( t ~ p  
= 8 d). This iodination procedure (>8Wo effective) is also applicable to io- 
dine-I 23, which possesses superior characteristics for external imaging and 
further in vivo studies. This report shows that for pressurized aerosols con- 
taining suspended particles, each metered dose is approximately equal (not 
including the priming doses and the emptying doses) Increase in the delivery 
of the albumin particles out of the canister was best achieved by pretreating 
the valve assembly with a solution of 2% (w/v) bovine serum albumin in  
phosphate buffer. Use of a cascade impactor delineated the particle size dis- 
tribution of the micropheres. with the maprity of particles ranging in size from 
2 to 8 pm. The data disclosed here indicate that the techniques developed with 
short-lived radibnuclides can be used to ( a )  quantitate each metered dose, (b) 
characterize the particle size distribution profile of the aerosol contents, and 
( c )  determine the extent of deposition of the particles in the aerosol canister 
and all of its components. 


Keyphrases 0 Radionuclides-short-lived, determination of particle depo- 
sition 0 Aerosol particles-labeling with short-lived radionuclides. deter- 
mination of particle deposition 0 Particle deposition-determination with 
short-lived radionuclide labeling, suspended aerosol particles 


In recent years, several reports have appeared that deal with 
the deposition of aerosols in the lungs of rats (1) and humans 
( 2 ) .  Previous studies in this area have utilized liquid droplets 
delivered from nebulizers (3)  and liquid droplets or solid 
particles delivered from pressurized aerosols (2, 4). Various 
equipment has also been developed for use in the determination 
of radioactive aerosol retention in the lungs of rabbits (3, as 
well as in studies designed to observe increased whole lung 
deposition of particles ( 6 ) .  Studies have also been performed 
to improve the deposition of aerosols in the lungs by controlling 
the breathing pattern of the patient (6 ) .  Oral adaptor extension 
devices have been shown to decrease the delivery of an aerosol 
to the oropharyngeal area (7). These devices are important not 
only because aerosols are used for site-specific drug delivery 
(2,4), but also because the sizes of the aerosolized particles 
determine their distribution in the respiratory tract ( 2 ,  3). 


Consequently, some studies have been performed to ascer- 
tain the amount of a compound, whether it is a solid or a liquid, 
that has actually been released in any individual metered dose. 
Several experimental techniques have been used for these 
determinations. In one study, weighing of a pressurized aerosol 
container before and after a designated number of actuations 
to measure the reproducibility of metered doses from a random 
sampling of the manufactured canisters has been reported (8). 
Davies et af. (9) have reported that there is great reproduc- 
ibility and uniformity of delivery in random samples of man- 
ufactured pressurized aerosols. Those studies were performed 
on aerosols in a particle-size analyzer which is dependent on 
light-scattering techniques. In another study, the measured 
volume of propellant containing a known amount of particulate 
matter per dose has been reported ( 2 ) .  In yet another report, 


the size distribution of particles in commercially available 
cosmetic aerosols were delineated by microscopy, cascade 
impaction, and single-particle aerodynamic relaxation time 
analysis (10). Each of these are reliable accounts, but better 
quantitation can be achieved with short-lived radionuclides. 


The most reliable method for the determination of repro- 
ducibility of all delivered doses from any given aerosol at any 
time, as well as the distribution of the size of particles released 
and the deposition of the compound in an aerosol canister, is 
by radioactive tracer methodology. Utilization of short-lived 
radionuclides in  the assessment of quantitation techniques of 
aerosol particles has been reported in the past. For some time, 
the incorporation of a radioactive tag has been the major 
hindrance, due to the techniques needed for tagging the aerosol 
particle to be studied. Garrard et af. ( 1  1) have used 99mT~-  
labeled Fez03 colloid in experimentation, whereas Moren (4), 
Newman et af. ( 2 ) ,  and Agnew et af. (1 2 )  have utilized tech- 
netium-99m incorporated into synthetic polymer particles. 
Isawa et af. (1 3) have published results of an aerosol study in 
which 99mTc-labeled serum albumin aerosols were scrutinized, 
although the tagging technique was not disclosed. 


In this study, bovine microaggregated serum albumin mi- 
crospheres labeled with iodine- I3  l wcrc utilized as the sus- 
pended particles of the aerosol formulation. The chemical 
procedure developed for the labeling of the microspheres with 
iodine-I3 1 is applicable to iodine-123, which possesses superior 
characteristics for external imaging ( 14). Unlike the previously 
studied synthetic particles ( 2 ,  4, 12), the iodinated albumin 
microspheres, which are currently used in nuclear medicine, 
can be degraded by the body and, thcrcfore, are availablc for 
in uiuo experimentation. 


This report describes techniques which show how short-lived 
radionuclides can be used in ( a )  quantitation of each metered 
dose, ( b )  characterization of particle size distribution by the 
aerosol, and (c) determination of the extent of deposition of 
the particles in the canister and all of its components. 


EXPERIMENTAL SECTION 


lodination of Microaggregated Albumin Microspheres-Thc prcparcd 
microaggregated albumin microspheres] were first washed with phosphatc 
buffer (pH 8.0) for use in the subsequent experiments. The microspheres were 
mixed in a mixer2 and then centrifuged in a tabletop centrifuge’. l h c  super- 
natant was removed, and the microspheres were resuspended in the phosphatc 
buffer. The washing process was repeated a total of five times. To dctcrinine 
the weight of the microspheres, a represenlalive samplc was obtained, allowed 
to dry, and then weighed. The weight of microspheres per volume of solution 
was then determined and recorded. 


The microspheres suspended in the phosphate buffer were then transferred 


’ Microaggregated albumin microspheres (diameter. 3-8  pm) were \uspcndcd in 
a 2% Tween 80 solution in ethanol; Lederle Laboratories. Division of American Cy;maniid 
Co.. Pearl River, N . Y .  


*Super Mixer. model 4722: Cole Parmer. Chicago. 111. ’ Clinical tabletopcentrifuge; IEC Co.. Needham lleights. M;ias. 
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Table I-Determination of the Metered Doses Actuated from an Aerosol 
Canister a s  a Function of Number of the Actuation 


Total Recovered Activityb, %of dose 
Experiment Experiment Experiment 


Actuationa 1 2 3 


1 1.05 
2 2.04 
3 4.49 
4 4.50 
5 6.83 
6 5.93 
7 6.1 I 
n 6.23 
9 7.06 


10 6.07 
I 1  8.63 
12 4.07 
13 
14 . .  
15 
16 
17 


8.40 
4.35 
7.08 
8.13 
4.59 


0.04 
4.12 2.69 
5.24 3.10 
4.72 12.40 
8.29 5.22 
3.48 2.84 
2.5 I 6.29 
2.38 6.00 
7.41 5.15 
2.78 
4.08 
5.7 I 
7.40 
4.21 
3.22 
3.34 
0.9 I 


6.25 
4.77 
2.89 
4.66 
6.39 
4.56 
8.85 
4.76 


18 1.28 2.62 4.02 
19 2.10 1.99 1.04 


a A canister was filled with propellant and i3il-labcled microaggregated albumin 
microspheres and crimped. After temperature equilibration. the canister was emptied 
by releasing the Contents. actuation by actuation, into a propriately labeled scintillation 
vials. * Valucs listed are percentages of each dose to tRe total activity recovered in all 
the actuations from each of three aerosol canisters. 


to a I .O-mL glass vial with a magnetic spin-vane stirrer4 and capped with a 
plastic cap containing a multiple-delivery rubber septum. The radionuclide 
was introduced into the closed system, and then N-chloro-emethylbenzene- 
sulfonamide sodium saltS (5 mg dissolved in 0.5 mL of buffer solution) was 
added such that the total concentration was 1-10 pg of microspheres. The 
reaction was stirred continuously for 5 min on a magnetic stirre+, and then 
sodium metabisulfite' in buffer solution (10 mg/0.25 mL) was added, so that 
the final ratio was 5 fig of sodium metabisulfite' to 10 pg of microspheres. 
The contents of the vial4 were mixed for an additional 5 min and then trans- 
ferred quantitatively to a conical centrifuge tube by repeated washings of the 
vial4 with the phosphate buffer. The sample was then centrifuged for 8 min. 
the supernatant was removed, and the labeled microspheres were washed two 
more times with fresh phosphate buffer. 


To determine the efficiency of iodination of the microspheres, two test 
methods were used. In  the first method, the iodinated microspheres were 
precipitated with 2076 trichloroacetic acids and then centrifuged and washed 
repeatedly with the phosphate buffer. The radioactivity found in the precipitate 
was considered to be bound to the albumin microspheres. A second test in- 
volved the use of a dialysis bag9 in phosphate buffer. The radioactivity re- 
maining in the dialysis bag and in the total dialysate after 62 h was quanti- 
tated. 


Preparation of the Aerosol Containers-The iodinated microspheres were 
suspended in ethanolI0 for use in the modified aerosol canister". The canister 
was fitted with an insert made of aluminum, stainless steel,or plastic12 so that 
when filled it would deliver 20 metered doses of 65 pg/dose (the similar 
commercially available canister is designed to deliver 200 metered doses). 


The freshly prepared albumin microspheral were placed in the plasticI2 
insert in a canister and supercooled to -65OC in an acetone-dry ice bath. The 
propellant, dichlorodifluoromethane') (1.3 g), was added, and the valveI4 was 
put in place and crimped15. The closed canister was placed in a warm water 
bath, i .e. ,  55OC. to test for crimping leaks. After successfully passing the leak 
test, the canister was allowed to equilibrate to room temperature for use in 
the deposition studies. 


Determination of the Radioactive Species-By testing the interaction of 
the canister insert, valves, and contents singly and combined, determination 
of the radioactive species was attempted. That is. attempts were made tocheck 
_______~ ~~~ ~ 


Minivial and stirrer; Reliance Glass Work Co.. Bensenville, 111. 


Mallinckrodt. Inc.. Paris, Ky. 
J.  T. Baker Chemical Co.. Phillipsburg. N .J .  
Sptropor Membrane Tubing (molecular weight cut off -3500); Spectrum Medical 


Industries Inc.. Los Angtlcs. Calif. 


5 Chloramine-T; Eastman Kodak Co., Rochester. N.Y. 
6 Model PC-351; Corning Glass Works. Corning, N.Y. 


lo US. Industrial Chemical. Louisville. K y .  
I i  Cebal canister; Lederle Laboratories. 
l 2  Teflon, Dupont. 
I' Freon-12; Racon Inc., Wichita. Kan. 
l 4  Valois valve; Lederle Laboratories. 
I s  J & C; Crimper, Paterson. N.J. 


whether the quantitated activity was due to free iodine, iodinated propellant, 
or the labeled microspheres. By varying the different parameters, the radic- 
active deposition was proven. 


Experiment /-Three aluminum canisters were filled with propellant and 
a known, weighed amount of unlabeled albumin microspheres, crimped closed, 
and then allowed to equilibrate to room temperature after successfully passing 
the leak test. The contents of each were then actuated into scintillation vials 
for later determination by the ninhydrin assay for the amount of protein 
present. 


Experiment 2--Again, three aluminum aerosol containers were used, with 
the first containing '3'l-iodinated microspheres and propellant. After 
crimping, the canister was warmed to room temperature, cooled to -6OoC, 
and then opened. After evaporation of the propellant, the activity was quan- 
titated. The second canister contained only [13'I]NaI and unlabeled micro- 
spheres. Propellant was added, the system was crimped hydraulically and 
allowed to warm to room temperature. After supercooling (-60°C) the aerosol 
container, the valve assembly was removed, and the contents were permitted 
to evaporate. The final canister in  this portion of the experiment contained 
only [13 ' l ]NaI  and propellant that was allowed to evaporate without the 
crimping, warming, and cooling procedure. 


Experiment 3-One of the two canisters containing iodinated rnicrospheres 
and propellant was crimped closed, heatcd to S O T ,  cooled to -6OOC. and 
opened by removing the valve to allow the contents to evaporate. The other 
canister was filled with iodinated microspheres and propellant, which were 
then allowed to evaporate at room temperature. 


Metered Dose Determinations-The canister was shaken manually for 
dispersion, and subsequently, the contents were emptied into plastic scintil- 
lation vialsI6 lined with gauze. After each actuation, the canister was shaken 
vigorously for 2-3 s. The end of the valve stem was held with needle-nose pliers, 
and each metered dose was delivered into a separate appropriate vial. The 
collection of actuations was continued until the canister was empty. The 
canister was then dismantled, the inside of the plasticI2 insert was washed 
exhaustively, and the valve was dismantled to quantitate the deposition of the 
radioactivity. 


Cascade Impaction-Filled and leak-tested aerosol canisters containing 
the radiolabeled albumin microspheresl were also used in the second experi- 
ment. An appropriate oral adaptor was fitted onto the canister and the valve 
stem, and subsequently, the aerosol was actuated in a cascade impactorI7. A 
pressure of I8 psi was applied to the cascade impactor with a vacuum pumpla. 
The canister was shaken before each actuation into the impactor, and the 
vacuum was run for an additional 5 min after the last actuation to ensure 
complete impaction. The glass slides for collecting the sized particles were 
removed and washed with 3 M NaOHI9. All washings were collected, and the 
radioactivity was quantitated. 


RESULTS AND DISCUSSION 


This study was undertaken to examine several parameters which charac- 
terize pressurized aerosols in which the drug used is in the form of an insoluble 
particle suspended in the aerosol formulation. These parameters include ( a )  
accurate quantitation of metered doses, ( b )  characterization of the size dis- 
tribution of particles ejected from the aerosol, and (c) the deposition profile 
of the aerosol particles in the canister and component parts. 


To achieve these goals, microaggregated bovine albumin microspheres 
(ranging from 3 to 8 pm in diameter) were labeled with iodine-I 31 by the 
general methods of McConahey and Dixon ( I  5), Greenwood et al. ( I  6), and 
Hughes and Straessle ( 1  7) adapted for use with microspheres in this experi- 
ment. The microspheres, which were suspended in phosphate buffer (pH 8.0), 
were placed in a glass vial4, and the radioactivity, in  this case [ '3 ' l ]Nal ,  was 
added. N-Chloro-4-methylbenzenesulfonamide sodium salt was added. the 
mixture was stirred for 5 min, and the reducing agent, sodium metabisulfite. 
was added to halt the iodination procedure. The radiolabeled microspheres 
were then washed with phosphate buffer to remove any residual radioac- 
tivity. 


To ascertain that the iodine was covalently bonded to the protein backbone, 
the microaggregated albumin microspheres were precipitated with trichlo- 
roacetic acid. The total radioactivity found in the supernatant and in  the 
precipitated protein indicated an 80-9070 efficiency of iodination. To further 
determine the covalent linkage of the iodine to the microspheres, an identical 
sample of the microspheres was dialyzed9. The results indicate that 12% of 
the total radioactivity was found in  the dialysate and the dialysis bag, con- 
firming that the majority (>go%) of the radioactivity is associated with the 
microspheres. 


l6 Packard Instrument Co., Downers Grovc. 111. 
j 7  Delron DCI; Delron Research Products Co.. Powell. Ohio. 
I* Cast Manufacturing Co.. Benton Harbor, Mich. 
l9  Fisher Scientific Co., Fair Lawn, N.J. 


1092 I Journal of Phermaceutical Sclences 
Vol. 73. No. 8. August 1984 







Table 11-Effect of Various Treatments Involving Aerosol Valves and Canister Contents on the Delivery of lodinated Microspheres' 


Canister 
Valve 


Treatment Surfactant 
Percent Radioactivity 


I n  Valve I n  Insert6 


I 


2 


3 


4 


5 


6 


I 


2% (w/v) BSAC in phosphate buffer pipetted into valve 


4% (w/v) BSA' in phosphate buffer pipetted into valve 


10% (w/v) Tween 80 in phosphate buffer pipetted in valve 


4% (v/v) Tween 80 i n  phosphate buffer pipettcd in  valve 


10% (v/v) Tween 80 in phosphate buffer pipetted in valve 


n 


2% (v v) Tween 80 


2% (v /v )  Tween 80 
i n  dtOH 


i n  &OH 
2% (v  v) Tween 80 


2% (v v) Tween 80 
in d tOH 


in  d t o l i  


in 6tOH 
10% (v/v) Tween 80 


79.9 8.9 


51.4 11.3 


89.8 4.5 


57.5 5.8 


89.9 4.3 


83.5 6.9 


94.1 1.9 


83.2 7.9 
in EtOH 


9 Silylated with I %  (v/v) organosilaned in dioxane by immersion 11.4 10.2 


1 1  Silylated with 1% (v/v) organosilaned in distilled water by immersion 74.5 4.8 


13 5% (w/v) BSA' in phosphate buffer pipetted into valve 59.2 8.5 
14 10% (w/v) BSAC in phosphate buffer pipetted intovalve 71.2 8.7 


10 Silylated with 1% (v/v) organosilaned in methanol by immersion 75.1 4.2 


12 2% (w/v) BSAr i n  phosphate buffer pipetted into valve 54.6 6.2 


15 Silylated with 100% (v/v) trimethylchlorosilane by immersion 82.9 6.4 


Numbers represent percent of total radioactivity delivered from thc aerosol. b Teflon: DuPont. Bovine serum albumin. Prosil-8. PCR Research Chemicals. Inc. 


When the labeled microsphercs wcrc photographed20 under a microscope2' 
before and after the labeling process. it was found that their spherical geometry 
remained unaltered by the iodination procedurc. 


The labeled microsphercs wcre introduced into an aerosol canister" (a 
plastic insert was used to decreasc the fil l  volume), the p r ~ p e l l a n t ' ~  was added, 
and the canister was crimped closed with the valvei4 in  place. Leak tests in 
warm water provided proof of good crimps with no gas leaks, and the filled 
canisters were subsequently allowed to equilibrate to room temperature for 
15 min before use i n  the experimcnts. 


Experiments were devised to determine the reproducibility of each metered 
dose from the canister. The aerosol container was shaken; each actuation was 
collected in individual scintillation vialst6 lined with gauze and quanti- 
tated. 


The percentage of the total radioactivity collected from each actuation is 
listed in Table 1. In all three experiments, the first three actuations (necessary 
to prime the valve) had suboptimal amounts of solid particles, as indicated 
by the smaller amounts o f  radioactivity delivered. The last three doses also 
showed lower amounts of radioactivity. The total radioactivity released from 
the canister represented only 5% of the total quantitated. The majority of the 
activity was found in the valve. Several attempts were made to improve the 
delivery of the labeled microspheres from the aerosol canister. These included 
impregnation of the valve with (a) 2. 5, or 10% bovine serum albumin in 
phosphate buffer, ( h )  4 or 10% Tween 80 in phosphate buffer, and ( c )  1 %  
~rganos i lane~~ in dioxane, methanol, or distilled water. The best results (Table 
11) were obtained when the valve was impregnated with 2% bovine serum al- 
bumin in phosphate buffer. A total of 0.4 mL was applied directly into the 
valve, and i t  was allowed to air dry at room temperature for I h before use. 
Approximately 50% of the total activity was found in the valve after the al- 
bumin pretreatment, indicating an improvement in delivery of the labeled 
microspheres of -40%. 


The amount of protein present in unlabeled microspheres delivered from 
the aerosol canister was determincd using the ninhydrin assay (4.3 I mg), in- 
dicating that -20% had been actuated out of an untreated aerosol containcr. 
This value is higher than the reported value of 5% for the radiolabelcd mi- 
crospheres released from the canister by acutating the valve. Further exper- 
iments with (a) labeled microspheres and propellant, ( h )  unlabeled micro- 
spheres. [1311]Nal. and propellant, and (c) [ '3 ' l ]Nal  and propellant dem- 
onstrated that iodine-131 alone was not responsible for the activity present 
i n  the valve assembly. but the iodinated microspheres represented the radio- 
active species quantitated. 


To  determine the particle size distribution of the aerosol, a cascade im- 
pactorI7 was utilized. Either 2 or all 20 actuations (metered doses) were passed 
through a cascade impactor" subjected to a vacuum of 18 psi1*. Due to the 
aerodynamic design of this particle size analyzcr, thc microspheres exhibited 
a size distribution profile as shown in Table 111. Stage I ,  with the largest 


~ ~~ 


2fl Model N35A camera; Nikon. 
2 I  Reicheri microscope, Vienna, Ausfria. 
22 ProSil-8; PCR Research Chemicals, Inc.. Gainesville, Fla 


opening, collected the heaviest or largest particles. whcreas stage 6 collccted 
those particles which traveled the fastest, that is, the smallcst particlcs. The 
size dctcrrnination provided by the cascade impactorI7 showcd that thc ma- 
jority of particles (stages 3-5, Table I l l ) .  had sizes ranging from 2 to 8 
Ccm. 


Dismantling of the emptied canister and quantitation of the rcsidual ra- 
dioactivity constituted the final aspect of the study. The valve was removed 
from the canister and separated into six component parts. Approximately 9070 
of the total radioactivity in the aerosol container was found in the valveI4. with 
the spring accounting for the highest amount counted (95%). Impregnation 
of the valve decreased the amount of radioactivity in  the spring to 46%. Ra- 
dioactivity was also present in the plasticI2 inscrt, and dircct counting of the 
insert with the residue present led to quantitation of the particles that had not 
been aerosolized (2-1W0). 


The major drawback in this study was the tendency of the '-"I-labeled al- 
bumin microspheres to adhere to the various components of the aerosol con- 
tainer. A substantial amount of the total radioactivity was located in the valve 
apparatus, and therefore, this type of suspended microsphere aerosol system 
is not practical for drug delivery. However, the data obtained concerning the 
quantitation of metered doses and the determination of size dismibution of 
particles illustrate the usefulness of tracer methodology in  aerosol re- 
search. 


Table I shows that reasonably equal doses can be delivered in actuations 
5-16. The first four primer doses delivered lesser quantities of the formulation. 
This is probably due to the fact that these primer doses rid the valve of any 
water in the stem after the leak test and f i l l  the valve chamber wi th  the pro- 
pellant. The last thrw doses shown are also smaller. As the pressure decreases, 
the quantity of particles delivered becomes less because the weight of the 
microspheres is too great for the amount of propellant remaining. 


I n  the particular valve system utilized, each metered dose delivered is 65 
pg. Therefore, dctcrmination of a single dose by the convcntional wcighing- 
by-difference method would be difficult. 


Table 111-Determination of Particle Size Distribution Profile of 
Microspheres Delivered from an Aerosol ' 
Cascade Im- Known particle Particle s i x .  %of totalb 
pactor Stage Size Impacted, p m  Experiment I Experiment 2 


1 3 2  15 .18  16.59 
2 16 9.11 11.30 
3 n 23.02 24.06 
4 4 24.59 17.42 


6 I 9.21 10.59 
Filter paper 0.5 4.11 4.24 


5 2 14.73 I 5 .80  


a Data were obtained from '3'l-labelcd microaggrcgated albumin microspheres pulled 
through a cascade impactor with 18 psi pressure applied by two in-line vacuum pumps. 


Values listed arc percentages of total radioactivity recovered on a11 six glass alidcs of 
the impactor plus the filter paper at the bottom of the cdsc;ide impactor. 
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The variability of the amount delivered per actuation could be due to in- 
adequate shaking of the aerosol container. The method of collection of the 
labeled microspheres could also cause the valve stem to be blocked, thus de- 
trimentally affecting the results. 


The cascade impactor, which was used to delineate the particle size distri- 
bution profile, showed that the majority of microspheres had sizes ranging 
from 2 to 8 pm. The size profile seen in Table I l l  lists microspheres with sizes 
greater than the reported prepared size of 3 to 8 pm, indicating aggregation 
of the smaller particles into heavier larger clusters. These aggregates were 
deposited onto the glass slides of the first two stages of the impactor, as dictated 
by the aerodynamic parameters of this particle-size analyzer. Again, the ra- 
diotracer method proved superior to the classical weighing-by-difference 
procedure for quantitation of the amount of particulate matter present on each 
slide after only one actuation of the aerosol. 


The deposition of the microspheres onto the components of the valve con- 
stituted the final portion of this study. Untreated valves permitted the release 
of-5-1 Woof the total radioactivity. By pretreating thevalves with albumin 
solutions, the adherence of the iodinated albumin microspheres to the plastic 
parts of the valve and the metal spring was significantly decreased. The de- 
livery of the activity from the treated canister, however, was found not to ex- 
ceed 50% of the total dose. These results indicate that much more work must 
be done before microspheres utilized as a drug delivery system can be released 
effectively from present aerosol canisters. 


CONCLUSIONS 


The advantages of radiotracer methodology described in  the study of 
aerosols are multifold: ( a )  single doses of an aerosol delivered from a canister 
can be analyzed, rather than multiple doses as required in  previous studies, 
( b )  short-lived isotopes c a n  be disposed of easily after the passing of an ap- 
propriate decay period, and ( c )  by proper choice of the radionuclide label, rapid 
and accurate data may be obtained both in  in vivo and in oirro studies. Since 
aerosols are designed to deliver a metered amount of drug to the patient, the 
elucidation of the size of the dose and its deposition in  the patient is an im- 


portant consideration. The technique outlined here should prove to be useful 
in answering these problems. 
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Abstract 0 Solubility data of nine derivatives of the structure p-Xl 
- C b H 4 - X *  in ethanol-water at 25OC are reported. The correlation of such 
sets of data by log S ,  = P,.log S ,  + C yields the medium effect parameter 
Pv for a variety of functional groups possessing either oxygen or nitrogen. P, 
accounts for the hydrophilic-lipophilic character exhibited by each group. 


Keyphrases 0 Solubility-effects of solvent medium, hydrophilic -1ipophilic 
character, ethanol-water 0 Solvent medium-effects on solubility, hydro- 
philic-lipophilic character, ethanol-water 0 Hydrophilic-lipophilic char- 
acter-effects of solvent medium, solubility, ethanol-water 


The existence of linear relationships between the logarithms 
of the solubility equilibria of structurally related crystalline 
compounds, as they vary with changes in solvent or solvent 
composition has been shown previously (1,2). Such linear free 
energy relationships (LFER) are conveniently expressed by: 


logs, = P,. logs,  t c (Eq. 1) 


where Sy and S,  are sets of solubility data of compounds A, 
and A,, respectively. By taking a proper solvent condition as 
reference, Eq. 1 becomes: 


log S, - log S,O = P,(log S ,  - log S]E) (Eq. 2) 


(Eq. 3) 


or 


Alog S, = P, * Alog S,  


The medium effect parameter Py depends on the structural 
difference between A, and A, on the one side and on the ef- 
fects of the solvent change on the solubility of the substrate 
series ( i e . ,  on the sign of Alog S) on the other. To illustrate this 
point, Fig. 1 shows a typical LFER plot of a pair ofp-amino- 
benzoic esters which pass through a solubility maximum when 
they move from the first to the last solvent condition. There, 
as the solvent system increases in lipophilicity, the solubility 
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Abstract 0 A reliable. sensitive. and specific assay for isosorbidc dinitrate, 
pentaerythritol tetranitrate, and erythrityl tetranitrate in sublingual, uncoated, 
sustained-release. and chewable dosage forms, uhing high-pcrformance liquid 
chromatography. is described. The nitrate ester dosage forms were dissolved 
in methanol, filtered, and injected directly into the liquid chromatograph. A 
variable-wavelength U V  detector, operated at 220 nm. and a rcversc-phase 
CIB microporous silica column were employed. The mobile phase WBS meth- 
anol-water (40:60). The proposed method IS quantitative and reproduc- 
ible. 


Keyphrases 0 lsosorbide dinitrate IIPLC. tablet forms 0 Pcntaerythritol 
tetranitrate-HPLC. tablet forms 0 Erythrityl tetranitrate-HPI.C, tablet 
forms 


lsosorbide dinitrate ( I ) ,  pentaerythritol tetranitrate ( I I ) ,  
and erythrityl tetranitrate (111) are members of a group of 
vasodilator drugs that are useful in the treatment of angina 
pectoris and ischemia of skeletal muscles. Since these nitrate 
esters have a slower onset of action and their duration is longer 
than nitroglycerin ( IV) ,  they are beneficial in the prevention 
of attacks, but not in  the management of the acute attack 
(1 ) .  


Nitrate esters have been determined by polarographic (2 -4), 
IR, spectrophotometric (5-8), and colorimetric (9-1 1 )  pro- 
cedures. The basis for several procedures ( 1  2, 13)  is nitration 
of phenoldisulfonic acid with the nitrate moiety of the ester and 
subsequent formation of a colored ion in a basicsolution. These 
standard methods are time consuming and complex, and the 
colorimetric method is nonspecific for the active ingredient. 


The objective of this investigation was to devise a simple, 
rapid, and specific procedure that would be applicable to the 
three nitrate esters cited above and to the majority of other 
nitrate esters. High-performance liquid chromatography 
(HPLC) as a determinative technique offered the best ap- 
proach (14, 15). This straightforward procedure has already 
been successfully used to quantitatively determine IV (16, 17). 
This paper presents a method for the analysis of 1, 11, and 111 
in various dosage forms by reverse-phase HPLC with IV as the 
internal standard. This method is simple, rapid, and repro- 
duci blc. 


EXPERI\IKNTAI. SECIION 


Reagents and Materials- tIP1.C-grade methanol' and water' were used. 
All other chemicals and solvents were reagent grade and were used without 
further purification. Ten percent of II?. 10% of Ill3. and 25%of 14, all as lactose 
triturates. were used as reference standards; II and I l l  were assayed by the 
USP phcnoldisulfonic acid method (18). A 10% IVs triturate was used as an 
internal standard. 


I J .  T. Raker Chemical Co.. Phillipsburg. N.J. 
Atlas Chemical Industries. Wilmington. I M .  
hrroughs  Wellcome, Research Triangle Park. \ .C. 
USP Reference Standard. United States Pharmacopcial Convention. Rockville, 


ICI kneric;i\ .  Wilniington, I>el. 
Wd. 


Instrumentation- The liquid chromatographic system consisted of a 
dual-head reciprocating piston positive-displacement pump6, a scptumless 
syringe-loaded loop injector with a 20-pL loop', a variable-wavelength U V  
detectors, opcrated at  220 nm, and a 10-mV rccordcr9. A 30 cm X 3.9-mm 
i.d. 10-pm CIS microparticulate column'" with a 4 cm X 4.6-mm guard col- 
u m n  packed with pellicular cxtadecyl reverse-phase material' I was used a t  
ambient tcmpcrature. The mobile phase was methanol- water (40:60). The 
flow rate was 1 ml./min with a pressure of 1600 psi. 


sdution Preparation- The internal standard, IV. was prcpared as a 75- 
pg/ml. solution in methanol and filtered through 0.7-pm filter paper'*. To 
prepare a standard solution, 1 mg of I ,  2 mg of 11, or 3 mg of I l l  was accurately 
weighed intoa SO-mL glass-stoppered Erlenmeyer flask and diluted with 10.0 
ml, of internal standard solution. The desired solution was sonicated for 2 min, 
mechanically shaken for 30 min, and then filtered through 0.7-pm filter 
papert2. Samples of each drug were prepared by weighing and finely pow- 
dering 20 tablets. An accurately weighed portion of the poNder, equivalent 
to I mg of I ,  2 mg of II. or 3 mg of I l l ,  was transfered to a 50-mL glass-stop- 
percd Erlenmeyer flask and diluted with 10.0 mL of internal standard solution. 


I 


x ul 
w a 


I I I 
0 10 20 30 40 


Figure 1 -Chromatogram of nilrole esrer niixrurr. Key: (11 isosorbidr dini- 
trore: ( I  V J  nitrogljwrin; ( I I )  penraeryrhrirol reiranirraie; (111) eryihrityl 
iiJiraniirale. 


MINUTES 


Model 1 0 ~ ~ :  ~ l t c x  Scicntific. Herkcley. Calif.  


Model 155-40: Altcx Scientific. Berkeley, Calif.  
R-D-41: Kipp & Zonen, Delft.  The Netherlands. 


Gilman Instrument Co.. Ann Arbor, Mich.  


' Model 210 injector with 210-06 loop: Altex Scientific. Berkeley. Cal i f  


lo fi-Hondspak C I H  (10 fini): Water5 4ssociates. Milford. Mass. 
I I  fi-Bondapak CIS/Corasil: Waters Associates. M, l ford.  Mass. 
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Table I-Assay Results for Tablet Forms 


Tablet 
Dosage Form Conc., mg Found, mg Found, % 


lsosorbide Dinitrate 
Sublingual 2.5 2.34 93.6 
Sublingual 2.5 2.40 96.0 
Sustained-release 40 40.57 101.4 
Sustained-release 40 38.53 96.3 


Uncoated 10 9.04 90.4 
Uncoated 10 10.05 100.5 
Uncoated 10 9.17 91.7 
Sustained-release no 84.00 105.0 


Pentaerythritol Tetranitrate 


Erythrityl Tetranitrate 
Chewable 10 10.80 108.0 
Sublingual I0 10.13 101.3 
Sublingual 10 10.36 103.6 


sonicated for 2 min, mechanically shaken for 30 min, and filtered through 
0.7-pm filter paper12. 


Assay  of Standard and Sample-Using the HPLC parameters described. 
three 20-pL portions of the standard and sample filtrates were chromato- 
graphed. Thecalculation of the peak area ratio, R, wasdetermined from the 
area of I/the area of internal standard peak. The concentration of 1 ( C )  was 
then determined from: 


csample = Csrandard x (Rsamp!c/Rsundard) 
The percent of 1 was determined from the percent of label = (sample con- 
centration/theoretical sample concentration) X 100. 


Precision and Accuracy Studies-Twenty tablets were weighed and tritu- 
rated to a fine powder. From this powder, seven samples were weighed and 
treated as described above. Triplicate injections were made of each sample. 
The spiked samples of each dosage form were prepared using standard addition 
procedures. Weighed amounts of the triturate were added to previously as- 
sayed dosages containing the active ingredient. These preparations were then 
analyzed as described (19). 


RESULTS AND DISCUSSION 


Figure 1 shows a typical chromatogram of a mixture of 2 pg of I ,  4 pg of 
I I .  and 6 pg of Ill ,  using 1.5 pg of IV as  the internal standard. The retention 
time with 40% methanol in water was -I0 min for I. 14 min for I V ,  25 min 
for I I ,  and 30 min for 1 1 1 .  


During the development of this method, a number of variations were tried. 
Methanol was chosen as the extracting solvent because of its ability to solu- 
b i k e  the nitrate ester from its excipients in the various dosage forms. Meth- 
anol and acetonitrile performed equally well as the mobile phase; however, 
methanol was chosen because it is less costly. Compound IV was chosen as 
the internal standard because i t  does not interfere with the nitrate esters or 
any of the excipients present in the various dosage forms. 


The various nitrate esters were separated by the HPLC method described. 
Detection with 220 nm gave twice the sensitivity with quantitative results 
compared with those obtained at 254 nm. Commercial preparations were 
analyzed by the proposed HPLC method. Results are given in Table 1. 


Quantitation was based on the nitrate ester-to-internal standard peak area 
ratio. Linearity was obtained between 0.2-40 pg of 1.0.4-50 pg of 11. and 
0.6-50 pg of 111. The correlation coefficients were 0.9980,0.9999, and 0.9999 
for I ,  11. and I l l ,  respectively. The precision of the method showed an HSD 


Table [I-Precision of HPLC Assay of lsosorbide Dinitrate 


Percent of 
Tablet Absorbance“ Found, mg Label Found 


I 0.5500 
2 
3 
4 


0.5618 
0.5694 
0.5793 


5 0.5657 
6 0.56 I6 
7 0.5656 


Mean 
SD (IJ) = 
RSDb 


~~ 


2.43 97.2 
2.48 99.2 
2.5 I 100.4 
2.56 102.4 
2.50 100.4 
2.48 99.2 
2.50 100.0 


99.8 
1.56 
1.57% 


Factor = 4.4145 NSD derived from 100 (o/F). 


of 1.56% (n = 7)  (Table 11). The overall percent recoveries (fSD) from the 
spikedsamplemixtures were 100.8 ( f 1 . 4 )  for I. 101.1 ( f0 .5)  for I1,and 101.5 
( f 0 . 6 )  for 111. 


The HPLC assay provides a rapid, sensitive, and specific method for the 
determination of the nitrate esters in the various dosage forms. This method 
is faster and more specific than the present official methods. 


REFERENCFS 


( I )  P. Needleman and E. M. Johnson, Jr.. in “Thc Pharmacological Basis 
of Therapeutics,” L. S. Goodman and A. Gilman. Ms., Macmillan, New York. 
N.Y.. 1980, p. 819. 


(2) “The United States Pharmacopeia,” 20th rev., U S .  Pharmacopeial 
Convention, Rockville, Md., 1980, p. 434. 


(3) G. C. Whitnack, J. N .  Uielson, and E. St. Clair Gantz, J .  Am. Chem. 
Soc., 74,4997 ( 1952). 


(4) G. C. Whitnack, M. M. Mayfield, and E. St. Clair Gantz, Anal. 
Chem., 27,899 (1955). 


(5) “Official Methods of Analysis of the Association of Official Analytical 
Chemists,” 13th ed., Association of Official Analytical Chemists, Arlington, 
Va., 1980, p. 679. 


(6)  J .  Carol. J.  Assoc. Offic. Agr. Chem., 43,259 (1960). 
(7) J. Rosenstein, J. Assoc. Of3c. Agr. Chem., 47,469 (1964). 
(8) H. L. Fung, P. Dalecki. E. Tse, and C. T. Rhodes, J .  Pharm. Sci., 62, 


(9) “The United State Pharmacopeia,” 20th rev., U.S. Pharmacopeial 


(10) “The United State Pharmacopeia,” 20th rev., U S .  Pharmacopeial 


(1 1) F. K. Bell, J. Pharm. Sci., 53,752 (1 964). 
(12) J. R. Hohmann and J. Levine. J. Assoc. Of/ic. Agr. Chem., 47,471 


( I  3)  E. Sarnoff. J. Assoc. Ojfic. Agr. Chem., 39,630 (1956). 
(14) W. G .  Crouthamel and B. J. Dorsch, J .  Pharm. Sci., 68, 237 


( 1  5) D. M .  Baaske. J .  I?. Carter, and A. H.  Amann, J. Pharm. Sci., 68, 


(1 6) C. S. Olsen and H. S. Scroggins, J .  Pharm. Sci., 72,963 ( I  983). 
(17) L. Gelber,J. Pharm. Sci., 69, 1084 (1980). 
( I  8 )  “The United States Pharmacopeia.” 20th rev., U.S. Pharmacopeial 


(19) C. KO, F. Mariian, and C. Janicki. J. Pharm. Sci., 69, 1081 


696 (1973). 


Convention, Rockville, Md., 1980, p. 288. 


Convention, Rockville, Md., 1980, p. 597. 


( 1  964). 


(1979). 


481 (1979) .  


Convention, Rockville. Md., 1980, p. 552. 


( I  980) 


1304 I Journal of pharmaceutical Sciences 
Vol. 73, No. 9, September 1984 












Table I-Peroxide Number (PN) of Sorbitan Monooleate, Sorbitan 
Monostearate, and Polysorbate 60 Using the Speetrophotometrie Method 


Peroxide Number 
Before Peroxide After Peroxide 


Surfactant Removal Removal 


Sorbitan Monooleate 0.24" 
Sorbitan Monostearate I .3 
Polysorbate 60 9.86 


<o. I0 
<o. 10 
<o. 10 


0 By titrimetric assay the PN was detcrmined to be 0 39. By titrimetric assa) the 
PN was determined to be 5.8. 


The PN of the three surfactants in this study were determined by the 
spectrophotometric method before and after peroxide removal (Table I). For 
comparison, the PN of polysorbate 60 and sorbitan monooleate were dcter- 
mined before peroxide removal by thc titrimctric assay. 


The lower limit of <0.10 for the PN by the spectrophotometric method 
(Table I )  was chosen because i t  corresponded to the lowest iodine concen- 
tration in the prescnce of purified surfxtant used in establishing the linearity 
of the method. This lower limit was sensitive enough to assure that the peroxide 
level had been significantly reduced after extraction with sodium mctabisul- 


From the results shown in Table I,  thc titrimctric and the spectrophoto- 
metric method for polysorbate 60 and sorbitan monooleate agreed fairly well. 
However. the color transition at the titrimetric end point for sorbitan mono- 
oleate, from green to aqua. was difficult to observe. N o  such problcms were 
encountered using the spectrophotomctric method; hcncc, this method may 


171.9. 


' These authors feel that the lower limit of peroxide quantitation by this spcctropho- 
tometric method can be extended by 10-fold. to PN valueS at levels <O.OI. This is bated 
on our findings that Beer's law is valid at a 50-fold lower iodine concentration i n  the 
absence of surfactant. 


provide a more accurate measure of the peroxide content of sorbitan mono- 
oleate than thc  titrimetric assay. 


While the titrimetric assay worked well for polysorbate 60 and fairly well 
Tor sorbitan monooleate, i t  did not work at all for sorbitan monostearate. It 
was not possible to keep the sorbitan monostearatc solubilized during the ti- 
tration with aqueous thiosulfate using the titrimetric method. Therefore, the 
PN of sorbitan monostearate could only be determined using the spectro- 
photometric method detailed in this report. 


In  summary. a sensitive spectrophotometric method has been developed 
to quantitate the peroxides preseni in sorbitan monostearate and monooleate, 
and polysorbate 60. This method should be casily extended to include other 
poorly water soluble as well as water soluble surfactants. 
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Drug Raw Materials 


F. MATSUI x, E. G. LOVERING, J. R. WATSON, 
D. B. BLACK, and R. W. SEARS 
Received August 10. 1983. from the Bureau of Drug Research, Hrulth Protecrion Branch. Healrh and Welfare Canadu. Ottawa, Ontario. Canada K I A  
OL2. Accepted for publication February 21, 1984. 


Abstract 0 A gas chromatographic (GC) method for screening drug raw 
materials, soluble in aqueous media, for volatile solvent residues has been 
developed. After dissolution, separate portions of thc drug arc each scparately 
extracted with n-octane, toluene. and ether and injected into a chromatograph 
quipped with a porous polymer column and a flame ionization dctector. The 
range of extractant polarities provides chromatograms which, taken together, 
are free of interfering peaks from 0 to -20 min. Peaks due to solvent residues 
in the drug are identified by retention time with confirmation of identity by 
GC-MS. 


Keyphrases GC-solvent residues in drug raw materials, comparison with 
MS 0 Solvent residues-drug raw materials. GC, comparison with M S  


Drug raw materials are manufactured in an increasing 
number of countries. Whether, for a given drug, the same 
synthetic route is used universally or whether different routes 
are used, the necessarily diverse sources of raw materials, 
technical experience, and manufacturing conditions can lead 
to differences in the amount and kind of drug-related im- 
purities (1 -4). Solvent residues may also be present ( I ) .  These 
may be revealed by modern techniques such as liquid chro- 
matography but, due to their volatility, not by thin-layer 
chromatography (a method often used to assess drug impuri- 


ties). Besides being undesirable contaminants, solvent residues 
may interfere with the determination of drug-related im- 
purities. The problem of solvent residues is recognized by the 
USP ( 5 )  which includes monographs involving, for example, 
tests for chloroform and ethyl acetate in colchicine, pyridine 
in diethylstilbestrol diphosphate, and isopropyl alcohol in 
dihydroxyaluminum aminoacetate. Work in this laboratory, 
reported herein, has shown for example, that some sulfinpy- 
razone and flurazepam hydrochloride raw materials are con- 
taminated with toluene and acetone, respectively. To maintain 
surveillance over this situation, a method for the detection and 
quantitation of solvent residues in drug raw materials has been 
developed. 


Each of three portions of an aqueous solution of the drug to 
be examined is individually extracted with ether, toluene, and 
n-octane, and the extracts are tested for volatile organic sol- 
vents by gas chromatography ( G C ) .  The three solvents were 
chosen to provide a range of polarities. This enhances the 
probability that any solvent residue in the drug will be sub- 
stantially extracted into at least one of them. In addition, each 
of the three provides a different retention time range free of 
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Table I-Relative Retention Times of Organic Solvents 


Relative Rentention 
Solvent Timea 


Methanol 0.07 
Ethanol 0.12 
Acetonitrile 0.14 
Acetone 0.18 
Dichloromethanc 0.18 
2-Propanol 0.19 
Ether 0.2 I 
n-Pentane 0.22 
I-Propanol 0.25 
Methyl ethyl ketone 0.35 
Chloroform 0.35 
Ethyl acetate 0.36 
1,2-Dichlorocthane 0.40 
I-Butanol 0.46 
Benzene 0.48 
Carbon tetrachloride 0.50 
Cyclohexanc 0.53 
I , I  ,I-Trichloroethane 0.64 
Pyridine 0.79 
Toluene I .oo 
Dimethylformamide 1.11 
lsooctane (2.2.4-trimethylpentane) 1.12 
n-Butyl acetate I .so 
n-Octane I .66 
Diniethyl sulfoxide 2.29 
Cyclohexanone 2.29 


Relative 10 toluene at -9 min when these data were obtained. 


main peak or impurity interference so that impurities extracted 
from the drug can be easily detected. Any such peaks are 
tentatively identified by comparison of their retention times 
with the known retention times of common solvents, with 
confirmation of identity by MS comparison with known 
standards. 


EXPERIMENTAL SECTION 


Materials and Apparatus-Ether’ (USP) and glass-distilled tolueneZ were 
used as received. n-Octane3 (100 mL) was passed through three silica ear- 
tridges4 prior to use. The drug raw materials were commercially available. 


The gas chromatograph’ was equipped with a flame ionization detector 
and a printer--plotter mechanism (attenuation 2f5,  corresponding to 32 
pA/cm). The coiled glass column (0.91 m X 4 mm i.d.), packed with a porous 
polymer6 (SO/lOO mesh). was adapted to the Chromatograph with a short 
length of nickel tubing. The column, injector port, and detector temperatures 
were 21OOC; gas flow rates were: nitrogen. 60 ml./min; hydrogen, 35 mL/min; 
air, 400 mL/min. Columns were conditioned for 72 h at 21OoC with a nitrogen 
flow of 60 mL/min. 


Drug Dissolution-Three solutions were prepared to contain -200 mg of 
drug, accurately weighed in a minimum volume of aqueous solvent. The 
aqueous solvent, whether acidic, basic, or neutral, was chosen on the basis of 
a preliminary investigation to determine the conditions of maximum solubility. 
Thus, hydrochloric acid solution might be selectcd for a basic drug such as 
diazepam, whereas a sodium hydroxide solution would be selected for an acidic 
drug such as sulfinpyrazone. 


Chromatographic profiles of the ether, toluene, and n-octane were obtained 
prior to use. Samples exhibiting significant impurity peaks were either purified 
or rejected. To each of the three drug solutions was added.either toluene ( I  .O 
mL), n-octane ( 1  .O mL), or ether (2.0 mL). Each tube was shaken vigorously 
for 2 min. centrifuged. and 2 pL of the organic phase was injected into the gas 
chromatograph. 


Prior to beginning the actual examination of drug raw materials, the re- 
tention times of a number of possible volatile contaminants were determined 
(Table I). I f  an impurity peak was found in a drug extract, a tentative iden- 
tification was made by reference lo  Table I and verified by injection of a so- 
lution of the suspected impurity in the appropriate solvent, either ether. tol- 


l Mallinckrodt Chemical Works, St. Louis, Mo. 
Burdick and Jackson Inc.. Muskegon. Mich. 
Gold Label grade; Aldrich Chemical Co.. Montreal, Canada. 
SepPak;  Waters Scientific Ltd., Mississauga. Ontario, Canada. 
Model 5880A: Hewlett-Packard. Palo Alto, Calif. 
Chromosorb 106; Chromatographic Specialities. Brockville, Ontario, Canada. 


(a) 


f ,  
Figure I-Chromatograms of the extraction soloents. Key: (a) n-octane with 
an impurity a t  8.88 min: (b) toluene with benzene at 4.5 min: (c! ether with 
several impurities. 


uene, or n-octane. Confirmation was by GC-MS7 using GC conditions as 
described above with an electron ionization potential of 70 eV. 


Quantitation-After identification. impurity levels were established by 
comparison to a three-point calibration curve. For example, for the quanti- 
tation of acetone. the calibration curve was prepared by shaking a I-mL aliquot 
of each of three standard solutions of acetone in toluene (range, I S8-0.0316 
mg/mL) with the Same volume of the aqueous solvent used for the dissolution 
of the drug raw material (Table 11). Duplicate 2-pL aliquots of the organic 
phase representing an on-column range of 3.16-0.0632 pg acetone were 
chromatographcd, and the response factor was calculated from the integrated 
area. For toluene, a three-point calibration curve was prepared in a similar 
manner using three standard solutions of toluene in n-octane (range, 
0.866-0.0247 mg/mL) representing an on-column range of 1.732-0.0494 
pg. Recovery of the impurity from the aqueous solution of the drug was de- 
termined by extracting a fresh sample of the drug with solvent containing a 
known amount of the impurity. usually one of the known solutions prepared 
for calibration purposes. This is equivalent to spiking the drug sample with 
a known amount of the impurity. Recovery, in percent, is given by: (C, - 
Ci/C,) X 100, where C,, C,, and C, are the area counts obtained for the spiked 
sample. the sample itself, and the standard solution used to spike the sample, 
respectively. 


RESULTS AND DISCUSSION 


The method was developed to screen drug raw materials for volatile organic 
solvent contaminants. Three portions of the material to be examined were 


8 


i 


r 
Figure 2-Chromatograms ofjlurazepam extracts showing acetone at  I .73 
min for the n-octane extract (a) and the toluene exiract (b).  


~ 


’ Model 5985: Hewlett-Packard 


Journal of Pharmaceutical Sciences 1 1885 
Vol. 73. No. 1 1 ,  November 1984 







Table 11-Solvent Residues in Drug Raw Materials 


Druga 
Solvent. 


mL 


n-Octane6 Toluene“ Ether 
Residue Level, Rcsidue Level, Residue 
Found %C Found %C Found 


Chlordiazepoxide HC1 ( I )  HzO(2) - d Acetone 0.01 5 (90) - 


Flurazepam HCI (8) 2.5 M HCI (0.5) Acetone Acetone 0-0.51 (1 18) - 
Furosemide (5) 2.5 M NaOH ( I )  - Acetone 0-0.05 - 


Chlorpromazine HCI ( I )  1 1 2 0  (0.5) Toluene 0.04 (101) -- Toluene 


Naproxen (2) I M NaOH (9) Toluene 0.02-0.05 (97) - Toluene 
Pro ranolol HCI (6) t i 2 0  (2.5) Toluene 0-0.06 (99) Acetone 0-0.08 (85) Toluene 
Sulinpyrazone (4) 1 M NaOH (5) Toluene 0-0.33 (103) - Toluene 


None detected. 0 Number of lots analyzed in parentheses. Solvent residue levels are calculated on the basis of 400 pg of drug on-column. Pcrcent recovery in parentheses. 


extracted separately with n-octane, toluene, and ether. Thcse extracts were 
chosen to provide a range of polarities to facilitate the extraction of impurities 
from aqueous drug solution and to leave open different retention time windows 
in the chromatograms (Fig. I ) .  Although good grades of these solvents were 
employed, they all contain minor impurities which are evident as peaks on the 
chromatograms. 


The method described provides for minimum detectable levels of 0.002- 
0.005% (with respect to sampling technique cquivalent to 400 pg of drug on 
column) volatile solvent in drug raw material, depending upon the solvent 
residue and its partition ratio between the organic and aqueous phases. If lower 
sensitivities can be tolerated, lesser amounts of drug raw material can be 
used. 


Typical results are presented in Table I I .  Acetone was found in  four of six 
lots of propranolol hydrochloride and in  four of eight lots of flurazepam hy- 
drochloride. For flurazepam, the acetone peak is clearly evident in the chro- 
matograms of both the n-octane and toluene extracts (Fig. 2). but is. as ex- 
pected, much larger in  the latter. The acetone level, quantitated from the 
toluene extract, was -0.5% in the sample illustrated: identity was confirmed 
by MS. The reproducibility of the acetone determination in these samples 
could not be established due to insufficient sample; however, the duplicate 
results for one of the flurazepam samples were 0.50 and 0.48%. Toluene was 
found in three of four samples of sulfinpyrazone. In this case, n-octane proved 


to be a better extract than ether and, of course, toluene could not be used. The 
level of toluene found in one of these samples was -0.3% with reproducibility 
of 3% for fivedeterminations; identity was confirmed by MS. In addition to 
the drugs listed in Table 11, one or more lots of the following drug raw materials 
was examined, with the solvent given in parentheses: acetaminophen (1 mL 
2.5 M NaOH), cimetidine (2 mL 1.0 M HCI), diazepam (0.5 mL 2.5 M HCI). 
phenytoin sodium ( 1  rnL H20). metoprolol(O.5 mL I M HCI), pentobarbital 
sodium (0.5 mL HzO), and triamterene (5 ml. HCI). No solvent residues were 
detected in these lots. 
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Characterization of Drug-Loaded Poly( d,Z- lactide) Microspheres 
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Abstract 0 Lomustine and progesterone have been incorporated in biode- 
gradable poly(d,/-lactide) microsphercs by evaporating dichloromethane from 
stirred dichloromethane-in-water emulsions. Spherical microspheres with 
lomustine or progesterone payloads 123% were obtained. Higher lomustine 
payloads gave irregularly shaped particles. Microspheres with 568% pro- 
gesterone were obtained, but free drug crystals formed on the surface of such 
microspheres. Increased agitation rates decreased mean microsphere size. 
Addition of drug to the dichloromethane phase incrcased average particle size 
relative to that obtained with drug-free microspheres prepared under the same 
experimental conditions. Complete evaporation of the dichloromethane, while 
the medium was continuously stirred, promotcd formation of free drug crystals 
in the aqueous phase. Increased emulsifier concentrations did not significantly 
enhance drug incorporation efficiency within the microspheres. Shelf-life 
stability of lomustine and progesterone was reduced by incorporation in the 
microspheres. presumably due to their molecular dispersion in the ply(d.1- 
lactide). 


Keyphrases 0 Poly(d.1-lactide) microspheres--loaded with lomustine, pro- 
gesterone, effect of emulsifier concentrations, agitation rates on formation, 
stability 0 Microsphercs-poly(d,I-lactide), progesterone, effect of emulsifier 
concentration, stability 


Parenteral controlled-release systems which are capable of 
being targeted to tissue sites and to deliver their active ingre- 
dient over a long period of time are of considerable interest (1). 
These potential sustained-release drug-targeting dosage forms 
require the use of biodegradable polymers as drug carriers. 
Candidate biodegradable materials include gelatin (2), al- 
bumin (3, 4), poly(1actide-glycolide) copolymers (3, and 
polylactide (6-9). Progesterone has been incorporated in 
poly(d,l-lactide) microspheres in order to design an injectable 
long-acting delivery system. Such a dosage form administered 
in uiuo yielded promising pharmacological action (10). Since 
little has been reported about the physical properties of such 
microspheres, a study of their properties as a function of the 
preparative conditions was carried out. Poly(d,l-lactide) mi- 
crospheres containing either progesterone or lomustine were 
prepared. The ultimate objective is to use the latter to produce 
tumor embolism by intra-arterial infusion. This therapeutic 
method has been shown by Kato et al. ( 1  I ) ,  using mitomycin 
C microcapsules, to be an effective means of combining vas- 
cular mechanical obstruction and slow release of active mi- 
tomycin C within tumors. 


EXPERIMENTAL SECTION 


Materials-Poly(d.1-lactide) was supplied by D. N. Mason' and had a 
mean mol. wt. of 61.000. Two polymeric emulsifiers were used: 88% hydro- 
lyzed polyvinyl alcohol2 and methylcellulose ( I 0  and 400 cps  grade^)^. 
Progesterone'and lomustines [N-( 2-chloroethyl)-~VV'-cyclohexyl-N-nitroso- 
urea] were used as supplied. Dichloromethane6, Analar grade, was employed 
without further purification. 


Methods-Microspheres were formed at atmospheric pressure by a process 
similar to that described by Beck et a/. (10). The procedure involved placing, 


I Chemical Engineering Dcpt., Washington University, St. Louis. Mo. * Vinol 20% Air Products and Chemicals, Allentown. Pa. 


'Sigma Chemical Co.. St. Louis, Mo. ' Roger Bellon Laboratories. Neuilly/Seine. France. 


M e t h o d ;  @w Chemical Co., Midland, Mich. 


J. T. Baker Chemical Co.. Phillipsburg. N.J. 


in a 400-mL glass beaker. 250 mL of water that contained polyvinyl alcohol 
or methylcellulose. A solution that contained 20 mL of CH2CI2.927 mg of 
poly(d.1-lactide), and a known weight of drug (280-2,000 mg), was poured 
rapidly into the aqueous phase as it was stirred at a constant rate by a stirrer 
fitted with a digital revolution counter'. The resulting emulsion was agitated 
at 22' C for a known pcriod of time during which the CHzClz evaporated. I n  
a few cases, the system was agitated continuously until CH2C12 evaporation 
was complete. This is the continuous evaporation process. For most runs, the 
interrupted evaporation process was used; agitation was stopped before 
CH2Cl2 evaporation was complete, the partially dried microspheres were 
allowed to settle, and the aqueous phase that contained the polymeric dis- 
persing agent was replaced with deioni7ed water by three washing and de- 
cantation steps. Once the microspheres were resuspended in emulsifier-free 
water, they were agitated 7-17 h so that CH2C12 evaporation could proceed 
to completion. Removal of the polymeric emulsificr from the aqueous phase 
before completion of CH2C12 evaporation minimizes formation of free drug 
crystals in the aqueous phase or on the surface of the microspheres (12). 


On completion of CH2CI2 evaporation, the microspheres were isolated by 
filtration, washed, and dried under reduced pressure at 22' C for 20 h. The 
dried microspheres were sieved and stored in  a desiccator until used. The 
preparative parameters varied in  this study include: polymeric emulsifier and 
emulsifier concentration, amount and type of drug incorporated in the mi- 
crospheres, rate of agitation, and length of agitation. Theoretical microsphere 
drug contents (or payloads) specified in this paper represent the percent by 
weight drug carried by a microsphere if all the drug and all the poly(d,l-lac- 
tide) added to an encapsulation system were incorporated in the microspheres. 
Actual or measured drug contents were usually lower than the theoretical 
values due to drug loss to the aqueous phase during CH2C12 evaporation. 


Microsphere Evaluation-Progesterone Content-Progesterone-loaded 
microspheres (30 mg) were dissolved in  2 mL of CH2C12. Ethanol (23 mL) 
was added to precipitate the poly(d,l-lactide). The resulting suspension was 
centrifuged at 20,000 rpm for 10 min. The clear supernatant was diluted with 
ethanol and 10 p L  of the resulting solution was injected into an HPLC*. The 
chromatograph operating conditions were: Cs reverse-phase column ( 1  0-pn 
spheres); methanol eluant; eluant flow rate 2 mL/min; 254 nm detector. Under 
these conditions. progesterone had a retcntion time of 97 s. The progesterone 
content of sample solutions was obtained from a progesterone calibration curve 
constructed from standard progesterone solutions. 


Lomustine Content--.omustine-loaded microspheres (30 mg) were dis- 
solved in 2 mL of CH2C12. Ethanol (23 mL) was added to precipitate the 
poly(d.1-lactide). After centrifugation at 20,000 rpm for 10 min, the clear 
supernatant (10 pL) was subjected to HPLC analysis. The HPLC operating 
conditions were the same as those used for progesterone assays, except that 
the eluant was an acetonitrile-water mixture (75:25. v/v). The lomustine 
retention time was 143 s. Control experiments with cyclohexylamine and 2- 
chloroethanol. two known lomustine degradation products, established that 
neither compound gave an interfering peak within 240 s of elution. Lomustine 
contents of all samples were obtained from a calibration curve constructed 
from standard lomustine solutions. 


Microscopy Studies-Optical and scanning electron microscopy were used 
to evaluate the drug incorporation and surface characteristics of the micro- 
spheres prepared under the various conditions used. The optical microscopeg 
and the electron microscopelo were equipped with cameras. 


RESULTS AND DISCUSSION 


Characterization of the Microspheres FormedLThe presence of an emul- 
sifying agent is vital to the successful formation of individual spherical mi- 
crospheres by the solvent evaporation process. The emulsifiers used in this 


' Model RZR-2000; Heidolph Elektro. Kelheim, Germany. 
SP 8000; S 
American Gical. Rochester. N.Y. 
Model HHS-2R; Hitachi. Tokyo, Japan. 


tra Physics, Santa Clara, Calif. 


0022-354918411200-1721$01.0010 
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both emulsifiers gave spherical microspheres as long as the initial lomustine 
concentration was not >280 mg/20 mL of CH2C12. Higher lomustine con- 
centrations gave irregularly shaped particles (Fig. I ) .  


Dichloromethane-poly(d.1-lactide) solutions that contained 12000 mg of 
progesterone/20 mL of CH2Clz formed stable emulsions in  water when 
methylcellulose was the emulsifier. Higher progesterone concentrations gave 
misshapen particles or unstable emulsions. For this reason, poly(d,l-lactide) 
microspheres with a >68.3% (w/w) progesterone payload were not prepared. 
When polyvinyl alcohol was the emulsifier, solutions containing >0.5 g of 
progesterone/20 m L  of CH2C12 consistently formed unstable emulsions. 
Accordingly, poly(d,l-lactide) microspheres with progesterone payloads >35% 
(w/w) were not prepared with this emulsifier. 


Although polyvinyl alcohol and methylcellulose formed suitable 
CHiClz-in-water emulsions for a range of initial lomustine and progesterone 
solutions, spontaneous crystallization of these drugs occurred either in the 
aqueous phase or on the surface of the microspheres when either emulsifier 
was left in the aqueous phase until CH2C12 evaporation was complete. With 
lomustine, the free crystals usually appear as well-defined rods in the aqueous 
phase (Fig. I). With progesterone, the free crystals also appear in the aqueous 
phase, but as very fine particles. 


Crystal formation is eliminated or greatly reduced for 50-600-pm micro- 
spheres that have drug payloads 125% (w/w) if agitation is stopped well 
before solvent evaporation is complete and the emulsifier is removed from the 
aqueous phase, Solvent evaporation is then taken to completion in emulsi- 
fier-free water, i f  the emulsifier is removed too soon, the microspheres ag- 
glomerate because they too much CH2C12. If the emulsifier is removed 
too late, freecrystals appear. Thus, there is an optimal time interval during 
which emulsifier removal can occur without microspherc agglomeration,or 
free Crystal formation ( I  2). This time interval (or window) is defined exper- 
imentally for each formulation. For microspheres prepared at  an agitation 
rate of 150 rpm. the time interval typically varied from 200 to 240 min. 


Microspheres that contain 525% (w/w) progesterone or lomustine are 
spherical and have very smooth surfaces, if free crystals do not form. Figure 


Fiere 1-Photomicrograph of lomustine-loaded microspheres Prepared 
by the continuous evaporation process at 250 rPm with 0.05% fwlw) meth- 
ylcellulose as emulsifier. Theoretical lomustine content: 35% Iw/w). Mag- 
nification: IWX. 


study, partially hydrolyzed polyvinyl alcohol and methycellulose, gave suitable 
microspheres, although was SOme differenm i n  their performance, When 
lomustine was dissolvcd in the CH2C12 phase, along with poly(d,l-lactide), 


Figure 2-Scanning electron micrograph of microspheres prepared by the 
interrupted evaporation process at 150 rpm with 0.27% (w/w) polyvinyl al- 
cohol as emulsifier. Theoretical lomustine content: 23.2% (w/w). Magnifi- 
cation: 125X. cation: I25 X. 


Figure 3-Scanning electron micrograph of microspheres prepared by the 
continuous evaporation process at I50 rpm with 0.27% (wfw) polyvinyl al- 
cohol as emulsifier. Theoretical lomustine content: 23.2% (w/w). Magnifi- 


Table I-Drug Content of Poly(d,Clactide) Microspberes Formed by the Solvent Evaporation Process ' 
Evaporation Agitation Formation of Free Measured Drug 


Drug Process Rate, rpm Drug Crystals Drug Content, %" loss, %C 


Lomustine Continuous 


Interrupted 


Progesterone Continuous 


150 
150 
150 
150 
150 
2so 


+ + 


+ + 


20.2 
17.8 
22.0 
20.4 
21.4 
20.5 


12.9 
23.3 


5.2 
12.1 
7.6 


11.7 
- 22.3 3.9 - 24.0 - 


Interrupted Joe 
300 


a All microspheres had a theoretical drug content of 23.2% (w/w) and were made with 0.27% polyvinyl alcohol as the emulsifier. Mean of three determinations. [(Thwretical 
drug content - measured drug conten~)/(theoreticaI drug content)] X 100. 
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Figure 4-Effect of stirring rate on mean size of drug-free and progester- 
one-loaded (23.2%, w/w) microspheres prepared with 0.27% (w/w) polyvinyl 
alcohol as emulsifier. Key: (a) empty microspheres; (0) progesterone-loaded 
microspheres. 


T a b  11-Effect of Stirring Rate on Lomustine Microsphere Content and 
Size 


Stirring Rate, Measured Drug Mean Particle 
rpm Drug Content, %b Loss, FJOc Size, wm f SD 
150 
250 
350 


20.2 
19.8 
19.7 


450 19.9 


12.9 289.9 f 88.3 
14.7 102.5 f 25.1 
15.1 71.0 f 16.6 
14.2 58.2 f 15.6 


a All microspheres had a theoretical content of 23.2% (w/w) lomustine and were made 
by the continuous evaporation process with 0.27% polyvinyl alcohol as the emulsifier. 
b Mean of three determinations. C [(Theoretical drug content - measured drug con- 
tent)/(thcoretical drug content)] X 100. 


2 illustrates the type of smooth surface obtained. There is no evidence of 
macroscopic pores. Formation of free progesterone crystals Seems to have no 
effect on the surface structure of poly(d,l-lactide) microspheres when the 
theoretical progesterone payload is 131% (w/w). This is not the case for 
lomustine-loaded microspheres. Figure 3 is a scanning electron micrograph 
of such microspheres that had a theoretical lomustine payload of 23% (w/w) 
and were made under conditions that allowed free lomustinecrystals to form. 
The surface is rippled and rough. In most cases, free lomustine crystals arc 
not visible on thc surface of the microspheres. 


As long as drug payloads are kept below -25% (w/w) for lomustine and 
32% (w/w) for progesterone, most free drug crystals that form either float 
in the water phase or are so loosely attached to the microsphere surface that 
they wash off during the isolation step. The loss of free drug crystals reduces 
the amount of lomustine or progesterone incorporated in the microspheres. 
Measured lomustine and progesterone losses in such cases range from 7.6 to 
23.2% (Table I). Drug losses are reduced when microspheres are prepared 
by the interrupted evaporation process and free drug crystals do not form. 
However, efficiency of drug incorporation always is relatively high whether 
or not free crystals form. Large amounts of progesterone and lomustine arc 
not partitioned from the CHlClz phase into the aqueous phase during the 


Table IV-Effect of Progesterone Payload on Microsphere Properties' 


P\ 


M A N  MICROSPHERE DIAMETER, gm 


Figure 5-Size distribution of drug- free and progesterone-loaded (23.2%. 
w/w) microspheres prepared at 350 rpm by the continuous evaporation process 
with 0.27% (wlw) polyvinyl alcohol as emulsifier. Key: (0) empty micro- 
spheres; (@) progesierone-loaded microspheres. 


multihour fabrication process. Since lomustine is sensitive to water, it is sig- 
nificant that extensive degradation did not occur during fabrication of the 
microspheres. 


Effect of Stirring Rate-Increasing the stirring rate decreases the mean 
diameter of the microspheres and reduces the width of the size distribution 
(Fig. 4, Table 11). Incorporation of progesterone (23'70, w/w) within the mi- 
crospheres gives larger microspheres than drug-free microspheres prepared 
under identical conditions. However, the mean size and size distribution of 
drug-free and progesteronc-loaded microspheres converge as the agitation 
rate is increased to 350 rpm (Fig. 5).  The larger sizc of progesterone-loaded 
microspheres formed at  lower agitation rates may reflect an increase in vis- 
cosity of the poly(d,l-lactidc)-CH2Cl2 solution caused by the progesterone. 
Stirring rate had no detectable influcncc on drug content of the micro- 
spheres. 


Effect of Initial Emulsifying Agent Concentration-Table III  contains 
comments about initial polyvinyl alcohol concentration effects on microsphere 
properties. For a constant rate of agitation, microsphere size increased as the. 
polyvinyl alcohol concentration increased due to an increase in viscosity of 
the aqueous phase. The high viscosity of the 5% (w/w) polyvinyl alcohol so- 


Table Ill-Effect of Initial Polyvinyl Alcohol Concentration on 
Progesterone Microspbere Yield 


Polyvinyl 
Alcohol Microsphere 


Concentration, Recovery Comments on 
% Yield, %* Microspheres Formed 


0.27 77 Individual spherical microspheres; 


2.7 81.6 Individual spherical microspheres; 


5 .o 95. I Individual spherical microspheres; 


no free crystals outside 


no free crystals outside 


no free crystals outside, but 
aggregation 


0 All microspheres had a theoretical payload of 23.2% (w/w) progesterone and were 
made by the interrupted evaporation process with 0.27% polyvinyl alcohol as the emul- 
sifier. * 100 X [(Weight solid isolated microspheres reoovered)/(weight of progesterone 
and poly(d.l-lactide) added to system)]. 


Theoretical Microsphcre 
Progesterone Content, % Emulsifier Yield, % Comments on Microspheres Formed 


23.2 
31.7 
35.0 
51.9 
68.3 


0.27% PVAb 
0.27% PVA 
0.27% PVA 
0.27% MC' 
0.27% MC 


81.6 
82.0 
84.2 
95.8 
99.4 MisshaDen microsoheres: aaareaation 


Individual spherical microspheres; no free crystals outside 
Individual spherical microspheres; no free crystals outsidc 
Individuals with drug crystals embedded on the surface and outside 
Individuals with drug crystals embedded on the surface and outside 


a All microspheres prepared at 300 rpm by the interrupted evaporation process. * Polyvinyl alcohol. Methylcellulose 
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Figure 6-Scanning electron micrograph of microspheres prepared by the 
continuous evaporation process at 250 rpm with 0.28% (w/w) methylcellulose 
(400 cps) as emulsifier. Theoretical progesterone content: 68.3% (w/w). 
Magnification: SOX. 


Table V-Amount of Progesterone Remaining in the Microspheres After 
Storage * 


Initial Mean Mean Progesterone Progesterone 
Polyvinyl Alcohol Progesterone After Missing, 
Concentration, % Content, ?hb Storageb % 


0.27 31.7 
0.27 
2.5 
5.0 


31.7 
23.6 
23.2 


21.5 47.4 
24.8 
19.0 
17.8 


27.8 
24.2 
30.3 


a In a desiccator at 2S0 C for a period of 16 months. Mean of three different expcr- 
imental determinations. 


lution hampered the washing process by prolonging microsphere sedimentation 
time. This led to increased microsphere aggregation. 


Yields of isolated microspheres were related to final particle diameter. 
Microsphere batches composed of large particles were almost completely 
recovered. Yields of smaller particles (< 100 pm) were reduced, since many 
small microspheres were lost during successive decantation washings. 


Effect of Initial Drug Concentration-In an attempt to increase the pro- 
gesterone content of the microspheres, a number of experiments were per- 
formed in which increasing amounts of progesterone were added to a fixed 
weight (927 mg) of ply(d.1-lactide). The comments in Table 1V indicate that 
microspheres containing 5 3  1.7% progesterone could be prepared without 
appearance of free drug crystals in the aqueous phase, provided the emulsifier 
was removed from the system before CH& evaporation was complete. Above 
3 1.7%, free progesterone crystals appeared in the aqueous phase whether or 
not the emulsifier was removed. Moreover, crystals embedded in the micro- 
sphere surfaces could be distinguished. When the progesterone payload was 
raised to 68.3%, the microspheres remained basically spherical, but surface 
defects were visible (Fig. 6). 


Stability Studies-Four progesterone-loaded microsphere samples were 
stored in a desiccator at room temperature for 16 months. They were prepared 
while avoiding formation of free progesterone crystals in the aqueous phase. 
The microspheres containing 3 1.7% progesterone became yellowish whereas 
the color of the 23.2% progesterone microspheres remained unchanged after 
a storage period of 16 months, even though progesterone experienced signif- 
icant degradation during this period (Table V). 


Lomustine microspheres, prepared by the standard procedure avoiding 
crystallization in the aqueous phase, were stored under different temperatures, 
in desiccators, and protected from light. The stability experiment results are 


"I 
2 4 6 


WEEKS 
8 


F i r e  7-Influence of storage temperature on desiccated shelf-li/e stability 
of lomustine-loaded (22.0%. w/w initially) poly(d,l-lactide) microspheres 
prepared by the interrupted evaporation process at 250 rpm with 0.27% (w/w) 
polyvinyl alcohol as emulsifier. Key, microsphere storage conditions: (a) 
3" c; (m) 22" c; (A) 37" c. 


shown in Fig. 7. At 3OC, lomustine incorporated into the microspheres re- 
mained stable for at least 8 wecks. However, degradation occurred within 8 
weeks upon storage at 25O C and 37OC. The decomposition rate increased with 
increasing temperature. Lomustine crystals were stable over a period of 8 
months at  room temperature in a desiccator protected from light. Dispersing 
the drugs in the microspheres accelerated the degradation, probably as a result 
of their internal dilution within the coating polymer and chemical exposure 
to the polymer molecules. 
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Table 111-Comparison of Ibuprofen Pharmacokinetics in Venous and Capillary Plasma Following the Administration of One 400-mg Ibuprofen Tablet to 
Four Normal Healthy Subjects 


Cmax., pg/mL tmax, h AUClo, pg/mL - h r 1 1 2 ,  h 
Subiect Capillary Vcnous Capillary Venous CaDillarv Venous CaDillarv Venous 


1 32.8 32. I 4.0 4.0 I80 I62 1.65 2.54 
2 35.2 31.4 2.0 2.0 151 148 1.95 2.01 
3 33.9 32.6 3.0 3.0 107 106 1 .so 1.45 
4 33.1 32. I 3.0 3.0 138 132 2.49 2.76 


Mean 33.7 32. I 3.0 3.0 I44 I37 1.90 2.19 
SD 1.07 0.493 0.8 I6 0.8 16 30.3 24.0 0.439 0.585 


than drug-free plasma17. All saliva concentrations were below assay sensitivity. 
indicating the unsuitability of saliva sampling as a noninvasive alternative 
to the collection of blood samples. 
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Abstract 0 A sensitive, specific high-performance liquid chromatographic 
procedure was developed for the determination of plasma drotavcrine levels. 
Basic plasma samples were adjusted to pH 1.5 and extracted with chloroform. 
HPLC [n-heptane-dichloromethane-diethylamine (50:25:2)] on a micro- 
porous silica column, with a variable-wavelength UV detector set at 302 nm 
allowed the measurement of drotaverine at the 50-ng/mL level. The utility 
of this method for determination of drotaverine in dog and rat plasma was 
demonstrated. 


Keypbrases 0 Drotaverine-liquid chromatography, plasma Liquid 
chromatography-determination of plasma drotaverine levels 


Drotaverine, [ 1 -(3,4-diethoxybenzylidene)-6,7-diethoxy- 
1,2,3,4-tetrahydroisoquinoline] (I) ,  an effective spasmolytic 
drug ( l ) ,  is also marketed as a salt developed with theophyl- 
line-7-acetic acid (2). 


There are only a few reports in the literature describing the 
measurement of drotaverine in plasma. 14C-Labeled drotav- 
erine was used to study the pharmacokinetics of the drug in 
mice (3) and humans (4). The spectrophotometric method (5) 
and the procedure suggested for the assay of papaverine (6) 
was found to be neither specific nor sensitive. This paper de- 
scribes a modification of the high-performance liquid chro- 
matographic method (HPLC) which has been reported for the 
measurement of papaverine in plasma (7).  


EXPERIMENTAL S E ~ I O N  


Reagents-Drotaverine', papaverine hydrochloride', drotaveraldine' ( I I ) ,  
chloroform2, hydrochloric acid3, n-heptane4, diethylamine), dichloromethane). 
glacial acetic acid5, and anhydrous sodium sulfate) were used without any 
further purification. 


Apparatus-The liquid chromatograph6 was fitted with a siopped-flow 
injector6, a variable-wavelength UV detector7 (set at 302 nm), and a micro- 
porous silica columna. The flow rate of the mobile phase was 1.6 mL/min. 
Chromatograms were recorded9 at  1 crn/min chart speed. 


d5c20qN '5'2' 


I 


I Chinoin Chemical Works Ltd., Budapest. Hungary. 
Merck, Darmstadt, Federal Republic of Germany. 


3 Reanal Chemical Works, Budapest, Hungary. 
Reachim. Soviet Union. 


5 ErdokCmia Chemical and Industrial Co.. Budapest. Hungary. 
Model Liquochrom 307; Labor MIM, Budapest, Hungary. ' Yodel Liquodet 308; Labor MIM, Budapest, Hungary. 
Chromspher-Sil 10 pm; 3.9 X 250 mm; Labor MIM. Budapest. Hungary. 
YE-230 recorder; EMG, Budapest, Hungary. 
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Table I-Linearity of the Assay Method' 


Drotaverine Peak Height Peak Height 
Concentration. pg/mL of Drotaverine. mm of Papaverine, mm 


0.25 
0.50 
I .oo 


8.3 f 0.8 
15.0 f 1 . 1  
31 .3  f 3.0 


103 f 2.1 
108 i 4.3 
103 i 4.3 


1 .so 41.5 f 3.1 108 f 5.7 
2.00 63.1 f 5.9 108 f 2.7 


Mean f SD;n = 8 .  


I A standard curve was prepared by plotting the ratios of peak heights 
(drotavcrine from the extracted plasma samples-internal standard) versus 
the drotaverine concentrations expressed as micrograms per milliliter of 
plasma. Plasma drotaverine recovery levels were determined by comparing 
the peak heights of the spiked plasma standards with those of unextracted 
drotaverinc standards (taking into consideration that only 8.0 mL of the 
original 10.0 mL of chloroform was analyzed). 


Sample Preparation and Assay-Drotaverine was orally administered as 
an aqueous solution of 1.2% to Long Evans rats (200g) through a gastric tube 
in  doses of 60 mg/kg, and to beagle dogs (10-1 I kg) in capsules containing 
300 mg of the active substance. Before drug administration, the animals had 
been fasted overnight with water ad libitum. Blood samples were taken prior 
to dosing and at specified times (0.5, 1. 2 , 4 , 6 , 8 ,  and 24 h) postdose. In the 
case of rats, three animals at each sampling time were exsanguinated by aortal 
puncture. and the blood samples were collected separately. For the three beagle 
dogs. blood samples (2.0 mL) were withdrawn at  different time intervals 
through the saphenous vein. The samples were collected in heparinized, 
evacuated tubes and centrifuged. One milliliter of each plasma sample was 
assayed immediately, using the procedure described above for drotaverine- 
spiked plasma. 


Having measured the peak-heights, the ratios (extracted drug-internal 
standard) were calculated, and the plasma drotaverine levels were read from 
the calibration curve. 


0 2 4 6  
MHUTES 


Figure I-Chromatograms of a mixed sample of drotaceraldine (0.5 pg). 
drotaverine (1.0 pg). and papaoerine (2.5 pg). Key: ( I )  drotaueraldine; (2)  
drotaverine; (3) papaoerine. 


A solution containing n-heptane-dichloromet hane-diethylamine (50:25:2) 
was filteredI0 and deaerated by rcfluxing in a water bath. Elution was per- 
formed at room temperature. The mobile phase was prepared fresh daily. 


Standard Solutiom-Solutions of drotaverine hydrochloride in water (25, 
50, 100, 150, and 200 pg/mL) were uxd to spike plasma samples. Papaverine 
hydrochloride dissolved in chloroform (lo00 pg/mL) was used as the internal 
standard. 


Quantitation-Control plasma from rat and dog whole blood was drawn 
into heparinizcd tubes, and 10 p L  of each standard solution was added to 1 .00 
mL of the plasma. The spiked plasma samples were adjusted to pH I .5 using 
a few drops of I M hydrochloric acid. Following the addition of 10.0 mL of 
chloroform lo each tube, the tubes were capped and then shaken on a shaker" 
for 30 min. The mixtures were centrifuged'* for 10 min. at 4000Xg. The 
separated chloroform layers were acidified with 40 pL of glacial acetic acid 
and then dried with anhydrous sodium sulfate. Eight milliliters of the solution 
was evaporated to dryness under reduced pressure. Each residue was rcdis- 
solved in a mixture of 7OpL of chloroform and 10 p L  of the interndl standard 
solution. Twenty microliters of the solution was injected onto the column and 
chromatographed. 


A B C 


RESLlLTS AND DISCUSSION 


Under the described chromatographic conditions, drotaverine was eluted 
from the column in 4.1 min and it could be separated from its metabolite, 
drotaveraldine, which appeared at 3.6 min. The retention time of the internal 
standard was 6 min (Fig. I ) .  


After 20-30 samples, the retention time of drotaverine changed gradually 
to -4.3 min, due to the decreased retention capacity of the column. To remove 
impurities from the plasma, the column was washed with methanol-'; there- 
after, the retention capacity was controlled by injecting standard solutions 
of drotaverine and papaverine onto the column. 


Representative chromatograms of blank and spiked plasma extracts and 


/ I  I 


41 I ', I 


0 2 4 6 0  2 4 6 0  2 4 6 


Figure 2-Chromatogroms of extracts from a plasma blank (A).  spiked 
plasma (2.0 pgfmL) (B),  and plasma from a rat administered drotaverine 
(C). Key: ( I )  drotaverine; (2) papaverine. internal standard. 


MNUTES 


0 2 4 6 0  2 4 6 0  2 4 6 
MINUTES 


Figure 3-Chromatograms of extracts from a plasma blank (A), spiked 
plasma (1.0 pglmL) (B) ,  and plasma from a dog adminisrered drotaverine 
(C). Key: ( I  ) drotaveraldine; (2) drotacerine: (3) papauerine. internal stan- 
dard. 
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Table 11-Recoveries of Drotaverine from Spiked Rat and Dog Plasma a 


Drotaverine Recovery from Recovery from 
Concentration, pg/mL Rat Plasma, Q Dog Plasma, '70 


0.25 
0.50 
1 .oo 
1.50 
2.00 


83.2 f 4.7 
77.0 f 9.1 
82.3 f 6.5 
89.8 f 6.0 
94.3 f 7.3 


82.8 f 6.8 
84.4 f 5.2 
85.8 f 8.8 
87.9 f 4.9 
88.7 f 7.1 


0 Mean f SD:n = 8 


plasma extracts from a rat given 60 mg/kg of drotaverine, and from a dog 
given 30 mg/kg of drotaverine, are shown in Figs. 2 and 3. 


The drotaverine ultraviolet spectrum has maxima at 242,302, and 350 nm 
wavelengths. A variable-wavelength UV detector set a t  302 nrn was used to 
eliminate background contributions to the drotaverine peak at 242 nm in blank 
plasma extracts. The intensity of the maximum at 350 nm is lower than that 
of the maximum at 302 nm. The detection limit was found to be 50 ng of 
drotaverine/mL of plasma. 


Data in Table I show the linearity of the assay method. A linear regression 
analysis was performed for the calibration curve prepared from drotaverine- 
spiked plasma samples. It resulted in  the equation y = 0 . 2 9 1 2 ~  + 0.0038, 


wherey is the ratioof the peak height of the drug divided by the peak height 
of the internal standard, and x is the drug concentration in the plasma. As 
evidenced by the experimental data, peak heights were proportional to the 
drotaverine concentrations for the range examined (from 0.25 to 2 pg of 
drotaverinc/mL of plasma). 


Recoveries of drotaverine were nearly quantitative at plasma concentrations 
of 0.25-2.0 pg/mL, with average recoveries ranging from 77.0 to94.3% and 
coefficients of variation ranging from 4.7 to 9.1% (Table 11). 
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Abstract 0 Agents with predominantly adrenergic antagonistic properties 
(the a-blockers, phentolamine and tolazolinc, and the &blocker propranolol). 
and those with suspected a-blocking capabilities [hydralazinc and 3,3'- 
(4,4'-biphenylene)bis(2,5-diphenyl-2H-telium chloride) (neotetrazolium 
chloride); I] were added individually to a bath containing an isolated Mer- 
cenaria mercenaria heart. Two and one-half minutes later, dopamine was 
added to the bath as  the second drug and cardiac responses were noted. Pre- 
treatment with saline controls, followed by dopamine 2.5 min later, produced 
results that were identical with those which occurred after the administration 
ofdopamine alone, i.e.. marked stimulation and cardiac arrest. Pretreatment 
with phentolamine and I were the only procedures that prevented dopa- 
mine-induced cardiac arrest. Phentolamine, tolazoline, and hydralazine 
generally produced positive inotropic responses when initially added to the 
bath, whereas propranolol mimicked the effects caused by the addition of 
dopamine alone or after saline pretreatment. The M. mercenaria heart appears 
to possess an adrenergic receptor of an a-configuration. 


Keyphrases 0 a- and 8-Adrenergic antagonists-dopamine-induced response, 
heart of Mercenario mercenaria 0 Dopamine-a- and 8-adrenergic antag- 
onists, effect on heart of M. mercenaria, pretreatment controls. 


A number of studies have suggested the presence of an ad- 
renergic receptor in the smooth muscle of the heart of Mer- 
cenaria mercenaria, the hard-shelled clam or quahog. Welsh 
and Taub ( I )  administered various drugs to the isolated heart 
of M. mercenaria and noted that epinephrine evoked negative 
inotropic responses and tachyphylaxis. Fujita and Mann (2) 
reported similar responses with norepinephrine under com- 
parable experimental conditions. Ciuchta and Mann (3) ex- 
amined the relative effectiveness of ephedrine isomers in pre- 
venting the onset of norepinephrine-induced tachyphylaxis in 
the M. mercenaria heart and found that the I-isomer was the 


most potent, the racemate less potent, and the d-isomer least 
potent. Orzechowski and Mann (4) performed a similar ex- 
periment with amphetamine isomers and observed that nor- 
epinephrine-induced tachyphylaxis was blocked most effec- 
tively by the d-isomer, while the d,l- and /-isomers were equal 
but less potent. When higher doses of amphetamine isomers 
were given, norepinephrine elicited positive inotropic responses, 
suggesting that these agents act upon common receptor sites. 
It was further speculated that amphetamine, like ephedrine, 
may block cardiac inhibitory sites on which norepinephrine 
acts, thus allowing ephedrine to cause stimulation. 


Dopamine, which is present in M. mercenaria nervous tissue 
(9, appears to activate excitatory receptors in the clam heart 
in contrast to epinephrine and norepinephrine, which affect 
inhibitory receptors. Tachyphylaxis also occurs in the M. 
mercenaria heart after successive, equal doses of dopa- 
mine'. 


The purpose of this study was twofold: 
1. To determine whether the a-blockers (tolazoline, 


phentolamine, and hydralazine) and the /%blocker (propran- 
0101) could prevent the excitatory effects of dopamine on the 
isolated M. mercenaria heart, thereby elucidating the nature 
of its adrenergic receptor; 


2. To ascertain whether the hypotensive agent, 3,3'(4,4'- 
biphenylene)bis(2,5-diphenyl-2H-tetrazolium chloride) 
(neotetrazolium chloride; I), which has both adrenergic 
a-blocking and gangliolytic actions (6-8), could antagonize 


I Unpublished results. 
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The variability of the amount delivered per actuation could be due to in- 
adequate shaking of the aerosol container. The method of collection of the 
labeled microspheres could also cause the valve stem to be blocked, thus de- 
trimentally affecting the results. 


The cascade impactor, which was used to delineate the particle size distri- 
bution profile, showed that the majority of microspheres had sizes ranging 
from 2 to 8 pm. The size profile seen in Table I l l  lists microspheres with sizes 
greater than the reported prepared size of 3 to 8 pm, indicating aggregation 
of the smaller particles into heavier larger clusters. These aggregates were 
deposited onto the glass slides of the first two stages of the impactor, as dictated 
by the aerodynamic parameters of this particle-size analyzer. Again, the ra- 
diotracer method proved superior to the classical weighing-by-difference 
procedure for quantitation of the amount of particulate matter present on each 
slide after only one actuation of the aerosol. 


The deposition of the microspheres onto the components of the valve con- 
stituted the final portion of this study. Untreated valves permitted the release 
of-5-1 Woof the total radioactivity. By pretreating thevalves with albumin 
solutions, the adherence of the iodinated albumin microspheres to the plastic 
parts of the valve and the metal spring was significantly decreased. The de- 
livery of the activity from the treated canister, however, was found not to ex- 
ceed 50% of the total dose. These results indicate that much more work must 
be done before microspheres utilized as a drug delivery system can be released 
effectively from present aerosol canisters. 


CONCLUSIONS 


The advantages of radiotracer methodology described in  the study of 
aerosols are multifold: ( a )  single doses of an aerosol delivered from a canister 
can be analyzed, rather than multiple doses as required in  previous studies, 
( b )  short-lived isotopes c a n  be disposed of easily after the passing of an ap- 
propriate decay period, and ( c )  by proper choice of the radionuclide label, rapid 
and accurate data may be obtained both in  in vivo and in oirro studies. Since 
aerosols are designed to deliver a metered amount of drug to the patient, the 
elucidation of the size of the dose and its deposition in  the patient is an im- 


portant consideration. The technique outlined here should prove to be useful 
in answering these problems. 
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Effects of Solvent Medium on Solubility 111: 
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Abstract 0 Solubility data of nine derivatives of the structure p-Xl 
- C b H 4 - X *  in ethanol-water at 25OC are reported. The correlation of such 
sets of data by log S ,  = P,.log S ,  + C yields the medium effect parameter 
Pv for a variety of functional groups possessing either oxygen or nitrogen. P, 
accounts for the hydrophilic-lipophilic character exhibited by each group. 


Keyphrases 0 Solubility-effects of solvent medium, hydrophilic -1ipophilic 
character, ethanol-water 0 Solvent medium-effects on solubility, hydro- 
philic-lipophilic character, ethanol-water 0 Hydrophilic-lipophilic char- 
acter-effects of solvent medium, solubility, ethanol-water 


The existence of linear relationships between the logarithms 
of the solubility equilibria of structurally related crystalline 
compounds, as they vary with changes in solvent or solvent 
composition has been shown previously (1,2). Such linear free 
energy relationships (LFER) are conveniently expressed by: 


logs, = P,. logs,  t c (Eq. 1) 


where Sy and S,  are sets of solubility data of compounds A, 
and A,, respectively. By taking a proper solvent condition as 
reference, Eq. 1 becomes: 


log S, - log S,O = P,(log S ,  - log S]E) (Eq. 2) 


(Eq. 3) 


or 


Alog S, = P, * Alog S,  


The medium effect parameter Py depends on the structural 
difference between A, and A, on the one side and on the ef- 
fects of the solvent change on the solubility of the substrate 
series ( i e . ,  on the sign of Alog S) on the other. To illustrate this 
point, Fig. 1 shows a typical LFER plot of a pair ofp-amino- 
benzoic esters which pass through a solubility maximum when 
they move from the first to the last solvent condition. There, 
as the solvent system increases in lipophilicity, the solubility 
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Table I-Derivatives of p X 1  <dj-X3 Used in the Solubility Determimations 


mp, OC 
Compound XI X? Experimental" Literature 


I H2N- -COOCH3 113-1 14.5 114 (8) 
I1  H2N- -CONHCH3 181-181.5 180 (9) 


V CH3CONH- --COOCH3 128.5- 129.5 I30 (6) 
VI ( C H M + -  -COOCHI 100-101 102 ( 6 )  
VII H O -  --COOCHI 131 


111 CH3CONH- -H 112-1 13 113-1 15 (10) 
IV CH3CONH- --OH 169- I7 I 169-170.5 (10) 


131 (10) 
- Vlll CHjCOO- -COOCH3 80-80.5 


1X CHI- -COOCHI 47.5-48.5 48-48.5 ( I  1) 


a Uncorrected. 


of the propyl ester A, increases at  a faster rate (part B, etha- 
nol-water) and decreases more slowly (part A, ethanol-cy- 
clohexane) than that of the methyl ester A,, as a result of its 
greater lipophilic portion. 


In this study, the purpose has been to use this methodology 
to get information about the hydrophilic-lipophilic properties 
of a variety of functional groups possessing either oxygen or 
nitrogen. These were selected because the information avail- 
able, mainly obtained from partition coefficient (PC) mea- 
surements, regards the high sensitivity of the properties of these 
atoms to the structural environment (3, 4). Hence, a set of 
oxygen and nitrogen analogues was obtained by the appro- 
priate variation of the basic structure p-X1 -CbH4-X2 as 
indicated in Table I, and their solubility equilibria were 


0.2 


-0.6 


% a 
0 
0 
0 
-1 


-1.4 


-2.2 


- 2.0 - 1.2 - 0.4 
Loo SAX 


Figure 1-LFER plot ofpropyl ester (A,} and methyl ester (A,) of p-hy- 
droxybenzoic acid in ethanol-water (B)  and ethanol-cyclohexane (A); data 
taken from Rel: 2. 


measured in hydroxylic mixtures. In such systems, the specific 
solute-solvent interactions through hydrogen bridges are 
recognized to play a major role among the factors that deter- 
mine the solubility behavior of the substrates. 


EXPERIMENTAL SECTION 


Substrates-The calculated and literature melting points (mp) of all de- 
rivatives are reported in Table I .  The following compounds were commercial 
products, purified by recrystallization: I], Ill2, IV2, and V112. Compounds 
11, V, VI, VIII, and 1X were prepared by adequate structural variation of the 
available derivatives through known techniques (5-7). All products were 
characterized by their melting points. In  addition, for I1  and VIII ,  it was 
considered appropriate to report lH-NMR3 and MS4 data. 


Solvents-Mixtures were prepared by mixing exactly measured volumes 
of absolute ethanol and water, i.e., ethanol-water (40:60). 


Solubility Determination and Correlation Procedure-The method em- 
ployed for the solubility measurements was reported previously ( I .  2). For 
all compounds, a spectrophotometric determination of substrate concentration 
a t  A,,, was performed. From the values of Table 11, the corresponding 
molalities were calculated, and their logarithms were used in the correlations. 
The linear regression parameters reported in Table 111 were calculated by the 
least-squares method. 


RESULTS AND DISCUSSION 
Table 11 reports the solubility of I-IX in ethanol-water mixtures at 25OC. 


At low solubility conditions, small changes in solvent composition produce 
significant solubility variations; on the other hand, the lower the substrate 


2.0 


1.0 


k 


0.0 


-1.0 


1 I 1 


0.0 0.8 1.6 
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Figure 2-Plot of the lipophilic constant A (oclanol-water) against the me- 
dium eflect parameter (Pf - I )  in ethanol-water for difjereni functional 
groups. 
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Table 11-Solubility in Ethanol-Water at 25°C 


Solvent 
Composition Solubility, mg/g,.,l, 


Ethanol Water I I 1  111" IV V VI VI1 VIII IX 


I .45 8.64 6.38 15.1 1.35 0.112 2.89 0.621 0.753 
0.889 1.19 


00.0 100 
10.0 90.0 2.05 13.2 9.64 25.6 2.39 0.168 3.8 I 
20.0 80.0 3.70 17.9 14.4 35.7 4.63 0.338 6.73 I .25 2.19 
30.0 70.0 6.94 26.1 36.3 62.8 12.0 0.866 20.5 2.73 5.82 
40.0 60.0 18.3 39.4 52.6 113 19.9 2.85 49.3 6.63 17.6 
50.0 50.0 38.0 55.3 76.5 160 40.0 8.79 123 
60.0 40.0 63.5 12.4 141 203 I I6 17.0 196 


- 15.7 
28.0 - 


- 70.0 30.0 89.6 80.5 206 247 158 29.8 265 45.9 


0 Solubility of 111 in ethanol-water has been reported early (I 2). Present results arc in good agreement with those 


Table 111-Correlation of Solubility Data According to Eq. 1 ' 
Compounds 
Correlated Range n Slope Intercept r 6, &I 


VI /I  0-70 8 1.334 -0.542 0.999 0.029 0.016 
0-70 8 0.851 0.188 0.992 0.066 0.043 
0-70 8 1.559 -0.68 I 0.989 0. I25 0.095 
0-70 n 0.870 -1.014 0.997 0.062 0.028 
0-70 8 1.107 0.138 0.992 0.108 0.058 
0-70 8 1.347 -0.377 0.997 0.066 0.043 
0-70 8 0.520 -0. I04 0.994 0.043 0.023 


V/VIII 0-70 8 1.079 0.647 0.991 0.1 11 0.058 
0-40 5 1.024 -0.8 I5 0.999 0.017 0.016 
0-40 5 0.746 -0.758 0.999 0.025 0.023 


IX/VII 0-40 5 1.050 -0.497 0.997 0.049 0.047 
I /VII  0-70 8 0.855 -0.520 0.998 0.044 0.018 


0 r is the regression coefficient, 6,, is the standard deviation of the slope. and 6, is the standard deviation of the points from the regression line in t h e y  direction. 


concentration, the lower the probability of particular solute -solute interac- 
tions. Therefore, to correlate solubility data by Eq. I ,  those values corre- 
sponding to lower solubilities are preferred to the ones obtained under con- 
ditions of higher solubility--near the maximum solubility. A composition 
variation covering 0-70% of ethanolic content was considered appropriate. 


Going from water to ethanol through a series of ethanol-water mixtures, 
the increase of the ethanolic content increases the lipophilic character of the 
mixture and raises the solubility of all the substrates studied [(+)A.log S1. 
For a given correlation, a medium effect parameter Py higher or lower than 
the unity means that A, is respectively more lipophilic or hydrophilic than 
A X .  


I when adequately selected pairs of compounds were matched together. Eq. As 
can beseen, good linear correlations were obtained in  all cases affording the 
corresponding P, parameters. 


matic ring was taken as the reference functional group (Pytl  = 1). When direct 
calculation was not possible, the following procedure was used: 


then 


(Eq. 6) P," = Py * P, = Alog SA,-y/hlOg SA~---H 


Table 1v contains t he  calculated hydrophilic-iipophilic character 
functional group, which is expressed as (P," - 1 ). There, a negative value 


higher hydrophilic character, while a positive value indicates higher 
lipophilic character than hydrogen, 


Therefore, the inspection of the figures in Table Iv reveals the higher hy- 
drophilicity ofthe aromatic primary aminogroup with respect to the phenolic 
hydroxy group, while the respective acetyl derivatives exhibit a reverse order. 
However, the comparison of the aryl carboxy derivatives (i.e.,  I and 11) again 
shows ative. On a remarkably the other hand, higher the hydrophilic methoxy group character appears of the to be nitrogenated more hydrophilic deriv- 


t h a n  the f u l l y  methylated ter t ia ry  a m i n o ,  
The use of (P," - 1) is a convenient way to express the hydrophilic-lipophilic 


Table I l l  reports the results obtained by the Correlation according 


Toget a uniform set Of pY values- the hydrogen atom attached tothe are- properties of the functional groups since, as it has been previously stated (I) ,  
i t  is directly related to the expected p~ .; by: 


Py = A10g sA,y/A!Og SA~- -X  


P, = Alog SAr-y./AIOg S A ~ - H  


(Eq. 4) 


(Eq. 5) 


and 


Table 1V-Hydrophilic-Lipophilic Character of Different Functional 
Groups Attached to the Benzene Ring 


Functional Group (P!! - 1) K 


-CON H C H 3 
-NH2 
CH3CO- 
CH7CONH- 


-0.33 
-0.28 
-0.26 
-0.20 
-0. 15 
-0.09 
-0.05 


0.00 
0.33 


-0.49" 
-0.58' 
-0.56' 
-0.16" 
-0.03' 
-0.08' 


0.00 
0.49c 


0.53 i .08 
-COO(CH2)2C H 3  1.04 1.57' 


0 Calculated from log PC (octanol-water) of I ( I  .63) and VII ( I  .96). respcctivcly, 
using as reference log PC of benzoic acid methyl ester (2.12); all data from Ref. 3. 


Values from Ref. 13. Calculated respectively from log PC of VII or log PC of p -  
hydroxybenzoic acid propyl ester using as rcferencc log PC of phenol; all data from Ref. 
3. Concerned with the extension of the alkyl chain. The random value of P arises from 
propyl and methyl esters of both p-hydroxy- and p-aminobcnzoic acids ( f i .  while T is 
the difference between H-COO(CH~)~CH,  and H-COOCF~,. 


Alog S, - Alog S ,  - T; P , - I =  - (Eq. 7) Alog S, Alog S, 
T;  has also been regarded as a lipophilic variable ( I )  whose meaning extends 
the concept of the lipophilic constant T (3) and hydrophobic constant (14) 
which arise from partition coefficient measurements. 


In  addition, Table IV also contains literature values of x for the octanol- 
water partitioning system, which also consists of two hydroxylic solvents. 
Because inspection of the columns suggests a parallel variation of both sets 
of figures, i t  was considered of interest to match them together in a plot. 
Therefore. Fig. 2 shows the agreement between the results obtained from 
medium effects on solubility in  ethanol-water mixtures and those obta ined  
from octanol-water partition coefficients. 


The results quoted show how LFER applied to solubility equilibria mea- 
surements yields reliable information about the hydrophilic-lipophilic prop- 
erties of different functional groups. I t  appears that this simple methodology 
would be a useful and versatile tool to extend our present knowledge of solu- 
bility behavior to a wide variety of solvent systems. In addition, the use of Eqs. 
2.-7 as a means of predicting medium effects on solubility appears to be at- 
tractive for the pharmaceutical sciences. 
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Abstract 0 The acute intravenous toxicity of disodium dihydrogen ( I -hy-  
droxyethy1idene)diphosphonate (etidronate disodium; I)  and the mechanism 
of this toxic response have been investigated in 40 beagle dogs. The intravenous 
toxicity of I is dependent on the total dose administered and the length of the 
infusion interval. The toxicity of I is directly related to the ability of the drug 
to bind or complex with the circulatingcalcium in  the blood. Maximum de- 
pressions in ionized calcium coincide in  time with peak blood levels of I ,  and 
at lethal doses electrocardiographic changes indicdtive of hypocalcemia are 
observed. For a 2-min infusion of 2 mg of I/kg, no effect is observed on ionized 
calcium levels, and the electrocardiogram remains normal. At  doses of 16 and 
32 mg/kg, coincident with a n  immediate fall in ionized calcium levels, there 
is a transient rise in total calcium and a fall in phosphorus levels. The ionized 
calcium level rises, and total calcium level falls and stabilizes at baseline levels 
within 30 min after the infusion. However, the phosphorus level rises and 
cxcceds the baseline value, reaching 3 -4 times normal by 72 h after the 
infusion. With proven lethal doses of I (60 mg/kg infused over 2 min) and the 
simultaneous infusion of an ionized calcium salt such as calcium gluconate 
(20 mg of Caz+/kg), electrocardiograms remain normal and death is pre- 
vented. Thus, an effective antidote in the event of an overdose or too rapid an 
infusion of I can be employcd to prevent acute toxic effects. 


Keyphrases 0 Etidronate disodium-hypercalcemia, intravenous toxicity, 
dogs 0 Hypercalcemia -treatment with etidronate disodium and calcium 
gluconate, toxicity, dogs 0 Calcium gluconate-hypercalcemia, use with 
etidronate disodium. dogs 


Disodium dihydrogen (1 -hydroxyethylidene)diphosphonate 
(etidronate disodium; I )  is a substance which has both thera- 
peutic (1 -4) and diagnostic ( 5 , 6 )  uses in metabolic bone dis- 
ease. Clinically, the ability of orally administered drug’ to 
reduce elevated bone turnover prompted speculation that the 
drug might be used intravenously to control other disease 
processes such as hypercalcemia secondary to malignancy or 


: Didronel; Procter & Gamblc Co., Cincinnati, Ohio. 


hyperparathyroidism. Studies to examine physiological and 
pharmacological responses to varying intravenous doses of 
diphosphonates were therefore undertaken. 


The mechanism of intravenous toxicity of I might be ex- 
pected to be similar to that of ethylenediaminetetraacetic acid 
(11) and polyphosphate compounds (111) because of the che- 
lating properties (7-10) of each of these compounds. However, 
I differs from I1  and 111 in several respects, which could 
markedly alter its effect on calcium homeostasis. 


At physiological pH, 1 is a less-effective simple chelator of 
calcium than I1 and, unlike 11, forms polynuclear complexes 
( 1  1 )  which can reach molecular weights of >_20,000. There 
is some evidence for this formation in uioo, but their biological 
activity is unknown. In addition, I is cleared from the blood 
both by adsorption on the hydroxyapatite of bone (12) and by 
renal clearance, whereas I1 is cleared only by renal excretion. 
There are also differences in the pK values of I ,  11, and 111. 
Furthermore, although I I I  are adsorbed on hydroxyapatite 
like I ,  111 are rapidly hydrolyzed in oioo to the natural ortho- 
phosphate metabolites (HP042-, H2P04-), while I is not 
metabolized (1  3). Based on the above differences, the present 
study was undertaken to establish a broader safety profile for 
I by clearly defining the acute intravenous toxicity of 1 and 
demonstrating the relationship between acute intravenous 
toxicity, serum ionized and total calcium levels, and diphos- 
phonate blood levels. Subsequent to these studies, intrave- 
nously administered I and another diphosphonate (dichloro- 
methylenediphosphonate) have been shown to effectively re- 
duce hypercalcemia associated with malignant disease and 
hyperparathyroidism in humans (14- 18). 


EXPERIMENTAL SECTION 


Purebred adult male and female beagle dogs weighing 5.7-13.9 kg were 
used in four experiments. It was necessary to conduct the initial studies in 
unanesthetized animals to ensure that no signs or symptoms of toxicity were 
masked by the anesthetic. However, in subsequent experiments, animals re- 
ceiving toxic doses of I were anesthetized with sodium pentobarbital unless 
its use was contraindicated. 
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Solutions and Ethylene Oxide Residues in Associated 
Plastics 
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Abstract 0 A gas chromatographic (GC) method was developed for the de- 
termination of ethylene oxide and its two reaction products. ethylene chlor- 
ohydrin and ethylene glycol, in aqueous ophthalmic solutions. Propylcne oxide 
was used as an internal standard. All three components were determined in 
one isothermal chromatographic analysis in <I5 min. An extraction method 
for the determination of ethylene oxide residues in  plastic components was 
;iIso developed, and certain plastics with different ethylene oxide retention 
characteristics were identified. 


Keyphrases 0 Gas chromatography-determination of three components 
i n  one analysis. ethylene oxide residues 0 Ethylene oxide residues-GC, dc- 
termination of three components in one analysis 


The Food and Drug Administration published guidelines 
in  1978 for the levels of ethylene oxide and its hydrolysis 
products in ophthalmic solutions; ethylene oxide was used to 
sterilize plastic components. Manufacturers are now required 
to control the levels of ethylene oxide (I ) ,  ethylenc chlorohydrin 
( I I ) ,  and ethyleneglycol(111) in their ophthalmic products for 
sale in the United States. 


Many papers have been published on the analysis of ethylene 
oxide ( I  -7), ethylene chlorohydrin, and/or ethylene glycol 
(8- 13). Very few papers deal with the analysis of all three 
compounds (14-16), and, of these, the analyses cither involve 
two different gas chromatography (GC) columns (14, 15) or 
two analyses on one column ( 1  6 ) .  


EXPERIMENTAL SECTION 


Apparatus-Thc gas chromatograph’ was equipped with a flame-ioni7ation 
dctcctor and a glass column. 3% Csrbowax 2OM on Chromosorb 101 (80- 100 
mesh). 200 cm X 3 mm i.d. The gas chromatograph was linked 10 a data sta- 
tion* which controlled thc temperatures and flow ratcs and processed the peak 
area data. The column was conditioned at 170’C under a nitrogen flow of 30 
ml.. min-’ for 14- 16 h, at which time the teniperature was reduced to ISOOC.  
and several I -pL injections of water were made before analysis commenced. 
This temperature and flow rate was maintained throughout the analysis. The 
injector temperature was 3OOOC and the detector temperature was 250’C. 


Compounds 1 3 ,  II’. I l l 4 ,  and propylcne oxide (IV)’ were used as re- 
ceived. 


Extraction Procedure-- Approximately I5 g of cut-up plastic was weighed 
into a 500-mL conical flask; 100 mL of I M HCI was added and the flask was 
stoppered and sealeds. The flask was then placed in  a water bath for 14-16 
h at X O O C .  The resultant solution was transferred to a 200-mL flask, ncu- 
tralized to pll  7.0 It 1.0 (using I M NaOH) and made to volume with 
water. 


Approximately I5 g of plastic was exposed to an atmosphere of ethylene 
oxide under a pressure of 15 psi for 6 h and then sampled immediately for 
extraction. 


Solution Preparation- Standards I and I V  were prepared by accurately 
weighing -50 pl ,  of cold liquid (0-5OC) into a 10-mL flask, containing 3 mL 
of water, using a previously cooled (0-S’C) 100-pL syringe. The solution was 


I Sigma I: Pcrktn-Elmer. * Sigma 10 Data Station; Pcrkin-Elmer. ’ BDH Chemicals Ltd.. Poole. Dorset. 
FSA Ltd.. Loughborough. Lcicestcrshirc. 
Parafilm. 


then transferred quantitatively to a 100-mL flask and made to volume with 
water. Standards II and I l l  were prepared in  a similar way: however, the 
cooling stage was not necessary. A working standard was prepared by adding 
I mL of each solution to a 10-mL flask and diluting to volume with water. 
Standard I V  was the internal standard. 


The sample was prepared with I m L  of I V  which was added to a 10-mL 
flask and made to volume with sample solution. 


RESULTS AND DISCUSSION 


Column conditioning was found to be very important in achieving repro- 
ducible retention times. A high injection temperature of 300’C was used to 
achicve a sharper ethylene glycol peak. The peak shape was improved further 
by using a “hot needle” injection technique. Using a 5-pl. syringe, a small 
volume of air was drawn into the barrel both before and after the uptake of 
I pL of sample solution. The needle was then placed in the injection port 
(300’C) for 5 s, the sample injected, left for a further 5 s in the port, and, fi- 
nally, withdrawn. The ghosting phenomenon encountered by some authors 
( I  6) was not manifested in this analysis. 


From the standard chromatogram. it can be seen that the I and I V  peaks 
are very close to the solvent, i.e.. water peak. By using a peak skimming 
technique it was possible to achieve accurate and precise values for I content 
to I ppm. 


Water flow peaks in GC are more intense with ophthalmic products. None 
of the ophthalmic products tested using this method gave rise LO a sufficiently 
intense water flow peak as to overwhelm the ethylene oxide peak. The oph- 
thalmic products6 were tested with and without 2-phenylethanol. 


The ethylene glycol peak was broad and, by altering the integration period 
during the analysis, accurate and precise figures for I l l  content of samples 
down to 6 ppm were achieved. Below this level. I l l  values become nonlinear. 
Without the advanced peak processing techniques inherent in the micro- 


A 


--I 


11 I 


I1 II 


Figure 1-Typical chromatograms of I-IV. Key: (A) IOppm of I .  ZOppni of 
11.60ppmoflll.and 15ppmo/lV;(B) 1 ppmof l ,  ZppmoflI.6ppmofll l .  
and I5 ppm of I V .  


Lomusol and Opticrom. registered trademarks of Fisons plc 
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Table I-Recovery Data for Compound Additions to Control Ophthalmic 
Solution 


Figure 2- Chromatograms of an ophthalmic solution (A)  and an ophthalniic 
.dirtion .spiked with 2 ppm of 1. 4 ppm of 11. and IOppm of Ill (B) .  


computer software, it would have been impossible to achieve the analysis in 
one isothermal run. 


Coefficients of variation of 3.7.2. I ,  and 5.7% for I. 11, and 111, respectively, 
wcrc determincd a t  concentrations of 18.21, and 70 ppm. and coefficients of 
variation of 1.2, I .3,  and 6.2% were determined at concentrations of 90, 105, 
md I27 ppm. respectively. The limits of detection were I ,  2, and 6 ppm for 
I .  II. and I l l ,  respectively (Fig. I ) .  Figure 2 shows a chromatogram of a n  
ophthalmic solution and a chromatogram of an ophthalmic solution "spiked" 
with 2 ppm of I .  4 ppm of 11. and 10 ppm of 111. 


Table I shows recoverydata for 1-111. For 1 and 111,  the recovery was worse 
at lower levels due to a shouldering of peaks and nonlinearity of response. 
Recovery values for I1 are very satisfactory at all levels. The system was cal- 
ibrated a t  10 ppm for l, 20 ppm for 11, and 60 ppm for 111.  


A 


days 
B 


10 20 30 
days 


Figure 3----Ethylene oxide hj.dro1ysi.r at 25°C. Key: ( A )  ( a )  100 ppm. (h) 50 
pptn; (/I) (rl 30 ppni. fd)  20 ppm. fe) 10 ppm. 


Amount Amount Amount 
Compound Added, pg/g  Found, pg/g Recovered, % 


8 6 75.0 


I l l  


15 
30 
60 


150 
13 
26 
52 


I04 
30 


13 
28 
58 


150 
13 


~~ 


86.6 
93.3 
96.7 


100.0 
100.0 


26 100.0 ~. 


5 1  
I05 
28 


~ . .  . 


98.1 
101.0 
93.3 


60 59 98.3 
90 91 101.1 


120 122 101.1 


This method was also employed to produce ethylene oxide hydrdysis curves 
in  aqueous solution at 25°C (Fig. 3). I t  can be seen thqt ethylene oxide hy- 
drolyzes stcadily to ethylene glycol in solution, the reaction going to completion 
in  <40 d at 30 ppm. At 80°C ethylene oxide fully hydrolyzes in <I6  h. 


A,n acidic medium was chosen for the extraction of ethylene oxide from 
plastics for two reasons. First, acid extracts 1 faster from plastic than does a n  
entirely aqueous medium. Using a n  acid medium at 80°C. consistent ethylene 
oxide contents for plastics were achieved after 16 h, whereas an aqueous 
medium at 80°C required 7 d. At 2 5 ° C  recoveries of 18% after I6 h and 37% 
after 7 d were achieved for both media. Second, by choosing hydrochloric acid, 
the ethylene oxide thus extracted will be converted to II rather than 111. 
Compound II is both easier to quantify and has a lower detection limit. Thus, 
by combining I ,V HCI with an elevated temperature (80°C), an efficient 
extraction procedure was developed. The retention characteristics of different 
plastics were studied in  this way. 


Solutions equivalent to 10. 20, and 30 ppm of ethylene oxide in 1 M HCI 
were prepared. After only 12 h at 8OoC, ethylene oxide was fully converted 
to ethylene chlorohydrin. The recoveries ranged from 94 to 98% (Fig. 4). 


The retention characteristics of polystyrene, high-density polyethylene. 
and low-density polyethylene were tested. The plastics had ethylene oxide 
contents of 430. 280, and 53 pg/g, respectively, after fumigation with ethylene 
oxide for 6 h at I5 psi. I t  was found that polystyrene retains a greater amount 
of I than does high-density polyethylene, which retains more 1 than docs 


I V  


I1 


Figure 4 . .  Chromatogram showing complete conoersion of I to I1 in I M 
HCI. 
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4 
Figure 5 -Duplication of the chroniatographic column. 


low-density polyethylene. The average thickness for the materials were I .26 
mni for polystyrene and high-density polyethylene and I .00 mm for low- 
density polyethylene. 


When using polystyrene for manufacturing plastic components which arc 
to be sterilized with ethylene oxide, there is the possibility of a “mesh” effect 


due to the composite nature of the plastic; the p r e n c e  of bulky phenyl groups 
givcs the plastic many interstitial spaces. Ethylene oxide may enter these spaces 
within the plastic and remain there. dissipating slowly over a long time period. 
Obviously. elevated temperature and reduced pressure will increase the rate 
of dissipation. 1.ikewisc. high-density polyethylene plastic components retain 
inore ethylene oxide than low-density polyethylene plastics due to their higher 
density. where i t  is less likely that the fumigant will penetrate the plnstic. 


A most satisfying feature of this method has been the extraordinary lon- 
gevity of the column. This method of analysis has been used routinely for 18 
months wi th  only two replacement columns, giving -1000 injections per 
column life. The end of thc useful life of a column manifests itself in the 
broadening of the ethylene glycol peak and a drift in  retention tinics. Dupli- 
cation of the chromatographic column has been achieved several times wi th  
no adverse effects on the separation of the components (Fig. 5 ) .  Since this 
method uses only one isothermal column run for the analysis of all three 
components and no elaborate sample preparation is necessary, i t  would appear 
that this method is ideal for use in  quality control labor;~torics of companies 
which need to comply with the Food and Drug Administration proposals. 
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Anti-Influenza A Activity of Some N-Substituted 
Bicycle[ 3.2.l]octane-3-spiro-3’-pyrrolidine 
Hydrochlorides: Synthesis and Structure 
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Abstract 0 Some A’-substituted bicyclo[3.2. I]octane-3-spiro-3’-pyrrolidine 
hydrochlorides (IX-XII) prepared from bicyclo[3.2.l]octan-3-onc ( I ) .  were 
assayed in oitro against influen7a A viruses. All materials showed activity 
similar to I-adamantanamine hydrochloride. A ‘H-NMR study revealed only 
one isomer at  the spirocarbon atom. 


Keyphrases 0 N-Substituted bicyclo[3.2.1 ]octane-3-spiro-3’-pyrrolidine 
hydrochlorides .- synthesis, structure, antiviral activity against influenza A 
0 Antiviral agents-potential, A’-substituted bicyclo(3.2. I ]~ tane-3-sp i ro-  
3’-pyrrolidine hydrochlorides, influenza A 


Since Davis el af. ( I )  described the antiviral activity of 1 -  
adamantanamine (amantadine) against influenza A viruses, 
a wide variety of derivatives have been prepared (for review; 
2). Among them, some spiropyrrolidine derivatives of ada- 


mantane and other cyclic systems (3,4) have been reported 
to show amantadinc-like antiviral activity. 


In this report we describe the synthesis of the N-substituted 
bicycle[ 3.2.1 ]octane-3-spiro-3’-pyrrolidine hydrochlorides 
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COMMUNICA TlONS 


Composite Pharmacokinctic Profiling 


Keyphrases 0 Pharmacokinetics- composite profiline, ceftriaxone. diazepam 
0 Composite profiling-pharmacokinetics, ceftriaxone, diazepam 


To the Editor: 


In certain patient populations, most notably neonates, it has 
been difficult to obtain an adequate number of blood samples 
to develop complete pharmacokinetic profiles of drugs due to 
sample-volu,me limitations. For this, as well as other ethical 
and medical reasons, the neonate has been termed a “thera- 
peutic orphan” in that little pharmacokinetic information has 
been generated in this patient group. However, since the 
neonate represents the most physiologically dynamic patient 
population, it is important to understand the pharmacokinetics 
of drugs that are used to treat these patients. I n  an effort to 
minimize blood sampling and still develop meaningful phar- 
macokinetic profiles, a composite pharmacokinetic profiling 
approach (e.g., combining blood concentrations from patients 
or subjects to produce a functional profile that is not possible 
to derive from the concentration-time data of one individual) 
has been investigated and will be developed in this report using 
simulation and curve-fitting techniques. 


Crow and Gibaldi (1) have discussed the rationale for de- 
veloping a composite pharmacokinetic profile by obtaining 
plasma concentration-time data at different times in the same 
patient during several dosing intervals at  steady state. These 
authors stated that the accuracy of this composite method 
depends on assay variability, intrapatient pharmacokinetic 
variability, dosing interval reproducibility, and patient com- 
pliance. If one assumes that plasma concentration-time data 
among patients are normally distributed, one can apply this 
same rationale to developing a pharmacokinetic profile using 
plasma concentration-time data from several patients fol- 
lowing single-dose administrations. This approach eliminates 
intrapatient pharmacokinetic variability, constancy of dosing 
interval, and patient compliance as variables, but adds inter- 
patient pharmacokinetic variation. In  addition, i t  may offer 
the only reasonable and perhaps the only ethical means of 
developing a single-dose pharmacokinetic profile of certain 
drugs in premature (52.0 kg) neonates in whom the total blood 
volume is -75-80 mL/kg. 


The composite profiling technique was tested by simulating 
blood concentration-time profiles for short and long half-life 
drugs that reflect both mono- and biexponential elimination 
characteristics following first-order absorption using complete 
sampling schedules. Tb reflect variability in real concentra- 
tion-time profiles, data for 18 patients were simulated when 
three sampling groups were used, 20 patients were simulated 
when four sampling groups were used. Normally distributed 
error with a coefficient of variation (CV) of 10% was intro- 
duced into the pharmacokinetic parameters, and normally 
distributed error with a CV of 10% was introduced into the 
resulting concentra ion data. For the biexponential long 


introduced into the pharmacokinetic parameters followed by 
the same 10% error introduced into the resulting concentration 
data. These concentration-time data were then used to es- 


half-life case, norma r‘ ly distributcd error with a CV of 25% was 


tablish the impact of sampling times and the number of ob- 
servations per time point on parameter estimations by 
employing the following three sampling schedules: 


I .  For the monoexponential short half-life drug, patients 
were divided into three groups of six patients each: group I was 
sampled at 0, I ,  4, and 12 h; group I I was sampled at 0, 2,6, 
and 18 h; group I l l  was sampled at 0, 3, 8, and 24 h. 


2. For the biexponential, short half-life drug, patients were 
divided into three groups of six patients each: group I was 
sampled at 0,0.5,3,8, and 24 h; group I I  was sampled at 0, 1, 
4, 12, and 24 h; group I l l  was sampled at 0 ,2 ,6 ,  18, and 24 
h. 


3. For both the mono- and biexponential, long half-life 
drugs, patients were divided into four groups of five patients 
each: group 1 was sampled at  0, I ,  6, and 24 h; group I1  was 
sampled at 0,2,8,  and 36 h; group I I  I was sampled at 0,3, 12, 
and 48 h; group IV was sampled at 0 ,4 ,  18, and 72 h. 


I t  was assumed that sampling would bc limited to five or less 
samples per patient. These simulated data were then used as 
input for curve-fitting composite profiles using six, three, and 
one patients per group for three group sampling schedules or 
five, three, and one patients per group for the four group 
sampling schedules. Simulations and curve-fitting procedures 
were conducted using the nonlinear regression program, 
NONLIN (2). 


The results of the composite curve-fits of these simulations 
are presented in Tables I (monoexponential elimination) and 
I1 (bioexponential elimination). I f  one compares the parameter 
values from the composite profiles to the ideal parameter 
values, it is clear that reasonable approximation of the “true” 
parameter values can be obtained by fitting the composite 
profile even if only one patient is included in each sampling 
group. The least-variable parameter is clearance (e.g., the 
parameter of greatest interest), and good estimates of the 
elimination rate constants are obtained (Tables I and 11). 
These observations are in good agreement with those of Crow 
and Gibaldi ( 1 ) .  The results of fitting the composite profiles 
containing normally distributed error with a CV of 25% in the 
parameter values as well as a CVof 10% in the resulting con- 
centration data are presented in Table I l l .  Good approxima- 
tions of the “true” parameter values were obtained even with 
the introduction of normally distributed error with a CV of 
25% i.e., twoSD encompass 50-150% (threefold) of the mean. 
This observation indicates that the method is robust and can 
accommodate even large differences associated with interin- 
dividual variation. 


Experimental data from two clinical pharmacokinetic 
studies were used as a final test of the proposed composite 
profiling technique. In the first study, 2 g of ceftriaxone was 
administered by intravenous infusion to 12 healthy male 
subjects over a 30-min interval. Blood samples were obtained 
during and following the infusion of drug. The subjects were 
divided into four groups of three subjects each: group 1 was 
sampled at 0, 10, and 40 min, 2 and 10 h; group I1  was sampled 
at 0, 20, and 50 min, 4 and 12 h; group 111 was sampled at 0 
and 30 min, 1,6, and 16 h; group IV was sampled at  0 and 35 
min, 1.5, 8, and 24 h after starting the 30-min infusion. The 
CV for the analytical data in this study was 4.4%. In the second 
study 10 mg of diazepam was administered orally to 20 healthy 
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Table 1-Pharmacokinetic Parameters Obtained by Composite Profiling Monoexponential Elimination Data Which Contained 10% CV Random Error 
in Parameters and 10% CV Error in the Resulting Concentrations 


Study Conditions r CO. d m L  K ,  h-I k,, h-1 AUC. p g h / L  CL, L/h Vd, L 


No. of Patients No.  of 
Groups Per Group Replicates Short (6-h) Half-Life 


(Idea I )  100 0.1 16 0.693 718 13.9 I20 
3 6 I 0.99 I 96.9 0.1 10 0.656 733 13.6 I24 
3 3 1 0.992 90.9 0.104 0.623 7 28 13.7 132 
3 3 1 0.992 100 0.1 13 0.730 748 13.4 I I8 
3 I 6 0.994 f 0.003 102 f 25 0. I I I f 0.013 0.740 f 0.251 741 f 22 1 3 . 5 f 0 . 4  1 2 4 f  15 


Long ( 1  8-h) Half-Life 
(Ideal) 100 0.039 0.347 2276 4.39 113 


4 5 1 0.993 1 I2 0.042 0.297 2290 4.37 I04 
4 3 1 0.992 I10 0.043 0.305 2197 4.55 I06 
4 1 5 0.993 f 0.002 I 14 f 10 0.043 f 0.002 0.249 f 0.034 2287 f 148 4.39 f 0.27 103 f 7 


* Dose = 10 mg. 


Table 11-Pharmacokinetic Parameters Obtained by Composite Profiling Biexponential Elimination Data Which Contained 10% CV Error in Parameters 
and 10% CV Error in the Resulting Concentrations 


~~ ~ 


Study Conditions r A &mL a,  h-' B, pg/mL 8. h-I k,, h-I AUC, mg.h/L CL, L/h Vd, L 


No. of Patients No. of 
Groups Per Group Replicates Short (6-h) Half-Life 


Ideal 70 0.693 30 0.1 16 3.00 327 30.6 264 
3 6 I 0.996 52.4 0.659 31.0 0.120 3.72 315 31.7 265 
3 3 1 0.997 0.914 1.34 33.7 0. I26 1.48 309 32.4 257 


30.5 0.117 10.0 326 30.7 262 3 3 I 0.996 43. I 0.592 
32.0 0.1 19 3.53 323 31.1 261 3 ! 6 0.998 78.5 0.798 


(SD) f 0.002 f 39.9 f 0.193 f 3.7 f 0.006 f 1.41 f 22 f 2.0 f 14 


Long ( 1  8-h) Half-Life 
Ideal 70 0.23 I 30 0.039 1.39 lo00 10.0 256 


4 5 1 0.997 58.7 0.173 28.0 0.040 1.46 980 10.2 255 
4 3 I 0.998 64.9 0.172 25.9 0.039 1.40 976 10.2 262 


I .67 999 10.0 265 
(SD) f 0.002 f 13.9 f 0.083 f 7.7 f 0.005 f 0.69 f 61 f . 6  *31 


4 I 5 0.997 65.4 0.190 27.0 0.038 


0 Dose = 10 mg. 


Table Ill-Pharmacokinetic Parameters Obtained by Composite Profiling Biexponential Long Half-Life Data ' Which Contained 25% CV Error in 
Parameters and 10% CV Error in tbe Resulting Concentrations 


~~ ~~ 


Study Conditions r A ,  p g / m L  a, h-' B, pg/mL @, h-' k,. h-I AUC, mg.h/L CL, L/h Vd, L 
No. of Patients No. of 


Groups per Group Replicates 
Ideal 70 0.23 I 30 0.039 I .39 1000 10 256 


4 5 I 0.997 50.0 0.2 10 36.2 0.048 1.35 928 10.8 225 
4 3 I 0.998 59.5 0.239 39.4 0.05 I 1.26 943 10.6 208 
4 1 5 0.997 f 0.002 66.9 f 28.4 0.297 f 0.154 37.7 f 14.3 0.047 f 0.005 1.26 f 0.39 962 f 158 10.6 f 1.5 230 f 48 


~~ 


Table IV-Pharmacokinetic Parameters Obtained by Fitting Ceftriaxone and Diazepam Data 
~~~~ ~ 


Fitting Procedure r A ,  pg/mL (z, h-' B, p g / m L  b, h-' k,, h-I flag, h AUC. p g h / m L  CL, L/h Vd, L 


Mean of individual Fits 
Fit of Mean Data 
Fit of All Data 
Composite Fit of Four Groups 


Mean of Individual Fits 
Fit of Mean Data 
Fit of All Data 
Comuosite Fit of Four Grouus 


Ceftriaxone Data 
0.993 0.998 101 5.20 3210 0.119 N A G  N A  1656 1.21 10.2 


0.119 NA NA 1653 1.21 10.2 0.999 96 4.62 3210 
0.996 93 4.66 3150 0.121 N A  N A  1617 1.24 10.3 


0.122 NA NA 1624 1.23 10.1 0.997 84 5.90 3170 
Diazepam Data 


0.904- I .OOO 570 1.49 124 0.026 10.8 0.16 5088 1.96 75.6 
1.000 592 1.51 I29 0.025 3.71 0.19 5358 1.87 74.7 


4797 2.08 83.2 0.9 10 440 I .50 I I6 0.025 4.07 0.32 
0.898 1450 2.03 I18 0.024 2.66 0.29 504 1 1.98 82.7 


0 Not applicable 
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Figure 1 -AN cefiriaxone plasma concentration-time data from I2 subjects 
together with the curve fitted using the composiie pharmacokineiic profiling 
technique and three subjects in each of four sampling groups, as depicied 
in Table I V (inset). 


Figure 2-All diazepam plasma concentration-time data from 20 subjects 
together with the curve fitted using the composiie pharmacokinetic profiling 
technique and five subjects in each of four sampling groups, as depicted in 
Table IV (inset). 


subjects. Blood samples were obtained at  specific times over 
the following 72 h. The subjects were divided into four groups 
of five subjects each: group I was sampled at 0,0.33,2,  12, and 
72 h; group I1 was sampled at 0 ,0 .67 ,4 ,  16, and 72 h; group 
111 was sampled at 0, I ,  6,24, and 72 h; group IV was sampled 
at 0, 1.5,8,48, and 72 h after the oral dose. The analytical CV 
for this study was 1 1.3%. 


Four curve-fitting techniques were used to evaluate the data: 
( a )  concentration-time data from the individual subjects were 
fitted and the mean parameters were calculated; ( 6 )  a single 
mean concentration-time profile from all subjects was fitted 
to determine parameter values; (c )  all concentration-time data 
were fitted simultaneously to determine the parameter values; 
(d) a limited sample composite concentration-time profile was 
fitted to determine the parameter values. The results of these 
fitting procedures are presented in Table IV. In the first three 
of the methods, all of the concentration-time data were used 
in the sampling/fitting procedure, whereas in the final method, 
four groups of three or five patients, respectively, were used 
for ceftriaxone and diazepam. There was good general 
agreement of parameter estimates obtained by each of the four 
sampling/fitting techniques. The parameters A and a were 
variable among the four sampling/fitting procedures, and for 
the oral absorption of diazepam, k, was variable as well. 
However, the remaining parameters for both diazepam and 
ceftriaxone were extremely consistent among the four methods. 
Again it should be noted that the clearances, volumes of dis- 
tribution, and elimination rate constants show little variability. 
All ceftriaxone and diazepam concentration-time points, to- 
gether with the composite profiling fits, are presented in Figs. 
I and 2, respectively, to show the randomness of scatter around 
the fitted curves. 


The results of these simulations and curve-fitting procedures 
indicate that the composite pharmacokinetic profiling tech- 
nique developed herein is a useful method that can be utilized 
to minimize the number of blood samples and, therefore, the 
total blood volume withdrawn. The application of this tech- 
nique can allow for the development of pharmacokinetic pro- 


files in patient populations, including neonates and certain 
disease states, in which little information has been generated 
due to sampling limitations. This technique has been used to 
develop a preliminary pharmacokinetic profile of vitamin E 
following an intramuscular injection to premature neonates 
(3). 
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Disposition of Nitrofurantoin and 
Nitrofurazone in the lsolated Perfused Rat  Kidney 


Keyphrases 0 Nitrofurantoin-renal metabolism, isolated perfused rat kidney 
0 Nitrofurazone-renal metabolism, isolated perfused rat kidney 


To the Editor: 


Nitrofurantoin is frequently used clinically to treat urinary 
tract infections, but little is known of its renal metabolism. The 
side effects of nitrofurantoin therapy, pulmonary and hepatic 
toxicities, and polyneuropathies, are thought to be a conse- 
quence of its reductive metabolic activation (1 -5). The end 


0022-3549/84/ 1100- 1669$0 1.0010 
@ 1984, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 1660 
Vot. 73, No. 11. November 1984 








Quantum Chemical Approach to the Relationship Between 
Molecular Structure and Serotonin Receptor 
Binding Affinity 
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Abstract 0 We have analyzed the dependence of the serotonin receptor 
binding affinity on the atomic net charges, supcrdelocalizabilities, mass, and 
moment of inertia in a group of indole derivatives. The approaches employed 
are a new nonempirical quantitative structure-activity relationship (QSAR) 
method and multiple regression analyses. The results suggest that the indole 
derivatives interact with the receptorlhrough a charge transfer between the 
phcnyl ring and a counterpart in the receptor, plus some localized electrostatic 
interactions. Also, the fit of the equation obtained suggests that the indole 
derivatives have the aromatic ring placed in  the same relative position during 
the interaction with the receptor. 


Keyphrases 0 Quantitative structure-activity relationships-perturbation 
theory, serotonin receptor binding affinity, quantum chemistry 0 Seroto- 
nin-receptor binding affinity, perturbation theory, quantitative structure- 
activity relationship (QSAR) quantum chemistry 


In recent years, there have been important advances toward 
a greater understanding of the activity of indole derivatives in 
terms of how their molecular structures might influence bio- 
logical activity ( 1  - 16). It has been observed that there is a 
linear correlation between the potencies of tryptamine deriv- 
atives on the rat fundus and their ability to inhibit LSD (lys- 
ergide) binding to brain membranes (1,2). This fact strongly 
supports the hypothesis that the conclusions based on the rat 
fundus receptor may hold also for the receptor in the brain. 


A good correlation has been found between frontier orbital 
electron densities (FOED) and the ability of tryptamine de- 
rivatives to contract the rat fundus strip (3, 7). Also, i t  was 
observed (8 ,9 )  that the position at which a high FOED was 
correlated with high biological potency corresponded to the 
sites at which the density of the highest occupied molecular 
orbital (HOMO) is localized in 5-hydroxytryptamine (sero- 
tonin, 5-HT), a fact that might explain the negative correlation 
between potency and FOED at certain atoms (1,4). Also, the 
localization pattern of electron density for the HOMO and the 
next HOMO (NHOMO) of LSD is similar to that of 5-HT 
( 1  0). These facts suggest that these molecules may interact 
with the receptor through a complex involving charge transfer 
from certain sites of the drug toward the receptor. 


The patterns of the electrostatic potential maps of LSD and 
5-HT show great similarities ( 1  0). The HOMO has a high 
influence on the electrostatic potential on the vicinities of the 
aromatic portion of the tryptamine derivatives (1 1). 


Weinstein and co-workers (10, 12, 13) have suggested that 
a tryptamine congener attains a 5-HT-like recognition at the 
receptor by anchoring its side chain at the same place as 5-HT 
with its electrostatic vector (the vector connecting the minima 
through the area of the steepest change in the electrostatic 
potential) oriented parallel to the electrostatic vector in 5-HT. 
This matching is achieved by a conformational change in the 
side chain. For example, in the model of Weinstein and co- 
workers the aromatic rings of 5-HT and 6-HT are not in the 
same position during the interaction with the receptor ( 1  3). 


Also, on the basis of model complex calculations, these authors 
suggested that the interaction is mainly electrostatic (12), the 
transfer of charge being negligible. 


The analysis of the photoelectron ionization potentials of 
LSD, some phenethylamines, and tryptamine derivatives (1  4, 
15) has shown that not only the first ionization potential, but 
also the second ionization potential must be considered in order 
to correlate biological activity with the ionization potentials. 
This is consistent with the participation of the aromatic ring 
as an electron donor in the drug-receptor interaction, the 
ability of the stronger donor generally correlating with a 
greater activity. This study confirms the importance of the 
frontier orbitals, coinciding with the above points. 


Glennon and Gessner ( 1  6) obtained a correlatidn between 
the binding.affinities (PA*) of some tryptamine derivatives in 
the 5-HT receptor of the rat stomach fundus and the ability 
to donate electrons in a localized charge transfer manner from 
the 4-position of the indole nucleus. Considering that the rat 
stomach fundus is an in uitro preparation (1 7, 1 S),  the mea- 
sured binding affinities will reflect only the binding energy 
between the drugs and the receptor. Also, as it seems that there 
is a certain similarity between the ability to interact with the 
rat fundus 5-HT receptor and 5-HT binding sites in the brain 
(1,2), the study and analysis of the relations between pA2 and 
the molecular electronic structure would be of a great help in 
a rational design of new tryptamine derivatives. 


We report here the application of a new quantum-statistical 
approach, searching for a relationship between pA2 and some 
reactivity indices. 


EXPERlMkNTAL SECTION 


Consider the weak interaction of a drug, D,, and a macromolecular receptor, 


1. The conformation of the receptor is so strongly preferred that the binding 
energy is accounted for entirely in  terms of local atomic interactions. 


2. The total molecular partition functions can be factorized in terms of 
independent and uncoupled translational, rotational, vibrational, and 
electronic partition functions. 


3. Only the electronic ground state is important In the electronic partition 
function. 


With this model, it is possible to show formally that the drug-receptor 


(h. I )  


R. The model is based on the following reasonable hypotheses (19): 


equilibrium constant, K, ma) be expressed as ( 1  9): 


log K, = 9 t b - log M, t c -  log U,/(ABC);/*) t dAE, 
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Table I-Exwrimental and Calculated D A ~  Values l.39 


Compound“ RI Rz 


I 5-OH 


111 4-OH 
I1  5-OMe 


IV 
V 


VI 
VII 


Vl l l  
IX 
Xd 


XIC ... 


XIlf 
XI11 
XIV 
xv 


XVI 
xvi i  


XVIll  
XIX xx 
XXI 


X X l l  
XXl l I  
XXIV 


5-Me 
7-Me 
4-NH1 
5-Me 
-H 
4-OMe 
-H 
-H 
-H 
-H 
6-OMe 
5,7-(OMe)2 
7-OMe 
7-OH 
5,6,7-(OMe)3 
-H 
5-OMe, 7-Me 
5-OCOCH, 
5-COCHz 


Me 
Me 
Me 
Me 
Me 
Me 
H 
H 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
H, Me 
Me 
Me 
Me 
Me 
Me 


PA 2 
Calculatedb ObservedC 


7.39 7.41 
7.10 7.08 
6.65 6.84 
6.31 6.52 
5.84 6.29 
6.41 6.28 
6.63 6.86 
6.54 6.25 
6.19 6.17 
5.98 6.04 
6.02 6.03 
6.04 6.02 
6.17 6.00 
6.01 5.77 
5.44 5.50 
5.19 5.33 
5.19 4.88 
6.04 5.98 
5.87 5.97 
6.81 6.61 
7.59 7.71 
5.91 5.86 
7.43 7.21 
7.26 7.32 


0 See Fig. I for thesubstituent position. Calculated using Eq. 5. Taken from Ref. 
With S instead of N in position I .  f With a 26. d With a methyl group in position 2. 


methyl group in position I .  


where a ,  b, c ,  and d are constants; M, u, and (ABC) are, respectively, the mass, 
the symmetry number, and the product of the three moments of inertia about 
the three principal axes of rotation of the ith drug molecule; and AEi is the 
difference between the ground state energy of the complex and the energies 
of D, and R, i.e.: 


mi = ED~R - (ED, + ER) (Es. 2) 


In  a first approach, we shall accept that, among all the components of AEi 
the most important is the change i n  the electronic energy AE? (20). Consid- 
ering the interaction of the indole derivatives with the receptor as weak ( i .e . ,  
without the formation of covalent bonds), a perturbation treatment (21) may 
be performed for the evaluation of AE?. In  this way, after some approximations 
as the molecular structure of the receptor is unknown (22,23), AEI can be 
expressed as: 


Er = q + x vpQb + g,,SFi + hpS,”) (Eq. 3) 
P 


where q&, g p ,  and h, are constants; and Qb. S:i, and S,”.’ are, respectively, 
the net charge, the electrophilic superdelocalizability, and the nucleophilic 
superdelocalizability of atom p in molecule i (24). 


Inserting Eq. 3 into Eq. I ,  we get (19): 


log Ki = 4’ + b * log Mi + c * log [u~(ABC)T”~] 


The summation on p is over a set of atoms common to all the drugs that 
interact with the receptor. If Eq. 4 is to be satisfied. there must exist a mmrnon 
set of atomic reactivity indices in all the drugs interacting with the same re- 
ceptor. 


We have taken the pA2 value as a good approximation to the affinity con- 
stant of the drug-receptor complex (25). These values were selected from the 
literature (26) (Table I). 


We employed statistical analysis to determine the set of atomic properties 
in an attempt to find a group of variables whosevariation better explains the 
variation of the pA2 values in  a series of molecules. A special case of 
Eq. 4 has been applied with success to very different kinds of drugs 


The ring geometry is displayed in Fig. I ;  this geometry is similar to the one 
used by lnoue er a / .  (30). The bond distances for the ring substituents were 
taken from the literature (31). 


Considering that the structure of LSD possesses both the phenylalkylamine 
and the indolealkylamine molecular subfragments (32), we accepted as a 
working hypothesis that the phenethylamine and tryptamine derivatives mimic 
partially or totally the LSD structure during interaction with the receptor. 
With this consideration, and for the sake of simplicity, we placed the amine 


(22,27-29). 


Figure I-Geometric parameters f o r  the ring and the side chain 


chain in the same plane as the phenyl ring. The net charges and the super- 
delocaliirabilities were calculated from a CNDO/2 wave function (33). 


RESULTS AND DISCUSSION 


The statistical fitting of Eq. 4 was performed by means of a stepwise re- 
gression technique with pA2 as the dependent variable. The net charges and 
the electrophilic superdelocalizabilities of the aromatic ring, plus the net 
charges and the nucleophilic superdelocalizabilities of the side-chain atoms, 
plus the mass and moment of inertia factors were used as independent variables 
(20 in all) (Table 11). More than 500 combinations of variables were analyzed. 
The best expression found is: 


pA2 = 8.2812 + 3.1383Q4 + 2.052907 + 4.866OSF 


- 3.1825Sf - 2.2494Sf + 1.14161 (Eq. 5 )  


where I = log [U~/ (ABC)~ /~] .  
This equation has a multiple correlation coefficient (r2) of 0.97, which 


represents a significance of >94.1%, and a mean SD of 0.20. The analysis of 
variance (34) of Eq. 5 gives F6.17 = 42.22, showing the very high significance 
of this equation (p < O.ooO5). 


The results of the Student’s r test for the significance of the coefficients are 
shown in Table 111; the pA2 values calculated with Eq. 5 are shown in Table 
1. The squared correlation matrix for the independent variables is presented 
in Table IV. The variables Q4 and Sf. appear with a relatively high r2 value 
(Q4 explaining the 62% of Sf.). Nevertheless, considering that a certain degree 
of correlation between variables belonging to an aromatic system must be 
expected, and that these two variables have different physical meanings (the 
net charges representing electrostatic interactions and the elcctrophilic su- 
perdelocalizabilities being related to charge transfer), wc th ink  that they 
represent different physical processes. 


Also, from the work of Topliss and Edwards (35). we can see that the re- 
lationship between the number of observations required to screen 18 variables, 
while keeping the probability of encountering a chance correlation with r 2  
3 0.9 at the 5 1% level, is -1 9. Therefore, the risk of chance correlation is very 
low. 


The binding affinity is, therefore, related to a definite set of electronic in- 
dices. Considering the high significance of Eq. 5, we accepted that, within the 
accuracy of the approximations used for the determination of AEi and pA2, 
the results obtained suggest the existence of a direct dependence between the 
variation of pA2 and those of the reactivity indices of Eq. 5.  


The appearance of the total atomic electrophilic superdelocalizabilities in 
Eq. 5 indicates that the variation of pA2 will depend on the relative reactivity 
of atoms 5.7, and 9 toward the electrophilic components of the receptor. Also, 
their appearance suggests that the drug-receptor interaction has a strong 
orbital-controlled character (21). This is in perfect accord with the idea of 
a localized charge transfer from the drug to the receptor. 


Remembering that Sf. contains the contribution of the HOMO, the ap- 
pearance of SB is similar to that of the FOED at the 5-position. We cannot 
ensure that the frontier orbitals play a high significant role, because SE, by 
including the other molecular orbitals, will obscure the contribution of the 
HOMO and NHOMO. The dependence of the variation of pA2on a variation 
of Q4 and Q7 indicates an electrostatic interaction between these atoms and 
one or more centers in the receptor. 


The other index which contributes significantly is related to the molecular 
moment of inertia, and is defined as: 
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Table 11-Variable Values Employed in the Statistical Analysis 


Experimental 
Compound PA 2 Q4 Qs Q6 Q7 Q8 Q9 Qio Q I  I Q I Z  


~ ~~ 


I 
11 


111 
IV 
V 


VI 
VII  


VIll 
IX 
X 


XI 
XI1 


Xl l l  
XIV 
xv 


XVI 
XVII 


XVllI 
XIX xx 
XXI 


XXll  
XXllI 
XXlV 


6.2500 
6.8600 
6.oooO 
7.4100 
7.0800 
6.5200 
6.8400 
6.2800 
6.1700 
5.7700 
6.2900 
5.3300 
4.8800 
5.5000 
6.0400 
6.0200 
6.0300 
5.9800 
5.9700 
6.6 100 
7.7100 
5.8600 
7.2700 
7.3200 


-0.0287 
-0.0528 
-0.0285 
-0.0843 
-0.0864 
-0.05 I9 


0.1442 
0.1400 
0.1444 


-0.0089 
-0.04 I6 
-0.0555 
-0.0540 
-0.1 133 
-0.0339 
-0.0293 
-0.0656 
-0.0940 
-0.0284 
-0.0992 
-0.0939 
-0.0 193 
-0.0939 
-0.0942 


-0.000 1 
0.0455 


-0.0033 
0.1717 
0.1735 
0.04 10 


-0.0588 
-0.07 14 
- 0.0 5 9 6 
-0.0537 


0.0028 
0.0163 
0.0175 
0.1922 


-0.0020 
-0.0035 


0.0454 
0.1471 


-0.0022 
0.1789 
0.1871 


0. I877 
0.1879 


-0.01 32 


0.0073 
-0.01 12 


0.0063 
-0.05 I 1 
-0.0509 
-0.01 23 


0.025 1 
0.0332 
0.0231 
0. I848 


-0.01 80 
-0.05 10 
-0.0479 
-0.1095 


0.0017 
0.004 I 


-0.0282 
0.0812 
0.0066 


-0.0758 
-0.1 571 


-0.5 184 
-0.1586 


0.0225 


-0.0244 
-0.0175 
-0.0265 
-0.0044 
-0.0074 
-0.0201 


0.0479 
-0.0632 
-0.047 1 
-0.0925 


0.021 8 
0.1551 
0.1521 


-0.1733 
-0.0255 
-0.025 I 


0.0588 
0.1165 


-0.0256 
0.0402 


-0.0127 
-0.0332 
-0.01 33 
-0.0135 


0.1010 
0.0923 
0.0998 
0.0797 
0.0801 
0.0909 
0.1 I58 
0.1214 
0.1159 
0.1 174 
0.0808 
0.05 19 
0.0461 
0.03 19 
0.0949 
0.0905 
0.01 45 
0.05 13 
0.1001 
0.06 1 2 
0.0797 
0.1112 
0.0792 
0.0790 


-0.0024 
0.0022 


-0.0027 
0.0157 
0.0150 
0.0030 


-0.0392 
-0.0524 
-0.0423 
-0.0225 


0.0034 
0.01 54 
0.01 68 
0.0329 
0.0024 


-0.0028 
0.0858 
0.0 I40 


-0.001 8 
0.0209 
0.0106 


-0.0060 
0.01 08 
0.0107 


0.0028 
0.0032 
0.0007 
0.00 I6 
0.0016 
0.0021 


-0.0085 
-0.01 5 1 
-0.0088 


0.0005 
0.001 9 
0.0022 
0.0014 
0.003 1 
0.0055 
0.0016 


-0.0109 
0.0021 
0.0025 
0.0029 
0.0032 
0.0016 
0.0033 
0.0033 


0.1075 
0.1074 
0.1057 
0. I053 
0.1053 
0.0964 
0.0969 
0.1803 
0.0989 
0.0964 
0.0964 
0.0962 
0.1056 
0.0958 
0.1058 
0.1056 
0.1049 


0.1045 
0.0960 
0.1009 
0.1010 
0.1009 
0. I009 


0.0958 


-0.0570 
-0.0570 


0.0332 
0.0334 
0.0333 
0.0752 
0.0263 
0.0089 
0.0261 
0.0754 
0.0750 
0.0752 
0.0330 
0.0754 
0.033 1 
0.0331 
0.0339 
0.0755 


0.075 1 
0.0003 
0.0007 
0.0002 
0.0002 


-0.0287 


~~~ 


Mass-Related Moment of Inertia- 
Compound Sf s: s4 ss. s6 s: s?o s ?I s ?* Term Related Term 


I 
I I  


I I I  
IV 
V 


v 1  
V I I  


Vlll 
IX 
X 


XI 
XI1 


XI11 
XIV 
xv 


XVI 
XVII 


XVlll 
XIX xx 
XXI 


XXII 
XXIII 
XXlV 


-4.4842 
-4.5953 
-4.5575 
-4.6877 
-4.7027 
-4.6607 
-4.1200 
-4.0844 
-4.1555 
-4.4798 
-4.6234 
-4.6350 
-4.6367 
-4.7826 
-4.6018 
-4.5798 
-4.5536 
-4.7039 
-4.5 I79 
-4.7688 
-4.7736 
-4.5 I32 
-4.7839 


-4.4 I87 
-4.3449 
-4.4875 
-4.0953 
-4.1367 
-4.4043 
-4.5587 
-4.656 I 
-4.6021 
-4.5784 
-4.4846 
-4.4200 
-4.421 5 
-4.0756 
-4.5098 
-4.5055 


-4. I612 
-4.4499 
-4.1345 
-4. I352 
-4.3936 
-4.1432 


-4.2837 


-4.4272 
-4.5129 
-4.4891 
-4.5876 
-4.6365 
-4.5662 
-4.4034 
-4.41 70 
-4.4175 
-4.1 217 
-4.5956 
-4.6 I29 
-4.6052 
-4.1632 
-4.5304 
-4.5108 
-4.486 I 
-4.3536 
-4.455 1 
-4.7445 
- 5.3965 
-4.4493 
- 5.4065 


-4.4573 
-4.4552 
-4.5244 
-4.4436 
-4.4630 
-4.5130 
-4.5598 
-4.6543 
-4.5660 
-4.7075 
-4.4391 
-4.1407 
-4.1151 
-4.0857 
-4.5450 
-4.5419 
-4.3542 
-4.2226 
-4.4874 
-4.3788 
-4.6469 
-4.4701 
-4.6520 


-4.1912 
-4.2362 
-4.2582 
-4.3075 
-4.3147 
-4.2973 
-4.181 5 
-4.1987 
-4.1892 
-4.2129 
-4.3428 
-4.3671 
-4.3493 
-4.4261 
-4.3035 
-4.3 I04 
-4.4048 
-4.3643 
-4.2232 
-4.3891 
-4.4079 
-4.1739 
-4.4140 


-4.3348 
-4.3398 
-4.4064 
-4.3531 
-4.3632 
-4.4058 
-4.4357 
-4.5 106 
-4.4478 
-4.4580 
-4.41 1 1  
-4.3477 
-4.3421 
-4.3078 
-4.426 I 
-4.433 1 
-4.1529 
-4.3479 
-4.3690 
-4.3686 
-4.4394 
-4.3431 
-4.4454 


24.7255 
24.4622 
12.6679 
20.1351 
19.5164 
12.8513 
94.9910 
23.9091 
16.5885 
10.1589 
6.9412 


-0.7368 
17.4444 
16.6094 
42.9891 
25.6743 
29.7625 
18.1875 
21.99 I9 
12.4215 
22.5 I30 
20.8217 
22.2730 


2 1.0720 
19.8324 
4.4329 
3.6279 
1.5388 


-1 13.9695 
7995.5313 


0.5264 
304.8059 
-77.9774 


-176.9974 
-97.3377 


10.4940 
-173.3659 


1 I .9697 
3.9224 


16.5035 
-109.3894 


42.8507 
-6 I 5.007 3 


29.9472 
37.4708 
29.3867 


57.1031 
54.6363 


-37.7952 
-43.1664 
-46.7765 


-21 8.5616 
15568.4297 


-24.1683 
551.8584 


- 1  55.0132 
-320.21 12 


-30.4729 
-3 15.2969 


-43.1691 
-47.8569 


26.0292 
-210.1167 


26.9736 
-1042.3286 


10.9827 
22.6680 
10.2336 


-1n3.6725 


-4.7894 -4.1478 -5.4149 -4.6567 -4.4182 -4.4493 22.1426 29.1086 9.8565 


-3.3112 
-3.3655 
-3.4157 
-3.4685 
-3.5116 
-3.4622 
-3.4685 
-3.4654 
-3.51 16 
-3.51 16 
-3.4622 
-3.5086 
- 3.468 5 
-3.5952 
-3.4622 
-3.4622 
-3.47 18 
-3.6692 
-3.3655 
-3.5520 
-3.5872 
-3.5463 
-3.6258 
-3.6599 


-2.7062 
-2.8497 
-2.9807 
-3.0987 
-3.2093 
-3.091 7 
- 3.0082 
-3.0058 
-3.0765 
-3.2070 
-3.0707 
-3.1400 
-3.0736 
-3.3486 
-3.098 3 
-3.0878 
-3.0376 
-3.4542 
-3.1653 
- 3.279 3 
-3.3674 
-3.2588 
-3.4705 
-3.5801 


I = log IJ~ - (3/2)(10g A + log B + log C)  (Eq. 6) 


For explanatorj purposes we shall examine the case where A = Ixx. In this 
case we have: 


log A = log Ixx = log m,(yf + z f )  (Eq. 7) 


where m, is the mass of atom i ,  whose coordinates are xi,yi,zi. Inspection of 
Eq. 7 shows that these kinds of terms will appear in three cases: ( a )  when 
molecules differ in the nature of an atom at  a certain position (mi will be 
different); (6) when molecules differ in the position of an atom (miyf or miz; 
will be different); ( c )  a mixture of cases a and b. Therefore, this index can be 


Table 111-Student’s t Test Values for Variables of Q. 5 


Variable I Value P 
Q4 3.20 <0.005 
Q7 3.1 I <0.005 
s: 10.74 <0.0005 
S4. -9.06 <0.0005 
S% -2.36 <0.025 
I 4.73 <0.0005 


associated with a purely positional effect and, in the case where all the mole- 
cules have a different substituent attached to the same place, with a steric 
effect. 


Also, it is interesting to note that Eq. 5 does not include terms belonging 
to the side-chain atoms. There are two hypotheses explaining this fact: 


I .  The side chains used throughout this study are relatively constant, with 
the terminal amine position being primary or possessing a dimethyl 
group. In this case the contribution of the side chain will be almost 
constant, and it will be included in the constant term of Eq. 5. 


2. The side chain, especially the charged nitrogen atom, only participates 
in the orientation and long-range recognition of these molecules by the 
receptor (36). 


Table IV--Sguared Correlation Matrix for Varibles in Elq. 5 


s$ I 0 4  Q7 s: s: 
~ ~~ ~ 


Q4 1.00 
Q7 0.01 I .oo 


0.07 1.00 :[ 0.12 0.18 
Sp 0.19 0.07 0.13 0.43 
I 0.19 0.0004 0.34 0.0004 0.02 1.00 


0.62 0.0009 1.00 


I .oo 
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Given that we are interested in the relative variation of the net charges, of 
the superdelocalizabilities, and of the inertia moment term, the position of 
the side chain will not be important if we place i t  in the same relative position 
in all the molecules considered. Also, as the pyrrole portion of the indole nu- 
cleus is relatively homogeneous in the molecules of Table 1, it is not possible 
to determine its true importance in  the regulation of the drug-receptor in- 
teraction. 


Remembering that SE is always negative, and considering only its absolute 
value, we may conclude that a high pA2 is associated with: positive net charges 
for atoms 4 and 7; a low value of log [IJ/(ABC)’/~] (which suggests a limit 
value for the size of the substituents); high SE values for atoms 7 and ‘9, and 
a low SE value for atom 5. This indicates that for atom 7 there must be an 
equilibrium between a positive (or slightly negative) net charge and an elec- 
tronic density that participates in the interaction. 


As an example of the predictive capacity of Eq. 5, we have considered the 
case of the 7-bromo-N,N-dimethyItryptamine. The experimental pA2 for this 
compound is 6.51 (26), and Eq. 5 gives a pA2 of 6.93. 


Another problem is the so!vation. It is clear that the charged groups of the 
drugs (i.e.,-COCH3,-OH, etc.) are solvated. As we have shown’, part of 
the solvation energy change calculated with the Born equation (37) is implicitly 
considered in  the electrostatic terms of Eq. 5.  


In conclusion, it seems well established that the 5-position in indole deriv- 
atives has a first-order importance in regulating pA2, and that this regulation 
is associated with the availability of an electron density a t  this position. Our 
results agree with thoseof Weinstein and co-workers (8-10). Also, Eq. 5 shows 
that the ability of the ring to donate electrons is of great importance in  the 
variation of pA2; this agrees well with experimental (1 4, 15) and theoretical 
(10, 16) results. However, our results do not support suggestions that the 
charge transfer is negligible ( I  2). 


Thederivation of Eq. 5 suggests very strongly that these molecules interact 
with the serotonergic recept6r in a way such that their aromatic rings are in 
the same relative positions. This conclusion is in contrast with the previous 
suggestion that the main process in this drug-receptor interaction is the or- 
ientation of the electrostatic vector ( 1  0, 12, 13). 


A question raised by this and other similar studies is why is it not possible 
to obtain equations with still higher multiple correlation coefficients without 
adding highly correlated variables. I t  seems that, experimesial errors apart, 
the factors responsible are: (a) the method employed to obtain the reactivity 
indexes, especially the nucleophilic superdelocalizability (38) and (b) the 
quality of the approximations made to simplify the expression for AE? given 
by perturbation theory’. 
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4 
Figure 5 -Duplication of the chroniatographic column. 


low-density polyethylene. The average thickness for the materials were I .26 
mni for polystyrene and high-density polyethylene and I .00 mm for low- 
density polyethylene. 


When using polystyrene for manufacturing plastic components which arc 
to be sterilized with ethylene oxide, there is the possibility of a “mesh” effect 


due to the composite nature of the plastic; the p r e n c e  of bulky phenyl groups 
givcs the plastic many interstitial spaces. Ethylene oxide may enter these spaces 
within the plastic and remain there. dissipating slowly over a long time period. 
Obviously. elevated temperature and reduced pressure will increase the rate 
of dissipation. 1.ikewisc. high-density polyethylene plastic components retain 
inore ethylene oxide than low-density polyethylene plastics due to their higher 
density. where i t  is less likely that the fumigant will penetrate the plnstic. 


A most satisfying feature of this method has been the extraordinary lon- 
gevity of the column. This method of analysis has been used routinely for 18 
months wi th  only two replacement columns, giving -1000 injections per 
column life. The end of thc useful life of a column manifests itself in the 
broadening of the ethylene glycol peak and a drift in  retention tinics. Dupli- 
cation of the chromatographic column has been achieved several times wi th  
no adverse effects on the separation of the components (Fig. 5 ) .  Since this 
method uses only one isothermal column run for the analysis of all three 
components and no elaborate sample preparation is necessary, i t  would appear 
that this method is ideal for use in  quality control labor;~torics of companies 
which need to comply with the Food and Drug Administration proposals. 
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Anti-Influenza A Activity of Some N-Substituted 
Bicycle[ 3.2.l]octane-3-spiro-3’-pyrrolidine 
Hydrochlorides: Synthesis and Structure 
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Abstract 0 Some A’-substituted bicyclo[3.2. I]octane-3-spiro-3’-pyrrolidine 
hydrochlorides (IX-XII) prepared from bicyclo[3.2.l]octan-3-onc ( I ) .  were 
assayed in oitro against influen7a A viruses. All materials showed activity 
similar to I-adamantanamine hydrochloride. A ‘H-NMR study revealed only 
one isomer at  the spirocarbon atom. 


Keyphrases 0 N-Substituted bicyclo[3.2.1 ]octane-3-spiro-3’-pyrrolidine 
hydrochlorides .- synthesis, structure, antiviral activity against influenza A 
0 Antiviral agents-potential, A’-substituted bicyclo(3.2. I ]~ tane-3-sp i ro-  
3’-pyrrolidine hydrochlorides, influenza A 


Since Davis el af. ( I )  described the antiviral activity of 1 -  
adamantanamine (amantadine) against influenza A viruses, 
a wide variety of derivatives have been prepared (for review; 
2). Among them, some spiropyrrolidine derivatives of ada- 


mantane and other cyclic systems (3,4) have been reported 
to show amantadinc-like antiviral activity. 


In this report we describe the synthesis of the N-substituted 
bicycle[ 3.2.1 ]octane-3-spiro-3’-pyrrolidine hydrochlorides 
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I II Ill 


I X  - XI1  v - V I I I  I V  


Scheme I 


(IX-XII) (Scheme I )  and their evaluation as potential anti- 
viral agents. 


EXPERIMENTAL SECTION1 


Chemistry-Bicyclo[3.2.l]octan-3-one ( I )  was obtained according to a 
general literature method (5). using phase-transfer catalysis for the dichlo- 
rocarbene addition (6). Spiropyrrolidine hydrochlorides (IX-XII)  were 
synthesized from I according to Scheme I .  


Ethyl Bicyclo(3.2.l]octarr3'-yliden Cyanoacetate (11)-A solution of I ( 16.6 
g. 0.1 33 mol), ethyl cyanoacetate ( I  5. I2 g, 0. I33 mol), ammonium acetate 
(2.10 g. 0.026 mol), and glacial acetic acid (6.8 mL) in benzene (50 mL) was 
refluxed for 24 h using a Dean-Stark water separator. The mixture was cooled, 
washed with water, and dried over anhydrous Na2S04. The benzene was re- 
moved under reduced pressure, and the residue was distilled in ~ C U O  to yield 
29.2 g (89%) of a colorless liquid, bp 103OC (0.5 mm Hg). IR (neat film): u 


2.10 and 1.20 (two m. 12, cyclic H), and I .OO ppm (t. 3, CH3). 
Anal.---Calc. for C13H17N02: C,  71.2; H, 7.8; N. 6.4. Found: C, 70.9; H. 


7.8; N,  6.3. 
3-Carboxybicycl~3.2.1~ctane-3-acetic Acid (111)-To a solution of ester 


I I  ( 1  7.25 g, 0.078 mol) in  ethanol ( I  70 mL). a solution of KCN ( I  3.36 g, 0.2 
mol) in water (34 mL) was added. After stirring for 5 d, the solvent was re- 
moved at reduced pressure. The residue was heated at reflux for 48 h with 
concentrated HCI ( 1  34 mL). The mixture was diluted with an equal volume 
of water and cooled overnight. The precipitate was removed by filtration and 
washed with water. The crude product was dissolved in a boiling saturated 
solution of KHCO3, dccolorizcd with charcoal, filtered, and the product was 
precipitated by theaddition ofconcentrated HCI to yield 11.8 g (71%) of I l l  
as a whitesolid. mp 156-157°C. IR (KBr): u 3100-2500 (COOH) and 1725 
and 1700c1n-~ ( O H ) ;  'H-NMR(Me2SO-db):li 12.00(br s ,2 ,COOH),  
2.40 ( s ,  2, C H 2 4 O O H ) .  and 2.1 5 and I .50- 1 . I  5 ppm (two m, 12, cyclic 
H). 


Anal.-Calc. for CllH1604: C .  62.6; H, 7.5. Found: C,  62.3; H, 7.8. 
Bicyclo(3.2.1 ~ctane-3-spiro-3'-succinic Anhydride (1V)--Carboxylic acid 


111 (7.0 g, 0.033 mol) and acetic anhydride (20 mL) were refluxed for 2 h. The 
mixture was concentrated to dryness and crystallized from petroleum ether 
togive6,02g(94%)oftheanhydride IVasa whitesolid.mp57OC. 1R (KBr): 
u 1860and 1790cm-' (C=O); 'H-NMR (CDCI3.250 MHz): 6 2.80 (s. 2, 
CH2-€0), 2.34 (br s, 2, C I ( ~ ) H ~ ) ,  2.18 (dd, 2, JBA = -14.34 Hz, C ~ ( ~ ) H B ) .  
1.96 (dd, 2, J W A ,  = -8.09 Hz, C6(7)HE), 1.80 (dd, 2, JAB = -14.34 Hz, 
C2(4)HA), and 1.70 ppm (dd, 2. J A ~ B .  = -8.09 Hz, C6(7)tiA'). 


Anal.--Calc. for CllH1403: C, 68.04; H,  7.21. Found: C, 68.31; H, 
7.55. 


N-Substituted Bicyclo[3.2.1 joctane-3-spiro-3'-succinimides---General 
Procedure-To a solution of anhydride IV (0.1 5 mol) in hot benzene (50 mL). 
the corresponding amine (0.15 mol) in  benzene (30 mL)  was added with 
vigorous stirring at 60-65OC. After standing for 0.5 h at  60-65°C. the mixture 
was cooled, and the precipitate was removed by filtration and washed with 
benzene. The carboxyamide was heated for 1 h at 220-225OC. After cooling. 
the residue was crystallized giving the Corresponding succinimides. 


N-Benzyl Bicyclo [3.2. I]ocrane-3-spiro-3'-succinimide (I"-Y ield: 78%; 
mp 68-69'C (white prisms, absolute ethanol). IR (CHBr,): u I740 and I7 14 
cm-' (C=O); 'H-NMR (CCI4): 6 7.15 (s, 5, ArH), 4.40 (s, 2, CH2C2Hs). 
2.40 (s, 2, C4*H2), and 2.20, 1.80, and 1.40 ppm (m, 12, cyclic H). 


Anal.-Calc. for C M H ~ ~ N O ~ :  C, 76.3; H, 7.4; N. 4.9. Found: C,  76.3; H. 
7.7; N,  5.0. 


2220 ( C E N )  and 1725 cm-' (C=O); 'H-NMR (C6D6): 6 4.00 (9.2. CH2). 


I All melting points were taken in open capillary tubes. Melting and boiling points 
arc uncorrected. IR spectra were carried out on a Perkin-Elmer 577 spectrophotometer. 
'H-NMR spectra were recorded in  CDCI, solution at rwm temperature using Bruker 
WM-2SO (250 MHz) and Varian EM 360-A (60 MHz) spectrometers (Me&i as internal 
reference): (s) singlet; (d) doublet; ( 1 )  triplet; (m) multiplet: (br s) broad signal; (dd) 
doublet-doublet. 


N-Cyclohexyl Bicycle[ 3.2.1 )octane-3-spiro-3'-succinimide ( VI)-Y ield: 
58%: mp 78-79OC (white prisms, absolute ethanol) IR (CHBr]): u 1775 and 
1700 cm-l (C=O); 'H-NMR (CDCI]): 6 3.90 (m, I .  CH-N). 2.50 (s. 2. 
C4'H2). and 2.20, 1.80 and 1.40 ppm (m, 22, cyclic H). 


Anal.-Calc. for C17HzsN02: C, 74.2; H, 9.1; N, 5.1. Found: C, 73.9; H, 
9.3; N,  5.0. 


N-n-Bury1 Bicycl0[3.2.1 ]octane-3-spiro-3'-succinimide (HI)-Yield: 
66%; mp 86-87OC (white prisms, absolute ethanol). IR (CHBr]): u 1770 and 
1700 cm-' ( C 4 ) ;  IH-NMR (CC14): 6 3.35 (t, 2. CH2-N), 2.50 (s, 2. 
C4H2). 2.25, 1.80, and 1.35 (m,  18, cyclic H). and 1.00 ppm (t, 3, CHI). 
Ana/.-Calc.forC~~H21N02:C.72.3,H.9.3;N.5.6.Found:C,72.6;H. 


9.5; N,  5.6. 
N-8-Hydroxyethyl Bicyclo [3.2. I]octane-3-spiro-3'-succinimide ( VIII)  


-Yield: 39%; mp 98-99OC (white plates, absolute ethanol). IR (CHBr,): 
u 3450 (OH), and 1775 and 1700 cm-l (C=O): IH-NMR (CDCI3-CC14): 
6 3.55 (s, 4, CH2-0H and CH2-N), 3.00 (s, I ,  OH), 2.60 (s, 2, C4,H2), and 
2.25, 1.80, and 1.40 ppm (m, 12. cyclic H). 


Anal.-Calc. for CI]H19N03: C, 65.8; H, 8.2; N, 5.9. Found: C, 65.6; H, 
8.3; N,  5.7. 


N-Substituted Bicyclo[3.2.l]octane-3-spiro-3'-pyrrolidine Hydrochlo- 
rides-General Procedure-A solution of the corresponding succinimide (0.08 
mol) in  ether was slowly added with stirring to a suspension of lithium alu- 
minum hydride (0.32 mol) in ether. The mixture was stirred overnight, de- 
composed, filtered, and dried over anhydrous Na2S04. The solvent was re- 
moved at  reduced pressure, and the pyrrolidine was distilled. Pyrrolidine 
hydrochlorides were formed by treatment of the bases with 3 M HCI. Aftcr 
concentration under reduced pressure, the hydrochloride was crystallized. 


N-Benzyl Bicyclo[3.2.I]octane-3-spiro-3'-pyrrolidine Hydrochloride 
(IX)-Yield: 83%; p p  265-266OC (white prisms, isopropyl alcohol). IR 
(CHBr3): u 2500 (N-H), and 1450, 1435, and 1410 cm-l (aromatic); 
'H-NMR (CDCI3): 6 7.65-7.35 (m, 5, ArH), 4.30 (s, 2, CH&Hs). 
3.65-3.00 (m, 4, CyH2 and CyH2). and 2.25, 1.65, and 1.50 ppm (m. 14, 
C4,H2 and cyclic H). 


Anal.-Calc. for Cl8Hz6CIN: C. 74.1; H, 8.9; N. 4.8. Found: C. 73.8; H, 
9 . 0  N ,  5.0. 


N-Cyclohexyl Bicyclo[3.2.l ]octane-3-spiro-3'-pyrrolidine Hydrochloride 
(X)-Yield: 57%; mp 178-179OC (white prisms, acetone). IR (CHBr3): u 
2500 cm-' (N-H); 'H-NMR (CDCI,): 6 3.65-2.95 (m, 5, C2,Hz. C5,H2. 
and CH-N), and 2.00, 1.70, and 1.40 ppm (m, 24. cyclic H). 


Anal.-Calc. for C17HloCIN: C, 71.9; H, 10.6; N,  4.9. Found C. 71.6; H,  
10.3; N, 4.8. 


N-n-Bury1 Bicyrlo[3.2.l ]octane-3-spiro-3'-pyrrolidine Hydrochloride 
(XI)-Yield: 39%; mp 186-187OC (white prisms, acetone). IR (CHBr3): u 
2500 cm-l (N-H); 'H-NMR (CDCI,): 6 3.76-2.90 (m, 6, C2jH2, CyH2, 
and CH2-N), 2.25, I .90,1.70, and 1.40 [m. 18. (CH& and cyclic HI. and 
1 .OO ppm (t, 3, CHI). 


Anal.-Calc. for C I ~ H ~ B C I N :  C, 69.9; H, 10.9; N, 5.4. Found,C, 69.6; H, 
10.6; N. 5.1. 


N-8-Hydroxyethyl Bicyclo [ 3.2. I ]octane-3-spiro-3'-pyrrolidine Hydro- 
chloride (XI/)---Yield: 74%; mp 160-l6l0Cjwhite prisms, absolute ethanol). 
IR (CHBr3): u 3280 (OH) and 2500 cm-l (N-H); IH-NMR (D20): 6 3.60 
(1, 2. CH2-0H). 3.20 (m, 6, CHz-N, C2,H2. and C5pH2). 2.00, 1.50, and 
l . l5ppm (m, 14,C4+l2andcyclicH). 


Anal.-Calc. for C13H24CINO: C, 63.5; H. 9.4; N. 5.7. Found: C. 63.8; 
H. 9.'; N, 5.4. 


RESULTS AND DISCUSSION 


Structural Assignment-Due to the rigid structure of the bicyclo[3.2.1]- 
octanesystem, twodifferent isomers (XIII and XIV) are possible. On the basis 
of the 'H-NMR spectrum of the anhydride IV, only theconfiguration shown 
(XIII) appears to be present. 


H A  JLHk 2' S'CO 


HB, OC\l'/  
0 


From the 250-MHz 'H-NMR spectrum of anhydride IV. only one isomer 
is observed from the presence of only one singlet at 6 2.80 ppm for the C4- 
methylene group. The presence of two isomers should be evidenced by the 
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Table I-Inhibition of Growth of Influenza A Viruses by IX-XI1 and 1- 
Adamantanamine Hvdrochloride 


Titration of Infection*, 
Inhibitor' Plaque-Forming Units/mL Inhibition'' 


None 2 x 107 - 
IX I x I06 - I  .30 x 7 x  105 -1.45 
XI I x 107 -0.30 
XI1 7 x  106 -0.45 


I -Adamantanamhe 2 x  I @  -I .oo 
hydrochloride 


a Inhibitors wcrc administered at a concentration of 100 p M  in an alcohol-water 50- 
lution. Plaque assay and primary isolation of influenza A viruses were carried out in 
a n  established line of canine kidney cells (MDCK). in the praence of t ry  sin (7) 
hibition is expressed as the decimal logarithm of the quotient of plaque- P orming ' .<In- units 
in the presence of inhibitor to tha t  found i n  the absence of inhibitor: loglo [(pfu/ml.  of 
inhibitor)/(pfu/ml. of control)]. 


appearance of two singlets, one each for the endo and exo C4-methylene 
groups. Thesame feature was observed in the NMR spcctra ofsuccinimides 
v - V I I I .  


Protons HAt1gHA.Hg'tix behave as two different ABX and A'B'X systems. 
The influence of the deshielding cfl'ect of the endo Cz-carbonyl group on 
protons H g  and Hg' is shown by the downfield chemical shift of these protons 
at  6 f i g  = 2.18 ppm and 6 118, = 1.96 ppm relative to those of the less-affected 
protons t 1 A  and HA,. which appear upficld at 6 I .80 and I .70 ppm. respectively. 
Assignation of Hg and He. has been done on the basis of the observable 


geminal coupling constantsJgA = - 14.34 Hz and JwA, = -8.09 Hz, which 
are in agreement with reported values for cyclohexane and cyclopentane. re- 
spectively (8). 


X-ray diffraction data of succinimide VI (9) conclusively confirm that the 
C2-carbonyl group is attached on the endo-position. I n  this case the spiro- 
cyclohexane ring appears to adopt a boat conformation to avoid the steric 
interaction between the C2-carbonyl group and the C6~7)-methylene 
groups. 


Biology-According to results shown in Table I ,  IX-XII. especially the 
N-beniyl and N-cyclohexyl derivatives ( IX and X).  show antiviral activity 
against influenza A viruses similar to or greater than that shown by I-ada- 
mantanamine hydrochloride. 
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Abstract 0 Polymethyl [ I-'4C]methacrylate nanoparticles were administered 
orally to bile cannulated rats. Ten to fifteen percent of the administered ra- 
dioactivity was absorbed and found in the bile and urinc. Within 48 h, 94 97% 
of the absorbed radioactivity had been eliminated from the body. After 8 d, 
the highest rcsidual radioactivity was found in the bone marrow, fatty renal 
tissue, stomach, liver. and lymph nodes. 


Keyphrases D Polymethyl methacrylate-peroral administration, distribution, 
elimination, rats 0 Peroral administration-polymethyl methacrylate, 
elimination and distribution, rats 


A possible pathway of absorption is the uptake of colloidal 
particulate materials by the G1 tract in liquid (pinocytosis) or 
solid (endocytosis) form. This uptake pathway was suggested 
for fat absorption by Frazer (1,2). The uptake of corn starch 


and some other particulate materials by endocytosis was ex- 
tensively studied by Volkheimer (3). No uptake of polymethyl 
methacrylate particles (labeled with a fluorescent dye and 
ranging in size from 10 nm-1.2 pm) was observed by Juhlin 
(4). This may, however, be due to leakage of the label or to the 
small size of the particles, which prevented optical observation. 
For this reason, I4C-labeled polymethyl methacrylate nano- 
particles of a mean size of 130 nm were employed in this study. 
These particles were shown to be taken up by the reticulo- 
endothelial system after intravenous administration (5). After 
subcutaneous administration, the particles stayed at the in- 
jection site for about 200 d. After this time, the beginning of 
redistribution and elimination was observed ( 6 ) .  


Oral administration of these nanoparticles seems to be of 
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Table 11-Recoveries of Drotaverine from Spiked Rat and Dog Plasma a 


Drotaverine Recovery from Recovery from 
Concentration, pg/mL Rat Plasma, Q Dog Plasma, '70 


0.25 
0.50 
1 .oo 
1.50 
2.00 


83.2 f 4.7 
77.0 f 9.1 
82.3 f 6.5 
89.8 f 6.0 
94.3 f 7.3 


82.8 f 6.8 
84.4 f 5.2 
85.8 f 8.8 
87.9 f 4.9 
88.7 f 7.1 


0 Mean f SD:n = 8 


plasma extracts from a rat given 60 mg/kg of drotaverine, and from a dog 
given 30 mg/kg of drotaverine, are shown in Figs. 2 and 3. 


The drotaverine ultraviolet spectrum has maxima at 242,302, and 350 nm 
wavelengths. A variable-wavelength UV detector set a t  302 nrn was used to 
eliminate background contributions to the drotaverine peak at 242 nm in blank 
plasma extracts. The intensity of the maximum at 350 nm is lower than that 
of the maximum at 302 nm. The detection limit was found to be 50 ng of 
drotaverine/mL of plasma. 


Data in Table I show the linearity of the assay method. A linear regression 
analysis was performed for the calibration curve prepared from drotaverine- 
spiked plasma samples. It resulted in  the equation y = 0 . 2 9 1 2 ~  + 0.0038, 


wherey is the ratioof the peak height of the drug divided by the peak height 
of the internal standard, and x is the drug concentration in the plasma. As 
evidenced by the experimental data, peak heights were proportional to the 
drotaverine concentrations for the range examined (from 0.25 to 2 pg of 
drotaverinc/mL of plasma). 


Recoveries of drotaverine were nearly quantitative at plasma concentrations 
of 0.25-2.0 pg/mL, with average recoveries ranging from 77.0 to94.3% and 
coefficients of variation ranging from 4.7 to 9.1% (Table 11). 
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Abstract 0 Agents with predominantly adrenergic antagonistic properties 
(the a-blockers, phentolamine and tolazolinc, and the &blocker propranolol). 
and those with suspected a-blocking capabilities [hydralazinc and 3,3'- 
(4,4'-biphenylene)bis(2,5-diphenyl-2H-telium chloride) (neotetrazolium 
chloride); I] were added individually to a bath containing an isolated Mer- 
cenaria mercenaria heart. Two and one-half minutes later, dopamine was 
added to the bath as  the second drug and cardiac responses were noted. Pre- 
treatment with saline controls, followed by dopamine 2.5 min later, produced 
results that were identical with those which occurred after the administration 
ofdopamine alone, i.e.. marked stimulation and cardiac arrest. Pretreatment 
with phentolamine and I were the only procedures that prevented dopa- 
mine-induced cardiac arrest. Phentolamine, tolazoline, and hydralazine 
generally produced positive inotropic responses when initially added to the 
bath, whereas propranolol mimicked the effects caused by the addition of 
dopamine alone or after saline pretreatment. The M. mercenaria heart appears 
to possess an adrenergic receptor of an a-configuration. 


Keyphrases 0 a- and 8-Adrenergic antagonists-dopamine-induced response, 
heart of Mercenario mercenaria 0 Dopamine-a- and 8-adrenergic antag- 
onists, effect on heart of M. mercenaria, pretreatment controls. 


A number of studies have suggested the presence of an ad- 
renergic receptor in the smooth muscle of the heart of Mer- 
cenaria mercenaria, the hard-shelled clam or quahog. Welsh 
and Taub ( I )  administered various drugs to the isolated heart 
of M. mercenaria and noted that epinephrine evoked negative 
inotropic responses and tachyphylaxis. Fujita and Mann (2) 
reported similar responses with norepinephrine under com- 
parable experimental conditions. Ciuchta and Mann (3) ex- 
amined the relative effectiveness of ephedrine isomers in pre- 
venting the onset of norepinephrine-induced tachyphylaxis in 
the M. mercenaria heart and found that the I-isomer was the 


most potent, the racemate less potent, and the d-isomer least 
potent. Orzechowski and Mann (4) performed a similar ex- 
periment with amphetamine isomers and observed that nor- 
epinephrine-induced tachyphylaxis was blocked most effec- 
tively by the d-isomer, while the d,l- and /-isomers were equal 
but less potent. When higher doses of amphetamine isomers 
were given, norepinephrine elicited positive inotropic responses, 
suggesting that these agents act upon common receptor sites. 
It was further speculated that amphetamine, like ephedrine, 
may block cardiac inhibitory sites on which norepinephrine 
acts, thus allowing ephedrine to cause stimulation. 


Dopamine, which is present in M. mercenaria nervous tissue 
(9, appears to activate excitatory receptors in the clam heart 
in contrast to epinephrine and norepinephrine, which affect 
inhibitory receptors. Tachyphylaxis also occurs in the M. 
mercenaria heart after successive, equal doses of dopa- 
mine'. 


The purpose of this study was twofold: 
1. To determine whether the a-blockers (tolazoline, 


phentolamine, and hydralazine) and the /%blocker (propran- 
0101) could prevent the excitatory effects of dopamine on the 
isolated M. mercenaria heart, thereby elucidating the nature 
of its adrenergic receptor; 


2. To ascertain whether the hypotensive agent, 3,3'(4,4'- 
biphenylene)bis(2,5-diphenyl-2H-tetrazolium chloride) 
(neotetrazolium chloride; I), which has both adrenergic 
a-blocking and gangliolytic actions (6-8), could antagonize 


I Unpublished results. 
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Figure l-Eflect of dopamine hydrochlo- 
ride (4 mg) on isolated M. mercenaria hearr; 
time interval is S s. 


Figure 2-Preadministration of 3,3’-(4,4’- 
biphenylene)bis/2,5-diphenyl-2H-tetra- 
zolium chloride] (8 mg) followed by dopa- 
mine hydrochloride (4 mg): p = <0.05. 


Figure 3-Preadminisrration of a vehicle 
control for 3,3’(4,4’-biphenyleneJbis/2,5- 
diphenyl-2H-tetrazolium chloride] (0.8 
mL) followed by dopamine hydrochloride 
(4 mg); p < 0.001. 


Table I-Average Percent Inhibition. Within 1 min After Challenging tbe Isolated M. mercenrria Heart with a Test 
Addition of Dopamine Hydrochloride 


and within 1 min After tbe 


Average Inhibition after 1 min, % 


No Hydrochloride 
Dopamine 


n Compound Dose Challenge Challenge P 
Phentolamine mesylate 7 15 mg 36 59 <0.001b 
Tolazoline hydrochloride 8 15 mg 24 100 - 
Propranolol hydrochloride 8 I5 mg 100 -d  - 
Hydralazine hydrochloride 8 I5 mg 17 100 - 
Saline control 8 2.5 26 100 - 
3.3’-(4,4’-Biphenylene)bis(2,5-diphenyl-2H-tetrazolium chloride) 15 8 22 32 <O.OSb 
Solvent control 6 0.8 ml 0 100 <O.OolC 


The greatest dcgrec of inhibition within 1 min after drug challenge. * Statistically signifant compared with saline control. Statistically significant mpad with nmwrazdium 
chloride-treated group. Contractility failed to return after propranolol administration; dopamine administration caused greater spasticity. 


the effects of dopamine on the M .  mercenaria heart. Positive 
results obtained with I and the other adrenergic a-blockers 
would presume an adrenergic a-receptor as the site upon which 
dopamine acts, because the M .  mercenaria heart is devoid of 
autonomic ganglia. 


EXPERIMENTAL SECTION 


Animals-M. mercenaria2 were maintained in a 378.4-L aquarium filled 
with artificial sea water) for a t  least 2 d prior to use. 


Apparahs-The heart was isolated according to the methods of Welsh and 
Taub (1) and Wait (9). After cracking theshell with a hammer, the heart was 
removed and attached to a hook embedded in a plastic rod. The rod was then 
lowered intoan aerated4 glass bathing chamber containing 40 mL of sea water. 
A thread extending from the apex of the ventricle to a detecting head5 acti- 
vated a transduceP and physiograph’ to  record contractility. 


Matenak-When contractions were normal, a glass syringe8 delivered 


Obtained locally; shell lengths 10-14 cm. 
Instant Ocean; Aquarium Supplies, Mentor, Ohio. Maintained at 24-26’C; spc- 


cific gravity, 1.025. 
‘Oscar’s 55 air pump; Berkeley, Calif. ’ Isotonic myograph. Model 11 27; Narco Bio-systems. Inc., Houston. Tex. 


’ Physiograph Four-B: Narco Bio-systems. Inc. 
Isotonic myograph transducer. MK 11; Narco Bio-systems. Inc. 


B-D mL tuberculin syringe with a 1.27-cm. 26-gauge needle; B-D 2-ml Multitit 
syringe with a 1.27-cm. 26-gauge needle. 


either 0.8 mL of neotetrazolium chloride9, 0.8 mL of the vehicle control9, 2.5 
mL of the t a t  drug, or 2.5 m L  of a saline controllo, followed 2.5 min later by 
the addition, using a second syringe8. of 4 mg (0.1 mL) of dopamine hydro- 
chloridell. The test drugs were prepared in the following concentrations: 
phentolamine maylate*2, tolazoline hydrochloride’’, and propranolol hy- 
drochloride14 at 0.6%; hydralazine hydrochlorideI5 and I9 at 1.W. 


Retreatment L)oee Regimen-A 15-mg dose of each agent was administered 
2.5 min prior to dopamine challenge (except for 1, the dose of which was 8 mg). 
A 2.5-mL aliquot of the saline control was added to the bath; this vdume was 
equivalent to that of each test drug, except for I. Because the latter compound 
utilized a vehicle control (5% ethyl alcohol and 20?6 propylene glycol in dis- 
tilled water) and a lower dosage than the rest. it has a control volume of only 
0.8 mL. 


I, Cat. No. 102436. Lot No. 1285. ICN Pharmaceuticals. Inc.. Life Sciences 
Group, Cleveland, Ohio. (In distilled water as 1% 1. 5% ethyl alcohol (95%), and 20% 
propylene glycol.) Added to the bath in a volume of 0.8 mL and controlled with quiv- 
alent volumes of a distilled water vehicle containing 5% ethyl alcohol and 20% propyl- 
ene glycol. 


l o  Normal saline, 0.946, Lot No. 94-851-DE-5; Abbott Laboratories, North Chica- 


lntropin (dopmine hydrochloride). 5 mL am ules containin 40 mg/mL,.Lot Nos. 
A0022, A9158; Arnar-Stone Laboratoris, Inc.. &aw Park, llf 


Regitine (phentolamine mes6late),, Lot. No. B66-R-113; obtained through the 
courtesy of Ciba Pharmaceutical 0.. Dlv. of Ciba-Geigy Corp., Summit, N.J. 


l 3  Pnswline (tolamline hydrochloride). Lot No. A-7856; obtained through the courtesy 
of Ciba Pharmaceutical Co.. Div. of Ciba-Geigy Co 


Inderal (propranolol hydrochloride), Lot No.%47736A; obtained through the 
courtesy of Ayerst Laboratories, Inc., New York, N.Y. 


IJ Apresoline (h dralazine hydrochloride). Lot No. N-2059; obtained through the 
courtesy of Ciba darmaceutical Co., Div. of Ciba-Geigy Corp. 


go, Ill. 
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RESULTS AND DISCUSSION 


The typical response elicited by dopamine (4 mg) on the isolated M .  mer- 
cenaria heart bathed in 40 mL of artificial sea water is shown in Fig. I .  The 
heart stopped contracting at once when dopamine was added to the bath, but 
recovered its contractility within 6 min. When I (8 mg) was added to the bath, 
2.5 min before dopamine challenge, it not only prevented cardiac arrest due 
to dopamine, but also produced a negative inotropic response that was mim- 
icked by the subsequent addition of dopamine (Fig. 2). By contrast, pread- 
ministration of the vehicle control for I, in a volume comparable to that of the 
test drug (0.8 mL), failed to prevent cardiac arrest caused by dopamine; 
however, the recovery time for the return of contractility was shortened over 
that induced by dopamine administration alone (Fig. 3). 


The average percent of cardiac inhibition attributed to the test drugs and 
to dopamine challenge is presented in  Table I. The number of animals used 
in each group ranged from 6 to 15. The percent inhibition was calculated by 
measuring the amplitude of the peak at the moment of test drug challenge and 
dopamine challenge, and the lowest amplitude within 1 min after adminis- 
tering each agent; i.e., the response recorded in Fig. I after theaddition to the 
bath of dopamine alone represents 1Ooo/c inhibition. 


Although each agent, except the solvent control. caused some degree of 
cardiac inhibition within 1 min of its administration (Table I), propranolol 
produced the most dramatic and consistent inhibitory responses. Immediately 
after the addition of the &blocker to the bath, the heart lost contractility and 
became spastic, an excitatory response that was identical with that observed 
after the administration of dopamine alone (Fig. 1). Two and one-half minutes 
later, the addition of dopamine produced an even greater response. 


Initial administrations of phentolamine, tolazoline, and hydralazine yielded 
consistently positive inotropic responses during the 2.5-min period prior to 
the addition of dopamine, whereas I caused variable effects (i.e.,  positive, 


negative, or no alteration of the inotropic response) prior to the addition of 
dopamine. Phentolamine mesylate, an a-adrenergic blocker, and I, an ex- 
perimental hypotensive agent with presumed a-adrenergic blocking activity, 
appear to act on an adrenergic receptor of an a-configuration within the M .  
mercenaria heart to block the stimulatory effects of dopamine. Of the two 
compounds, I is the more potent in this respect. 
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Abstract 0 The S-methyl metabolite of captopril was identified and deter- 
mined in human plasma by positive chemical ionization selected-ion moni- 
toring gas chromatography-mass spectrometry. After oral administration 
of 100 mg of captopril to healthy subjects, the maximum plasma level was 
60-1 14 ng/mL. These data for the S-methyl metabolite of captopril were 
correlated to total and unchanged captopril levels. 


Keyphrases 0 Captopril-identification and determination of the S-methyl 
metabolite in human plasma, gas chromatography-selected-ion monitoring 
mass spectrometry Gas chromatography-selected-ion monitoring mass 
sepectrometry-determination of the S-methyl metabolite of captopril in 
human plasma after oral administration 


Captopril ( 1- [ (2S)-3-mercapto-2-methylpropronyl]-~- 
proline; I) (1, 2) has received considerable attention as an 
orally active angiotensin-converting inhibitor (3) that is ef- 
fective in lowering arterial blood pressure (4). The absolute 
bioavailability and pharmacokinetics of [ *4C]captopril given 
orally and intravenously have been reported previously ( 5 ) .  
Analysis of the kinetic data suggested that captopril is exten- 
sively partitioned into tissue. The interconversion of protein- 


bound captopril with non-protein-bound mixed disulfides has 
been suggested as a biotransformation pathway that may ex- 
tend the pharmacological effects of captopril(5,6). 


Gas chromatography-mass spectrometry (GC-MS) se- 
lected-ion monitoring (SIM) methods have been reported for 
the determination of unchanged captopril in whole blood (7) 
and total captopril in plasma (8). Total captopril includes 
unchanged drug, the disulfide dimer of the parent drug, and 
mixed disulfides with endogenous thiol-containing compounds, 
e.g., glutathione and cysteine. Recently, the S-methyl me- 
tabolite of captopril(I1) has been identified as a urinary me- 
tabolite in humans (9) and rats (6). A GC-MS SIM method 
was developed to measure the plasma level of the S-methyl 
metabolite (11) after oral administration of captopril. The 
plasma levels of the metabolite I1 from samples collected from 
healthy human subjects after the administration of a single 
100-mg tablet of captopril were compared with the free cap- 
topril blood levels and total captopril plasma levels determined 
as IV by GC-MS SIM methods previously reported (7 ,8 ) .  
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Figure 1 -AN cefiriaxone plasma concentration-time data from I2 subjects 
together with the curve fitted using the composiie pharmacokineiic profiling 
technique and three subjects in each of four sampling groups, as depicied 
in Table I V (inset). 


Figure 2-All diazepam plasma concentration-time data from 20 subjects 
together with the curve fitted using the composiie pharmacokinetic profiling 
technique and five subjects in each of four sampling groups, as depicted in 
Table IV (inset). 


subjects. Blood samples were obtained at  specific times over 
the following 72 h. The subjects were divided into four groups 
of five subjects each: group I was sampled at 0,0.33,2,  12, and 
72 h; group I1 was sampled at 0 ,0 .67 ,4 ,  16, and 72 h; group 
111 was sampled at 0, I ,  6,24, and 72 h; group IV was sampled 
at 0, 1.5,8,48, and 72 h after the oral dose. The analytical CV 
for this study was 1 1.3%. 


Four curve-fitting techniques were used to evaluate the data: 
( a )  concentration-time data from the individual subjects were 
fitted and the mean parameters were calculated; ( 6 )  a single 
mean concentration-time profile from all subjects was fitted 
to determine parameter values; (c )  all concentration-time data 
were fitted simultaneously to determine the parameter values; 
(d) a limited sample composite concentration-time profile was 
fitted to determine the parameter values. The results of these 
fitting procedures are presented in Table IV. In the first three 
of the methods, all of the concentration-time data were used 
in the sampling/fitting procedure, whereas in the final method, 
four groups of three or five patients, respectively, were used 
for ceftriaxone and diazepam. There was good general 
agreement of parameter estimates obtained by each of the four 
sampling/fitting techniques. The parameters A and a were 
variable among the four sampling/fitting procedures, and for 
the oral absorption of diazepam, k, was variable as well. 
However, the remaining parameters for both diazepam and 
ceftriaxone were extremely consistent among the four methods. 
Again it should be noted that the clearances, volumes of dis- 
tribution, and elimination rate constants show little variability. 
All ceftriaxone and diazepam concentration-time points, to- 
gether with the composite profiling fits, are presented in Figs. 
I and 2, respectively, to show the randomness of scatter around 
the fitted curves. 


The results of these simulations and curve-fitting procedures 
indicate that the composite pharmacokinetic profiling tech- 
nique developed herein is a useful method that can be utilized 
to minimize the number of blood samples and, therefore, the 
total blood volume withdrawn. The application of this tech- 
nique can allow for the development of pharmacokinetic pro- 


files in patient populations, including neonates and certain 
disease states, in which little information has been generated 
due to sampling limitations. This technique has been used to 
develop a preliminary pharmacokinetic profile of vitamin E 
following an intramuscular injection to premature neonates 
(3). 
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Disposition of Nitrofurantoin and 
Nitrofurazone in the lsolated Perfused Rat  Kidney 


Keyphrases 0 Nitrofurantoin-renal metabolism, isolated perfused rat kidney 
0 Nitrofurazone-renal metabolism, isolated perfused rat kidney 


To the Editor: 


Nitrofurantoin is frequently used clinically to treat urinary 
tract infections, but little is known of its renal metabolism. The 
side effects of nitrofurantoin therapy, pulmonary and hepatic 
toxicities, and polyneuropathies, are thought to be a conse- 
quence of its reductive metabolic activation (1 -5). The end 


0022-3549/84/ 1100- 1669$0 1.0010 
@ 1984, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 1660 
Vot. 73, No. 11. November 1984 







products of this activating pathway are the 5-amino and cyano 
derivatives (6-8). Both of these metabolitcs have been found 
following anaerobic metabolism of nitrofurantoin by the 
9000Xg supernatant of rat liver and kidney homogcnates (9). 
In addition, the cyano metabolite was detected in the perfusate 
and bile of isolated perfused rat livers ( lo) ,  and the 5-amino 
derivative has been detected in the urine of male volunteers 
receiving an intravenous infusion or an oral tablet of nitrofu- 
rantoin ( 1  1). A third metabolite, the 4-hydroxy derivative, 
resulting from hydroxylation of the furan ring, has been 
identified ( 1  2) and detected in the urine of rats and the media 
of isolated perfused livers of rats induced with 3-methylcho- 
lanthrene (13- 15). Unchanged nitrofurantoin in the urine 
accounted for 34-47% of the dose in humans (1 1) and 16-52% 
of the dose in rats (16- 19). 


Nitrofurazone, which is structurally similar to nitrofuran- 
toin, is used topically as an antibacterial agent, but the fre- 
quency and severity of side effects preclude its systemic use. 
I t  is also reduced under anaerobic conditions to the analogous 
5-amino and cyano derivatives (20). Furthermore, after sub- 
cutaneous injcction, nitrofurazone produces kidney and liver 
lesions in the rat (21). Only 5-8% of a nitrofurazone dose was 
excreted unchanged in the urine of rats (16, 17,22). 


The available evidence suggests that, at least under in uitro 
anaerobic conditions, both nitrofurantoin and nitrofurazone 
are metabolized by kidney preparations. However, whale an- 
imal studies suggest that nitrofurazone is both more extensively 
metabolized and more toxic than nitrofurantoin. 


We have studied the disposition of these two 5-nitrofurans 
in the isolated perfused kidney. We werc particularly interested 
in studying the disposition of nitrofurantoin by the kidney 
because it controls the access of the drug to the urinary tract, 
and hence, the site of infection. The intact organ system al- 
lowed us to study thc metabolism of nitrofurantoin by the 
kidney under well-oxygenated conditions without the potential 
confounding aspects of cxtrarenal, particularly hepatic, me- 
tabolism. Particular attention was directed to the known re- 
duced metabolites of nitrofurantoin, since their presence would 
indicate that metabolic activation had occurred. Nitrofurazone 
was selected for comparison because it is structurally similar 
and metabolically activated to analogous derivatives; it is more 
toxic in general, and to the kidney in particular, than nitro- 
furantoin. 


For each antibiotic, six rat kidneys were perfused with 6.5% 
bovine serum albumin dissolved in a Krebs-Henseleit buffer 
supplemented with glucose and eight amino acids (23). lnulin 
was added as a marker of the glomerular filtration rate. The 
70 mL of recirculating perfusate was aerated with 95% 02-5% 
C02, and the pH and tempcraturc were maintained at 7.4 and 
37OC, respectively. After a 20-min equilibration period, 0.1 
mM nitrofurantoin or nitrofurazone dissolved in perfusate was 
added to the reservoir. Perfusate and urine were sampled with 
replacement at frequent intervals for 180 min. The p02 and 
pH were determined using a blood gas analyzer' and Na+/K+ 
levels werc measured with a flame photometer2. lnulin was 
quantitated spectrophotometrically (24). Nitrofurantoin and 
nitrofurazone and their amino and cyano metabolites were 
quantitated by HPLC (25, 26). For nitrofurantoin the reab- 
sorption of Na+, fractional excretion of K+, and the glomerular 
filtration rate were 90.0 f 3.1%, 0.86 f 0.28, and 0.39 f 0.1 5 


I Modcl C-175; Corning. Corning. N.Y. * Model 450; Corning. 


mL/min, respectively3. For nitrofurazone the corresponding 
values were 95.8 f 1.4%, 0.49 f 0.16, and 0.22 f 0.07 mL/ 
min. Although these glomerular filtration rates are low (27), 
suggesting a compromised preparation, subsequent studies in 
kidneys with improved physiological function handled both 
5-nitrofurans similarly to the results reported here4. 


The concentration in the perfusate of both nitrofurantoin 
and nitrofurazone could be described by a one-compartment 
body model with first-order elimination kinetics. The total 
clearances5, 0.64 f 0.12 and 0.75 f 0.18 mL/min for nitro- 
furantoin and nitrofurazone, respectively, were not signifi- 
cantly different. However, the fractions excreted unchanged 
in the urine6 after 3 h, 0.1 9 f 0.10 for nitrofurantoin and 0.02 
f 0.02 for nitrofurazone, were significantly different (p < 
0.005). Known reduced metabolites of nitrofurantoin, the 
5-amino and cyano derivatives, while not detectable in the 
perfusate, accounted for -3% of the dose in the urine. Neither 
the 5-amino nor the cyano metabolite of nitrofurazone was 
detected in either the perfusate or urine. There was no evidence 
that the 4-hydroxy derivative of either 5-nitrofuran was 
formed. There appears to be net tubular reabsorption of both 
5-nitrofurans since the ratios of their renal clearance to the 
glomerular filtration rate are ( 1  .O (0.39 f 0.20 and 0.07 f 
0.06 for nitrofurantoin and nitrofurazone, respectiuely). These 
ratios could be < 1 .O in the absence of tubular reabsorption if 
the 5-nitrofurans were highly bound to bovine serum albumin. 
However, only 60% of nitrofurantoin is bound to plasma pro- 
teins ( 1  1). Furthermore, nitrofurantoin, which has a p& of 
7.2, is known to be secreted by the organic anion transport 
system and to be reabsorbed (28). Certainly at  the pH of the 
urine (6.0-6.5), nitrofurantoin would be mostly un-ionized and 
could be reabsorbed by passive diffusion. Nitrofurazone is not 
ionized at  the pH values encountered in this study. 


At the conclusion of the 3-h experiment most of the dose of 
both these 5-nitrofurans is unaccounted for. Less than 15% 
remains in the perfusate as unchanged drug; 19% of the ni- 
trofurantoin was excreted unchanged in the urine and -3% 
as known metabolites. Thus, -60% of the dose of nitrofuran- 
toin is unaccounted for. For nitrofurazone, only 2% of the dose 
was detected in the urine. Hence, -85% of the dose of nitro- 
furazone is unaccounted for. For both of these 5-nitrofurans, 
the fraction unaccounted for may be drug bound to tubing or 
chemically degraded, drug or metabolites trapped intracel- 
lularly, as yet unidentified metabolites, and/or drug covalently 
bound to tissue biomacromolecules after metabolic activation. 
The first possibility was dismissed, since identical 3-h experi- 
ments without the kidney in place resulted in no loss of either 
5-nitrofuran. Some preliminary work with the 5-[2-I4C]ni- 
trofurans has shown that nitrofurantoin, nitrofurazone, or their 
known metabolites were not detected after exhaustive ex- 
traction of homogenates of the perfused kidneys first with 
acetonitrile-water and then 5% trichloroacetic acid4. Thus, 
although the 14C-label was found in the tissue, it would appear 
that neither the parent compound nor known metabolites were 
trapped intracellularly. Each of thc remaining alternative 
hypotheses involvc metabolism of the 5-nitrofurans. Since both 
the 5-amino and cyano derivatives of nitrofurantoin were de- 
tected in the urine, the drug must have been metabolically 
activated, and at least some of it could, therefore, have been 


All data is reported as mean fSD, n = 6 


Dosefarea under the curve. 
Cumulative arqpunt excreted in urincfdae. 
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bound to biomacromolecules rather than have been further 
metabolized and eliminated as the end products of the acti- 
vating pathway. Our preliminary work also indicates that -5% 
of the I4C-label is covalently bound to biomacromolecules at 
the end of the 3-h experiment4. Others have found carbon-14 
bound to biomacromolecules after incubation of [2-“T] ni- 
trofurantoin with microsomal preparations from rat liver and 
lung (29). It is probable, therefore, that at least some portion 
of the dose of nitrofurantoin is covalently bound to the 
biomacromolecules in the perfused rat kidney with the re- 
mainder eliminated by as yet unidentified metabolic pathways. 
Since none of the nitrofurazone was excreted as the 5-amino 
or cyano metabolite, there is no direct evidence that any of the 
drug was reductively activated for binding to biomacromole- 
cules. Other investigators have, however, found I4C-label co- 
valently bound to the proteins, DNA, and RNA, of the liver 
and kidney of rats fed [2-14C]nitrofurazone (30), and our 
preliminary studies have found -5% of the 14C-label bound 
to biomacromolecules of the nitrofurazone perfused kidney4. 
The remaining 80% of the dose of nitrofurazone was accounted 
for by as yet unidentified metabolites in the perfusate and 
urine. These studies indicate that the perfused kidney does 
metabolize both nitrofurantoin and nitrofurazone. Further- 
more, the more toxic nitrofurazone appears to be more ex- 
tensively metabolized. 
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Pharmacokinetic Implications of 
Stereoselective Changes in Plasma-Protein 
Binding: Warfarin/Sulfinpyrazone 
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To the Editor: 


The intensity of the observed pharmacological response 
produced by any drug is invariably related, directly or indi- 
rectly, to its plasma concentration. In the systemic circulation 
most drugs are bound to plasma proteins, and thus an equi- 
librium is established between bound and free drug. Since free 
drug alone is the pharmacologically active agent, the drug- 
plasma protein interaction may not only influence overall drug 
disposition but also affect the magnitude and time-course of 
the pharmacological response. In theory, numerous models 
could describe the relationship between hepatic clearance and 
plasma protein binding. However, a widely accepted model 
which has been shown to explain the vast majority of empirical 
observations, and one which is consistent with the results to 
follow, is the so-called well-stirred model ( 1  -4). For drugs 
exhibiting a low extraction ratio (ER <0.3), it may be shown 
that their observed total body clearance (CL) is directly related 
to their unbound fraction within plasma V;) (5, 6). Conse- 
quently, for low-extractration ratio drugs which are highly 
protein bound (>98%), a small change in the fraction of the 
drug bound to plasma protein will not only result in a relatively 
large change infu but also in a proportional change in CL and 
may thus have potentially important consequences in the in- 
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Electrical Conductivity of a Docusate Sodium 
Coacervate System 
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Abstract 0 The conductivity of three xanthines (caffeine, theobromine. and 
theophylline) and three sugars (glucose, sucrose, and glucose-6-phosphate) 
was measured as  part of a docusate coacervate system. The conductivity of 
the coacervate phase was always lower than theequilibrium phase. Conduc- 
tivity of xanthines showed that caffeine had the highest conductivity, followed 
by theobromine and theophyllinc. At high concentrations, these values fell 
and the highest conductivity was seen in  samples containing theobrominc, 
caffeine, and theophylline. For sugars at high concentrations, the lowest values 
of conductivity were seen in sucrose samples. Saturated theophylline samples 
exhibited an increased volume in  the coacervate phase while the saturatcd 
sugar systems displayed a decreased coacervate phase volume. Thesc findings 
are discussed with reference to various clinical parallels and thus supplyevi- 
dence that coacervates can provide a useful model for human cytoplasm. 


Keyphrases 0 Conductivity-docusate sodium coacervate, caffeine, theo- 
bromine, theophylline, glucose, sucrose, concentration effects 0 Docusate 
sodium-coacervate system, partition coefficients, caffeine, thcobromine, 
theophylline. glucose, sucrose, concentration effects 


Coacervates have been suggested as a model for human 
cytoplasm since cytoplasm is also essentially an aqueous phase 
of water-macromolecule colloid complexes (1,2). Ecanow (3)  
has shown that coacervate systems react with more similarity 
to cytoplasm than do presently accepted organic solvent-water 
models when subjected to pH change or polar-nonpolar mol- 
ecule partitioning. This report will deal with the electrical 
conductivity of a sodium dioctyl sulfosuccinate (docusate so- 
dium) coacervate system as a function of pharmaceutical drug 
and sugar concentration. The drugs (theophylline, theo- 
bromine, and caffeine) were chosen because of their known 
clinical effects. The sugars (sucrose, glucose, and glucose-6- 
phosphate) were chosen to investigate the known phenomenon 
of sugar acting as a depressant at high concentrations (4). 


EXPERIMENTAL SECTION 


Materials and Instrumentation-All chemicals used for the HPLC analysis 
were used as supplied’ and the docusate used for the preparation of the co- 
accrvate system was analytical reagent grade2. The sugars and xanthines were 
purchased from commercial sources. The liquid chromatographic apparatus 
used for these investigations consisted of a solvent delivery system’, a vari- 
able-wavelength detector set at 254 nm4, and a variable-volume injectors. The 
column used was a reverse-ph’ase Cish and the mobile phase consisted of ac- 
etonitrile-water (6:94, v/v). The conductivities of the samples were determined 
by the use of a conductivity bridge’ and a glass dip conductivity cellu. 


Prepantion of Coacervate-The docusate coacervate system was produced 
using the technique outlined by Acharya er a/ .  (5). Solid docusatc (10% w/v) 
was added to distilled H20 and mixed thoroughly. Sodium chloride was then 
added (2.5%) until oil-like droplets began to separate out of solution. Within 
a few minutes the biphasic system was obtained. 


Procedure-Nine docusate sodium coacervate samples were made for each 
of the three drugs and eight samples were made for each of the three sugars. 


I Spectrograde. A & C American Chemicals. 
Aldrich Chemical Co. ’ Model 6 W A ;  Waters Associates. 
Model 440; Waters Associates. 


5 Model U6K; Waters Associates. 
6 p-bndapak; Waters Associates. 


Model RC-20  Beckman Co. * Model C E L - A w l ;  Beckman Co. 


Each sample contained 5 mL of the coacervate plus 5 mL of the equilibrium 
solution. Solutions of each additive were made (100 pL) and added to the 
coacervate system in amounts ranging from 2.44 to 21.96 mgof chemical. 
Previous studies have been done to determine the partition coefficients of 
theophylline and theobromine in coacervate systems (6). In this study, the 
concentration of the drug in each phase was accurately measured by HPLC 
and the partition coefficients were thereby obtained for this docusate 
system. 


Chromatographic conditions for the HPLC analysis were as follows: the 
flow rate was set to 3.0 mL/min with a chart speed of 10 cm/h and sensitivity 
set a t  0.02 AUFS for the theophylline and theobromine systems. Due to the 
wide peaks for caffeine, the chart speed was set a t  5 cm/h with a sensitivity 
setting of 0.005 for the detection of this compound. A 100-pL aliquot from 
each layer of every sample was diluted with water due to the high concentra- 
tions of the drugs in the samples and the high sensitivity of this method of 
analysis. 


Each layer in the control sample was diluted 1 : l O  and run with the other 
samples. No concentration of any of the drugs was found in this control sample. 
The conductivity of each phase of this control sample was measured; these 
were used as control values. From the dilution of each layer, a IO-ML sample 
was injected into the column and chromatographed. 


Standards-Standard solutions were prepared for theophylline, theo- 
bromine, and caffeine at  concentrations of 10, 20, and 40 wg/mL and also 
injected into the column. Peak heights on the chromatogram were measured 
for each specimen and the concentration was determined from the respective 
standard curve using peak height versus concentration. Retention times for 
each of the drugs were: theophylline, 6.0 min; theobromine, 3.9 min; caffeine, 
12 min. 


Conductivity-The conductivity of each phase of every sample was mea- 
sured 10 times and an average value for each was obtained. To ensure no 
contamination, the conductivity cell was rinsed completely between each 
measurement. 


RESULTS 


Partition Coefficient--The partition coefficient for each drug was obtained 
by plotting the concentration of the drug in the coacervate phase versus the 
concentration in the equilibrium phase (Fig. I ) .  The slopes of the resulting 
curves (in these cases, straight lines) are equal to the partition coefficients 
(P). For this maeervate system, the P values for these drugs are: theophylline 
= 1.600; caffeine = 1.522; theobromine = 1.260. 


0 2 4 6 8 1 0  


CONCENTRATlOKEQUlLlBRlUM mg 


Figure 1 -Drug concenrrarion in coacervare phases versus equilibrium phase. 
Key: (0)  theophylline; (m) caffeine; (0 )  rheobromine. 


00223549/84/ 1200- 1729$0 1.001 0 
@ 1984, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences 1 1729 
Vol. 73, No. 12, December 1984 







I 9  


COACERVATE PHASE I 
$: 


0 ; 10 15 20 


CONCENTRATION OF ADDITIVE, mg 


Figure 2-Drug conductivity as a function of total concentration. Key: (a) 
theophylline; (m) cafleine; (0) theobromine; (*) control. 
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Figure 3-Sugar conductivity as a function of total concentration. Key: (a) 
glucose-6-phosphate; (U) sucrose; (0) glucose; (*) control. 


Theobromine, having a low solubility constant in water, reached its satu- 
ration level in the sample containing 4.88 mg theobromine; therefore, pre- 
cipitation was noted in the samples with a higher concentration of this drug. 
This saturation and precipitation account for the abbreviated partition coef- 
ficient graph for this drug. 


Cductivity-Figures 2 (drug series) and 3 (sugar series) were obtained 
by plotting the electrical conductivity, measured in lo-.' mho, of each phase 
of the samples as a function of the total concentration of the additive in the 
system. Note that control values are indicated at the zero concentration points. 
In the concentration range of the drug series, the conductivity of theophylline 
was lowest, followed by theobromine and caffeine; for the sugar series, the 
lowest was glucose, then sucrose and glucose-6-phosphate. However, the 
conductivity did not vary significantly as a function of the concentration of 
the additive in the system. Therefore, samples containing additives at 2-4 times 
the original concentration were preparcd to invcstigate the behavior of the 
coacervate system under increased concentrations. 


Figures 4 and 5 are plots of conductivity versus total concentration of ad- 
ditive, but these graphs have a larger concentration scale to include the ad- 
ditional data mentioned above. These figures show that the high concentrations 
of the additives in some cases greatly affected the conductivity of the coac- 
ervate system. In  the drug series, the conductivity decreased in both the co- 
acervate and equilibrium phases and were usually lowest in theophylline and 
highest in theobromine, especially in the coacervate phase. A similar decrease 
was noted in the sugar series, with a marked change in the sucrose values. 
Glucose. demonstrated a reversal or increase in conductivity before a later 
decrease with highest concentrations. These high concentrations also affected 
the coacervate system in other ways, as seen in the sugar samples containing 
30-80 mg of additive; in these samples a clear, viscous, gel-like layer formed 
at the bottom of the tube. Because of the formation of this third layer, the 
volume of the coacervate layer decreased -2 mL in these samples. 


COACERVATE PHASE 


10 I 
I % 


I 


80 
I 


0 20 40 60 
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Figure 4-Drug conductivity at increased concentrations. Key: (a) fheo- 
phylline: (m) cafleine; (0) theobromine; (*) control. 
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Figure 5-Sugar conductivity at increased concentrations. Key: (a) glu- 
cose-6-phosphate; (m) sucrose; (0) glucose; (*) control. 


Table I-Coacervate Layer Volume Increases in Theopbylline Samples 


Theophylline Coacervate Volume, mL 
Increase Sam& Conc.. mp Total 


1 36.41 
2 51.64 
3 7 1.03 


5.6 0.6 
6.5 I .5 
6.8 I .8 


The high-concentration theophylline series (30-80 mg) exhibited an in- 
crease in the coacervate layer volume as shown in Table 1. Furthermore, the 
sample containing the highest concentration (71.03 mg) also had a white 
precipitate, indicating that the sample had reached the saturation point. 


DISCUSSION 


At high concentrations beyond the solubility point, sugars, like most com- 
pounds, will precipitate out of solution. However, because of the high solubility 
of the sugar and a strong physicochemical attraction to water, the sugar and 
bound water that separates as an additional phase from the r a t  of the system 
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is not a white, chalk-like powder, but rather a clear, viscous, sugar-water gel. 
This characteristic explains the formation of the third layer in the high-con- 
centration sugar samples. 


The increase in volume of the coacervate phase in the high-concentration 
theophylline samples (Table I) indicates a general increase in the structuring 
of this phase. In this case, the additives also act as  general structure makers 
causing an increased nonpolarity of the equilibrium phase. This hypothesis 
is consistent with the decrease in electrical conductivity of these samples (Fig. 
4), indicating a more structured system. 


If the coacervate state is a model for human cytoplasm, then clinical par- 
allels should be found in man. The decrease in the volume of the coacervate 
layer in the high-concentration sugar samples may be related to the known 
delayed healing of wounds in diabetics with low insulin and therefore high 
blood sugar levels. Ecanow et al. (7) have hypothesized that this delay in 
healing is partially caused by a rupturing of the cells in the wounded area from 
the high sugar concentrations acting as a structure breaker of these cells. This 
hypothesis is consistent with the decrease in the volume of the coacervate in 
the high-concentration sugar samples (acting as a structure breaker in the 
highly structured coacervate phase) without noticeable effect on the loosely 
bound equilibrium phase. 


For each additive, the conductivity of the coacervate phase is reduced 
compared with the equilibrium phase (Figs. 2-5). This decreased conductivity 
of wcervates  is consistent with both the hypothesis of Ecanow e ta / .  (7) that 
conditions like malignancy occur in a nonpolar aqueous matrix (coacervate) 
and the findings of Lowenstein and Kanno (8) that malignant cells have a 
reduced action potential. Also, a low conductivity of the sugars is shown which 
may be related to the known depressant effect of sugars on the central nervous 
system, culminating in diabetic coma with high glucose concentrations (4). 
The effect of high concentrations of sucrose on membrane interface disori- 
entation (structure breaking) can account for the known low absorption rate 
of sucrose in the intestine, compared to glucose (9). 


The conductivity of caffeine was highest, followed by theobromine and 
theophylline (Fig. 2). These data may have a relationship to the decurarizing 
effects of these three drugs with caffeine showing the greatest effect, followed 
by theobromine and theophylline (10). With higher concentrations (Fig. 4) 
the conductivity was generally highest in theobromine, then caffeine and 
theophylline. These data may then be related to the effects of these drugs on 


urine production with theobromine showing the greatest effect followed by 
caffeine and theophylline, as reported by Scott el a / .  (11). 


The increase over control values of the caffeine (Figs. 2.4) followed by a 
reversal of a decrease with high concentrations (Fig. 4) finds a clinical parallel 
in the known increased cardiac contraction effect of caffeine at  concentrations 
of 0.25- 1 S O  mM and a decreased contraction effect with concentrations >2.0 
mM as reported by Guboreff and Sleator (12). 


This discussion has shown a number of clinical parallels in the conductivity 
changes from the drug and sugar series and provides evidence in favor of the 
usefulness of a coacervate system as a model for human cytoplasm. 
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Urinary Metabolites of the Antiprotozoal Agent 
cis-3a,4,5,6,7,7a-Hexahydro-3-( 1 -methyM-nitro- 1 H- 
imidazol-2-y1)- 1,2-benzisoxazole in the Rat 


W. J. A. VANDENHEUVELx, B. H. ARISON, H. FLYNN, 
G. J. GATTO, H. E. MERTEL, and P. G. WISLOCKI 
Received June 15, 1983, from Merck Sharp & Dohme Research Laboratories, R a h w q ,  NJ 07065. Accepted for publication February 2, 1984. 


Abstract 0 IH-NMR and MS were employed to identify 13 rat urinary 
metabolites of ’‘C-labelcd cis-3a,4,5,6,7,7a-hexahydro-3-(l-methyl-5- 
nitro- I H-imidazol-2-yl)- I ,2-benzisoxazole (MK-0436). The major free 
(unconjugated) metabolite was cis-3a,4,5.6.7,7a-hexahydro-3-carboxam- 
ido-1.2-benzisoxazole; it was also the second most abundant metabolite re- 
leased during hydrolysis of the conjugated fraction. All other identified me- 
tabolites were hydroxylated analogues substituted at C(4)-C(7a) of the 
cyclohexane ring. The 4-equatorial,5-axial,7a-triol was the second most 
abundant metabolite excreted in  an unconjugated form. Four monohydroxy 
(5-axial. 6-axial. 6-equatoria1, 7-equatorial) metabolites of the drug were 
identified; they were found in  the conjugated fraction only and were released 


by hydrolysis. The 5-axial hydroxy compound is the major conjugated me- 
tabolite and is overall the most abundant of all the metabolites. Six dihydroxy 
metabolites were identified: one was found exclusively in the free state, three 
as conjugates only (including the 7-axial.7a-diol. which is the major dihydroxy 
species), and two both free and conjugated. A second trio1 was found both free 
and conjugated. 


Keyphrases 0 cis-3a,4,5,6,7,7a-Hexahydro-3-( 1 -methyl-5-nitro- 1 H-im- 
idazol-2-yl)-l,2-benzisoxazole--urinary metabolites, rat, NMR. MS 0 
Hydroxylation-conjugation, cis-3a,4,5,6,7,7a-hexahydro-3-( I methyl-5- 
nitro-l H-imidazol-2-yl)- 1,2-benzisoxazole, NMR,  MS 


Elliott and co-workers (1) reported that in the rabbit, the and Jenner (3) also discussed the metabolic hydroxylation of 
urinary metabolites of cyclohexane were cyclohexanol and cyclohexyl ring systems. Substituted nitroimidazoles are 
cyclohexane-trans- 1,2-diol (as conjugates); Renwick and known to undergo hydroxylation on their hydrocarbon 
Williams (2) showed that cyclohexylamine was converted to moieties: metronidazole is hydroxylated on the 2-methyl group 
mono- and dihydroxy metabolites (free and conjugates). Testa (4), ipronidazole on the 2-isopropyl group (5). The antipro- 
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Abstract 0 The acute intravenous toxicity of disodium dihydrogen ( I -hy-  
droxyethy1idene)diphosphonate (etidronate disodium; I)  and the mechanism 
of this toxic response have been investigated in 40 beagle dogs. The intravenous 
toxicity of I is dependent on the total dose administered and the length of the 
infusion interval. The toxicity of I is directly related to the ability of the drug 
to bind or complex with the circulatingcalcium in  the blood. Maximum de- 
pressions in ionized calcium coincide in  time with peak blood levels of I ,  and 
at lethal doses electrocardiographic changes indicdtive of hypocalcemia are 
observed. For a 2-min infusion of 2 mg of I/kg, no effect is observed on ionized 
calcium levels, and the electrocardiogram remains normal. At  doses of 16 and 
32 mg/kg, coincident with a n  immediate fall in ionized calcium levels, there 
is a transient rise in total calcium and a fall in phosphorus levels. The ionized 
calcium level rises, and total calcium level falls and stabilizes at baseline levels 
within 30 min after the infusion. However, the phosphorus level rises and 
cxcceds the baseline value, reaching 3 -4 times normal by 72 h after the 
infusion. With proven lethal doses of I (60 mg/kg infused over 2 min) and the 
simultaneous infusion of an ionized calcium salt such as calcium gluconate 
(20 mg of Caz+/kg), electrocardiograms remain normal and death is pre- 
vented. Thus, an effective antidote in the event of an overdose or too rapid an 
infusion of I can be employcd to prevent acute toxic effects. 


Keyphrases 0 Etidronate disodium-hypercalcemia, intravenous toxicity, 
dogs 0 Hypercalcemia -treatment with etidronate disodium and calcium 
gluconate, toxicity, dogs 0 Calcium gluconate-hypercalcemia, use with 
etidronate disodium. dogs 


Disodium dihydrogen (1 -hydroxyethylidene)diphosphonate 
(etidronate disodium; I )  is a substance which has both thera- 
peutic (1 -4) and diagnostic ( 5 , 6 )  uses in metabolic bone dis- 
ease. Clinically, the ability of orally administered drug’ to 
reduce elevated bone turnover prompted speculation that the 
drug might be used intravenously to control other disease 
processes such as hypercalcemia secondary to malignancy or 


: Didronel; Procter & Gamblc Co., Cincinnati, Ohio. 


hyperparathyroidism. Studies to examine physiological and 
pharmacological responses to varying intravenous doses of 
diphosphonates were therefore undertaken. 


The mechanism of intravenous toxicity of I might be ex- 
pected to be similar to that of ethylenediaminetetraacetic acid 
(11) and polyphosphate compounds (111) because of the che- 
lating properties (7-10) of each of these compounds. However, 
I differs from I1  and 111 in several respects, which could 
markedly alter its effect on calcium homeostasis. 


At physiological pH, 1 is a less-effective simple chelator of 
calcium than I1 and, unlike 11, forms polynuclear complexes 
( 1  1 )  which can reach molecular weights of >_20,000. There 
is some evidence for this formation in uioo, but their biological 
activity is unknown. In addition, I is cleared from the blood 
both by adsorption on the hydroxyapatite of bone (12) and by 
renal clearance, whereas I1 is cleared only by renal excretion. 
There are also differences in the pK values of I ,  11, and 111. 
Furthermore, although I I I  are adsorbed on hydroxyapatite 
like I ,  111 are rapidly hydrolyzed in oioo to the natural ortho- 
phosphate metabolites (HP042-, H2P04-), while I is not 
metabolized (1  3). Based on the above differences, the present 
study was undertaken to establish a broader safety profile for 
I by clearly defining the acute intravenous toxicity of 1 and 
demonstrating the relationship between acute intravenous 
toxicity, serum ionized and total calcium levels, and diphos- 
phonate blood levels. Subsequent to these studies, intrave- 
nously administered I and another diphosphonate (dichloro- 
methylenediphosphonate) have been shown to effectively re- 
duce hypercalcemia associated with malignant disease and 
hyperparathyroidism in humans (14- 18). 


EXPERIMENTAL SECTION 


Purebred adult male and female beagle dogs weighing 5.7-13.9 kg were 
used in four experiments. It was necessary to conduct the initial studies in 
unanesthetized animals to ensure that no signs or symptoms of toxicity were 
masked by the anesthetic. However, in subsequent experiments, animals re- 
ceiving toxic doses of I were anesthetized with sodium pentobarbital unless 
its use was contraindicated. 


0022-354918410800- 1097$0 7.0010 
@ 1984. American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 1097 
Vol. 73, No. 8, August 1984 







Electrocardiography-Electrocardiograms were obtained according to 
standard procedures (19) on an electrocardiograph unit2. Serial six-lead 
electrocardiograms were obtained immediately prior to dosing and at  5 ,  10, 
15, and 60 min after the start of the infusion. In all experiments, a continuous 
lead I1 electrocardiogram was obtained during and for 1-3 min after thestart 
of the infusion. 


Infusions-Indwelling catheters3 were inserted percutaneously into the 
cephalic vein to facilitate infusions. Dose solutions were delivered manually 
from a syringe. In the “rescue” study, I was infused into one cephalic vein, 
and the calcium solution was infused simultaneously into the other cephalic 
vein. 


Dose Solutiolrs-All solutions of I were prepared in sterile distilled water 
and adjusted to pH 7.4. Solutions were filtered4 (0.22 pm) into sterile serum 
bottles. The concentrations of the dose solutions varied with the intended dose 
level. The diphosphonate concentrations employed were ( x  t o y  mg of I/mL, 
zmg/kg): 1.9to4.0,2;5.7to5.8,4; 14.5to14.7,8;27.0to32.0, 16;38.3to 
49.4.28; 41.1 to 64.0,32; and 52.8 to 58.4, 37 and 44, and 55.3,60. 


Ten percent calcium gluconate for injection’ was used as supplied; the 
concentration of calcium was 9.2 mg/mL. Physiological saline6 was used as  
the control infusion solution. 


Experiment I-Part 1 of experiment I was designed to determine the acute 
toxicity of I when doses of 2 ,4 ,8 ,  16, and 32 mg of I/kg (two dogs per dose 
level) were administered intravenously over a 15-s interval. Six males and four 
females were used. Part 2 of experiment I was a determination of the acute 
toxicity of I using doses of 2 ,4 ,8 ,  16,28,37, and 44 mg of l/kg (two dogs per 
dose level) administered intravenously over a 2-min interval. Nine males and 
five females were used. These two studies were designed to examine the toxic 
effects and influence of the duration of the infusion on the toxicity of intra- 
venously administered I. 


Experiment 11-This experiment was designed to examine the relationship 
between diphosphonate blood levels and the physiological response to three 
nonlethal dose levels (2, 16, and 32 mg of I/kg) administered intravenously 
over a 2-min interval. Six dogs (one male and one female per dose level) were 
used. In this experiment silicone rubber cannulas were surgically implanted 
into the jugular vein on the day prior to the infusion to facilitate serial blood 
sampling. The cannulas were kept patent with heparinized saline (125-250 
U/mL). 


The diphosphonate dose solution was labeled with carbon-I4 in the I-po- 
sition, [14C]l. so that the diphosphonate blood level could be monitored by 
standard radioassay procedures using a scintillation fluid’. Total calcium and 
total orthophosphate were analyzed on an autoanalyzer. Calcium was deter- 
mined using calcein (20), phosphorus was determined colorimetrically (2 l ) ,  
and ionized calcium was determined with a calcium electrode. Serial blood 
samples were collected immediately prior to the start of the infusion and then 
a t  the following intervals: 0.5, I ,  1.5, 2. 3, 5 ,  10, 15. and 30 min, I ,  2.4, 24. 
48, and 72 h, and 1 week. All analyses were performed on the serum. 


Expriment 111-A calcium “rescue” experiment was designed to determine 
if the effects of a lethal intravenous dose of I could be prevented by the si- 
multaneous intravenous infusion of an ionized calcium salt. Preliminary 
infusions using two dogs (one male and one female) confirmed the lethality 
of 60 mg of I/kg administered over a 2-min interval. Two other dogs (one male 
and one female) received only calcium gluconate at 20 mg of Caz+/kg in order 
to determine generalized and electrocardiographic responses to 2-min infusions 
of an ionized calcium salt. Subsequent to the above, two female dogs received 
infusions of 60 mg of I/kg simultaneously with calcium gluconate (20 mg of 
Ca2+/kg) over a 2-min interval. 


Experiment IV-This experiment served as a control for the preceding series 
of experiments. Four dogs (two males and two females) received 2-min in- 
travenous infusions of physiological saline. 


General Reactions and Anesthesia-The reactions of the dogs to infusions 
of I were monitored by continuous observation during and immediately after 
the infusion, and daily for up to 2 weeks. These data were considered important 
in defining the potential harards of intravenous administration of I in hu- 
mans. 


Sodium pentobarbital decreases respiration and may affect the cardio- 
vascular system such that the electrocardiogram and distribution of I would 
be altered (22-24); therefore, anesthesia was not employed in experiments 
I and 11. Having established the relationship between calcium and I in the 
blood, and the coincident electrocardiographic changes in the conscious dog, 
dogs receiving lethal doses of I were anesthetized for experiment 111. 


~~~~~~~~~~~~~~ 


* Burdich Model EKS; Kauffman-Goodwin, Columbus, Ohio. 
Sherwood Medical Industries, St. Louis, Mo. ‘ Millipore Corp., Bedford. Mass. 
W. A. Butler, Cincinnati, Ohio. 
Abbott Laboratories. North Chicago, 111. 


’Triton X-100: Rohm & Haas. 
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Figure I-Concentration of f 14CJl in the serum of dogs during and after 
2-min intravenous infusions of2 (A.B). 16 (C,D), and 32 (E,F) mg~f[~~CJI/kg.  
Inset shows thefirst 30 min during and after the infusion. 


RESULTS 


Acute Toxicity Studies (Experiment I)-lS-s Infusions-No drug-related 
electrocardiographic effects were observed during or after infusions of 2-8 
mg of I/kg. At a dose level of 16 mg/kg, an increased respiratory rate and a 
transient increase in heart rate were observed in both dogs during the infusion. 
The heart rate returned to normal within 5 min after the start of the infusion. 
Daily observations, lasting up to 2 weeks, did not reveal adverse effects in dogs 
receiving up to 16 mg/kg. At a dose level of 32 mg/kg, clonic contractions 
preceded death, which was observed in both dogs as  a cessation of respiration. 
Electrocardiographically, both animals receiving 32 mg of I/kg developed 
lethal ventricular arrhythmias within 2-3 min after starting the infusion; 
tachycardia, QT prolongation, heart block, premature ventricular contractions, 
and finally, ventricular fibrillation were noted sequentially in both dogs. 


2-min Infusions-No significant electrocardiographic effects were observed 
during or after infusions of 2-8 mg of I/kg. At doses of 16 or 28 mg of I/kg, 
transient tachycardia was the only consistent electrocardiographic effect and, 
in all dogs, the heart rate had returned to normal within 5 min after the start 
of the infusion. As the dose level increased to 37, and finally to 44, mg of I/kg, 
the dogs resisted restraint and electrocardiographic changes became evident. 
Electrocardiographically, slight, persistent sinus tachycardia occurred at  a 
dose level of 37 mg of I/kg. Dogs that received 44 mg of l/kg exhibited severe, 
persistent tachycardia, T waves of increased magnitude, prolonged QRS in- 
tervals, ST segment elevation, and premature ventricular contractions. At 
a dose level of 44 mg of I/kg, one of the two dogs died. 


Physiological Response to Nonlethal Doses of I (Experiment I I t 2 - m i n  
Infusion-The electrocardiograms of dogs receiving 2 rng of [14C]l/kg ap- 
peared essentially normal. At a dose of 16 mg of [I4C] I/kg there was a tran- 
sient increase in heart rate and a prolongation of the QT interval in both dogs. 
Within 5 min after start of the infusion, these had returned to normal (predose) 
values. At 32 mg of [I4C]l/kg a predominant sinus tachycardia and a pro- 
longation of the QT interval occurred in both dogs. In one dog, these had re- 
turned to normal within 5 min, but in the other dog the tachycardia persisted 
for 30 min. In the latter dog, premature ventricular contractions were observed 
between 2 and 3 min after the start of the infusion. In dogs receiving 32 mg 
of I/kg, respiratory rates increased and the dogs resisted restraint. These re- 
actions were absent within 1 min after cessation of the infusion. No toxic 
symptoms were observed the day after infusion in any dog, and all dogs sur- 
vived. 


Diphosphonate, Total and Ionic Calcium. and Total Phosphorus Levels 
in Serum-The peak [ 14C] I serum levels occurred for all dose levels within 
the 2-min infusion interval and then decreased exponentially (Fig. 1). The 
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Figure 2-Concentration of total calcium in serum of dogs during and a8er 
2-min inlraoenous infusions of 2 (A,BJ. 16 (C,D), and 32 (E,F) mgof[14Cj-  
I/kg. Inset shows the first 30 min during and after the infusion. 


highest peak serum concentration achieved at  cach dose level was: 0.1 5 mM 
(2mgof  [14C]l/kg). 3.8 rnM (16mgof  [14C]l/kg),and lOmM(32mgof  


At the two highest dose levels (16 and 32 mg of [14C]I/kg) total serum 
calcium increased 0.4-0.7 mM within 5 min after the start of infusion (Fig. 
2). while serum phosphorus for these s a h e  animals decreased 0.2-0.5 mM 
within I5 min (Fig. 3). There was a decrease in ionic calcium within the 2-min 
infusion interval that was proportional to the serum [14C]I level (Fig. 4). For 
example, the highest [I4C]I serum level (10 mM) corrcsponded to the lowest 
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Figure 3-Concentration of serum orthophosphate in dogs during and after 
2-min intraoenous infusions of 2 (A.BJ. 16 (C.0)  and 32 (E.F) mgof /14CjI/kg. 
Inset shows the first 30 min during and after the infusion. 
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Figure 4-Concentration of [I4CjI and of ionized calcium in the serum of 
dogs duringand after 2-min intravenous infusions of 2 (A.B). 16 (C.0). and 
32 (E,F) mg of [14Cjl /kg.  


ionized calcium level attained (0.001 mM). The lowest [14C]l blood levels 
were achieved with a dose of 2 mg of [I4C]1/kg and did not alter the baseline 
ionized calcium (-1 mM). In dogs receiving the two highest levels of bis- 
phosphonate, ioniisd calcium fell precipitously and then rose rapidly to normal 
levels within 5 min after the start of the infusion (Fig. 4). while total calcium, 
after increasing, did not return to normal levels until -30 min after the start 
of the infusion (Fig. 2). In these same dogs, serum phosphorus (as ortho- 
phosphate) showed a progressive and steady increase (Fig. 3) up to 72 h after 
the start of infusion (up 5.4 mM). In the dog which exhibited the greatest 
increase in serum phosphorus, there was a concomitant decrease in both total 
and ionized calcium a t  the 72-h evaluation. 


Calcium "Rescue" (Experiment III)-Both dogs infused with 60 mg of I/kg 
died. Within 1 min after initiation of the infusion, tachycardia was evident 
in both dogs. Electrocardiographic changes were similar to those which oc- 
curred with lethal doses in experiment 1. Infusions of calcium gluconate, on 
the other hand, were associated with emesis and transient electrocardiographic 
changes consistent with hypercalccmia. 


Animals that received a combination of I and calcium gluconate did not 
display any significant electrocardiographic effects during the first 5 min of 
the experimcnt. Sinus tachycardia was observed in one dog 1 h postdose. 
Negative P waves and second degree atrioventricular block were observed in 
the other dog through the 15-min tracing. but this arrhythmia was absent in 
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the I-h tracing. The dogs that received I plus calcium gluconate appeared 
normal during the 2-week postdose observation period. 


Control Infusions (Experiment 1V)-No general reactions were observed 
in response to 2-min intravenous infusions of saline. No significant electro- 
cardiographic changes were observed in these dogs. 


DISCUSSION 


The intravenous administration of high doses of 1 can produce rapid death; 
however, the toxic effect is both time and dose dependent. The lethal toxicity 
of I relates directly to the concentration of I achieved in the blood. Identical 
doses administered over a shorter period of time produce a higher blood con- 
centration and result in higher toxicity. 


The toxicity of 1 is directly related to its ability to bind or complex with the 
circulating calcium of the blood. For a given infusion interval, when the in- 
travenous dose of [14C]1 was increased, the concentration in the blood rose 
proportionally (Fig. I ) .  At the two highest dose levels (16 and 32 mg of 
[I4C]1/kg), the concentration of ionized calcium in the blood fell, with the 
maximum depressions of ioniied calcium coinciding in time with the peak 
blood levels of [ 14C]I (Fig. 4). The ionized calcium returned rapidly to near- 
normal concentrations within 5 min, despite the significant concentration of 
I beyond this time. The use of electrocardiography during infusions of in- 
creasing diphosphonate doscs was found to be a useful diagnostic tool for 
detecting progressive signs of increasing cardiotoxic effects. The electrocar- 
diographic effects observed at the high dose levels of I are consistent with 
depressions in ionized calcium and indicate thesensitivity of heart muscle to 
low ionized calcium levels, in spite of elevations in total calcium (Fig. 2). No 
effect on ionized calcium levels was seen at the 2-mg/kg dose of I administered 
over a 2-min interval, and no significant electrocardiographic changes were 
observed in  these dogs. 


The rise in total calcium observed with high parenteral doses of I (Fig. 2) 
has been observed previously (25). For the animals showing the greatest rise 
in total calcium, serum phosphorus fell (Fig. 3). The rise in total calcium re- 
flects mobilization of calcium to satisfy ionized calcium homeostasis in the 
blood. The fall in serum phosphorus levels probably does not relate to the rise 
in total calcium since ionized calcium fell. The fall in phosphorus is probably 
effected by stimulation of parathyroid hormone release (26) with consequent 
clearance of phosphorus by the kidneys. After returning rapidly to normal 
(as did the total calcium and ionized calcium levels), serum phosphorus in- 
creased slowly and steadily above normal for up to 72 h after the infusion (Fig. 
3), reaching a maximum level that was 3-4 times normal in dogs receiving 
the highest dose of 1. This delayed and elevated serum phosphorus level has 
been observed on numerous occasions in humans given high daily oral doses 
of I (20 mg of I/kg), and is attributed to an increased tubular reabsorption 
of orthophosphate by the kidney (27). 


The lethal effects (depression in ionized calcium) of the very high doses of 
I can be overcome by simultaneous infusion of an ionized calcium salt, such 
as calcium gluconate. Similar studies with another diphosphonate (disodium 
dichloromethylenediphosphonate) have confirmed this “rescue” effect8. In 
these studies, calcium gluconate maintained normal serum ionized calcium, 
while total calcium rose above normal until shortly after the infusion period. 
In the prcscnt study, in the absence of calcium gluconate, maximum depression 
in ionized calcium would be expected during the first 5 min after the start of 
infusion (see Fig. 4). During this period, electrocardiographic changes were 
observed but, with simultaneous infusion of calcium gluconate, normal elec- 
trocardiographic patterns were obtained. Calcium chloride can achieve the 
same effects as calcium gluconate*. but the gluconate salt is preferred (28). 
since toxic effects of calcium administration have been reported and the 
chloride salt seems more toxic than the gluconate salt. 


This series of studies describer the lethal and sublethal toxic responses of 
I administered over two infusion intervals. The studies define the dose levels 
of I which can be administered safely by intravenous injection. In addition, 
the studies provide insight into the mechanism of toxicity, and describe a means 


* M. D. Francis and C. L. Slough; unpublished results. 


to prevent death associated with lethal doses of intravenously administered 
disodium dihydrogen ( I  -hydroxyethylidene)diphosphonate. 


REFERENCES 


( I )  R. D. Altman, C. Johnston, M. R. A. Khairi, H.  Wellman, A. N. 
Serafini, and R. R. Sankey. N .  Engl. J .  Med., 289, 1380 (1973). 


( 2 )  R. G. G. Russell, R. Smith, C.  Preston, R. J .  Walton, and C. G. 
Woods, Lancet, 7863,894 (1974). 


(3) S. J. Stover, H. R. Hahn, and J .  M. Miller, Paraplegia, 14, 46 
(1976). 


(4) G .  A. M. Finerman, W. F. Krengel. J. D. Lowell, W. R. Murray, R. 
G. Volz, J. W. Bowerman, and R. H. Gold, in “Proceedings of the Fifth Open 
Scientific Meeting of the Hip Society,” C. V. Mosby, St. Louis, Mo., 1977, 


( 5 )  E. B. Silberstein, E. Saenger, A. J .  Tofe, G. W. Alexander, and H. 
M. Park, Radiology, 107, 551 (1973). 


(6) H. N .  Wellman, A. Browne. M. Kavula, R. Khairi, P. Anger, A. J .  
Tofe, and M. D. Francis, “Radiopharmaceuticals and Labelled Compounds,” 
lAEA/SM-I71/52, Copenhagen, 1973. 


(7) M. 1. Kabachnik, R. P. Lastovskii, T. Ya. Medved, V. V.  Medyntsev. 
I. D. Kolpakova, and N.  M. Dyatlova, Dokl. Akad. Nauk., SSSR. 177,582 
(1967). 


(8) M. D. Francis and R. L. Centner, J .  Chem. Ed., 55,760 (1978). 
(9) A. Catsch and A.-E. Harmuth-Hoene, Biochem. Pharmacol., 24, 


(10) J .  R. Van Wazer, “Phosphorus and Its Compounds,” Interscience, 


( I  1) R. J. Grabenstetter and W. A. Cilley, J. Phys. Chem.. 75, 676 


(12) M. D. Francis, Culc. Tissue Res., 3, 151 (1969). 
(13) W. R. Michael, W. R.  King, and J. M. Wakim, Toxicol. Appl. 


(14) J. I. Zweig, J. Am. Med. Assoc., 244,437 (1980). 
(15) A. Jung, C. Van Ouwenaller. A. Chantraine, and B. Courvoisier, 


(16) T. P. Jacobs, E. S. Siris, J. P. Bilezikian, D. C. Bcquiran, E. Shane, 


(17) E. Shane, T. P. Jacobs, E. S. Siris, S. F. Steinberg, K. Stoddart, R. 


(18) R. R. Martodam. T. J. Taylor, T.  E. Davis, and H.  M. Golomb, 


(19) S. J. Ettinger and P. F. Sutcr, “Canine Cardiology,” W. B. Saunders, 


(20) B. F. Fingerhut, A. Poock. and H. Miller, Clin. Chem., 15, 870 


(21) C. H. Fiske and Y .  Subbarow, J. Biol. Chem., 66,375 (1925). 
(22) L. M. Jones, N.  H. Booth and L. E. McDonald, “Veterinary Phar- 


macology and Therapeutics,” 4th ed., Iowa State University Press, Ames, 
Iowa, 1977, p. 241. 


p. 222. 


1557 (1975). 


New York, N.Y., 1958, p. 419. 


(1971). 


Pharmacol., 21,503 (1972). 


Cancer, 48(8), 1922 (1981). 


and R. E. Canfield, Ann. Internal Med., 94(3), 3 12 (1 98 I ) .  


E. Canfield, and J. P. Bilezikian, Am. J. Med.. 72,939 (1982). 


“Abstracts XVII,” European Symposium Calcif. Tissue, 1983. 


Philadelphia, Pa., 1970, p. 109. 


(1969). 


(23) H. L. Price, Physiol. Reo., 40, 187 (1960). 
(24) S. F. Vatner and E. Braunwald, N. Engl. J. Med., 293, 970 


(1975). 
(25) H. Fleisch, S. Bisaz, A. D. Care, R. C. Muhlbauer, and R. G. G. 


Russell, “Calcitonin, 1969, Proceedings of the Second International Sym- 
posium,” Springer-Verlag, New York, N.Y.. 1969, p. 409. 


(26) H. Rasmussen, “Textbook of Endocrinology,” W. B. Saunders, 
Philadelphia, Pa., 1968, p. 881. 


(27) R. G. Walton, R. G. G .  Russell, and R. Smith, Clin. Sci. Mol. Med., 
49.45 (1975). 


(28) R. J .  Garner, “Veterinary Toxicology,” Bailliere, Tundall and Cox, 
London, 1957, p. 60. 


ACKNOWLEDGMENTS 
The authors wish to acknowledge the assistance of G.  G.  Cloyd D. V. M. 


in designing and carrying out these experiments. 


1100 1 Journal of Pharmaceutical Sciences 
Vol. 73, No. 8, August 1984 












RESULTS AND DISCUSSION 


The typical response elicited by dopamine (4 mg) on the isolated M .  mer- 
cenaria heart bathed in 40 mL of artificial sea water is shown in Fig. I .  The 
heart stopped contracting at once when dopamine was added to the bath, but 
recovered its contractility within 6 min. When I (8 mg) was added to the bath, 
2.5 min before dopamine challenge, it not only prevented cardiac arrest due 
to dopamine, but also produced a negative inotropic response that was mim- 
icked by the subsequent addition of dopamine (Fig. 2). By contrast, pread- 
ministration of the vehicle control for I, in a volume comparable to that of the 
test drug (0.8 mL), failed to prevent cardiac arrest caused by dopamine; 
however, the recovery time for the return of contractility was shortened over 
that induced by dopamine administration alone (Fig. 3). 


The average percent of cardiac inhibition attributed to the test drugs and 
to dopamine challenge is presented in  Table I. The number of animals used 
in each group ranged from 6 to 15. The percent inhibition was calculated by 
measuring the amplitude of the peak at the moment of test drug challenge and 
dopamine challenge, and the lowest amplitude within 1 min after adminis- 
tering each agent; i.e., the response recorded in Fig. I after theaddition to the 
bath of dopamine alone represents 1Ooo/c inhibition. 


Although each agent, except the solvent control. caused some degree of 
cardiac inhibition within 1 min of its administration (Table I), propranolol 
produced the most dramatic and consistent inhibitory responses. Immediately 
after the addition of the &blocker to the bath, the heart lost contractility and 
became spastic, an excitatory response that was identical with that observed 
after the administration of dopamine alone (Fig. 1). Two and one-half minutes 
later, the addition of dopamine produced an even greater response. 


Initial administrations of phentolamine, tolazoline, and hydralazine yielded 
consistently positive inotropic responses during the 2.5-min period prior to 
the addition of dopamine, whereas I caused variable effects (i.e.,  positive, 


negative, or no alteration of the inotropic response) prior to the addition of 
dopamine. Phentolamine mesylate, an a-adrenergic blocker, and I, an ex- 
perimental hypotensive agent with presumed a-adrenergic blocking activity, 
appear to act on an adrenergic receptor of an a-configuration within the M .  
mercenaria heart to block the stimulatory effects of dopamine. Of the two 
compounds, I is the more potent in this respect. 
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Abstract 0 The S-methyl metabolite of captopril was identified and deter- 
mined in human plasma by positive chemical ionization selected-ion moni- 
toring gas chromatography-mass spectrometry. After oral administration 
of 100 mg of captopril to healthy subjects, the maximum plasma level was 
60-1 14 ng/mL. These data for the S-methyl metabolite of captopril were 
correlated to total and unchanged captopril levels. 


Keyphrases 0 Captopril-identification and determination of the S-methyl 
metabolite in human plasma, gas chromatography-selected-ion monitoring 
mass spectrometry Gas chromatography-selected-ion monitoring mass 
sepectrometry-determination of the S-methyl metabolite of captopril in 
human plasma after oral administration 


Captopril ( 1- [ (2S)-3-mercapto-2-methylpropronyl]-~- 
proline; I) (1, 2) has received considerable attention as an 
orally active angiotensin-converting inhibitor (3) that is ef- 
fective in lowering arterial blood pressure (4). The absolute 
bioavailability and pharmacokinetics of [ *4C]captopril given 
orally and intravenously have been reported previously ( 5 ) .  
Analysis of the kinetic data suggested that captopril is exten- 
sively partitioned into tissue. The interconversion of protein- 


bound captopril with non-protein-bound mixed disulfides has 
been suggested as a biotransformation pathway that may ex- 
tend the pharmacological effects of captopril(5,6). 


Gas chromatography-mass spectrometry (GC-MS) se- 
lected-ion monitoring (SIM) methods have been reported for 
the determination of unchanged captopril in whole blood (7) 
and total captopril in plasma (8). Total captopril includes 
unchanged drug, the disulfide dimer of the parent drug, and 
mixed disulfides with endogenous thiol-containing compounds, 
e.g., glutathione and cysteine. Recently, the S-methyl me- 
tabolite of captopril(I1) has been identified as a urinary me- 
tabolite in humans (9) and rats (6). A GC-MS SIM method 
was developed to measure the plasma level of the S-methyl 
metabolite (11) after oral administration of captopril. The 
plasma levels of the metabolite I1 from samples collected from 
healthy human subjects after the administration of a single 
100-mg tablet of captopril were compared with the free cap- 
topril blood levels and total captopril plasma levels determined 
as IV by GC-MS SIM methods previously reported (7 ,8 ) .  
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Table I-Recovery of the S-Methyl Metabolite of CaDtoDril(I1)' 


0 Storage Recovery, ng/mL 
Temperature, OC Initial 1 Week 4 Weeks 


5 I630 I580 I590 
OR 1 5 1600 1560 1600 


C*H5-N> 0 %@fq 6 CH3 A 0  -20 -20 - -. 1560 1610 1590 1590 


a Plasma (250 mL) was spiked with [IT] I I ,  subdivided, and stored as 5-ml. samples; 
C6H8N02 measured in duplicate at each time- tcmperaturc condition. 


Table 11-Recovery of S-Methyl Metabolite of Captopril(I1) MH+ 
R & % K I A -  0 


I U 3 4 7  
.I 6 , .  


1; CH, H H 231 Set N 0 . O  nb Mean (u) .  ng/mL A (Taken - Found) -. _. 


I 4 98.5 (2.8) 
2 3 99.9 ( I  .5) 
3 4 100.1 (0.9) 
4 3 98.8 13.2) 


111 CHj H F 249 
IV CeHaNOz H H 342 
V CHI CH3 H 245 246 128 198 


VI CH3 CH3 F 263 264 146 216 


EXPERIMENTAL SECTION 


Appnrntus-A mass spectrometer' with a data acquisition system and a 
G C  and interface (7) as well as other equipment and apparatus have been 
described previously (7.8). 


Reagents-The S-methyl metabolite 11 and its 4-flUOrO analogue (Ill) were 
pharmaceutical grade materialsZ and were used without additional purifica- 
tion. Redistilled petroleum ether (bp 30-60'C) was first washed with small 
portions of concentrated sulfuric acid until the discarded sulfuric acid was 
colorless and then with distilled water prior to distillation. Ammonium hy- 
droxide (3%) was prepared by diluting ammonium hydroxide with distilled 
water. All othcr reagents have been previously described; this includes the 
columns, ethyl acetate, phosphoric acid, methanolic HCI kits, and hydrochloric 
acid ( 10). 


Extraction of Ptasmn Samples-The internal reference standard (11) (500 
ng) was added to 5 mL of plasma3 and acidified with 2 mL of 6 M phosphoric 
acid. The sample was transferred to a I-g preactivated XAD-2 column (8) 
by decantation and subsequent rinsing with 0.1 M hydrochloric acid. The 
washed, vacuum-dried column was eluted with 25 mL of purifed ethyl acetate 
at a rate of 3 mL/min. To the ethyl acetate eluate, collected in a screw-capped 
tube, (250 X I50 mm), 10 mL of purified petroleum ether and 2 mL of 3% 
ammonium hydroxide solution were added. The drugs were extracted by 
shaking into the alkaline aqueous solution. After separation of the layers, the 
organic phase was removed by aspiration, and 1 mL of 6 M phosphoric acid 
and 3 g of sodium chloride were added. The solution was washed twice by 
shaking with 5 mL of ethyl acetate for 5 min and by centrifuging for 5 min. 
The retained ethyl acetate portions were combined and evaporated to dryness. 
Compounds I1  and 111 were determined as their respective methyl esters, V 
and V1, by treating the residue with 0.1 mL of 0.8 M methanolic hydrochloric 
acid solution in a sealed vial at 6OoC for 10 min. The solution was evaporated, 
and the residue was dried in a vacuum desiccator for 1 h. Thesample was re- 
constituted with 20 p L  of acetone (10). 


Preparation of Standard Curves-Various amounts (0-200 ng of I l /mL 
and 500 ng of IIl/mL) were added to 5 mL of plasma. A freshly prepared 
control sample, containing 200 ng of 11 and 100 ng of I l l /mL of plasma, was 
extracted along with each set of samples. These samples were processed by 
the general scheme described above. 


Instrumental Procedure-The combined GC-MS with data system was 
operated under the SIM mode. In the electron-impact (El) mode, the unit was 
tuned from 69 to 502 Da with I ,  1,2,2,3,3,4,4,4-nonafluoro-N,N-bis(nona- 
fluorobuty1)-1-butanamine at an ionization voltage of 70 eV and an emission 
of 300 pA. The ion source was controlled at a constant temperature of 200OC. 
Helium was used as the carrier gas a t  a flow rate of 30 mL/min. For the 
chromatography in the El mode, the column was connected through a sin- 
gle-stage jet separator to remove helium from the effluent. Helium, otherwise 
diverted, was allowed to flow into the ion source from 0.5 min to the end of 
the acquisition. In positive chemical ionization GC-MS, methane was used 
as the GC carrier gas and reagent a t  a flow rate of 15 mL/min. Under these 
conditions, the source pressure was -80 Pa. The respective emission and 
electron energy were 250 pA and 240 V, optimized for the abundance of the 
m/z 219,414, and 614 ions of I,I,2,2,3,3,4,4,4-nonafluoro-N,N-bis(nona- 
Iluorobutyl), 1 -butanamine. 


In both detection modes, the multiplier and electron voltages were only 
applied during the data collection period. The separator and transfer lines were 


5 5 99.0 (2.0; 
6 3 99.9 (3. I j 
7 4 99.9 (0.1) 


Mean 99.4 (2.25) 
8 4 12.9 (0.7) 


0.6 
-0.4 


~ 


4 Sets 1-7 were spiked with 100 ng/mL of plasma. Set 8 was spiked with 12.5 ng/mL 
of plasma. b Replicate measurements of the same sample. 


kept at 275OC, the ion source was maintained at 25OoC, and the injector was 
kept a t  290'C. The silanized glass column (80 cm X 2 mm), packed with 3% 
OV-10l4. was kept at an isothermal temperature of 19OoC for 2.5 min until 
the analytical components were eluted (-1.5 min) and then temperature 
programmed to 24OOC at  a rate of 30°C/min to drive off other compo- 
nents. 


About 1-2 p L  of solution was evaporated on a G C  solids injector. De- 
pending on the mode of ioniiation, the appropriate ion profiles were obtained 
by SIM. The procedure for measuring the maximum peak heights and pro- 
cessing the data have been reported previously (7). 


RESULTS AND DISCUSSION 


Although the extraction procedure for the metabolite I1  was patterned after 
the method developed for the extraction of IV (7). there were several signifi- 
cant differences. The isolation was accomplished by direct adsorption of I 1  
from acidified plasma samples onto XAD-2. The back-extraction was per- 
formed with 3% ammonium hydroxide. The solubility of I1  in ethyl acetate 
was suppressed by the addition of petroleum ether, which resulted in better 
phase separation. The compounds were then quantitatively extracted into ethyl 
acetate from aqueous solutions saturated with sodium chloride to remove 
additional potentially interfering components. Because significantly lower 
S-methyl metabolite I1 levels were expected, 5 mL of plasma was processed, 
with a total of 500 ng of I I I  added as  the internal reference standard. It was 
not practical to isolate and measure total captopril and I1  concurrently because 
of the great disparity in their levels. It was decided to process individual 
samples for the metabolite I 1  i n  plasma, unchanged captopril in whole blood 
treated with N-ethylmaleimide at the time of sampling, and total captopril 
in plasma (7,8). The S-methyl metabolite I I  may be stored for at least 4 weeks 
at either 5OC or -2OOC in plasma without decomposition (Table I). 


Methylation of the proline carboxylic acid group was chosen because it 
forms a low-molecular-weight derivative suitable for GC-MS. Both El and 
chemical ionization (CI) MS were explored as  potential methods, but the 
greatest sensitivity and specificity was obtained by CI with the MH+ of esters 
V and VI. Under these. conditions, a linear calibration curve was obtained with 
a slope of 1.5 and an intercept of 0.001. as determined by linear regression 
analysis. A correlation coefficient of 0.998 1 was obtained from the calibration 
data. With each set of extracts, a freshly extracted control was measured as  
a validation of the method. The 26 replicate measurements of the 100-ng/mL 
extracted control samples showed a mean SD of 2.25 ng/mL and an absolute 
difference of 0.6 ng/mL from the added amount (Table 11). A difference of 
0.4 ng/mL was found for the four 12.5-ng/mL spiked samples. The m / z  
128-m/z 146 ions, although producing intense El ions, also had significant 
interferences from the coeluting background components. 


The levels of theS-methyl metabolite I1 were low (Table 111) relative to 
both unchanged and total captopril levels for the same subjects (Table IV). 
For the comparison, the unchanged captopril blood values were multiplied 
by two to approximate the plasma levels. The parameter D is defined as the H P  5985B; Hcwlett Packard. Palo Alto, Calif. 


E. R. Squibb and Sons, Princeton. N.J. ' Serum may be substituted. ' On 80/ 100 Supelcoport; Bellefonte, Pa. 
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Table Ill-S-Methyl Metabolite of Captopril Plasma Levels After Oral Administration of Captopril 


Time, h Subject 1 Subject 2 Subject 3 Subject 4 Subject 5 Subject 6 Subject 7 Mean (a)b 


0 0. I 
0.5 102 
1 1 I4 


0.2 
7.3 


49.4 


0.2 
13 
42.4 


0.1 
36.7 
73.0 


0 
9 


48.6 
2 80.2 65.0 62.5 42. I 60.7 
3 
4 
6 


39.8 46.6 
27.3 39.4 
16.2 21.0 


45.2 
32.1 
15.9 


27.3 
21.8 


9.9 


35.0 
21.2 
12.0 


8 9.3 14.4 10.0 8.2 9.5 
12 5.4 7.4 6.2 3.6 3.8 
24 1.4 1.4 I .o 0.4 0.7 


Single I W m g  dose. Values are in nanograms per milliliter. SD. seven subjects. 


Table IV-Mean Values(ng/mL) of Captopril and Metabolites in Plasma 
Equivalents 


~ ~~~ 


2 x  Disulfide S-Methyl 
Time, Total Unchanged* Metabolites‘ Metabolites“ 


h T (2 F) ( D )  (S) R‘ 
- 0.2 - 4 - 0 


0.5 1750 1346 404 34.4 0.020 
I 3140 1672 1468 72.4 0.023 
2 2400 596 I 804 65.8 n.027 .. . . ._ 


3 1570 200 1370 41.3 0.026 
4 1150 42.7 1107 31.4 0.027 
6 680 29.6 650 16.8 0.025 
8 460 13.0 447 11.3 0.025 


12 270 - 270 5.6 0.021 
24 80 - 80 1.0 O . O l Z S ,  


Seven subjects. Assumes plasma is one-half the volume of whole blood. Difference 
D - T - 2F = disulfide metabolites derived from captopril. Taken from the mean 
values shown in Table 111. ’ R = S/T.  The mean from samples taken at 0.5-12 h was 
0.024; (a/mean) X 100 = I I .  f Excluded from determination of the means. 


difference between the total captopril level and twice the free captopril level 
as an expression of the disulfide levels. Uniformly, the individual values fol- 
lowed exacily the mean values (Table 1V). Whereas the unchanged captopril 
levels predominate during the first hour, the disulfides derived from captopril 
were the significant components after that. Levels of the metabolite I1 followed 
most closely the total drug concentrations. The mean ratio between the me- 
tabolite 11 and total captopril, R ,  was 0.024 for samples taken at  0.5-12 h 
(Table IV). No zero values of metabolite I1  were observed in any of the 
samples taken during the first 12 h, and more than half of the samples collected 
over 24 h had values of 1 1  ng/mL. 


In recent reports, various discussions have been concerned with the concept 
of interconversion of protein-bound drug to “free” captopril ( 5 )  and of a 
suhsequent conversion of captopril or its disulfides to the S-methyl metabolite 
by S-methyltransferase (6). The role of S-methylation, other than as  a met- 


0.5 
43.3 
94.6 
78.2 
47.5 
40.5 
17.1 
14.2 
4.9 
I .2 


0.2 (0.2) 0 
29.7 34.4 (30 .9  
84.9 72.4 i2s.05 


\ - -  - I  


71.7 65.8 (1 1.9) 
47.9 41.3 (7.2) 
37.8 31.4 (7.6j 
25.3 16.8 (4.8) 
13.3 11.3 (2.4) 
8.1 5.6 (1.6) 
0.7 1 .O (0.4) 


abolic pathway, is noi well understood. The discussion following a recent 
presentation highlights this point (9). This analytical method, combined with 
the previously reported methods for determining unchanged (7) and total (8) 
captopril, allows profiling to study the role of S-methylation in renal function. 
Future steady-state studies, combined with pulsed deuterated analogue ad- 
ministration, might help in establishing the role of protein-bound captopril 
in deep compartments tiersus circulating protein-bound blood components. 
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Abstract 0 The in oi/ro dehalogenation of a series of pro-substituted halo- 
benzenes was studied using HPLC separation followed by scintillation 
counting or neutron-activation analysis. Microsomal and cytosolic deiodinatim 
were established for iodobenzene substrates whose pro-substituents were 
C02H. CHO, NO2, OH, and C6H5 but not for para-iodobenzonitrile. A 
nonglutathione cytosolic deiodinase was only indicated with 4-iodobiphenyl 
as the substrate. I n  oi/ro dehalogenation could not be established for 4-bro- 
mobiphenyl using neutron-activation analysis. 


Keyphrases 0 Dehalogenation-rat liver in oirro studies, microsomal, cyto- 
solic 0 Aromatic halides-effect of pro-substitution on in oi/ro dehalogen- 
ation 0 Glutathione-role in in uirro dehalogenation, N-ethylmaleimide in- 
hibition 


There has been considerable human exposure to aromatic 
halides due to their use in medicine as well as their widespread 
applications in industry and agriculture. In addition to the 
medicinal use of thyroxine and iodohydroxyquin preparations, 
acyl iodides have been employed as radiopaque diagnostic 
agents. Also, I3II- or increasingly, 1231-labeled aromatic iodides 
have been synthesized as potential tumor-imaging agents 
(1 -4). Polychlorinated and polybrominated biphenyls are 
ubiquitous environmental pollutants with well-established 
toxicities (5-10). 


The possibility of contact with these compounds is evident 
and has prompted numerous investigations, especially with the 
biphenyl compounds. In uiuo dehalogenation plays a small but 
significant role in the metabolism of these compounds (1 1-1 3). 
Therefore, it was basic to an understanding of their potential 
toxicity to study the mechanism and extent of in uitro dehal- 
ogenation in the rat by direct measurement of liberated halide. 
para-Substituted aromatic halides labeled with iodine- 125 or 
chlorine-36, or containing unlabeled bromine or chlorine, were 
chosen as the model compounds. 


EXPERIMENTAL SECTION 


Apparatus-The liquid chromatograph consisted of a microprocessor 
controller’, two pumps2. a dynamic-flow mixer-’. and an injection valve‘. A 
reverse-phase Cla columnS was used for radiohalide detection by either a ra- 
diochemical detector in  a liquid scintillation mode6 or by liquid scintillation 
counting7 of the eluant. A cumene-based cocktail*, a t  a flow rate of 3.0 
mL/min, was used with the radiochemical detector, while a xylene-based 
cocktail9 was used for liquid scintillation counting of the eluant. 


Synthesi~--’~~I-labeled compounds, except for (4,4’-i251]diiodobiphenyl, 
were synthesized by an exchange reaction using a melt procedure ( 1  4). Labeled 
4,4’-diiodobiphenyl was synthesized as  previously described ( 1  5 ) .  Radio- 
chemical purity was established by reverse isotopic dilution analysis and 
HPLC. 


General Melt Procedure-The unlabeled iodo compound (25 mg) and 
acetamide (100 mg) were added to a flask followed by s o d i ~ m [ ’ ~ ~ l ] i o d i d e ’ ~  


I Model 421: Altex, Berkeley, Calif. 


’ Altcx, Berkeley, Calif. ‘ Model 7125. 2.0-mL loop; Rheodync, Berkeley. Calif. 


’ Model 9000; Beckrnan. Berkeley, Cali! * Flo-Scint 11: Radiomatic. Tamoa. Fla. 


Model 1 IOA; Altex, Berkeley. Calif 


RP-18. 30 X 4.6 mm i.d., Brownlee, Santa Clara, Calif. 
Model Flo-One DR; Radiomatic, Tam a. Fla. 


( 1  -2 mCi) in acetone. Sodium thiosulfate ( M, 20 pL)  and ammonium 
chloride ( M, 20 pL) were also added to prevent oxidation of the iodide 
and to prevent degradation of the reactant, respectively. Reaction conditions 
for specific compounds and their yields are outlined in Table 1. Water (4 mL) 
was added, and the mixture was extracted with chloroform (4 X 4 mL), dried 
over sodium sulfate, and evaporated to dryncss under a stream of nitrogen. 
The solid was dissolved in a small volume (-I mL) of chloroform and passed 
through a small silica gel columni1 to remove inorganic iodide- 125. The eluant 
was evaporated using nitrogen, and the solid was recrystallized in methanol 
(except for the iodobiphenyl compounds, which were recrystallized in eth- 
anol). 


Reverse Isotopic Dilution Analysis--A known amount of radiolabeled 
material was added to 500-1000 mg of accurately weighed unlabeled material. 
Mixtures were recrystallized until a constant specific activity of f 5 %  was 
achieved. From each recrystallization, three 10-mg aliquots, accurately 
weighed, were counted (Table I) .  


Radiocbemical Purity by Liquid Chromatography-A reverse-phase C I  8 


column12. with methanol-water (90:lO) as the mobile phase, was used to 
determine the purity of the ‘2s1-labeled substrates. The presence of any in- 
organic iodide-I25 in  the ethanolic or buffer solutions is listed i n  Table I. 


Pretreatment of Animals-Male Sprague-Dawley rats1-’ (250-3Wg) were 
quarantined for 2 d before a single intraperitoneal injection of a commercial 
mixture of polychlorinated b i p h e n y l ~ ’ ~  (500 mg/kg (16)] in corn oil. Rats 
had free access to food and water for 4 d, after which time the food was re- 
moved. The rats were killed on day 5 by asphyxiation using carbon 
dioxide. 


Liver Fractions-Preparation of microsomal and cytosolic fractions were 
carried out as previously described ( 1  5 ) .  The procedure of Levine and Murphy 
(17) was used for the preparation of glutathione-depleted cytosol. 


Incubation Procedures-The incubation conditions were modifications of 
those previously described ( 1 9 ,  and studies with h-e thylmale imid~’~  and 
glutathione-depleted cytosol were performed. Mixtures of 20 pL of the 
ethanolic substrate solution (containing at least 40,000 cpm of substrate), 460 
p L  of homogenate, and 20 p L  of buffer (0.01 M NazHP04-0.25 M sucrose, 
pH 7.4) or microsomal additive solution were incubated for 2 h at 37OC. 
Microsomal additive solutions consisted of magnesium chloride (1 5 pmol), 
nicotinamide (20 pmol), and NADPH (0.05 pmol) contained in 20 p L  of 
buffer. N-Ethylmaleirnide was added tosclected substrate solutions to inac- 
tivate cytosolic glutathione such that the final concentration of imide was 
0.0025 M. Five experimental and three control values were run for each ex- 
periment. Controls consisted of immersing the homogenate for 5 min in boiling 
water, cooling. and then following the incubation procedure as above. 


Analytical Procedures-Deiodinolion S/udies-The enzymatic reaction 
was stopped by the addition of 150 p L  of 20% trichloroacetic acid. Following 
centrifugation (2000Xg) and removal of the supernatant, the pellet was 
washed with 0.5 mL of buffer. After recentrifugation the two supernatants 
were combined, and the total supernatant was centrifuged and filtered through 
a 0.45-pm mcmbrane16 prior to injection into the liquid chromatograph. 
Samples were stored frozen until HPLC analysis. 


To separate inorganic iodide from unreacted substra!es and metabolites, 
1.0 mL of in uirro solution was injected into the liquid chromatograph and 
eluted with a mobile phaseof methanol-water (2030)  using a reverse-phase 
CIS columns. With the radiochemical detector. cpm measurements were taken 
every minute for 5 min after injection. When a scintillation counter was used. 
the first 4 mL of eluant was collected in a scintillation vial and counted for 
5 min following the addition of 1 mL of methanol. The methanol was used to 
preserve a homogeneous solution with the cocktail (14 mL). Between injec- 
tions, the chromatograph was flushed with methanol (30 mL) and equilibrated 
again with the solvent system. 


~ ~~ 


Sep-Pak; Watcrs Associalcs, Milford, Mass. 


Charles River, Portage. Mich. 
I *  ODS-3. 250 X 4.6 mm i.d.; Whatman. Clifton, N.J. 


I‘ Aroclor 1254: Mansanto. St. Louis. Ma. 
ACS. Amersham, Arlington Hkights. 111 


lo New England Nuclear, Boston, Mass. 
I s  Sigma, St. Louis, Mo. 
l6 Mctricel GA-6; Gelman Scientific. Ann Arbor, Mich 
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Table I-Synfhesis of lzsI-Labeltd Subsfrates 


Compound 


Reaction Conditions 
Max. Temp., “ C  Total Heating Specific Activity. Radiochemical‘ Inorganic Iodine-125. % 


(for Time, h) Time, h mCi/mmol* Purity. % Ethanol Bufferd 


p-lodobenzoic Acid 180-l90(1)  2.5 4.13 (12.5) 95.4 f 5.2 0.0152 0.0139 f 0.00652’ 
p-lodobcnzaldehyde I 10- 120 ( 1  ) 2.5 0.1 I I (3.52) 95.3 f 2.4 0.668 f 0.0848 0.903 f 0.070 
p-lodobenzonitrilc 110- I20 (1.5) 3 .O 0.427 (1.75) 99.5 f 3.0 0.505 f 0.00402 0.577 f 0.0724 
p-lodonitrobenzene 145 (1.5) 3.5 0.973 (3.0) 91.6 f 1.5 0.0949 f 0.0403 0.0747 f 0.0561 
n-bdoDhcnol 100-1 10 11.251 3.5 7.022 ( I  7.471 98.1 f 0.75 0.151 f 0.0244 0.333 f 0.146 
h-lodobiphenyl 130-135 (1.5). 3 .O 1.734 (13.86j 98.4 f 1.2 0.0708 f 0.00465 0 108 % 0.0075 
4,4’-DiiodobiphenyIf 225 (48) 48.5 17.97 (82.5) 98.6 f 1.6 


* Synthesized by the method of Elias and Lottcrha (14)  * Radiochemical icld. caprcrted as pcrcenragc. i n  parenthese\ Rcvcrre i,otopic dilution Incubdtion i n  pH 7 4 
phosphalc buffer for 2 h a t  37OC ’ Mean of ihrce cxperimenlal values f S D  7Synihcrizcd as previously described (16) 


Debrominarion and Dechlorinaiion Studies of Unlabeled Subsrrares-The 
enzymatic reaction was stoppcd with the addition of l5OpL of 35% H2S04. 
The aforementioned procedure for iodide was then followed cxcept that 
Tris-sucrose buffcr was used; the HPLC procedure for separation of inorganic 
bromide and chloride was identical to that for iodide. The eluant (4 mL) was 
condensed by lyophiliiation after addition of 160 pL of concentrated am- 
monium hydroxide to prevent charring. 


For bromide analysis, the residue was transferred to quartz tubesl’ with 
1 .O mL of deionized water. Following lyophilization overnight. 50.5 mL of 
deionized water was added and the tubes were sealed. They were placed in 
the rcactor at a neutron flux of I .5 X lo1’ neutrons/cm2/s for 50 h. Bromide 
was determined by gamma-ray analysis of bromide-82 ( r  112 = 35.34 h. 554.3, 
619.0. and 776.5 keV) using two Canberra 22% coaxial Ce  (Li) detectors and 
two multichannel analyzerst8. 


For chloride analysis. the lyophilized material was transferred to small 
polyethylene tubesIg wi th  deionized water (0.25 mL). Tubes were placed in  
the reactor core at a flux of I .5 X loi3 neutrons/cm2/s for 15 min. Chloride 
wasdeterminedaschloride-38 ( 1 1 1 2  = 37.3 min, 1642.0and 2167.5 keV) with 
the aforementioned instrumentation. 


GIutathionc-STrnmf~ A a r y  --Glutathione-S-transferasc was assayed 
by the method of Habig el a / .  (18). The concentration of p-nitrobenzyl 
chloride i n  the final solution was 0.00025 M, and theconcentration of gluta- 
thione, when required. was 0.005 M in 0.5 M NaIHP04 buffer, pH 7.4 The 
substrate was delivered in 25 p L  of acetonitrile. Cytosol (100 pL) was used 
and UV absorbance measurements were taken at 310 nm every minute for 
10 min. 


G l u t a t h i  Dctermination-Glutathione was determined by the Ellman 
thiol assay (19) as modified by k n k e  er a/. (20). A glutathione stock solution 
(0.002 M) was prepared in 0.1 M NaZHPOd buffer (pH 8.0) containingO.5W 
trichloraacetic acid and 0.001 M EDTA (tctrasodium salt). Four hundred 
microliters of stock solution was added to 4.55 mL of buffer, followed by the 
addition of 50 p L  of 0.01 M 5,5’-dithiobis(2-nitrobenzoic acid). The ab- 
sorbance was measured at 420 nm 


RESULTS AND DISCUSSION 


Analytical System-A reverse-phase HPLC technique similar to the sys- 
tems previously reported for iodide (21,22) wasdeveloped for separating in -  
organic halide from unreacted substrata and metabolites. Liquid scintillation 
counting of the eluant, following injection of scdium (36Cl]chlorideio in a 
simulated incubation mixture, resulted in quantitative recovery of inorganic 
chloride-36 Recovery of chloride-36 was independent of solvent composition 
from 10 to 90% methanol. 


The analysis of inorganic iodide-I25 required that carrier sodium iodide 
be added to the samples. Quantitative recovery was independent of solvent 
composition from 10 to 90% mcthanol.para-lodobenzoic acid was chosen to 
determine the optimal solvent composition because resolution of this polar 
substrate and inorganic iodide could pose a difficult problem. Methanol-water 
(20:80) was suitable for all the substrates since complete resolution of inor- 
ganic and organically bound iodide was obtained in a minimal amcunt of time 
( -5 min). 


Stability of Subsfrates-/In oirro dehalogenation was expected to liberate 
trace quantities of halide; therefore, the purity of the labeled substrates. and 
the stability of the carbon-iodine-125 bond in ethanolic substrate solution 
and in  buffer under incubation conditions, was of crucial importance if sta- 
tistically significant levels of deiodination were to be obtained. Table I shows 
the percent inorganic iodide-1 25 found for the substrates in ethanol and in  
buffer under incubation conditions. The percentage of inorganic iodide in 


I’ T21 Supersil-7 mm; Harris-Amersil Co.. Saycrvillc. N.J 
Models-4420 and 6660. Nuclear Data. Schaumberg. 111. 
Cole-Palmer, Chicago. 111. 


ethanol was determined by injection of an aliquot of an ethanolic solution of 
substrate containing 500 pg of carrier sodium iodide. 


All solutions were freshly prepared and injected into the chromatograph 
within 5 min of preparation. Dciodination in buffcr was carried out by incu- 
bating an aliquot of ethanolic substrate solutions in pH 7.4 sodium phosphate 
buffer (0.010 M) under the same conditions used in the in tiirro experiments. 
HPLC conditions wcrc also as  described for in tiirru dehalogenation 
studies. 


Deiodination in ethanol was about the same as that in buffer under incu- 
bation conditions. Dciodination of Lp-i2J1]idobenzaldehyde was statistically 
greater (Student’s r test. p I 0.05) in buffer than in ethanol; there was no 
statistical difference in deiodination of the phenol in ethanol or buffer. 


Decblorination and Debromination Studies Using Neutron-Activation 
Analysis-Ncutron-activation analysis was an attractive alternative to using 
radiolabeled substrates for in oirro debromination and dechlorination studies. 
Therefore, a feasibility study was undertakcn using simulated incubation 
mixtures containing ammonium bromide or ammonium chloride and the re- 
verse-phase HPLC conditions describcd abovc. These samples contained 
bromide and chloride equivalent to 0.5, I .O, and 2.046 biotransformations. 
based on the incubation of 100 pg of 4-bromobiphenyl or 4-chlorobiphenyl. 
Bromide analysis at 554.0and 776.9 keV was used. Results of analysis at 619.0 
keV were not used due to interference from another radioisotope. HPLC 
analysis at either 554.0 or 776.9 keV of blanks containing no ammonium 
bromide did not show statistically significant bromide levels; therefore, brc- 
mide contamination as a result of the workup and analysis was not a problem. 
Statistically significant levels of bromidc were observed for all three of the 
simulated biotransformations. 


Neutron-activation analyses at 1641.3 and 2165.9 keV of simulated. de- 
chlorinated samples indicated high background lcvels which were consistent 
with known intcrfercnce in this method by other elements. particularly sodium 
and potassium in the measurement of chloride. I t  was estimated that there 
would have to bc at least a 3% biotransforrnation for detection of chloride in 
this background. Therefore, while neutron-activation analysis of bromide was 
a viable tcchniquc for study of debromination, this technique was not useful 
under the conditions of our incubations for chloride measurements. 


Neutron-activation analysis of the HPLC effluent following injection of 
the supernatant of the incubation medium of 4-bromobiphenyl with cytosol 
(for three scts of determinations) gavc 0.206 f 0.032% tiersus 0.169 f 0.032% 
for the respective control at 553.8 keV and 0.209 f 0.032% ~~t-rsuz 0.156 f 
0.019% at 776.0 kcV. Neither measurement, compared to thc respective 
control, was statistically significant at p I 0.05. 


Debromination (-1%) of 4,4’-dibromobiphcnyI has been reported in the 
rabbit ( I  2) and pig ( 13). Howevcr. Safe er a / .  ( I  2) did not detect any dc- 
brominated metabolites of 4-bromobiphenyl after administration to pigs or 
rabbits. Analysis of the in oirro incubation of tritiated 4-bromobiphenyl with 
rabbit liver microsomes also showed no dcbrominated metabolite ( 12). Thus, 
while debromination is known to occur. it has not been detected with 4-bro- 
mobiphenyl previously or in this stud). Analysis of in uirro debromination 
studies was hampered by low subtrate  solubility. I n  oirro debromination was 
expected to be less than deiodination based on aromatic carbon-bromine bond 
strength compared with that of the carbon- iodine bond. 


Microsomal Deiodination-The results of deiodination in microsomes are 
shown in  Table 11. Each substrate exhibited statistically significant dciodi- 
nation abovc its control value cxcept for ~- i*sl] iodobenzoni t r i le .  The rela- 
tively high variance of the control values and thc low amount of substrate 
activity prevented detection of a statistically significant difference in deiodi- 
nation between microsomal samples and the rcspcctive controls. Control 
values. in gencral. agrced with those found in  Table I for incubation in 
buffer. 


Deiodination of the substratcs was I -2%. and thcre was nounique spec- 
ificity of thc microsomes for any of the substratcs. The results for [p-i2Jl]- 
iodonitroben7enc and [4-12’l]iodobiphcnyI gcnerally agrecd with previous 
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Table 11-Percent Deiodination of p’251-C~H~-R 


Cytosolic 
Microsomal N-ethyl- Glutathione- 


R Experimental Control No additives Control maleimide Control DerJletedO Control 
-C02H 0.225 0.0332 0.244 0.0046 0.175 0. I72 _ - e  


f 0.0162 (4)”.‘ f 0.0120 (3) f 0.0079 (5)’ f 0.0081 (3)  f 0.0994 (4)d f 0.00078 (2)d 
-CHO 1.37 0.848 1.48 I .ox 0.854 0.95 1 - 


f 0.0655 (4)” f 0.0685 f 0.126 ( 5 ) ’  f 0.102 (3) f 0.134 ( 5 )  f 0.151 (3) 
-CN 0.625 0.594 0.695 0.550 0 451 n 576 - . ... - - .  - . - 


f 0.0850 ( 5 )  f 0.0680 f 0.090 ( 5 ) ’  f 0.051 (3) f 0.079 ( 5 )  f 0.064 (3) 


f 0.499 (4) f 0.0393 f 3.02 ( 5 ) ’  f 0.0839 (31 f 0.0645 (51 f 0.046 (31 
-NO2 1.91 0.181 28.8 1.51 0.498 0.487 - - 


. .  . .  . ,  . ,  
--OH I .32 0.459 I .89 0.857 2.21 0.735 0.358 0.38 1 


f 0.345 (4)’ f 0.0540 f 0.194 (4)” f 0.109 (3) f 0.068 ( 5 ) *  f 0.105 (3) f 0.029 ( 5 )  f 0.020 


f 0.348 ( 5 ) b  f 0.0108 f 0.0087 ( 5 ) b  f 0.0241 (3) f 0.0087 (5 ) ’  i 0.0184 (3) f 0.006 (5 ) ’  f 0.01 1 


(3) 
-c6H5 1.12 0.143 0.273 0.182 0.213 0.170 0.137 0.113 


(3) 
- c n ~ 2 * 5 1 1  0.00 0.00 - - - - - - 


Depleted by the method of Levine and Murphy (17). Statistically signi~cant above control values (p 5 0.05). Percent dciodination iSD. with  the number of determinations 
Not in parentheses. 


determined. f Substrate could not be incorporated into the medium without excessive loss of enzymatic activity. 
Adjusted enzyme activity from a different sourcc for this cytosolic fraction. by comparison of cytosolic activities with the nitro compound as the substrate. 


results determined in this laboratory: 2.5 f 0.52% for labeled p-iodonitro- 
benzene and 0.6 f 0.04% for [4-’251]iodobiphenyl (15). 


The microsomal dciodination of these compounds can be explained by 
considering them as substrates for the mixed-function oxygenase system with 
arene oxide formation at the iodocarbon. The possible loss of iodide during 
a subsequent “N.I.H. shift” (23) involving this arencoxide would be analogous 
to the mechanism proposed for the loss of bromide or chloride in polyhalo- 
genated biphenyl compounds ( 1  2, 13). 


No correlation was found between microsomal dciodination and the elec- 
tron-withdrawing Character of para-substituents. as indicated by their 
Hammett values (24). Furthermore. no correlation was found between mi- 
crosomal deicdination and the lability of the carbon-iodine bond as evidenced 
by the radiochemical yield in  the exchange reaction used in their prepara- 
tion. 


Cytosolic Deiodination-Results of cytosolic deiodination are also shown 
in Table 11. Six of the seven substrates exhibited deiodinations that were 
statistically significantly greater than the control values ( [4,4’-’251]diiodo- 
biphenyl did not). [p-’2sl]lcdonitrobenzene deiodinated to the greatest extent 
above the respective control value, indicating a unique specificity of gluta- 
thione-S-transferase for the nitro compound. The extent of this transforma- 
tion, although large, was not unexpected. The metabolism of p-chloronitro- 
benzene resulted in  -7% of the dose being excreted as the mercapturic acid 
(25). The more labile carbon-iodine bond would facilitate increased deiodi- 
nation. Cytosolic control values generally agreed with those in buffer and 
ethanol (Table I), although control values for the benzoic acid, nitro, 4-io- 
dobiphenyl, and phenol substrates were significantly higher than their deio- 
dination in buffer. Nonenzymatic glutathione conjugation of the nitro com- 
pound was believed to account for the high amount of deiodination found in 
the respective control. The reduction in deiodination when free glutathione 
levels were reduced with the addition of N-ethylmaleimide would further 
substantiate this belief. Pabst et a/ .  (26) have established that nonenzymatic 
conjugation of glutathione with p-nitrobenzyl chloride and 1,2-dichloro-4- 
nitrobenzene was significant at or near physiological pH in the rat. Deiodi- 
nation of the p-nitro and 4-iodobiphenyl substrates agreed well with values 
previously reported from this laboratory (15). No correlation was found be- 
tween cytosolic deiodination and the electron-withdrawing character of the 
puru-substituent for the acid, aldehyde, nitrile, nitro, phenol, or eiodobiphenyl 
substrates as measured by their Hammett values (24). There was also no 
correlation with the radiochemical yield of the syntheses of these com- 
pounds. 


Kraus (27) reported the dechlorination of a-hexachlorocyclohexane in rat 
liver cytosol by a mechanism that was not dependent on glutathione and by 
a glutathione-S-transferase mechanism. Our previous studies also indicated 
a second cytosolic dehalogenase (16). An efficient means of inhibiting glu- 
tathione-S-transferase was sought in order to explore the nature of this second 
cytosolic dehalogenase system. 


N-Ethylmaleimide is known to bind to thiols (28). [p’251]lodonitrobenzene 
was incubated as described with 0.1 -40.0 mM N-ethylmaleimide to determine 
the optimal concentration for the inhibition of glutathione-S-transferase. 
Deiodination decreased as the concentration of N-ethylmaleimide increased 
u p  to 2.5 mM. Increasing itsconcentration >2.5 mM resulted in nostatistically 
significant decrease in deiodination. Thus, 2.5 m.M N-ethylmaleimide was 
chosen as  the optimal concentration in the final incubation mixture. Confir- 
mation of the inhibition of glutathione-S-transferase was also established by 


measuring the concentration of glutathione in  cytosol with and without N- 
ethylmaleimide. The standard Ellman thiol assay (19) as  modified by Benke 
(20) showed that glutathione was below detectable levels with the addition 
of 2.5 mM N-ethylmaleimide. 


Results of cytosolic deiodination with N-ethylmaleimide present are shown 
in Table 11. [4-1251]Iodobiphenyl and [p-’251]iodophenol were the only sub- 
strates to exhibit statistically significant deiodination above the respective 
control values. 


These two possible indications of a second nonglutathione cytosolic deio- 
dinase were also studied by the use of an anion-exchange preparation (17) of 
glutathione-depleted cytosol. Glutathione concentration was again assayed 
by the Ellman procedure (20) and found to be below detectable limits. Further 
evidence of the efficiency of glutathione removal was demonstrated by de- 
termining the glutathione-S-transferase activity of intact and glutathione- 
depleted cytosol. The procedure of Habig et a/. (1 8) with p-nitrobenzyl chloride 
as  the substrate was used to follow the UV absorbance of the glutathione 
conjugate. Formation of the conjugate did not increase with time when glu- 
tathione-depleted cytosol was used. When the depleted cytosol was reconsti- 
tuted with glutathione ( 5  mM), the rate of formation of the conjugate was 
not statistically different from that of intact cytosol. Therefore, this depletion 
procedure inhibited glutathione activity, but did not adversely affect gluta- 
thione-S-transferase. 


The results of deiodination of [p-’251]iodophenol and [4-1251]iodobiphenyl 
using glutathione-depleted cytosol are shown in Table 11. The deiodination 
of the biphenyl was statistically significant above the respective control value, 
but this was not the case for the phenolic compound. Thus, this confirmation 
of the presence of a cytosolic nonglutathione dehalogenase could only be 
established for the iodobiphenyl substrate. The microsomal and cytosolic 
glutathione systems were the more generally applicable deiodination rnech- 
anisms. 
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Abstract A method for the determination of bupropion and its three major 
basic metabolites in plasma is described. Following an extraction from alkaline 
plasma into 1.5% v/v isoamyl alcohol in n-heptane, a portion of the acid- 
backwashed extract was injected onto a column packed with trimethylsilyl 
reversephase material and eluted with a phosphate buffer-acetonitrile (80:20) 
mobile phase containing an ion-pairing reagent and triethylamint. The 
compounds were detected with a dual-wavelength UV detector (214 and 254 
nm) to optimize sensitivity and facilitate simultaneous detection. The method 
provides an absolute recovery of -85% for bupropion and -98% for the me- 
tabolites. Day-teday reproducibility did not exceed 4.0% for all compounds. 
The detection limits were -5 ng/mL for bupropion and 100 ng/mL for the 
major metabolites. The limit of 100 ng/mL for metabolite quantitation is 
imposed by the internal standard concentration selected for steady-state 
studies. In single-dose pharmacokinetic studies, 10% of the steady-state 
concentration of internal standard was used; this permitted a IO-ng/mL lower 
limit of detection. Steady-state plasma levels of bupropion and the metabolites 
from eight different patients are presented. 


Keyphrases 0 Bupropion-metabolites, HPLC, dual-wavelength UV de- 
tection 0 Antidepressants-bupropion and its metabolites, HPLC, dual- 
wavelength UV detection 


Bupropion hydrochloride’ [(f)-2-tert-butylamino-3’- 
chloropropiophenone hydrochloride], a chemically unique 
antidepressant currently undergoing clinical evaluation, ap- 
pears to be free of any significant anticholinergic or cardio- 
vascular effects (1-3). The assay of bupropion in biological 
fluids has been limited to RIA (4) and high-performance liquid 
chromatography (HPLC) ( 5 ) .  The RIA procedure appears 
to be sensitive ( < I  ng/mL) and specific for bupropion, whereas 


I Wellbutrin. 


1: RI  = C 4 ,  Rz = R3 = CH3, R4 = 3-CI 
II: R I  = C=O, R2 = CH3, R3 = CHzOH, R4 = 3-CI 


111: R, = CHOH, Rz = R3 = CH3, R4 = 3-CI (erythro) 
IV: R1 = CHOH, R2 = R3 = CHj, R4 = 3-CI (threo) 
V: RI  = CHOH, Rz = CH3, R3 = CHzOH, R4 = 3-C1 (erythro) 


VI: RI = CEO, R2 = c2kl5, R3 = CH3, Rq = 4-F 
VII: Rl = CEO, R2 = C3H7, R3 = CH3, R4 = 4-F 


the HPLC method is less sensitive (50 ng/mL). However, 
neither method quantitates metabolites. 


Current interest in biologically active metabolites of psy- 
chotropic drugs led us to develop an HPLC procedure which 
separates and quantitates bupropion and its major basic me- 
tabolites in plasma with dual-wavelength U V  detection. 


EXPERIMENTAL SECTION 


Apparatus-Chromatography was performed with a dual-piston solvent 
delivery pump2 with either a manual injector3 or an automatic sample pro- 
(xssor4. The column was 25 cm X 4.6 mm i.d. packed with 5-pm particle size 
trimethylsilyl material5. The effluent was monitored at 254 and 214 nm by 


Model 6000A; Water Associates. Milford, Mass 
U6K Injector; Waters Associates. 
Wisp 710B; Waters Associates. 
LC-I; Supelco. Bellafonte, Pa. 
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Table I-Inhibition of Growth of Influenza A Viruses by IX-XI1 and 1- 
Adamantanamine Hvdrochloride 


Titration of Infection*, 
Inhibitor' Plaque-Forming Units/mL Inhibition'' 


None 2 x 107 - 
IX I x I06 - I  .30 x 7 x  105 -1.45 
XI I x 107 -0.30 
XI1 7 x  106 -0.45 


I -Adamantanamhe 2 x  I @  -I .oo 
hydrochloride 


a Inhibitors wcrc administered at a concentration of 100 p M  in an alcohol-water 50- 
lution. Plaque assay and primary isolation of influenza A viruses were carried out in 
a n  established line of canine kidney cells (MDCK). in the praence of t ry  sin (7) 
hibition is expressed as the decimal logarithm of the quotient of plaque- P orming ' .<In- units 
in the presence of inhibitor to tha t  found i n  the absence of inhibitor: loglo [(pfu/ml.  of 
inhibitor)/(pfu/ml. of control)]. 


appearance of two singlets, one each for the endo and exo C4-methylene 
groups. Thesame feature was observed in the NMR spcctra ofsuccinimides 
v - V I I I .  


Protons HAt1gHA.Hg'tix behave as two different ABX and A'B'X systems. 
The influence of the deshielding cfl'ect of the endo Cz-carbonyl group on 
protons H g  and Hg' is shown by the downfield chemical shift of these protons 
at  6 f i g  = 2.18 ppm and 6 118, = 1.96 ppm relative to those of the less-affected 
protons t 1 A  and HA,. which appear upficld at 6 I .80 and I .70 ppm. respectively. 
Assignation of Hg and He. has been done on the basis of the observable 


geminal coupling constantsJgA = - 14.34 Hz and JwA, = -8.09 Hz, which 
are in agreement with reported values for cyclohexane and cyclopentane. re- 
spectively (8). 


X-ray diffraction data of succinimide VI (9) conclusively confirm that the 
C2-carbonyl group is attached on the endo-position. I n  this case the spiro- 
cyclohexane ring appears to adopt a boat conformation to avoid the steric 
interaction between the C2-carbonyl group and the C6~7)-methylene 
groups. 


Biology-According to results shown in Table I ,  IX-XII. especially the 
N-beniyl and N-cyclohexyl derivatives ( IX and X).  show antiviral activity 
against influenza A viruses similar to or greater than that shown by I-ada- 
mantanamine hydrochloride. 
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Abstract 0 Polymethyl [ I-'4C]methacrylate nanoparticles were administered 
orally to bile cannulated rats. Ten to fifteen percent of the administered ra- 
dioactivity was absorbed and found in the bile and urinc. Within 48 h, 94 97% 
of the absorbed radioactivity had been eliminated from the body. After 8 d, 
the highest rcsidual radioactivity was found in the bone marrow, fatty renal 
tissue, stomach, liver. and lymph nodes. 


Keyphrases D Polymethyl methacrylate-peroral administration, distribution, 
elimination, rats 0 Peroral administration-polymethyl methacrylate, 
elimination and distribution, rats 


A possible pathway of absorption is the uptake of colloidal 
particulate materials by the G1 tract in liquid (pinocytosis) or 
solid (endocytosis) form. This uptake pathway was suggested 
for fat absorption by Frazer (1,2). The uptake of corn starch 


and some other particulate materials by endocytosis was ex- 
tensively studied by Volkheimer (3). No uptake of polymethyl 
methacrylate particles (labeled with a fluorescent dye and 
ranging in size from 10 nm-1.2 pm) was observed by Juhlin 
(4). This may, however, be due to leakage of the label or to the 
small size of the particles, which prevented optical observation. 
For this reason, I4C-labeled polymethyl methacrylate nano- 
particles of a mean size of 130 nm were employed in this study. 
These particles were shown to be taken up by the reticulo- 
endothelial system after intravenous administration (5). After 
subcutaneous administration, the particles stayed at the in- 
jection site for about 200 d. After this time, the beginning of 
redistribution and elimination was observed ( 6 ) .  


Oral administration of these nanoparticles seems to be of 


0022-35491 841 0900- 1309$0 1.001 0 
@ 1984. American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 1300 
Vol. 73, No. 9, September 1984 







'lahle ]--Amount of Radioactivity Excreted after Peroral Administration (Percent of the Administered Dose) 
Animal No. 1017 1018 I020 I024 102s 
Sex F F M M M 
Body Weight, g 294 302 370 275 181 Mean, fSD 
Rile 
Urine 
Feces 


Total 


7.0 
5.2 
89.3 
101.5 


Amount Absorbedb 12.2 


Excreted 94 


Excreted 86 
within 24 hr  


within 48 h C  


5.4 
5.5 
86.5 
97.4 
10.9 
90 


96 


6.6 
4.2 


86.0 
96.8 
10.8 
90 


97 


8.4 
6.2 


116.1 
130.6 
14.5 
65 


94 


6.4 6.8 & 1 . 1  . 
4.0 5.0 f 0.9 
72.8 83.7 f 7.3° 
83.2 94.7 f 8.00 
10.4 11.8 f 1.7 
83 82.8 f 10.4 


96 95.4 f 1.3 


Calculation without ra! 1024. Rile t urinc = amount absorbed. Perccntagc of the total amount absorbed excreted within 24 or 48 h. 


interest for the administration of certain uaccincs. For exam- 
pic, good protection was observed wi th  an inactivated rabies 
vaccine adsorbed to polymethyl methacrylate nanoparticles, 
whereas no protection was obtaincd with different control 
vaccines'. These particles might also be useful as cytostalic 
carriers against tumors of the GI tract. 


EXPERIMENTAL SECTION 


Preparation of Polymethyl [ I-'%Jmethylacrylate nanoparticles- - Poly- 
methyl [ I-"C]mcthacrylate was produced asdescribed by Kreuter et at. (6). 
The monomer was dissolved in  phosphate buffered saline, with or without 
influenza virions, to yield 0.5% polynethyl [ I-'4C]methacrylate solutions. 
Nanoparticles were produced by polymeriration of these monomer solutions 
using y-irradiation with 500 krad (2.2 krad/min) in a cobalt-60 source. The 
resulting suspension had an activity of (5.22 f 0.46) X lon dpm/mL. The 
physicochemical characteristics of similar nonradioactive nanoparticles were 
described by Bentele et at. (7) and Krcuter (8). 


Excretion and Tissue Distribution after Peroral Administration-- Two fe- 
male and thrce male bile-cannulated Sprague-Dawley rats weighing 18 1-370 
g were administered 0.5 mL of the well-stirred virus containing nanoparticle 
suspension wi th  a stomach tube. The animals were kept in metabolism cages 
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Figure 1 -Rate ofbiliary excretion qf carbon- 14 after peroral administration 
of I4C-laheled polymethyl methacrylate nanoparticles to rats In = 5) .  


~~~ 


I llnpublished rcsults. 


with frec access to food and a salt solution containing 0.9%sodium chloride, 
0.04% potassium chloride, 0.01 7% calcium dichloride dihydrate, and 0.02% 
sodium hydrogen carbonate. 


Urine was collected in dry ice. The storage container contained 100 pL of 
diethylamine in order to keep the urine at a pH L 9, thus assuring the binding 
of the carbon-I4 activity excreted as carbonate. After each collection period, 
the cage was rinsed with water (30-40 mL) to wash out dried urine residues. 
Samples of 400-SO0 p L  were assayed for radioactivity. The collected feces 
was homogenized with about the same amount of water. Three samples 
(200-400 mg) of each homogcnate were analyzed. The bile was collected in 
ice-cooled containers. Samples of 40 (0-8 h) and 100 pL (24-192 h) were 
assayed for radioactivity. 


Eight days after administration, the activity in the organs was measured 
after sacrificing the animals with an intrapcritoneal injection of-0.5 mL of 
;I euthanasia solution*. From the adrenal glands, epididymis, ovary, thyroid 
gland, lymph nodes. and bone marrow, one 7 - 130 mg sample was taken; from 
the other organs, two 50-400 mg samples were taken. 


The radioactivity of the excreta, blood, plasma, and organs was determined 
after combustion in a sample oxidizer' (recovery of standard radioactivity: 
92 lo00/0). The rcsulting carbon dioxide was absorbed in a mixture of absorber 
solution and scintillation liquid4. The samples were then counted in a liquid 
scintillation counter for 20 min. Thc counting efficiency was determined by 
an automatic external standardization and previously prepared quench curvcs. 
The detection limit was 4 ng/g for the bone marrow, lymph nodes, and thyroid 
gland and 2 ng/g for all other organs and tissues. 


RESULTS AND DISCUSSION 


Bile-cannulatcd rats were used so that the amount of radioactivity excreted 
t,io the bile could be determined. Within 8 d, between 5 and 8% of the ad- 
ministered dose was excreted oia the bile and 4-6% cia the urine (Table I ) .  


10 :. I?/. 


0.01 1 
1 2 3 4  5 6  7 8 


DAYS 


Figure 2-- Rate of urinary excretion of carbon-I4 after peroral administration 
of ''C'-labeledpolymeihyl methacrylate nonoparticles to rats (n = 5) .  


* T-81 (each ml. contains: 2 0 0  mg /V-[2-(m-mcthoxy-phenyl)-2-c~hyl-butyl-(l)]- 
gamma-hydroxybutyramide, 50 m g  4,4'-mcthylenc-bis(cyclohexyl-trim~thyl-ammo- 
nium)iodide. and 5 mg tetracaine hydrochloride with 0 .6  ml. dimethylformamide in 
dislilled water). Farbwerkc Hccchst. Frankfurt/Main. West Germany. 


'Sample oxidizer: Packard Instruments. Downers Grove. 111. 
Carbosorb and Permafluor; Packard Instruments. 
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Table Il-Distribution of Carbon-14 in Organs 8 d after Peroral 
Administration of *4C-Labeled Polymethyl Methacrylate Nanoparticles to 
Rats 


Blood 
Plasma 
Livcr 
Spleen 
Pancreas 
Kidneys 
Adrenals 
Fatty renal tissue 
Testiclcs” 
Uterus‘ 
Epididymis” 
OvaryC 
Colon 
Stomach 
Small intestine 
Salivary glands 
Lymph nodes 
Thyroid glands 
Lungs 
Heart 
Muscles 
Bone marrow 
Skin 
Brain 
Stomach content 
Small intestine content 
Colon content 


O n  = 3; m a n .  +SD. n = 1 .  c n = 2. 


5.9 f 1.6 
3 . 6 f  1 . 1  


12.7 f 3.7 
5 . l z  1.3 


11.9 f 4.6 
9.6 f 2.3 


11.4 f 6.2 
24.5 f 14.4 
4.5 
7.2 
9.0 
7.0 
5.0 f 1.34 


14.5 f 11.2 
4.2 f 0.6 
4.2 f 1.4 


13.3 f 4.2 
10.0 f 4.8 
3.9 f 1.4 
4.1 f 1.5 
2.6 f 1.9 


66.5 f 30. I 
12.5 f 7.1 
4.3 f 1.8 
4.9 f 2.3 
4.3 f 1.6 
4.6 f 2.7 


Since little radioactivity remained in the body after 8 d (Table I I ) ,  the iota1 
absorption amounted to -10-1 5% of the administered dose. 


Thc absorption and excretion occurred rathcr rapidly. The biliary excretion 
rate reached a maximum after I h (Fig. I )  and then declined in  a hyperbolic 
fashion. The maximal urinary excretion rate probably was reached wi th in  2 


h (Fig. 2) followed by a hyperbolic dcclinc. Within I d -83%and within 2 d 
-9% of the total amount absorbcd wcrc eliminated from the body. 


After 8 d, <0.5% of the administered dosc remained in  the body. The highest 
radioactivity ( I  0 times inore than in blood) was found in bone marrow. I ligher 
lcvcls of radioactivity wcrc observed in renal fatty tissue, livcr. pancreas. skin, 
adrcnals, and the lymph nodes than in  the blood. The valucs from the lymph 
nodes, however, give only an estimate of the actual value, due to the vcry small 
amounts of material available for the determination of the radioactivity in  
these organs. 


The small amount of radioactivity absorbcd from thc GI tract probably 
consisted of low molecular weight components in the polymer. The figure of 
10 15% is vcry similar to the 13% that was rapidly cxcretcd after subcutaneous 
injection (6) and was, as mentioncd above, attributed to low molecular wcight 
components of the nanopariicle material. Whcther ihesc components can be 
used as  carriers for nonabsorbable drugs is still an open qucstion. The main 
part of the nanoparticle material, though capable of a carrier function, is not 
absorbable by rats. Bccauseof the cnhanccd endocytotic activity of tumor cclls 
(9). nanoparticles loaded with cytostatic carriers may be useful for the 
treatment of carcinomas of the GI tract. 
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Abstract 0 A simple and rapid method for quantitating acetylcholine in a 
lyophilizcd preparation by high-performance liquid chromatography (HPLC) 
is described. A reverse-phase column with a refractivc index detector was 
utilized for the assay. The HPLC system was able to separate acetylcholine 
from choline, a major degradation product, which was verified by running 
a degraded sample of a commercial preparation. The HPLC results were 
compared with the results obtained by a spectrophotometric proccdure. 


Keyphrases 0 Acetylcholine-high-performance liquid chromatographic 
determination, lyophilized preparation 0 High-performance liquid chro- 
matography-determination of acctylcholinc 0 Lyophiliied preparation- 
acetylcholine, high-performance liquid chromatographic determination 


Acetylcholine is an endogenous parasympathomimetic agent 
thought to play an important role in the transmission of nerve 
impulses at  synapses and myoneural junctions. Because the 
action of this parasympathetic stimulation is abrupt and 
fleeting, acetylcholine has limited therapeutic use. However, 
this unique property is presently being used to advantage in 
an intraocular irrigating fluid to obtain complete miosis in-  


stantaneously after delivery of the lens in cataract surgery. The 
product’ is in  a vial of two compartments: the lower chamber 
contains a lyophilized preparation of acetylcholine chloride 
with mannitol as a tonicity adjusting agent. The upper 
chamber contains sterile water for injection, and the two 
chambers are separated by a rubber plug. Since aqueous so- 
lutions of acetylcholine are unstable, the drug is reconstituted 
in  sterile water just prior to use. 


There have been several reports on chemical assays for 
acetylcholine. An excellent review of the current chemical 
methods has been published ( I ) .  The classical colorimetric 
method (2)  suffers from lack of specificity. 


Several gas chromatographic procedures have been re- 
ported. Primary means of detection have been either flanie 
ionization (3) or mass spectrometry (4). In  all cases, they in- 
volve volatilizing acetylcholine either by demethylation (5) 
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bound to biomacromolecules rather than have been further 
metabolized and eliminated as the end products of the acti- 
vating pathway. Our preliminary work also indicates that -5% 
of the I4C-label is covalently bound to biomacromolecules at 
the end of the 3-h experiment4. Others have found carbon-14 
bound to biomacromolecules after incubation of [2-“T] ni- 
trofurantoin with microsomal preparations from rat liver and 
lung (29). It is probable, therefore, that at least some portion 
of the dose of nitrofurantoin is covalently bound to the 
biomacromolecules in the perfused rat kidney with the re- 
mainder eliminated by as yet unidentified metabolic pathways. 
Since none of the nitrofurazone was excreted as the 5-amino 
or cyano metabolite, there is no direct evidence that any of the 
drug was reductively activated for binding to biomacromole- 
cules. Other investigators have, however, found I4C-label co- 
valently bound to the proteins, DNA, and RNA, of the liver 
and kidney of rats fed [2-14C]nitrofurazone (30), and our 
preliminary studies have found -5% of the 14C-label bound 
to biomacromolecules of the nitrofurazone perfused kidney4. 
The remaining 80% of the dose of nitrofurazone was accounted 
for by as yet unidentified metabolites in the perfusate and 
urine. These studies indicate that the perfused kidney does 
metabolize both nitrofurantoin and nitrofurazone. Further- 
more, the more toxic nitrofurazone appears to be more ex- 
tensively metabolized. 
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Pharmacokinetic Implications of 
Stereoselective Changes in Plasma-Protein 
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with warfarin 


To the Editor: 


The intensity of the observed pharmacological response 
produced by any drug is invariably related, directly or indi- 
rectly, to its plasma concentration. In the systemic circulation 
most drugs are bound to plasma proteins, and thus an equi- 
librium is established between bound and free drug. Since free 
drug alone is the pharmacologically active agent, the drug- 
plasma protein interaction may not only influence overall drug 
disposition but also affect the magnitude and time-course of 
the pharmacological response. In theory, numerous models 
could describe the relationship between hepatic clearance and 
plasma protein binding. However, a widely accepted model 
which has been shown to explain the vast majority of empirical 
observations, and one which is consistent with the results to 
follow, is the so-called well-stirred model ( 1  -4). For drugs 
exhibiting a low extraction ratio (ER <0.3), it may be shown 
that their observed total body clearance (CL) is directly related 
to their unbound fraction within plasma V;) (5, 6). Conse- 
quently, for low-extractration ratio drugs which are highly 
protein bound (>98%), a small change in the fraction of the 
drug bound to plasma protein will not only result in a relatively 
large change infu but also in a proportional change in CL and 
may thus have potentially important consequences in the in- 
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terpretation of the relationship between pharmacokinetic 
parameters and the observed pharmacological response. 


Since albumin (the principal plasma binding protein for 
weakly acidic drugs) is chiral, its interaction wi th  the enan- 
tiomers of racemic drugs might be expected to be different. 
Although stereoselective diffcrences in protein binding have 
been previously noted (7-lo), the implications of the phe- 
nomenon have not been generally recognized. The potential 
importance of stereoselective changes in plasma protein 
binding was demonstrated with the oral anticoagulant warfarin 
in its interaction with the uricosuric agent sulfinpyrazonel. 
Warfarin is administered as a racemic mixture despite the fact 
that the (S)-enantiomer is approximately five times as potent 
as the (R)-enantiomer. Moreover, the drug is highly bound 
(>98%) to plasma proteins. 


The measurement of the free fraction of a highly bound drug 
such as warfarin is technically difficult due to the very low 
concentration of unbound drug (nanograms per milliliter at 
therapeutic levels). The problem is further compounded if the 
stereochemical composition of the free fraction is to be de- 
termined. One solution to the problem of measuring differences 
in enantiomeric binding is to use pseudoracemic drugs (a 1 : 1 
mixture of (R)-[I2C]warfarin and (S)-[2-13C]warfarin2) and 
then analyze the enatiomer concentrations by GS-MS, as 
previously reported (12). The advantage of this approach is 
that it allows an assessment of the drug in essentially the exact 
same form (racemate) as that which is used clinically. In  ad- 
dition, since MS allows differentiation of the two enantiomers 
within the same experiment, error can be significantly reduced. 
For example, the ratio, and changes in the ratio, between 
corresponding ions representing the ( R ) -  and (S)-enantiomers 
can be measured directly without reference to internal stan- 
dards or the requirement of mathematical treatment of any 
kind. The calculation of the degree of binding does, however, 
require the presence of a suitable internal standard and further 
data trea tment. 


Blood was drawn from healthy normal male volunteers and 
collected into flint-glass tubes containing 15% w/v potassium 
EDTA solution (0.1 mL), oneof the few anticoagulants found 
to have little or no effect on drug-protein binding ( 1  3). Care 
was taken to avoid contact with materials that might modify 
the protein binding interaction in  any way (14). Plasma was 
separated from the cellular components by centrifugation and 
all plasma samples were pooled. To a 12-mL plasma sample 
was added a methanolic solution (10 pL) of pseudoracemic 
warfarin to yield a final plasma concentration of 10 pg-mL-I. 
The spiked plasma samples (10 mL) were transferred into 
polycarbonate ultracentrifuge tubes and centrifuged at 50,000 
rpm (300,OOOXg) for 20 h at 30OC. The clear supernatant (5 
mL), containing unbound drug, was removed and to it was 
added a known amount of [phenyl-2Hs]warfarin, the internal 
standard. The ultracentrifugation technique was chosen for 
its ability to handle relatively large plasma volumes. This 
feature is important as the low unbound concentration of 
warfarin necessitates the extraction of large volumes of plasma 
water to obtain sufficient amounts of the enantiomers for 
analysis. There are, however, practical concerns wi th  this 
method. Contamination of the supernatant with albumin may 
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isotopic purity was as previou4y described (I 1) 


result in erroneous estimates of the unbound fraction. For 
highly bound drugs such as warfarin, even minor contamina- 
tion with albumin yields unnaturally highfu values. Clearly, 
this is not the case in our investigations. Artifactualf, values 
would also be readily apparent if there were any dissociation 
of the drug-protein complex during the centrifugation process. 
Although studies were undertaken to investigate the possibility, 
no evidence was found to suggest a concentration gradient of 
unbound warfarin (a result of sedimentation/layering) existed 
within the supernatant. Of the remaining 2 mL of spiked 
plasma, containing total (bound plus unbound) drug, a I-mL 
sample was similarly spiked with the inlernal standard. The 
plasma and supernatant were extracted and derivatized as 
previously outlined for plasma samples1. Relative and absolute 
quantitation of (R)-[I2C]- and (S)-[2-I3C]warfarin was ob- 
tained by measurement of ion ratios wi th  reference to the in- 
ternal standard uia GC-MS analysis ( 12). 


The results of the study are shown in  Table 1. Although 
differences in the degree of binding of the two enantiomers was 
not significant, these differences are greatly magnified when 
considered in terms of the pharmacologically active free 
fractions. These data indicate that the (S)-enantiomer is more 
highly bound than the (R)-enantiomer, as previously reported 
(9). I t  is interesting to note the good agreement between our 
results and those reported previously, particularly in light of 
the different methodologies that were employed. 


We have previously shown that (R)-warfarin has a greater 
distribution volume than the (S)-enantiomerI. As only free 
drug is available to distribute throughout the body, consider- 
ation of the present data provides an explanation for this o b  
servation: (S)-warfarin, being more highly bound to plasma 
proteins than the (R)-enantiomer, would be expected to have 
a smaller distribution volume, since it is more confined to the 
circulatory system. Interestingly. the ratio of the apparent 
volumes of distribution of the ( R ) -  and (S)-enantiomers 
( VR:VS = 1.6) is almost identical to the unbound fraction ratio 
(Table I) .  


(.!+Warfarin has been shown to be about five times more 
potent an anticoagulant than its optical antipode. Determi- 
nation of this difference, however, did not take into account 
the differential binding of the enantiomers (15) and thus does 
not reveal the true (intrinsic) difference in  potency between 
the cnantiomcrs. When protein binding is taken into account, 
the (S)-enantiomer has an inherent potency approximately 
eight times greater than that of the (R)-enantiomer. Clinically. 
it is sufficient to acknowledge the apparent differences in po- 
tency; however, the intrinsic difference in potency is important 
for the postulation of potential receptor sites and consideration 
of structure-activity relationships. 


Changes in the plasma protein binding of a drug arising 
from multiple-drug therapy is well documented; probably, it 
is the most common explanation for any drug-drug interac- 
tions. Plasma is, however, an open compartment, and any drug 
that is displaced from plasma proteins will rapidly distribute 
into the tissue compartments. Consequently, the transient 
increase infu  produced by the displacing drug is often of little 
pharmacological importance. Sulfinpyrazone is a widely used 
uricosuric agent, but more recently its effects on platelets has 
led to its use in the treatment of a variety of thromboernbolic 
disorders. It is now well documented (16) that if warfarin and 
sulfinpyrazone are coadministered, the pharmacological re- 
sponse to warfarin is enhanced; the basis of the interaction 
appears to be metabolic in origin'. The important and poten- 
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Table I-Enatiomeric Binding Data of Pseudoracemic Warfarin (10 
pg.rnL-') in the Absence and Presence of Sulfinpyrazone (15 pg.mL-') 


Control Sulfinpyrazone 


( R ) : ( S )  Unbound I .58 (SD f 0.1 5; 2.25 (SD f 0.26; 
fraction (fU) ratio n = 11) n = I I )  


I test p < 0.001 
Percentage boundo 


( R )  99. I5 (SD f 0.24) 98.73 (SD f 0.14) 
(fu% = 0.85) (fU% = 1.27. increase 


of 49.41%) 
( S )  99.47 ( S D  f 0.16) 99.42 (SD f 0.10) . ,  


cf,%=0.53) ' (fU% = 0.58. inircase 
of 9.43%) 


pesudoracemate 99.3 I (fu% = 0.69) 99.08 (fu% = 0.92, 
increase of 34.06%) 


Calculated as the mean of the individual enantiorner binding data. 


tially complicating role that stereoselective changes in protein 
binding play in the interaction is evident from a consideration 
of the equation for total body clearance which pertains to 
poorly extracted drugs ( 6 ) :  


CL = fu . CL' 


Without acknowledging the stereoselective change in fu 
between the two warfarin enantiomers brought about by 
concomitant sulfinpyrazone administration, one might in- 
correctly conclude that any inequivalent change in CL between 
(R)- and (S)-warfarin has its origins at the enzymatic level 
(as measured by the intrinsic clearance CL'),  a result of met- 
abolic induction or inhibition. In light of our present obser- 
vations, i t  is apparent that stereoselective protein binding 
displacement of a poorly extracted drug may manifest itself 
as an inequivalent change in the CL of the two enantiomers in 
the absence of any dynamic change in metabolism. Sulfinpy- 
razone is metabolized in humans, and the plasma-protein 
binding of the parent drug and its metabolites have been in- 
vestigated ( 17). Obviously, sulfapyrazone metabolites could 
complicate the protein binding interaction with warfarin in 
uiuo; however, our evidence with volunteers who concomitantly 
receive warfarin and sulfinpyrazone ( 1  5 )  indicate this is not 
the case. Interestingly, sulfinpyrazone has been reported to 
induce the metabolism of (R)-warfarin while simultaneously 
inhibiting the metabolism of the (S)-enantiomer (1 8, 19). 
These conclusions were drawn from the sulfinpyrazone-in- 
duced changes in enantiomeric clearance. 


(1)  M. Rowland, L. Z. Benet, and G .  G .  Graham. J .  Pharmoacokinet, 


(2) K. S .  Pang and M. Rowland, J .  Pharmacokinet. Biopharm., 5,625. 


(3) K .  S. Pang and M. Rowland. J .  Pharmacokinet, Biopharm., 5.655. 


(4) K .  S. Pang and M. Rowland. J .  Pharmacokinet. Biopharm., 5,68 I ,  


(5) G.  R. Wilkinson and D. G .  Shand. Clin. Pharmacol. Ther., 18,377 


(6) G .  Levy and A. Yacobi. J .  Pharm. Sci., 63,805 (1974). 
( 7 )  F. Karusch, J .  Am. C'hem. SOC., 76,5536 (1954). 
(8) W. E. Muller and U .  Wollert, Mol. Pharmacol., 11.52 (1975). 
(9) A. Yacobi and G.  Levy, J .  Pharmacokinet. Biopharm.. 5, 123 


(10) S. A. Bai, U.  K. Walle, M. J .  Wilson, and T .  Walle, Drug Mrrab. 


( I  I )  W. R. Porter, K .  Kunze, E. J .  Valente. and W. F. Trager, J .  Lubelled 


( I  2) E. D. Bush, L. K. Low, and W. F. Trager, Biomed. Mass Spectrom., 


(13) W. F. Van der Giesen and J. Wilting, Methods Find. Exp. Clin. 


Biopharm., 1,123 (1973). 


(1977). 


(1977). 


(1977). 


(1975). 


( 1977). 


Dispos., 11, 394 (1983). 


Comp. Radiopharm. 17,763 (1980). 


10,395 (1983). 


Pharmacol., 4.4 I7 ( 1982). 


(14) K.  M. Giacomini, J. C. Giacomini, and R. T. Blaschke. Biorhem. 
Pharmacol., 29,3337 (1980). 


( I  5 )  J. N .  Eble, B. D. West, and K.  P. Link. Biochem. Pharmacol. 15, 1003 
(1966). 


(16) J .  M .  Davis and L. E. Johns, Jr., N .  Engl. J .  Med.. 299. 955 
( 1978). 


( 1 7 )  P. Jakobson. A. K. Pedersen, and F. Andrease, Acra Pharmacol. 
Toxicol., 51,243 (1982). 


(18) J .  0. Miners, T .  Foenander, S. Wanwimolruk. A. S. Gallus, and D. 
J .  Birkett, Eur. J .  Clin. Pharmacol., 22,327 (1982). 


(19) R. A. OReilly,  Circulation, 75,202 (1982) 


Stephen Toon 
William F. Trager 
Department of Medicinal Chemistry 
School of Pharmacy 
Lniversity of Washington 
Seattle. W h  98195 


Received October 14, 1983. 
Accepted for publication September 20, 1984. 
This work was supported by Grants GM 2860 and G M  32165 from the 


National Institutes of Health. 


Thermodynamic Studies of Tolbutamide Polymorphs 


Keyphrases 0 Tolbutamide-crystalline polymorphs. solubility as a function 
of temperature, polymorphic conversion, transition temperature 


To the Editor: 


Aqueous suspensions of tolbutamide were found to thicken 
to an unpourable state after several weeks of occasional 
shaking (prior to daily dosing). Samples of the same suspen- 
sions that were not shaken showed excellent stability after 
years of storage at ambient and elevated temperature. Mi- 
croscopic examination revealed that the thickening was due 
to partial crystalline conversion of the original plate-like tol- 
butamide crystals to very fine needle-shaped crystals, which 
tend to form a highly flocculated structure. The crystals were 
identified as a polymorphic form rather than a solvate or 
change in habit. IR spectra and X-ray diffraction confirmed 
that the acicular form is identical with Burger's form 111 (1). 
The polymorphic conversion was unexpected since published 
solubility data suggest that form I is the more stable polymorph 
at room temperature ( I ,  2). However, a transition temperature, 
above which form 111 converts to form I, has been reported by 
several investigators to be somewhere between 98.5OC and 
1 18OC (1 ,3 ,4) .  An inconsistency here is clearly apparent: form 
I cannot be the more stable polymorph at temperatures both 
above and below a transition temperature. Furthermore, the 
reported solubility data ( I )  indicating that form I is less soluble 
than form 111 at  37OC conflict with suspension stability data 
generated in this laboratory, which indicate that form I con- 
verts to form 111 at  room temperature. To resolve the dis- 
crepancy between the published literature and recent obser- 
vations in this laboratory, the aqueous solubilities of poly- 
morphs I and 111 were determined as a function of tempera- 
ture. 


The form I tolbutamide used in this study was prepared for 
commercial use by a final recrystallization from methanol- 
water'. Form 111 was made by stirring an aqueous suspension 


~ ~~ 


I Lot No. 445HS; The Upjohn Co.. Kalarnazoo. Mich. 
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is not a white, chalk-like powder, but rather a clear, viscous, sugar-water gel. 
This characteristic explains the formation of the third layer in the high-con- 
centration sugar samples. 


The increase in volume of the coacervate phase in the high-concentration 
theophylline samples (Table I) indicates a general increase in the structuring 
of this phase. In this case, the additives also act as  general structure makers 
causing an increased nonpolarity of the equilibrium phase. This hypothesis 
is consistent with the decrease in electrical conductivity of these samples (Fig. 
4), indicating a more structured system. 


If the coacervate state is a model for human cytoplasm, then clinical par- 
allels should be found in man. The decrease in the volume of the coacervate 
layer in the high-concentration sugar samples may be related to the known 
delayed healing of wounds in diabetics with low insulin and therefore high 
blood sugar levels. Ecanow et al. (7) have hypothesized that this delay in 
healing is partially caused by a rupturing of the cells in the wounded area from 
the high sugar concentrations acting as a structure breaker of these cells. This 
hypothesis is consistent with the decrease in the volume of the coacervate in 
the high-concentration sugar samples (acting as a structure breaker in the 
highly structured coacervate phase) without noticeable effect on the loosely 
bound equilibrium phase. 


For each additive, the conductivity of the coacervate phase is reduced 
compared with the equilibrium phase (Figs. 2-5). This decreased conductivity 
of wcervates  is consistent with both the hypothesis of Ecanow e ta / .  (7) that 
conditions like malignancy occur in a nonpolar aqueous matrix (coacervate) 
and the findings of Lowenstein and Kanno (8) that malignant cells have a 
reduced action potential. Also, a low conductivity of the sugars is shown which 
may be related to the known depressant effect of sugars on the central nervous 
system, culminating in diabetic coma with high glucose concentrations (4). 
The effect of high concentrations of sucrose on membrane interface disori- 
entation (structure breaking) can account for the known low absorption rate 
of sucrose in the intestine, compared to glucose (9). 


The conductivity of caffeine was highest, followed by theobromine and 
theophylline (Fig. 2). These data may have a relationship to the decurarizing 
effects of these three drugs with caffeine showing the greatest effect, followed 
by theobromine and theophylline (10). With higher concentrations (Fig. 4) 
the conductivity was generally highest in theobromine, then caffeine and 
theophylline. These data may then be related to the effects of these drugs on 


urine production with theobromine showing the greatest effect followed by 
caffeine and theophylline, as reported by Scott el a / .  (11). 


The increase over control values of the caffeine (Figs. 2.4) followed by a 
reversal of a decrease with high concentrations (Fig. 4) finds a clinical parallel 
in the known increased cardiac contraction effect of caffeine at  concentrations 
of 0.25- 1 S O  mM and a decreased contraction effect with concentrations >2.0 
mM as reported by Guboreff and Sleator (12). 


This discussion has shown a number of clinical parallels in the conductivity 
changes from the drug and sugar series and provides evidence in favor of the 
usefulness of a coacervate system as a model for human cytoplasm. 
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Urinary Metabolites of the Antiprotozoal Agent 
cis-3a,4,5,6,7,7a-Hexahydro-3-( 1 -methyM-nitro- 1 H- 
imidazol-2-y1)- 1,2-benzisoxazole in the Rat 


W. J. A. VANDENHEUVELx, B. H. ARISON, H. FLYNN, 
G. J. GATTO, H. E. MERTEL, and P. G. WISLOCKI 
Received June 15, 1983, from Merck Sharp & Dohme Research Laboratories, R a h w q ,  NJ 07065. Accepted for publication February 2, 1984. 


Abstract 0 IH-NMR and MS were employed to identify 13 rat urinary 
metabolites of ’‘C-labelcd cis-3a,4,5,6,7,7a-hexahydro-3-(l-methyl-5- 
nitro- I H-imidazol-2-yl)- I ,2-benzisoxazole (MK-0436). The major free 
(unconjugated) metabolite was cis-3a,4,5.6.7,7a-hexahydro-3-carboxam- 
ido-1.2-benzisoxazole; it was also the second most abundant metabolite re- 
leased during hydrolysis of the conjugated fraction. All other identified me- 
tabolites were hydroxylated analogues substituted at C(4)-C(7a) of the 
cyclohexane ring. The 4-equatorial,5-axial,7a-triol was the second most 
abundant metabolite excreted in  an unconjugated form. Four monohydroxy 
(5-axial. 6-axial. 6-equatoria1, 7-equatorial) metabolites of the drug were 
identified; they were found in  the conjugated fraction only and were released 


by hydrolysis. The 5-axial hydroxy compound is the major conjugated me- 
tabolite and is overall the most abundant of all the metabolites. Six dihydroxy 
metabolites were identified: one was found exclusively in the free state, three 
as conjugates only (including the 7-axial.7a-diol. which is the major dihydroxy 
species), and two both free and conjugated. A second trio1 was found both free 
and conjugated. 


Keyphrases 0 cis-3a,4,5,6,7,7a-Hexahydro-3-( 1 -methyl-5-nitro- 1 H-im- 
idazol-2-yl)-l,2-benzisoxazole--urinary metabolites, rat, NMR. MS 0 
Hydroxylation-conjugation, cis-3a,4,5,6,7,7a-hexahydro-3-( I methyl-5- 
nitro-l H-imidazol-2-yl)- 1,2-benzisoxazole, NMR,  MS 


Elliott and co-workers (1) reported that in the rabbit, the and Jenner (3) also discussed the metabolic hydroxylation of 
urinary metabolites of cyclohexane were cyclohexanol and cyclohexyl ring systems. Substituted nitroimidazoles are 
cyclohexane-trans- 1,2-diol (as conjugates); Renwick and known to undergo hydroxylation on their hydrocarbon 
Williams (2) showed that cyclohexylamine was converted to moieties: metronidazole is hydroxylated on the 2-methyl group 
mono- and dihydroxy metabolites (free and conjugates). Testa (4), ipronidazole on the 2-isopropyl group (5). The antipro- 
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tozoal agent cis-3a,4,5,6,7,7a-hexahydro-3-( 1 -methyl-5- 
nitro-lH-imidazol-2-yl)-l,2-benzisoxazole (MK-0436, 1) is 
metabolized by the dog to a series of alicyclic ring hydroxyl- 
ation products (6,7). The in uitro [rat liver post mitochondria1 
fraction (SS)] metabolism of I was reported rccently (8). As 
in the dog study, metabolite formation in all cases involved 
biotransformations on C(4)-C(7a) of the cyclohexane ring. 
Two dihydroxy and seven monohydroxy metabolites were 
identified; the major in uitro metabolite is the 5-axial hydroxy 
analogue. The rat urinary metabolite study reported herein 
was executed to allow a direct comparison of the in uitro and 
in uiuo metabolism of 1, which possesses trypanocidal activity 
(1, 9-12) and is reported (6)*.2 to be converted to bioactive 
metabolites. 


H 


I 


EXPERIMENTAL SECTION 


Two Sprague-Dawley CD rats were pretreated with phenobarbital (0.1% 
in their drinking water) for 8 consecutive days. The animals were then dosed 
twice (16 h apart) a t  500 mg/kg ip with I labeled with carbon-I4 in the 3a- 
and 7a-positions (uide inJra). Urine, collected until 24 h following the second 
dose of labeled 1. was cxtracted with dichloromethane. The spent urine was 
incubated for 5.5 h at 37°C with 8-glucuronidase and sulfatase3 and then 
extracted with dichloromethane. The solvent was removed under reduced 
pressure to give two fractions containing the “free” and “liberated” metabolites 
of I (fractions 1 and 2. respectively). These fractions were subjected to TLC4 
with solvent5 system A (toluene-ethyl acetate, 3:l) to yield partially purified 
metabolite fractions. Further purification was achieved by repeated use of 
this system and by TLC with two other solvent systems (system 8: dichloro- 
methane-methanol, l0:l; system C: trimethylpentane-2-propanol, 4: 1 ). 
Metabolite zones were scraped from the plates, and metabolite fractions were 
isolated as described previously (8). The latter were assayed for radioactivity 
by use of the liquid scintillation counting technique6. 


Electron-impact’ mass spectra (low resolution) of metabolite fractions were 
obtained using a 3.5-kV accelerating potential, 6 0 - ~ A  trap current, 70-eV 
ionizing cnergy. and 25OOC source temperature. High-resolution (exact- 
mass)8 mass spectrometric data were obtained using an 8-kV accelerating 
potential, 100-eV ionizing potential, and 200OC source temperature. Chem- 
ical-ionization9 mass spectrometric data were obtained using methane as the 
reagent gas ( I  Torr) and a 150-eV ionizing potential, 0.8-mA emission current, 
1.8-kV electron multiplier, and 13OOC source tcmperaturc. IH-NMR spec- 
tra1° were obtained in deuterochloroform using tetramethylsilane as the in- 
ternal standard. The chemical shifts and coupling patterns of H3a and H7a 
together with any new signals in the 6 3.5-5.5 ppm region (i .e. ,  diagnostic of 
HCOH) were used toassign the location and stereochemistry of the hydroxyl 
groups of the transformation products. 


Labeled 1 was preparcd as shown in Scheme 1. Ethyl [’4C]formate was 
treated with Grignard reagent prepared from I ,5-dibromopentane and 
magnesium to give [ I-14C]cyclohexanol, following the procedure of Fields 
ef al. (13) .  Treatment of the [ I-14C]cyclohexanol with phthalic anhydride 
and p-toluenesulfonic acid (catalyst) then gave [ 1 ,2-t4Clcyclohexene (14). 
Reaction of the labeled cyclohexene with I-methyl-5-nitro-l H-imidazol- 
2-hydroxyamoyl chloride ( I  5) gave [3a,7a-I4C] I. 


I B. M. Miller, R. Meurer, and W. J. A. VandenHcuvel, unpublished results. * H. Skeggs. R. M. Bcrglund, W. J .  A. VandcnHcuvel, P. G. Wislocki. 11. Mrozik. 


’ Each milliliter contained I200 U of 0-glucuronidase and 36,000 U of arylsulfatasc; 


‘Silica gel F; Brinkmann. 


’ LKB 9000. * MAT731; Varian. 


l o  Model SC 300-MHz spectrometer equipped Hith a Fourier transform accessory; 


and F. J. Wolf. unpublished results. 


Calbiochem. 


Distilled in glass; Burdick and Jackson. 
Tricarb Liquid Scintillation Spectrometer and INSTA-GEL cocktail; Packard. 


Model 3200; Finnipan. 


Varian. 


OH 


f’hthalic p - T O S O H  anhydride ’ ‘0 + o*$kc”ji 
I I  


CH3 C 1  


Il l  


Scheme I-Synthesis outline; asterisks indicate positiou(s) 
label. 


of the 14C- 


RESULTS AND DISCUSSION 


The pre- and posthydrolysis extractions resulted in the isolation of most 
(70%) of the total urinary radioactivity. with 70% of this associated with the 
posthydrolysis extraction fraction. Analytical TLC (solvent system A) of the 
pre- and posthydrolysis extraction fractions ( I  and 2, respectively) demon- 
strated their multicomponent nature. The fractions wcre subjected to pre- 
parative-scale TLC with the Same solvcnt system. Fraction I gave three major 
radioactive zones ( R f 4 . 0 5 ,  4.10, and 4 . 2 7 )  with no evidence of more than 
a trace of the parent drug ( R ~ 0 . 7 0 ) .  The liberated metabolites (fraction 2) 
were subjected to preparative TLC as above; a broad, smeared zone (RJ 
-0.05-0.10) and three moredefined zones ( R j 4 . 1 5 . 4 . 2 0 ,  and 4 . 2 8 )  were 
obtained, each of which contained drug-related species. These seven metabolite 
zones were further purified by TLC using solvent systems A-C to yield a total 
of 16 metabolites, I3  of which (accounting for >98% of the total of isolated 
metabolites) were identified (Table I). Five of the isolated, identified me- 
tabolites (or hydrolysis products thereof) were shown to be compounds pre- 
viously identified as biotransformation products of I ,  and their designations 
(111 and VI-IX, respectively) arc as previously described (7, 8). The mon- 
ohydroxy compounds (VI,  VII,  and IX) were found as rat in oirro metabolites 
(8), and 111 was found in dog urine (7). Compounds IX and VI were found 
to be the major and second most abundant rat in uirro metabolites, respec- 
tively. The dihydroxy metabolite Vll l  was found both as a rat in uitro me- 
tabolite (8) and a dog urinary metabolite (unconjugated) (7). 


The electron-impact mass spectrometric behavior of I and several of its 
metabolites (those possessing hydroxyl groups on the cyclohexane ring) was 
discussed previously (6, 7). Not only do increases of 16 mass units in  the 
molecular ions signify the number of oxygen atoms added to form hydroxyl 
groups, but the continuing presenceof the fragment ions of m/z 153 and 195 
appears to demonstrate that metabolism has occurred on the cyclohexane ring 
(6.7). Thus for I and its mono-, di-, and trihydroxy metabolites, the molecular 
ions are m/z 250,266,282, and 298, respectively, and with these compounds 
the fragment ions m/z 153 and 195 are observed (see Table 11 for represen- 
tative spectral data). 


H 


With respect to the identified rat urinary metabolites, two [the 5-equato- 
rial,7a dihydroxy (XVI) and 4-equatorial,5-axial.7-axial trihydroxy (XVII) 
metabolites] were found only in the frcc form. Seven were found as conjugates 
only [the 5-axial hydroxy (IX), 6-axial hydroxy ( I I I ) ,  6-equatorial hydroxy 
(VII), 7-equatorial hydroxy (VI), 5-axial,6-equatorial dihydroxy (XVIII), 
7-axia1,7a dihydroxy (XIX), and 7-equatorial,7a dihydroxy (XX) metabo- 
lites]. Four of the metabolites [5-axial,7a dihydroxy (VIII), 5-axial,7-axial 
dihydroxy (XII), 4-equatorial,5-axial,7a trihydroxy (XXI), and the carbox- 
amide (XXII) metabolites] were found in both free and conjugated forms. 
Identification of the eight newly recognized melabolites (XI1 and XVI-XXII; 
each isolated by TLC and homogeneous in three solvcnt systems) is discussed 
below (cf. Table I). 


Metabolites XVI and XVII, under electron-impact mass spectrometry 
conditions, possess molecular ions of m/z 282 and 298, respectively, and thus 
these compounds are di- and trihydroxy analogues of I (for comparison, I yields 
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Table I-Identified Rat Urinarv Metabolites of I 


Form in Urine Compound 


Fraction of 
Total Identified Rf Valuesb 
Metabolites, %" AC B d  C' 


Free only 


Conjugate only 


Free/conjugate 


XVI 5 eq,7a-(OH)? 
XVII 4 eq,5 ax.7 ax-(OH)3 
IX 5 ax-OH 
111 6 ax-OH 
VII 6 eq-OH 
VI 7 q - O H  


XVllI 5 ax.6 ea-(OHI, 
XIX 7 ax:7a-(OH)z'- 
X X  7 eq,7a-(OH)2 


XXlI A m i d d  
VlII 5 ax.7a-(OH17 


I 
I 


41 
1 
4 
9 
1 
3 
I 


30 
2 


0.02 
0.03 
0.10 
0.09 
0.07 
0.20 
0.02 
0.1 I 
0.07 
0.27 
0.03 


0.57 0.35 
0.66 0.21 
0.77 0.52 
0.78 0.36 
0.70 0.4 I 
0.82 0.53 
0.63 0.3 1 
0.73 0.54 
0.68 0.48 
0.86 0.59 
0.67 0.45 


X ~ I  5 ai ,7  a i - (Oii)z  2 0.03 0.72 0.35 
XXI 4 eq,5 ax,7a-(OH)3 3 0.08 0.70 0.44 


The identified metabolites accounf for >98% of the isolated metabolites. Silica gel TLC. Toluene-ethyl acetate, 3 : l .  Dichlorornethane-methanol, 1O: l .  Trimethylp- 
tane-2-propanol, 4:l. 3a,4,5.6,7,7a-Hexahydro-3-carboxamido-I .2-benzisoxarole. 


Table 11-Pertinent Ions Found in the Mass Swctra ' of I and Three of Its Urinarv Metabolites 


Relative Intensity of Ion 
mlz mlz mlz m/z mlz m/z mlz m/z m/z mlz m/z m/z mlz mlz m/z mlz 


Compound Substitution 298 282 266 265 264 263 250 249 247 233 232 231 205 195 153 107 


loo -- - 44 23 - 19 37 13 24 
35 - - - -_ 7 -  100 60 I5 


18 ._ - - .- 100 41 14 loo 10 5 


- - -_ - - - - I 
19 17 - - IX 5-ax-OH - ._ 


27 - 15 12 - - - XVI I I 5-ax,6-eq-(OH)2 - 
XVII 4-eq,S-ax,7-ax-(OH3) 6 - - - - 3 - - - - - - -_ 


Electron-impact low-resol~tion~ 


a molecular ion of mlz 250). The presence of fragment ions mlz 153 and 195 
in the mass spectra of the metabolites strongly suggests (6) that hydroxylation 
occurred on the cyclohexane ring. Pertinent NMR data for the two metabolites 
are as follows: XVI: 6 3.86 (m, Hbar) and 3.50 ppm (dd, 11.5, 7.2, Hja); XVII: 
6 4.99 (dd, 11.4, H7a). 4.36 (m, H 4 . 4 . 2 2  (br s, H4ax). and 3.80 ppm (dd, 


The hydrolysis products of XVIII-XX each exhibit molecular ions of m/z 
282 and fragmentation patterns indicative of hydroxylation of the alicyclic 
ring; these metabolites are thus dihydroxy analogues of I .  N M R  data critical 
for locating the hydroxy groups and defining their stereochemistry in these 
compounds include: XVIII: 6 4.69 (m, H7a), 4.04 (br s, Hscq), 3.57 (m, HbaX). 
and 3.74 ppm (dt, H3=); XIX: 6 4.22 (dd, 6.5,4.5, H7sq). and 3.70 ppm (dd. 
I I ,  7, H3a); XX: 6 4.02 (dd, 10,6, H7ax) and 3.66 ppm (t 8.5, H3& The NMR, 
MS, and TLC data of XVlII match those for the synthetic 5,6-cis (5- 
axial,6-equatorial) diol of I " .  


Two of the newly identified metabolites found both free and as conjugates 
were also shown to be hydroxy analogues of 1. Metabolites XI1 and XXI ex- 
hibit molecular ions of mlz 282 and 298, demonstrating !hat they are di- and 
trihydroxy species, respectively. The mass spectrometric fragmentation pat- 
terns for the two compounds denionstrated the general sites of substitution 
(C(4)-C(7a)], but NMR spectrometry once again pinpointed the exact 
position and stereochemistry of the hydroxyl groups. Thus, for the 5-axial,7- 
axial-diol (XII).  the NMR data include: 6 4.60 (br d, 7. v7a), 4.32 (m, H7eq 
+ Hjeq). and 4.02 ppm (dt, 1Q7.7, H J ~ ) .  For the 4-equatorial,5-axial,7a-triol, 
the NMR data include: 6 4.09 (br s, H s ~ ) ,  3.44 (dd, 9.0, 3.0, Hdax), and 3.40 
ppm (d. 9.0. Hja). Metabolite XI1 was actually noted previously as an in oifro 
biotransformation product of I but was not identified in the earlier work 
(8). 


Metabolite XXlI is the major drug-related specics in the unconjugdted 
fraction and the second most abundant of the metabolites released from the 
conjugated fraction during hydrolysis. Its relatively large Rf in solvent system 
A suggested that it was not a hydroxy analogue of 1. The mass spcctrometric 
(electron-impact) behavior of XXll (apparent molecular ion of m/z 168. with 
none of the normally encountered metabolite fragment ions) strengthened 
this assumption. Chemical-ionization MS of XXll yielded a pseudomolccular 
ion of m z  169, confirming 168 as the molecular weight of the metabolite. An 
exact mass determination on the molecular ion (m/z  168) gave an empirical 
formula of C,~l11zN202 (calc.. 168.0898; found, 168.0905). The metabolite 
did not possess the CV spectral features (A,,, at 240 and 320 nm) charac- 
teristic of I and its hydroxy metabolites. A structure which fits all these data 
is presented below. NMR data 16 6.54 and 5.39 (2, CON112). 4.58 (qn, 3.7, 


1 1  9 9, H3a). 


' I  H. Mrozik and P. Eskola, unpublished data 


H7J, and 3.26 ppm (q, 8.0, H3a)] confirmed that the metabolite is indeed 
cis-3a.4,5,6,7,7a-hexahydro-3-carboxamido- I ,2-benzisoxazole. 


0 


H 


xx I1 


Three other rat urinary metabolites of I were partially characterized. 
Compound XXIII, found only in the nonconjugated form, is a dihydroxy 
analogue of I. Compounds XXIV and XXV, released from the conjugate 
fraction by hydrolysis, are both monohydroxy metabolites. 


All the rat urinary metabolites of I identified (and the three isolated but 
only partially characterized), except one, are hydroxy analogues of the drug 
with substitution at C(4)--C(7a) of the cyclohexane ring. The loneexception 
is the carboxamide XXIl which arises oia degradation of the nitroimidazolc 
ring. Another carboxamide, acetamide, has been found as a metabolite re- 
sulting from the in uifro reduction of metronidazole by xanthine oxidase (16) 
and the in uiuo (turkey) metabolism of another nitroimidazole, ronidazole 
(17). As XXlI was not found as  an in oifro (rat liver S9) metabolite, it may 
arise in oiuo oia a nonhepdtic metabolic route, such as reduction by gut 
flora. 


Urinary monohydroxy metabolites of 1 were found only as conjugates. 
Compounds IX and VI (released by hydrolysis) are the two most abundant 
(in that order; see Table I )  hydroxy metabolites of 1, paralleling the rat in uifro 
situation (8). Of the two other monohydroxy metabolites, 111 and VII (both 
found as conjugates). the former was previously identified as a canine urinary 
metabolite (7)  and the latter as a rat in oifro biotransformation product 
(8). 


Although dihydroxy metabolites of I are produced by the rat both in uifro 
(free only) and in oioo (free and conjugated), trihydroxy metabolites XVIl 
and XXI are found only as urinary metabolites. Compound XVII was found 
exclusively in the unconjugdted form, whereas XXI was found both free and 
conjugated. The latter is the second most abundant of the metabolites excreted 
free. 


It is clear that the alicyclic hydrocarbon moiety of 1 is very susceptible to 
hydroxylation by the rat. both in oioo and in uiiro. Nine hydroxy analogues 
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of I were identified as rat liver S9 in oitro metabolites, and this current paper 
reports the identification of a dozen metabolites of I i n  which hydroxylation 
occurred at C(4)- C(7a) of the cyclohexane ring. The intact animal produces 
not only a greater total number of and several more-extensively hydroxylated 
metabolites. but also effects an entirely different and quantitatively significant 
metabolic Conversion, i .e.,  degradation of the nitroimida7ole ring. The most 
common metabolic transformation both in uiuo and in oitro, however. is hy- 
droxylation to form the 5-axial hydroxy metabolite. Axial hydroxyl groups 
at C-5 are also found in  three of the dihydroxy metabolites and both of the 
urinary trihydroxy metabolites. 
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Abstract 0 An N,N-dialkylhydroxylamine derivative of indomethacin has 
been synthesized. I t  has been shown to improve the delivery of indomethacin 
through mouse skin (compared to indomethacin itself) by a factor of two. to 
be more effective than indomethacin in inhibiting thermal inflammation (two 
to three times) in animal models, but to be only as effective as indomethacin 
in inhibiting U V - R  radiation erythema in human volunteers. 


Keyphrases Indomethacin-derivatives, erythcma inhibition in  humans, 
inflammation inhibition in rats, delivery vehicle comparison 0 Erythema- 
inhibition by indomethacin derivatives in humans, inflammation inhibition 
in  rats, delivery vehicle 


I t  is well known that UV radiation on skin produces intense 
erythema, pain, and blistering (1 ) .  However, the proximal 
cause or causes of the response of skin to UV radiation is less 
than well understood. U V  radiation is usually divided into three 
arbitrary regions: UV-A, 320-400 nm; UV-B, 320-290 nm, 
which is also known as sunburn UV radiation; UV-C, 290-200 
nm. Regardless of the wavelength, there is a delay of onset of 
redness that is inversely proportional to the intensity of the 
radiation. Furthermore, the erythcma will persist for hours or 
days depending directly on the intensity of the radiation. The 
intensity of the effect of the U V - B  radiation has been shown 
to be particularly sensitive to treatment with nonsteroidal 
anti-inflammatory agents while UV-C radiation is less sensitive 


(2) and UV-A radiation is insensitive to nonsteroidal anti- 
inflammatory agents (3). For instance, topically administered 
indomethacin has been shown to decrease the redness, as de- 
termined visually, and the temperature, as determined by 
telethermomcter readings, of sunburned or UV-B treated skin 
compared with controls (4). 


Since the nonsteroidal anti-inflammatory agents are known 
to prevent inflammation by inhibiting prostaglandin synthesis, 
i t  was logical to suspect that prostaglandins ( 5 )  were the 
proximal cause of at least some of the effects of UV-B radiation 
because UV-B radiation was susceptible to treatment with 
nonsteroidal anti-inflammatory agents. Indeed, increased 
levels of arachidonic acid and prostaglandins Ez and Fz,, were 
found in human skin after treatment with UV-B (6) and UV-C 
radiation (.7); the lcvcls of prostaglandin E increased in a 
parallel manner with increased erythema over the first 4 h after 
exposureof guinea pig skin to UV-B radiation (8). However, 
after 4 h erythema scores stayed high but prostaglandin levels 
fell back to normal (8) .  Thus, oral or topical administration 
of indomethacin completely suppressed the elevation of the 
levels of the prostaglandins (9) but the erythema associated 
with the radiation damage was only partially suppressed 
compared with controls and then for only -24 h, and the acute 
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Abstract 0 The relationship between morphine plasma concentration and 
pupil diameter was evaluated 2-10 h following intravenous administration 
of morphine sulfate (10 mg). Seven healthy male volunteers received 10 mg 
of morphine intravenously following pretreatment for 4 d with either cimet- 
idine (300 mg po four times a day) or placebo in a single blind, balanced 
crossover study. Pupil diameters were measured directly from contact prints 
using calipers and a photographed millimeter scale. Cimetidine pretreatment 
had no significant effect on pupil size either before or after morphine ad- 
ministration or on morphine pharmacokinetics. The relationship between 
morphine plasma concentration (2-10 h postdose) and pupil diameter was 
evaluated from the pooled data from both morphine treatment periods by 
perpendicular least-squares regression. In  each individual, a strong relationship 
existed between morphine plasma concentrations and pupil diameter ( r  = 
-0.76 to -0.91; p < 0.05). Weaker correlations for both pupil diameter ( r  
= -0 .65;~ < 0.OOOl) and the absolute change in pupil diameter from baseline 
( r  = 0.72; p < 0.OOOl) for the grouped data probably reflect intersubject 
variation in morphine sensitivity. Thus, the miotic response to an intravenous 
dose of morphine varies in proportion to morphine plasma concentration. 


Keyphrases 0 Morphine-relationship of morphine-induced miosis and 
plasma concentration in normal subjects 0 Mi&-morphine-induced, re- 
lationship to plasma concentration 


In the initial 2 h following an intravenous dose of heroin, 
pupil diameter is directly related to plasma concentration of 
morphine equivalents in both naive and dependent subjects (1). 
After oral methadone administration, decreases in pupil di- 
ameter appear to follow the same time course as methadone 
plasma concentration (2). While investigating the effects of 
oral cimetidine on the disposition of intravenous morphine (3), 
serial measurements of the extent and duration of morphine- 
induced miosis were made. In this report are described the 
relationships observed in individuals between plasma morphine 
concentrations after an intravenous morphine dose and pupil 
diameter. 


EXPERIMENTAL SECTION 


Seven healthy male volunteers (weight, 65-98 kg; age, 20-38 years) par- 
ticipated in a single blind crossover study and were randomly assigned to re- 
ceive either oral cimetidine (300 mg once every 6 h)  or placebo for 4 d. On day 
four of each treatment period, the volunteers reported for testing after an 
overnight fast. Each subject received either cimetidine or placebo orally. One 
hour later, morphine sulfate (10 mg; 8.5 mg of free base) was administered 
intravenously over 2 min. Plasma wasobtained at a series of times postinjection 
to determine the pharmacokinetics of morphine. Morphine concentrations 
were determined by radioimmunoassay (4). A 7 d  interval separated morphine 
treatments. 


Pupil diameters were measured prior to and at 2, 5 , 7 ,  and 10 h after each 
morphine dose by a photographic technique (5-8). Subjects were placed in 
a dimly lit room (4 foot candles) and allowed to sit quietly. Black and white 
photographs of the left eye of each subject were taken with a 35-mm single 
lens reflex camera' with ASA-125 film2. The camera was equipped with an 
electronic flash and a fixed-focus. close-up lens which produced a life size, 
(i.e.,  1 : I  magnification) image on the negative. A millimeter scale was pho- 


I Nikon. 
2 Plus-x. 


Figure 1 -Pupillary response to intravenously administered morphine suuate 
(10 mg) in subject 4. Pupil diameter (5.9 mm) prior to morphine adminis- 
tration ( a )  is contrasted with pupil diameter 2 h following morphine ad- 
ministration (3 .3  mm)  ( b ) .  


tographed under the same magnification. Pupil diameters were measured on 
the contact prints with calipers and the millimeter scale. A representative 
example of pupil measurements taken before and after morphine adminis. 
tration is depicted in Fig. 1. 


The relationships within and among individuals between morphine plasma 
concentration and pupil diameter were evaluated by perpendicular least- 
squares regression ( 9 ) .  Statistical comparison of pupil diameters as  well as 
the slopes of the regression lines were done by using a paired Student's 1 test 
(9). All results are expressed as the mean f SD. 


RESULTS 


Cimetidine pretreatment had no effect on baseline (premorphine) mean 
pupil diameter (placebo uersus cimetidine, 6.4 f 0.7 versus 6.3 f 0.9 mm). 
A significant correlation existed between morphine plasma concentration and 
pupil diameter for each treatment period (placebo, r = - 0 . 6 9 , ~  < O.OOO1; 
cimetidine, r = -0.60, p < 0.001). In addition, the mean of the slopes of the 
regression lines for each individual were not significantly different (placebo 
= -0.098, cimetidine = -0.1 10; p < 0.05). 


Since cimetidine pretreatment appeared to have no effect on morphine 
pharmacokinetics (3) or on the relationship between morphine plasma con. 
centration and pupil diameter, additional analysis of the combined data was 
performed. For the combined data, significant correlations were observed 
between pupil diameter and morphine plasma concentration at  corresponding 
times. A significant correlation existed between the absolute change in pupil 
diameter from baseline (premorphine) and morphine plasma concentration 
( r  = 0 . 7 2 ; ~  < 0.OOOl). The correlation coefficient for thegrouped data (all 
observations) was -0.65 (p < 0.OOOl). whereas the correlation coefficients 
for the data from each subject, independent of pretreatment, ranged from 
-0.76 to -0.91 (Table I). The relationships between pupil diameter (in mil- 
limeters) and morphine plasma concentration for the subjects with the highest 
and lowest correlation coefficients (i.e., subjects 4 and 6, respectively) are 
shown in Fig. 2. 


Table I-Correlation Between Pupil Diameters and Plasma Morphine 
Concentrations in Healthy Volunteers' 


Correlation 
Subiect Coefficient Slooe 


I b  -0.86c -0.120 
2 -0.8Sr -0.094 
3 -0.77c -0.065 
4 -0.91 -0.07 1 
5 -0.78' -0.089 
6 -0.76d -0.050 
7 -0.82' -0.066 
Mean f SD -0.82 f 0.06 -0.079 f 0.02 


Pupil diameters are in millimeters. and plasma mor hine concentrations are in 
nanograms per milliliter; n = 10 after a 10-mg iv infusion ofmorphine sulfate; data were 
collected beforc and at 2. 5.7, and 10 h after morphine injection and werecombincd for 
placebo and cimetidine treatment periods (see text). n = 9. c p  < 0.01. d p  < 0.05. 
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These data confirm and extend the previous observations of a relationship 
between plasma concentration of morphine equivalents following an intra- 
venous dose of heroin and pupil diameter ( 1 ,  1 1 ) .  However, correlation coef- 
ficients were not reported in those studies, making comparison with the results 
obtained in this study impossible. Similarly, the time course of methadonc- 
induced miosis appears to parallel methadone plasma concentrations (2). 


Photographic pupillometry is an easily performed, readily quantifiable test 
which may have experimcntal and clinical utility for monitoring opiate activity. 
For example, tolerance to the miotic response to morphine has been demon- 
strated and used in the assessment of opiate dependency (7, 1 I ) .  Further in- 
vestigations are warranted to clarify the relationships between the serum 
concentrations of other opiate analgesics or other ocularly active agents and 
pupil diameter. 


I . . . . . . . :  1 " ~ ' ' ~ ' '  s m 1s 2 0  1 5  J O  3s 4 0  k 50 it 2.0 i s  io is 4 0  
Morph ine ,  nB/rnL M o r p h i n e ,  n g / m t  


Figure 2-Regres~ion line derivedfrom ihe data for subjecis 4 and 6 .  These 
represeni the subjecis with the highest and lowest correlaiion coefficients. 
For subjeci 4 ( lef i ) ,  y = - 0 . 0 7 ~  + 5.4, r = -0.91, p < 0.01; for  subject 6 
  rig hi),^ = -0.05~ + 6.O.r = -0.76, p < 0.05. 


DISCUSSION 
Recently, greater emphasis has been placed on evaluating the nature of the 


relationship between the pharmawkinetics and pharmacodynamics of an agent 
(10). Thedata from the present study establish the relationship between the 
miotic response to morphine and its plasma concentrations in the postdistri- 
butive phase. A difference in the magnitude of the correlation coefficients for 
individuals versus the group was observed. This is most probably accounted 
for by individual variation in pretreatment pupil diameter and sensitivity to 
morphine; evidence for the latter is the wide range of slopes described in Table 
I. Cimetidine exhibited no demonstrable effect on pupil diameter prior to or 
following morphine administration. These findings suggest that Hz-receptors 
have little role in the regulation of pupil size and are consistent with the lack 
of effect of cimetidine on morphine pharmacokinetics (3). 
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Abstract A method for the determination of bupropion and its three major 
basic metabolites in plasma is described. Following an extraction from alkaline 
plasma into 1.5% v/v isoamyl alcohol in n-heptane, a portion of the acid- 
backwashed extract was injected onto a column packed with trimethylsilyl 
reversephase material and eluted with a phosphate buffer-acetonitrile (80:20) 
mobile phase containing an ion-pairing reagent and triethylamint. The 
compounds were detected with a dual-wavelength UV detector (214 and 254 
nm) to optimize sensitivity and facilitate simultaneous detection. The method 
provides an absolute recovery of -85% for bupropion and -98% for the me- 
tabolites. Day-teday reproducibility did not exceed 4.0% for all compounds. 
The detection limits were -5 ng/mL for bupropion and 100 ng/mL for the 
major metabolites. The limit of 100 ng/mL for metabolite quantitation is 
imposed by the internal standard concentration selected for steady-state 
studies. In single-dose pharmacokinetic studies, 10% of the steady-state 
concentration of internal standard was used; this permitted a IO-ng/mL lower 
limit of detection. Steady-state plasma levels of bupropion and the metabolites 
from eight different patients are presented. 


Keyphrases 0 Bupropion-metabolites, HPLC, dual-wavelength UV de- 
tection 0 Antidepressants-bupropion and its metabolites, HPLC, dual- 
wavelength UV detection 


Bupropion hydrochloride’ [(f)-2-tert-butylamino-3’- 
chloropropiophenone hydrochloride], a chemically unique 
antidepressant currently undergoing clinical evaluation, ap- 
pears to be free of any significant anticholinergic or cardio- 
vascular effects (1-3). The assay of bupropion in biological 
fluids has been limited to RIA (4) and high-performance liquid 
chromatography (HPLC) ( 5 ) .  The RIA procedure appears 
to be sensitive ( < I  ng/mL) and specific for bupropion, whereas 


I Wellbutrin. 


1: RI  = C 4 ,  Rz = R3 = CH3, R4 = 3-CI 
II: R I  = C=O, R2 = CH3, R3 = CHzOH, R4 = 3-CI 


111: R, = CHOH, Rz = R3 = CH3, R4 = 3-CI (erythro) 
IV: R1 = CHOH, R2 = R3 = CHj, R4 = 3-CI (threo) 
V: RI  = CHOH, Rz = CH3, R3 = CHzOH, R4 = 3-C1 (erythro) 


VI: RI = CEO, R2 = c2kl5, R3 = CH3, Rq = 4-F 
VII: Rl = CEO, R2 = C3H7, R3 = CH3, R4 = 4-F 


the HPLC method is less sensitive (50 ng/mL). However, 
neither method quantitates metabolites. 


Current interest in biologically active metabolites of psy- 
chotropic drugs led us to develop an HPLC procedure which 
separates and quantitates bupropion and its major basic me- 
tabolites in plasma with dual-wavelength U V  detection. 


EXPERIMENTAL SECTION 


Apparatus-Chromatography was performed with a dual-piston solvent 
delivery pump2 with either a manual injector3 or an automatic sample pro- 
(xssor4. The column was 25 cm X 4.6 mm i.d. packed with 5-pm particle size 
trimethylsilyl material5. The effluent was monitored at 254 and 214 nm by 


Model 6000A; Water Associates. Milford, Mass 
U6K Injector; Waters Associates. 
Wisp 710B; Waters Associates. 
LC-I; Supelco. Bellafonte, Pa. 
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Figure I-Dual chromatogram of a standard aqueous solution con- 
taining 400 ng each of I. its major metaholites (11. Ill, and IV). a 
possible urinary metabolite (V). and internal standards (VI and Vl l ) .  
The compounds were detected at 21 4 and 254 nm simultaneously. 


c ,  
0 5 10 15 


Tlmdmln 1 
a dual (in series) U V  detector system6, a signal recorder’. and a laboratory 
data acquisition systemR. The column temperaturc was controlled with an 
aluminum block devised to fit this column and with a circulating water 
pump9. 


Reagents-Phosphoric acidlo, monobasic potassium phosphatelo, sodium 
carbonatelo, and sodium bicarbonatelo were all analytical reagent grade. 
Sodium heptanesulfonate” and triethylaminel2 were used as received. UV- 
grade ace t~ni t r i le ’~  and n-heptaneI0 were used without further purification. 
lsoamyl alcohol14 was distilled before use. Distilled water was passed through 
a water purification systemI5 before use. 


Standards-Bupropion hydrochloride ( I ) ,  3’-chloro-2-(2-hydroxy-l,l- 
dimethylethylamino)propiophenone hydrochloride (11). (+)(R*,S*)-2- 
(tert-butylamin0)- 1 -( 3-chlorophenyl)propanol ( I  I I ) ,  (R*,R*)-2-( tert -bu- 
tylamino)- 1 -( 3-chlorophenyl)propanol (IV), (*) (R*,S*)-  I -( 3-chlorophe- 
nyl)-2-(2-hydroxy-l,l-dimethylethylamino)propanol ( V ) ,  2-(tert-butyl- 
amino)-4’-fluorobutyrophenone hydrochloride (VI),  and 2-(tert-butyl- 
amino)-4’-fluorovalcrophenone hydrochloride (VII) stock solutions (1 
mg/mL) were prepared in 0.01 M HCI. Working solutions were further di- 
luted to 1 ng/pL in 0.01 M HCI for 1 and V, and to 10 ng/pL in 0.01 M HCI 
for 11, 111, IV, V1, and V11. The structures and activities of these metabolites 
have been described elsewhere (3). 


Extraction-To 1 .O mL of plasma, 800 ng of internal standard VI and I50 
ng of internal standard VII were added to 1 .O ml, of 0.6 M carbonate buffer 
(pH 9.5) and 10 mL of 1.5% v/v isoamyl alcohol in n-heptane. The mixture 
was shaken for 15 min and centrifuged at 1500Xg for 10 min. The organic 
layer was then transferred to a 15-mL tube containing 250 pL of 0.1 M HCI. 
After mixing for 10 min and centrifuging at 15OOXg for 10 min, the organic 
layer was removed by aspiration. Suitable aliquots of the aqueous phase were 
injected for chromatographic separation. 


Chromatographic Conditions-The mobile phase consisted of 0.05 M 
monobasic potassium phosphate-acetonitrilc (80:20). with 0.007 M sodium 
heptanesulfonate and 0.01 M triethylamine added. The final pH of the 
aqueous portion was brought to 3.0 by the addition of phosphoric acid. The 
mixture was filtered and deaerated prior to use. The flow rate was 2.3 mL/min, 


Model 440 (254 nm) with extended wavelength module (214 nm); Waters Assc- 


’ Houston Omniscribe model 8521 78-2; Houston Instruments. Austin. Tex. * PDP 1 1  34 “Peak 11” S stem; Digital Equipment Co., Maynard. Mass. 
Model / E  Haake Co.. lagddlebrook, N.J. 


l o  Fisher Scientific Co.. Fair Lawn, N.J. 
Eastman Kodak Co., Rochester, N.Y. 


Iz Aldrich Chemical Co., Milwaukee, Wis. 
I’ Burdick and Jackson Laboratories, Muskegon, Mich. 
I4 Sigma Chemical Co.. St. Louis, Mo. 
I s  MIIII-Q; Millipore Corp., Bedford. Mass. 


ciatcs. 


and the column temperaturc was set at 3OOC. The effluent was monitored with 
a dual U V  detector system at 254 and 214 nm in  series. 


Quantitation -All dcterminations were performed by calculating the peak 
height and/or area ratios of each compound to the. internal standard. A linear 
regression analysis for each of the standard curves was performed with an 
on-line data acquisition system rcsulting in the computation of the slope, x- 
intercept, correlation coefficient, and standard error. Compound I was 
quantitated at  254 nm with internal standard VII .  Metabolites 11, 111, and 
IV were quantitated at 214 nm with internal standard VI. 


RESULTS AND DISCUSSION 


Bupropion ( I )  and its major metabolites in plasma were separated and 
quantitated by HPLC with a dual-wavelength U V  detector system. Although 
all cornpounds absorb at 214 nm, only 1 and the two internal standards (V1 
and VII) absorb at  254 nm (Fig. I ) .  Since it was found that the steady-state 
plasma concentration of I was low in comparison to its metabolites, simulta- 
neous quantitation was not possible for all compounds at  214 nm. The major 
metabolite of I (i.e., 11) is usually found at  concentrations 10-100 times that 
of bupropion. Thus, 1 was quantitated at  254 nm with internal standard 
VII. 


All compounds were adequately resolved and eluted within a 20-min period 
(Fig. 1). An actual spiked plasma sample is shown in Fig. 2. A drug-free pa- 
tient plasma sample did not show any interfering endogenous peaks a t  either 
wavelength (Fig. 3). Although V is reported to be a urinary metabolite ( 6 ) ,  
no detectable levels were found in steadystate plasma samples obtained from 
patients (Fig. 4). Therefore, this metabolite was not included in the precision 
and accuracy tests in plasma. Figure 2 illustrates that V could becoextracted, 
separated, and quantitated, thus making this method possibly useful in me- 
tabolite studies in urine. 


In general, it was found that the addition of triethylaminc enhanced peak 
symmetry. Other amine modifiers such as  n-butylamine or nonylamine did 
not afford the resolution needed. Other columns such as an octyldecylsilyl 
and an octylsilyl-bonded column resulted in longer rctcntion times and in- 
adequate resolution between 111 and IV. 


The detection limit for I is -5 ng/mL of plasma, and the detector response 
remained linear a t  least up to 400 ng. The detection limit for 11,111, and 1V 
in this assay was 100 ng/mL, and the detector response showed linearity from 
100 to at  least 3000 ng. 


The limit of 100 ng/mL for metabolite quantitation is imposed by the in- 
ternal standard concentration selected for steady-state studies. In  singledose 
pharmacokinetic studies, 10% of the concentration of internal standard used 
for steady state was utilized; this permitted a 10-ng/mL lower limit of de- 
tection. 
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In  preliminary single-dose studies, the major metabolites (11 and IV) were 
present at 30 min postdose. reaching a maximum of 2-3 times that of bupro- 
pion. Furthermore, inspection of these data clearly indicates that the me- 
tabolites have markedly different (longer) half-lives of eliminationI6. 


The absolute recovery was determined by preparing a solution of known 


T 
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0.0005 AU 
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T k '  
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Figure 3-Dual chromatogram of a I -mL plasma extract from a drug- 
free patient. The volume injected was I00 kL. 


16 Unpublished results. 


Figure 2-Dual chromatogram of a I -mL spiked plasma extract 
containing100ngofIandmetabolite Vandl000ngofIl. III,andIV. 
Fvty microliters of the acid extract was injected. Compounds VI and 
VII are the internal standards. 


Table I-Recovery of I and Metabolites from 1 mL of Plasm 


Recovery, %' 
3000 lo00 400 100 12.5 


Compound ng/mL ng/mL ng/mL ng/mL ng/mL 


I - - 82 + 3.2 87 f 2.9 85 f 10.4 ~ 


ii 95 f 2.2 96 f 3.8 - 97 f 10.0 - 
97 f 9.3 - 
97 f 9.7 - 


III  98 f 2.4 102 f 2.8 - 
IV 99 f 2.4 104 f 3.0 - 


Table 11-Precision of Assay for 1 and Metabolites Based on Peak Height 
Ratios a 


Concentration, RSD, % 
ne/mL I II  111 IV 


3000 f 0 . 8  f l . 1  f 1 . 2  
1500 f 2 . 3  f2 .6  f 2 . 7  
lo00 f 1 . 3  f 1 . l  f l . 2  
500 f 3 . 3  f 3 . 7  f 4 . 0  
400 f2 .9  
250 f 4 . 0  f 3 . 6  f 4 . 4  
200 12 .0  
100 f4.7 f5 .0  f 8 . 2  f 3 . 9  
50 f4 .3  
25 f2 .5  
10 f6 .0  


011'8. 


Table 111-Reproducibility of A w y  Based on Slopes of the Linear 
Regression Curves 


Compound Slope, ng/mL RSD, % 


1 147.8 f 3 . 3  
i i  


I I I  
1v 


627.4 
1074.8 
1066.4 


f 3 . 1  
f2 .7  
f 4 . 0  


a Data computed from five consecutive standard curves. 
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Figure 4-Dual chromatogram of a 1-mL plasma extract from a 
patient receiving bupropion. FiJy microliters of the acid extract was 
injected. The plasma levels were calculated to be 72 ng ofbupropion. 
831 ng o f l l -  151 ng of Ill. and 743 ng of IV.  Compounds V l  and VIl 
are the internal standards. 


0 5 10 16 


concentration of all compounds. The internal standards were added to each 
solution, and the sample was injected into the chromatograph. The same 
standards were added to 1 mL of plasma and processed routinely, except for 
the internal standards. To 100 p L  of the final acid extract, 100 p L  of internal 
standard solution containing twice the usual concentration was added. The 
tube was capped, thoroughly mixed, and then injected. The differcnce between 
the ratios of the standards to internal standards in the processed samples versus 
direct injection samples gave a measure of overall recovery (Table I ) .  


The precision of the method was determined by spiking eight standards; 
the sample was processed as described above. The percent relative standard 
deviations for various concentrations are reported in Table 11. 


A measure of the stability of the assay was demonstrated by the variability 
in the slope of the linear regression curves on 5 consecutive days (Table 111). 
Accuracy was further assessed by comparing plasma concentrations of bu- 
propion from two single-dose pharmacokinetic studies determined by this 
method and an RIA procedure (4). Twenty-eight samples (range, 5-130 
ng/mL) were analyzed. Least-squares linear regression analysis resultcd in  
the following: slope, 0.93; x-intercept, 2.2 ng/mL: and correlation coefficient. 
0.987, wherey and x were the bupropion concentrations by HPLC and RIA. 
respectively. Metabolite concentrations could not be compared since no other 
method has, as of now, bcen established. 


Several psychotropic drugs and their metabolites were tested to determine 
potential interference in the assay. All commonly used tricyclic antidepressant 
compounds (imipramine, desipramine, amitriptyline. nortriptyline, doxepin, 
and desmethyldoxepin) and the new antidepressant drugs maprotiline, tra- 
zodone. mianserin, amoxapine, and chlorimipramine have much longer re- 
tention times than VII. Similarly, the major neuroleptic compounds such as 


Table IV-Typical Steady-State Plasma Concentrations of I and 
Metabolites in Eight Depressed Patients. 


Dose, Concentration. ng/mL 
Patient mg/24 h I I I  I l l  I V  


I 450 68 2784 103 453 


6 300 41 2801 348 1146 
7 300 33 1512 174 552 
8 350 35 258 I 218 997 


All samples were collec~ed immcdiately prior to morning dose. Dosage range, 
100-450 mg/d. 


chlorpromazine, thioridazine, loxapine, fluphenazinc, perphenazine, and 
haloperidol do not interfere. 


Compounds that may interfere are the hydroxy metabolitcs of amitriptyline, 
chlordiazepoxide and its fi-demethyl metabolite, and nordiazepam. 


Until now, there has bcen no reported human steady-state plasma level data 
for bupropion or its metabolites. The pharmacokinetics of bupropion has been 
reported (7). but metabolite determinations were not performed. Table I V  
is a summary of plasma concentration of.bupropion and its major metabolites 
in eight different patients being treated for depression. The dose varied from 
paiient to patient ( 100-450 mg/d). Although bupropion plasma concentra- 
tions averaged 50 ng/mL. the major metabolite (11) was found tobe -50 times 
higher (2500 ng/ml.). The two diastereoisomers (111 and IV) were also found 
in considerably highcr concentrations (the threo isomer was always present 
in amounts 3-5 times greater than the erythro isomer). 
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Table Il-Distribution of Carbon-14 in Organs 8 d after Peroral 
Administration of *4C-Labeled Polymethyl Methacrylate Nanoparticles to 
Rats 


Blood 
Plasma 
Livcr 
Spleen 
Pancreas 
Kidneys 
Adrenals 
Fatty renal tissue 
Testiclcs” 
Uterus‘ 
Epididymis” 
OvaryC 
Colon 
Stomach 
Small intestine 
Salivary glands 
Lymph nodes 
Thyroid glands 
Lungs 
Heart 
Muscles 
Bone marrow 
Skin 
Brain 
Stomach content 
Small intestine content 
Colon content 


O n  = 3; m a n .  +SD. n = 1 .  c n = 2. 


5.9 f 1.6 
3 . 6 f  1 . 1  


12.7 f 3.7 
5 . l z  1.3 


11.9 f 4.6 
9.6 f 2.3 


11.4 f 6.2 
24.5 f 14.4 
4.5 
7.2 
9.0 
7.0 
5.0 f 1.34 


14.5 f 11.2 
4.2 f 0.6 
4.2 f 1.4 


13.3 f 4.2 
10.0 f 4.8 
3.9 f 1.4 
4.1 f 1.5 
2.6 f 1.9 


66.5 f 30. I 
12.5 f 7.1 
4.3 f 1.8 
4.9 f 2.3 
4.3 f 1.6 
4.6 f 2.7 


Since little radioactivity remained in the body after 8 d (Table I I ) ,  the iota1 
absorption amounted to -10-1 5% of the administered dose. 


Thc absorption and excretion occurred rathcr rapidly. The biliary excretion 
rate reached a maximum after I h (Fig. I )  and then declined in  a hyperbolic 
fashion. The maximal urinary excretion rate probably was reached wi th in  2 


h (Fig. 2) followed by a hyperbolic dcclinc. Within I d -83%and within 2 d 
-9% of the total amount absorbcd wcrc eliminated from the body. 


After 8 d, <0.5% of the administered dosc remained in  the body. The highest 
radioactivity ( I  0 times inore than in blood) was found in bone marrow. I ligher 
lcvcls of radioactivity wcrc observed in renal fatty tissue, livcr. pancreas. skin, 
adrcnals, and the lymph nodes than in  the blood. The valucs from the lymph 
nodes, however, give only an estimate of the actual value, due to the vcry small 
amounts of material available for the determination of the radioactivity in  
these organs. 


The small amount of radioactivity absorbcd from thc GI tract probably 
consisted of low molecular weight components in the polymer. The figure of 
10 15% is vcry similar to the 13% that was rapidly cxcretcd after subcutaneous 
injection (6) and was, as mentioncd above, attributed to low molecular wcight 
components of the nanopariicle material. Whcther ihesc components can be 
used as  carriers for nonabsorbable drugs is still an open qucstion. The main 
part of the nanoparticle material, though capable of a carrier function, is not 
absorbable by rats. Bccauseof the cnhanccd endocytotic activity of tumor cclls 
(9). nanoparticles loaded with cytostatic carriers may be useful for the 
treatment of carcinomas of the GI tract. 
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Abstract 0 A simple and rapid method for quantitating acetylcholine in a 
lyophilizcd preparation by high-performance liquid chromatography (HPLC) 
is described. A reverse-phase column with a refractivc index detector was 
utilized for the assay. The HPLC system was able to separate acetylcholine 
from choline, a major degradation product, which was verified by running 
a degraded sample of a commercial preparation. The HPLC results were 
compared with the results obtained by a spectrophotometric proccdure. 


Keyphrases 0 Acetylcholine-high-performance liquid chromatographic 
determination, lyophilized preparation 0 High-performance liquid chro- 
matography-determination of acctylcholinc 0 Lyophiliied preparation- 
acetylcholine, high-performance liquid chromatographic determination 


Acetylcholine is an endogenous parasympathomimetic agent 
thought to play an important role in the transmission of nerve 
impulses at  synapses and myoneural junctions. Because the 
action of this parasympathetic stimulation is abrupt and 
fleeting, acetylcholine has limited therapeutic use. However, 
this unique property is presently being used to advantage in 
an intraocular irrigating fluid to obtain complete miosis in-  


stantaneously after delivery of the lens in cataract surgery. The 
product’ is in  a vial of two compartments: the lower chamber 
contains a lyophilized preparation of acetylcholine chloride 
with mannitol as a tonicity adjusting agent. The upper 
chamber contains sterile water for injection, and the two 
chambers are separated by a rubber plug. Since aqueous so- 
lutions of acetylcholine are unstable, the drug is reconstituted 
in  sterile water just prior to use. 


There have been several reports on chemical assays for 
acetylcholine. An excellent review of the current chemical 
methods has been published ( I ) .  The classical colorimetric 
method (2)  suffers from lack of specificity. 


Several gas chromatographic procedures have been re- 
ported. Primary means of detection have been either flanie 
ionization (3) or mass spectrometry (4). In  all cases, they in- 
volve volatilizing acetylcholine either by demethylation (5) 


I Miwhol. Coopervision. Inc 
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Table I-Comparison of Colorimetric and HPLC Methods for the 
Determination of Acetylcholine in Lyophilized Preparations 


Tahlc II-Precisian I h t a  for Acetylcholine in 1.yophilized Preparations 


Acetylcholine Chloride, mg/vial 
Lot HPLC Colorirnctric 


A 


Mean 
B 


Mean 
C 


Mean 


21.S3 
21.22 
21.38 
2 1.90 
21.28 
21.59 
22.19 
21.84 
22.02 


2 I .SO 


20.67 


22.79 


or by pyrolysis in order to transform the molecule to the gas 
phase (6 ,7 ) .  


A high-performance liquid chromatographic (HPLC) 
procedure (8) has been reported using a normal-phase column 
with phosphate buffered picrate ion as the stationary phase and 
with chloroform-butanol as the mobile phase. Separation of 
choline and acetylcholine has been achieved by cation-ex- 
change chromatography (9). 


This paper describes the application of a reverse-phase, 
paired-ion HPLC analysis of acetylcholine in the pharma- 
ceutical preparation described above. The procedure is quick, 
specific, and stability indicating since it separates the drug 
from the principle degradation products, choline and acetic 
acid. A comparison of the results of HPLC and colorimetric 
methods was made. 


EXPERIMENTAL SECTION 


Chemicals and Reagents- --Acetylcholine chloride2, cholinc chloride), and 
mannito14 were used as received from the suppliers without further purifica- 
tion. Acetonitrile’ was IIPLC grade. Ammonium hydroxide* and acetic acidh 
wcrc ACS grade or equivalcnt. The water used was glass distillcd. 


I 


a 


0 1 2 3 4 5 6 7 8 9  
RETENTON TIME m n  


Figure I - Chromatogram of50 p L  injection ojacetylcholine (I) standard 
12 c(glc(LJ. 


*Siegfried. Ltd. 
Eastman Kodak Co. 
J.  T. Baker Chemical Co. 
Burdick & Jackson Labs.. Inc 
Fisher Scientific Co. 


Satnplc 
Acetylcholine Chloride. 


mg/vial 


1 
2 
3 
4 
5 
6 


.Mean 
S D  
HSD. o/o 


2 I .62 
2 I .22 
22.04 
2 I .23 
2 I .70 
20.96 
21.46 
0.40 
I Xh 


Instrumentation-The HPLC system consisted of a pump’ capable of 
producing pressures of 6000 psi, a universal loop injector*, a microparticulate 
reverse-phase column9, a refractivc index detectorlo, and a microprocessor- 
controlled data system”. 


Mobile Phase-The  mobile phase was prepared by adding sodium I-hep- 
tanesulfonate’* to 900 mL of water. After thorough mixing, 6 M ammonium 
hydroxide was added to adjust the pH to 4.0. After addition of 50 mL of ac- 
etonitrile, the solution was made up to I L with water. 


Standard Stock Solution-Acetylcholine chloride, prcviously dried at 10S°C 
for 4 h. was weighed (100 me) into a 10.0-mL volumetric flask and dissolved 
in  5 mL of water. After mixing, the solution was brought to mark with water 
to make the stock standard solution. 


Standard Solution-The standard solutions were prepared by pipetting 1 .O, 
2.0, and 3.0 mL of the stock standard solution to individual 10.0-mL volu- 
metric flasks and bringing to mark with the mobile phase. 


Decomposition of Acetylcholine-To prepare samples for heat stressing. 
the lyophilized solid in the commercial package was reconstituted in the sterile 
water. The solution was transferred quantitatively to a 10-mL clear glass 
ampule and the vial was washed with I mL of water; the wash solution was 
transfcrred to the ampule. After flame sealing, the ampule was placed in an 
oven at  I 30°C for 19 h. After cooling the ampule, the solution was transferred 
quantitatively to a 10.0-rnL volumetric flask and was brought to the mark with 
the mobile phase. 


Chromatographic Conditions The volumetric flow rate was 2.0 mL/min, 
and the column temperature was ambient. 


Standard Curve and Sample Analysis--- Fifty-microliter volumes of each 


I g 
a I 


0 1 2 3 4 5 6 7 0 9  
RETENTlONTlME min 


Figure 2-- Chromatogram of a heat-stressed sample <~fIyophilized prepa- 
ration of acetylcholine chloride. The sample was heated at 130°C for  19 h. 
Thejinal concentration ojacetylcholine chloride was deterniined 10 he I I .  13 
nrg/i,ial (55.65% of lahel claim). Key: (11 acetylcholine; (11) choline. 


’ \.lode1 6OOOA; Waters Associatcs. 
Model U6K: Waters Associates. 
p-Bondapak Cia: Waters Associates 


lo  Model 401; Waters Associatcs. 
I) Model 4100; Spectra Physics. 
I z  PIC Reagent 8-7; Waters Associates. 
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of the three standard solutions were injected consecutively into the HPLC. 
With the aid of the data system, a three point linear calibration curve was 
constructed which plotted the weight (pg) of acetylcholine chloride injected 
as a function of area under the peak. The sample was quantitated by injecting 
50 g L  of the test solution and the weight (gg) of acetylcholine chloride ob- 
tained from the calibration curve. The test solution was prepared by trans- 
ferring quantitatively the reconstituted solution into a 10.0-mL volumetric 
flask. The flask was brought to the mark with the mobile phase. 


RESULTS AND DISCUSSION 


Reverse-phase paired-ion HPLC was useful in separating intact acetyl- 
choline from its decomposition products and its excipient, mannitol. Use of 
the mobile phase described gave a sharp, well resolved peak. The refractive 
index detector was the detector of choice since the drug lacks a chromophorc; 
the sensitivity of the detector was more than adequate in quantitating ace- 
tylcholine chloride in the preparation. 


Figurc I illustrates the elution profile of acetylcholine. The retention time 
varied with the amount injected. The retention time increased with decreasing 
amounts of acetylcholine and ranged from 8.2 to 7.9 min for SO-1 50pg of the 
acetylcholine standard. The variation in retention time is probably a mani- 
festation of nonlinearity in the interaction of acetylcholine in the mobile phase 
with the stationary phase (reduction in interaction with incrcasing amounts 
of the drug). However, the variation of the retention time wi th  the amount 
or acetylcholine injected did not negate the usefulness of the assay, since ex- 
cellent linear curves were obtained. A standard curve constructed from 50, 
100. and I50 g of the drug injected had a correlation cocfficient of 0.9996. 


Choline, acetic acid, and mannitol were shown not to interfere with the 
determination of acetylcholine (Fig. 2) .  One the the peaks i n  the sample dis- 
played the Same retention time. 5 min. as  that of the authentic choline chloride 


solution. Acetic acid eluted with the solvent front and mannitol was retained 
on the column. 


Three lots of the pharmaceutical preparation were analyzed by HPLC in  
duplicate and the results were compared with those from the hydroxylamine 
colorimetric method (2) (Table I) .  Precision data for the HPLC assay is 
prescnted in  Table I I .  These results demonstrate thc utility of the tIP1.C 
procedure; the method is simple, fast. specific, and stability indicating. 
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Abstract 0 A capillary gas chromatographic analysis of phenylpropanolamine 
in human plasma, following extraction and derivatization with trifluoroacetic 
anhydridc. is presented. Using an electron-capture detector, the method was 
sensitive enough to quantitate as little as  I ng of drug/mL of plasma. Thc 
coefficient of variation from 5-262 ng/mL varied between 5.6 and 1.6%, re- 
spectively. Plasma concentration data following one 25-mg dose of phenyl- 
propanolamine hydrochloride in four healthy volunteers illustrates the suit- 
ability of this analytical method for monitoring plasma levels after oral ad- 
ministration of a typical dosage form. 


Keyphrases 0 Capillary gas chromatography-phenylpropanolamine, human 
plasma, trifluoroacetic anhydride derivatization 0 Phenylpropanolamine- 
capillary gas chromatography. human plasma, trifluoroacetic anhydride 
derivatization 0 Derivatization-trifluoroacetic anhydridc, capillary gas 
chromatography, human plasma 


Previously reported methods for the determination of phe- 
nylalkanolamines and related compounds in biological fluids 
include gas chromatography (GC) after extraction and for- 
mation of perfluoroacyl or pentafluorobenzylimine-trimeth- 
ylsilyl derivatives ( 1  - lo),  GC after formation of a pentafluo- 
rophenyloxazolidine derivative ( 1 I ) ,  GC after extraction and 
detection with a nitrogen-selective detector ( 1  2), and HPLC 
following extraction and precolumn derivatization with o- 


phthalaldehyde ( I 3), 4-chloro-7-nitrobenz-2,I ,3-oxadiazole 
and sodium naphthaquinone-4-sulfonate ( 14), and phenyl 
isothiocyanate ( 1  5 ) .  


A procedure for extraction of phenylpropanolamine and an 
internal standard from plasma, derivatization with trifluo- 
roacetic anhydride, separation by capillary GC, and detection 
by electron capture is presented in this report. The achievable 
detection limit of the method is 1 ng/mL. Plasma concentra- 
tions >5  ng/mL can be determined with accuracy and preci- 
sion suitable for pharmacokinetic studies. 


EXPERIMENTAL SECTION 


Instrumentation-The gas chromatograph' was equipped with a capillary 
inlet system and an 8-mCi Ni6) electron-capture detector connected to an 
integrator-calculator*. The fused silica capillary column (0.25 mm i.d. X 30 
m) was coated with polymethyl(5% phenyl) siloxane3 to a final thickness of 
0.25 pm. 


The chromatographic conditions were as follows: injection volume of the 


I 3700 Series gas chromatograph with a model 1070 capillary inlet system and 
pneumatics; Varian Inslrument. Palo Alto. Calif. 


' J & W S c i e n d c .  Rancho Cordova, Calif. 
Model 4100 S ectra-Physics. Santa Clara, Calif. 
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Table I-Enatiomeric Binding Data of Pseudoracemic Warfarin (10 
pg.rnL-') in the Absence and Presence of Sulfinpyrazone (15 pg.mL-') 


Control Sulfinpyrazone 


( R ) : ( S )  Unbound I .58 (SD f 0.1 5; 2.25 (SD f 0.26; 
fraction (fU) ratio n = 11) n = I I )  


I test p < 0.001 
Percentage boundo 


( R )  99. I5 (SD f 0.24) 98.73 (SD f 0.14) 
(fu% = 0.85) (fU% = 1.27. increase 


of 49.41%) 
( S )  99.47 ( S D  f 0.16) 99.42 (SD f 0.10) . ,  


cf,%=0.53) ' (fU% = 0.58. inircase 
of 9.43%) 


pesudoracemate 99.3 I (fu% = 0.69) 99.08 (fu% = 0.92, 
increase of 34.06%) 


Calculated as the mean of the individual enantiorner binding data. 


tially complicating role that stereoselective changes in protein 
binding play in the interaction is evident from a consideration 
of the equation for total body clearance which pertains to 
poorly extracted drugs ( 6 ) :  


CL = fu . CL' 


Without acknowledging the stereoselective change in fu 
between the two warfarin enantiomers brought about by 
concomitant sulfinpyrazone administration, one might in- 
correctly conclude that any inequivalent change in CL between 
(R)- and (S)-warfarin has its origins at the enzymatic level 
(as measured by the intrinsic clearance CL'),  a result of met- 
abolic induction or inhibition. In light of our present obser- 
vations, i t  is apparent that stereoselective protein binding 
displacement of a poorly extracted drug may manifest itself 
as an inequivalent change in the CL of the two enantiomers in 
the absence of any dynamic change in metabolism. Sulfinpy- 
razone is metabolized in humans, and the plasma-protein 
binding of the parent drug and its metabolites have been in- 
vestigated ( 17). Obviously, sulfapyrazone metabolites could 
complicate the protein binding interaction with warfarin in 
uiuo; however, our evidence with volunteers who concomitantly 
receive warfarin and sulfinpyrazone ( 1  5 )  indicate this is not 
the case. Interestingly, sulfinpyrazone has been reported to 
induce the metabolism of (R)-warfarin while simultaneously 
inhibiting the metabolism of the (S)-enantiomer (1 8, 19). 
These conclusions were drawn from the sulfinpyrazone-in- 
duced changes in enantiomeric clearance. 
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Thermodynamic Studies of Tolbutamide Polymorphs 


Keyphrases 0 Tolbutamide-crystalline polymorphs. solubility as a function 
of temperature, polymorphic conversion, transition temperature 


To the Editor: 


Aqueous suspensions of tolbutamide were found to thicken 
to an unpourable state after several weeks of occasional 
shaking (prior to daily dosing). Samples of the same suspen- 
sions that were not shaken showed excellent stability after 
years of storage at ambient and elevated temperature. Mi- 
croscopic examination revealed that the thickening was due 
to partial crystalline conversion of the original plate-like tol- 
butamide crystals to very fine needle-shaped crystals, which 
tend to form a highly flocculated structure. The crystals were 
identified as a polymorphic form rather than a solvate or 
change in habit. IR spectra and X-ray diffraction confirmed 
that the acicular form is identical with Burger's form 111 (1). 
The polymorphic conversion was unexpected since published 
solubility data suggest that form I is the more stable polymorph 
at room temperature ( I ,  2). However, a transition temperature, 
above which form 111 converts to form I, has been reported by 
several investigators to be somewhere between 98.5OC and 
1 18OC (1 ,3 ,4) .  An inconsistency here is clearly apparent: form 
I cannot be the more stable polymorph at temperatures both 
above and below a transition temperature. Furthermore, the 
reported solubility data ( I )  indicating that form I is less soluble 
than form 111 at  37OC conflict with suspension stability data 
generated in this laboratory, which indicate that form I con- 
verts to form 111 at  room temperature. To resolve the dis- 
crepancy between the published literature and recent obser- 
vations in this laboratory, the aqueous solubilities of poly- 
morphs I and 111 were determined as a function of tempera- 
ture. 


The form I tolbutamide used in this study was prepared for 
commercial use by a final recrystallization from methanol- 
water'. Form 111 was made by stirring an aqueous suspension 


~ ~~ 


I Lot No. 445HS; The Upjohn Co.. Kalarnazoo. Mich. 
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Table I-Thermodynamic Parameters Obtained from the Solubility venus 
Temperature Data (Eq. 1) 


B I  \ 


I 


2 4  2 6  2.8 30 3 2  3 4  3 6  38 
(VT)  x 103 


Figure I-Aqueous solubilities of iolhuramide forms I and III as a funciion 
of temperature. 


of form I tolbutamide ( 173 g in 20 L of water containing 10 
g of polysorbate 80) for several days. The suspension was 
seeded initially with a small amount of the formulated sus- 
pension that contained some of the needle-like crystals of form 
111. Heating the suspension to -4OOC hastened the conversion 
of the plate-like form I crystals to the needle-shaped form 111 
crystals. When conversion appeared complete by microscopic 
observation, the suspension was filtered on a coarse sintered 
glass filter, washed with deionized water, and dried at  4OoC 
under reduced pressure. The converted crystal form was 
identified as form 111 and differentiated from form I by X-ray 
diffraction patterns and I R  spectra which conformed with 
those published by Burger and others ( I ,  3,4). Thermogravi- 
metric analysis and melt solvate assays were negative for sol- 
vents. Melting points and differential scanning calorimetric 
thermograms corresponded to those published previously ( 1, 
3-41. 


The aqueous solubilities of each of the two forms were ob- 
tained in the same way as reported by Burger (1). Samples of 
the stirred suspensions were taken periodically and assayed 
by UV spectrophotometry or reverse-phase HPLC at 229 nm 
until a constant value was obtained for several days. The sol- 
ubility in octanol was determined in the same way, except that 
no HCI or polysorbate 80 was added. Samples were taken every 
hour until  4 or 5 h after apparent equilibrium. 


The aqueous solubility at 37OC for form I was found to be 
14.61 mg/100 mL, and that of form I l l  was 13.03 mg/100 
mL. These values are significantly different at the 95% con- 
fidence level. The aqueous solubility data in the molal units 
are plotted against 1 / T in Fig. 1 (van't Hoff plot). The non- 
linearity of the data is due to the wide temperature range 
covered, as pointed out by Grant (5). Using an iterative 
least-squares regression program, the solubility data for each 
of the forms was fit to a modified van't Hoff equation (6) as 
follows: 


where Tz is the temperature of interest and T I  is an arbitrarily 


AH ( I  28OC). ACp, 
Polymorph In m(128°C)" kcd\/mol cal/deg-mol 


~ ~ ~ ~~ 


1 -3.52 15.0 84b 
111 -3.44 15.4 84b 


a Hypothetical value of the aqueous solubility at 12VC in units of rnolaliry. Assumed 
to be equal in the least-squares fitting routine. 


chosen reference temperature. I n  this study, T I  was fixed at 
128OC, the melting point of form I .  AH and Acp are thedif- 
ferential heat of solution and the difference in heat capacity 
of dissolved and crystalline solute, respectively, for either form. 
Azp is assumed constant with an arbitrary value of 84 cal/ 
degmol, while the heat of solution is dependent on temperature 
as follows (6): 


The two unknowns (heat of solution at 128OC and In m at 
128OC) are obtained from the iterative solution of Eq. 1 and 
are listed in Table I .  The heat of solution of form I at  25OC is 
calculated to be 6.3 cal/deg-mol which is in good agreement 
with previously published data (2). The two polymorphs are 
enantiotropic since the solubility curves cross below the melting 
point. The transition temperature is estimated to be -75OC. 
Below 75OC, form I 1 1  has the lower solubility and is the most 
stable. Since the aqueous solubilities of the two forms are so 
close, form I may appear to be quite stable in suspensions at  
low temperatures, but given enough time, it will transform to 
the lower energy form. Above 75OC, form I has the lowest 
solubility and is the more stable of the two in that region. 


A qualitative experiment was done to illustrate the transition 
point. A small quantity of form 111 crystals was mixed with 
mineral oil on a microscope slide. The mixture was heated to 
100°C on a hot stage for several hours and periodically agi- 
tated by pressing and rotating the cover slip. When the tem- 
perature was reduced to 95°C and maintained, prismatic 
plate-like crystals, typical of form I ,  began to grow throughout 
the oil mixture while the form 111 clusters slowly dissolved. 
Then, the slide was removed from the hot stage and allowed 
to cool quickly to room temperature. The plates stopped 
growing, but fine needle-like crystals, typical to form 111, began 
to grow. Obviously, there is a transition temperature between 
25°C and 95°C. 


The crystalline conversion was observed in 10 other solvents 
at room temperature: toluene, hexane, ethanol, chloroform, 
acetonitrile, methyl propyl ketone, isopropyl alcohol, tetra- 
hydrofuran, dioxane, and octanol. The rate of conversion 
varied greatly with solubility, the better solvents promoting 
faster conversion. Since the conversion in octanol is relatively 
slow, it was chosen for accurate determination of polymorph 
solubilities. As might be expected, the solubility in octanol of 
form I 1 1  at 3OoC is significantly lower than that of form I: 
19.33 mg/mL for form 111 and 23.54 mg/mL for form I. IR 
spectra were obtained on the solids remaining after the solu- 
bility study had been completed; the results confirmed the 
microscopic observation that no polymorphic conversion had 
taken place in either case during the solubility study. 


The data given here present a rational explanation for the 
observed polymorphic change in suspensions at  temperatures 
of C75"C. The small difference in free energy of the two 
polymorphic forms and the low solubilities at ambient tem- 
perature provide only a small driving force for the conversion. 
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This allows the preparation of apparently stable suspensions 
of either form. However, form I suspensions are metastable 
at ambient temperatures and eventually will change to form 
111. The conversion may be hastened by catalytic influences 
such as strong agitation. 


( I )  A. Burger.Sci. Pharm. 43, 161 (1975). 
(2) H. Ueda, N. Nambu. and T. Nagai, Chem. Pharm. Bull., 30, 2618 
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Safety and Efficacy o f  Dental Sealants in the 
Prevention of  Tooth Decay 


I n  a recent editorial (“Coming of Age” for Device Technology), Dr. 
Feldmann’ appears to be unnecessarily harsh on the use of modern dental 
sealants in  preventing caries. The designation of such procedure as “a hoax 
or even a well-intended but worthless effort by dentists to protect against 
the ravages of caries” may have had some validity I5 or so years ago, when 
the early sealant materials were in developmental stages and application 
techniques were not well understood. Today, however, new sealants have 
been developed and clinically proven by dcntal researchers as  safe and 
effective in preventing caries*. The use of sealants by dentists in the 
United States’ has increased dramatically since 1974 when 37.8% of those 
surveyed said they offered sealant therapy; in 1982. that figure increased 
to 57.7%. 


that among 5-  to 17-year-old children, only 16% of the caries incidence 
occurred in smooth surfaces, but 84% involved chewing surfaces with pits 
and fissures. It is known that the chewing surfaces of children’s teeth are 
the most susceptible to decay and derive the least benefit from fluorides. 
The newly developed plastic films are applied to these chewing surfaces to 
seal the pits and grooves. which prevents food and cariogenic bacteria 
being trapped and thus offers a new approach to the prevention of dental 
caries. 


The 1983 Consensus Development Conference on the use of dental 
sealants in the prevention of tooth decay, sponsored by the National 
Institutes of Health, made the following conciusions4: 


“The placement of sealants is a highly effective means of preventing pit 
and fissure caries. It is safe. It is currently underused in  both private and 
public dental health care delivery systems. The reasons for such underuse 
are complex, but intensive efforts should be ldken to increase sealant use. 
Expanding the use of sealants would substantially reduce the occurrence of 
dental caries in the population beyond that already achieved by fluorides 
and other preventive measures. Because dental caries is still a disease 
common to most young people in the United States and in other countrics 
of the world, such reductions would substantially improve the health of the 
public and reduce the expenditures for treatment of dental disease. 
Practitioners, dental health agency directors. and dental educators are 
urged to incorporate the appropriate use of sealants into their practice and 
programs.’’ 


The American Dental Association Council on Dental Materials, 
Instruments, and Equipment, which has an acceptance program to 
evaluate commercially available sealants for safety and efficacy, also 
considers5 “pit and fissure sealants are safe and effective as a caries 
prevent ion procedure. ” 


The National Dental Caries Prevalence Survey ( I  979- 1980) has shown 


G .  Subba Rao 
Chief Research Scientist 
Division of Biochemistry 
Research Institute 
American Dental Association 
Health Foundation 
Chicago, IL 6061 1 


I E. G. Feldmann, J. Pharm. Sci., 73.7 I3 ( I  984). 
“Emphasis: Pit and Fissure Sealant Use, An Issue Explored.” J. Am. Dent. Assoc.. 
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Dental Association Health Foundation Report, Chicago, 111.. 1983. ‘ “National Institutes of Health Consensus Development Conference Statement on 
Dental Sealants in [he Prevention of Tooth Decay,“ J. Am. Dent. Assoc., 108, 233 
(1984). 


“Pit and Fissure Sealants. Report of Council on Dental Materials, Instruments, and 
Equipment.” J. Am. Dent Asroc.. 107,465 (19x3). 


Author’s Response: 


Apparently, Dr. Rao misunderstood or misinterpreted the message of 
my June issue editorial. In his letter, Dr. Rao acknowledges that 
classifying dental sealants as being worthless 15 or so years ago may have 
had validity; however, he contends that today they are considered by 
experts in the field to be a highly beneficial technique in protecting against 
dental caries. 


The entire thrust of the editorial, from its title (“Coming of Age” for 
Device Technology), through its entire text, to the very last paragraph 
(which stated that “. . . what we are witnessing is truly a medical 
revolution”), emphasized and reemphasized that many modern medical 
devices, procedures, and technology now constitute valuable health 
advances-although this was rarely the case a generation ago. As one 
dramatic example, we mentioned dental sealants and praised the FDA for 
keeping an open mind in judging positively the current products and their 
application. Yes, these modern products have indeed been proven to be a 
safe and effective caries prevention procedure. 


Over twenty-five years ago, I personally was on the ADA staff as 
Director of the American Dental Association’s drug testing laboratory. I 
well remember that the biggest challenge to ADA at that time was to 
reverse lay, professional, and scientific thinking rcgarding the value of 
fluoridation. Until then. only the toxicity and adverse effects were 
generally recognized and known. But. by carefully adjusting the daily 
intake of fluoride, remarkable benefits could be achieved while avoiding 
any adverse reactions. This was one of the earlier technical revolutions in  
the dental field-sealants are a more recent advance. 


I n  conclusion. we would respectfully urge Dr. Rao to read again our 
June editorial. Then, it should be clear to him that we have no 
disagreement whatsoever as  to the current value of dental sealants. 


Edward G. Feldmann 
American Pharmaceutical Association 
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of I were identified as rat liver S9 in oitro metabolites, and this current paper 
reports the identification of a dozen metabolites of I i n  which hydroxylation 
occurred at C(4)- C(7a) of the cyclohexane ring. The intact animal produces 
not only a greater total number of and several more-extensively hydroxylated 
metabolites. but also effects an entirely different and quantitatively significant 
metabolic Conversion, i .e.,  degradation of the nitroimida7ole ring. The most 
common metabolic transformation both in uiuo and in oitro, however. is hy- 
droxylation to form the 5-axial hydroxy metabolite. Axial hydroxyl groups 
at C-5 are also found in  three of the dihydroxy metabolites and both of the 
urinary trihydroxy metabolites. 
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Abstract 0 An N,N-dialkylhydroxylamine derivative of indomethacin has 
been synthesized. I t  has been shown to improve the delivery of indomethacin 
through mouse skin (compared to indomethacin itself) by a factor of two. to 
be more effective than indomethacin in inhibiting thermal inflammation (two 
to three times) in animal models, but to be only as effective as indomethacin 
in inhibiting U V - R  radiation erythema in human volunteers. 


Keyphrases Indomethacin-derivatives, erythcma inhibition in  humans, 
inflammation inhibition in rats, delivery vehicle comparison 0 Erythema- 
inhibition by indomethacin derivatives in humans, inflammation inhibition 
in  rats, delivery vehicle 


I t  is well known that UV radiation on skin produces intense 
erythema, pain, and blistering (1 ) .  However, the proximal 
cause or causes of the response of skin to UV radiation is less 
than well understood. U V  radiation is usually divided into three 
arbitrary regions: UV-A, 320-400 nm; UV-B, 320-290 nm, 
which is also known as sunburn UV radiation; UV-C, 290-200 
nm. Regardless of the wavelength, there is a delay of onset of 
redness that is inversely proportional to the intensity of the 
radiation. Furthermore, the erythcma will persist for hours or 
days depending directly on the intensity of the radiation. The 
intensity of the effect of the U V - B  radiation has been shown 
to be particularly sensitive to treatment with nonsteroidal 
anti-inflammatory agents while UV-C radiation is less sensitive 


(2) and UV-A radiation is insensitive to nonsteroidal anti- 
inflammatory agents (3). For instance, topically administered 
indomethacin has been shown to decrease the redness, as de- 
termined visually, and the temperature, as determined by 
telethermomcter readings, of sunburned or UV-B treated skin 
compared with controls (4). 


Since the nonsteroidal anti-inflammatory agents are known 
to prevent inflammation by inhibiting prostaglandin synthesis, 
i t  was logical to suspect that prostaglandins ( 5 )  were the 
proximal cause of at least some of the effects of UV-B radiation 
because UV-B radiation was susceptible to treatment with 
nonsteroidal anti-inflammatory agents. Indeed, increased 
levels of arachidonic acid and prostaglandins Ez and Fz,, were 
found in human skin after treatment with UV-B (6) and UV-C 
radiation (.7); the lcvcls of prostaglandin E increased in a 
parallel manner with increased erythema over the first 4 h after 
exposureof guinea pig skin to UV-B radiation (8). However, 
after 4 h erythema scores stayed high but prostaglandin levels 
fell back to normal (8) .  Thus, oral or topical administration 
of indomethacin completely suppressed the elevation of the 
levels of the prostaglandins (9) but the erythema associated 
with the radiation damage was only partially suppressed 
compared with controls and then for only -24 h, and the acute 
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U V  damage to epidermal cells was not affected (10). More- 
over, the concentration of indomethacin used was fairly high 
(2.5%) and the vehicle used in all treatments contained a 
penetration enhancer (ethanol-propylene glycol-dimethyl- 
acetamide or dimethylformamide, 19: 19:2 or I : 1 :2). 


Thus, although in general the treatment (oral) of sunburn 
with nonsteroidal anti-inflammatory agents appears promising 
from the point of view of increasing the minimal dose of light 
necessary to produce erythema ( 1  I ) ,  the lack of reports of 
topical activity by indomethacin without the use of penetration 
enhancers and its lack of effect on the long term effects of 
sunburn make it an unsatisfactory therapeutic agent at least 
from a topical delivery point of view. Therefore, in order to 
determine if increased delivery of indomethacin through skin 
would improve its therapeutic effectiveness, a number of 
prodrug derivatives have been prepared and evaluated ( 1  2). 
This paper describes the preparation and evaluation of an 
N,N-dialkylhydroxylamine derivative of indomethacin as one 
example of the prodrugs of anti-inflammatory carboxylic acids 
(1 3) designed to improve therapeutic effectiveness by in- 
creasing their delivery through skin. 


l a . R = O H  
lb. R - CI 
k. R = W C ? n h  


EXPERIMENTAL SECTION' 


Preparation of I~4'-Chlorobenzoyl~S-methoxy-2-methyl-lindolylacetyl 
Chloride (1b)-To a suspension of indomethacin (21.9 g, 0.061 mol).in 300 
mL of benzene, 10.8 g (0.085 mol) of oxalyl chloride was added with stirring. 
The reaction was heated at reflux for 2 h. Then the solution was concentrated 
to give a residue which was triturated with 300 mL of ether. The suspension 
was filtered and the solid material dried to give the acid chloride as a yellow 
powder ( I  8.9 g, 82% yield), mp 125- 128°C. IR (KBr): 1790 and 1675 cm-I 


Art{), 7.0-6.55 (m, 3, ArH), 4.17 (s, 2, CHzCOCI), 3.83 (s, 3,OCH3), and 
2.41 ppm (s, 3.CH3 -C=C). 


Anal. Calc. for C I ~ H I S C I ~ N O ~ :  C, 60.65; H, 4.02; N ,  3.72. Found: C, 
60.59; H .  4.08; N, 3.50. 


Preparation of N-]1-(4'-Chlorobenzoyl)-~-methoxy-2-methyl-3-indolyL 
acetyloxybN,,Vdiethylamine (1c)-To a suspension of Ib (1 8.9 g, 0.048 mot) 
in 500 mL of ether was added N,N-dicthylhydroxylamine (8.88 g, 0. I mol). 
The mixture was stirred for I h at room temperature and then was filtered. 
The filtrate was concentrated to give solid material which was extracted with 
200 mL of dichloromethane. The organic phase was washed successively with 
100 mL of 0.5 M NaOH and 100 mL of water. The organic layer was sepa- 
rated, dried over NazSOo. and concentrated to a viscous mass which was 
triturated with 100 m L  of ether. The crystals were rcmoved by filtration and 
then recrystallized from dichloromcthane -cther to give 14.4 g (70% yield) 
of the desired product as transparent yellow prisms, mp 100-101 OC. IR (KBr): 
1747 cm-' (s, 0-C=O) and 1650cm-I (s, N- -C=O); 'H-NMR (CDCI3): 
6 7.8-7.3 (m, 4, ArH), 7.0-6.6 (m, 3, ArH), 3.83 (s. 3, OCHj), 3.67 (s, 2, 


( s ,  C=O);' H-NMR (CDCI3): 6 7.60 (ABq, 4, J = 9 Hz, A , A ~  = I 1  Hz, 


I T L C  was run on Brinkman Polygram Sil G/UV 254. Melting points (uncorrected) 
were taken with a Thomas-Hoover capillar) apparatus. N M R  spectra were recorded 
on a Varian T-60 spectrometer. IR spectra were obtained on a Beckman Acculab 4 in- 
frared spectrophotometer. Microanalyses were obtained from Midwest Microlab. Ltd.. 
Indianapolis, Ind. The indomethacin was obtained from Sigma. The N-hydroxydiethyl- 
amine and the remaining reagents were obtained from Aldrich except for isopropyl 
myristate which was obtained from Eastman Kcdak. The bulk solvents wcre obtained 
from Mallinckrodt. The mice used in the diffusion cell experiments werc ICR white Swiss 
mice (22-25 g) from Spraguc Dawley and the diffusion cells were obtained from Kersco 
Engineering Consultants. Palo .Alto, Calif. The I lPLC system was a Waters Associates 
instrument using a p-Bondapak CIS column. The sunlamp used was a Westinghouse 
FS-20. 


Table I-Ear Burn Test: Effect of Indomethacin and I t s  Ikrivative on 
Inhibition of Inflammation 


Compound 
Increase in Inhibition 


Ear Weight, ?h of Edema n 


10 Is0 ropy1 myristate (control) 


Ic (0.03 M) 12.0 f 1.6 50.2 10 
18 Propylene glycol (control) 36.1 f 1.8 - 


lndomethacin 
0.03 Mb 30.9 f 2.3 21.6 21 


- 24.1 f 2.0 
lnaomethacrn (0.03 M) 18.6 f 2.0 22.8 10 


0.01 M 
0.003 M 


31.9 I 4 . 3  
34.7 f 3.6 


-. . -. 
11.6 5 
3.9 16 


Ic 
0.03 Mb 28.3 f 2.5 28.2 20 
0.01 M 24.9 f 4.0 31.0 5 
0.003 M 30.5 f 2.5 15.5 16 


Suspension or solutions prepared by a brief (5 min) sonication of solvent-compound 
Compared with a control experiment where there was 39.4 f mixture. Results f SE. 


2.6% increase in ear weight. 


Table 11-Sunburn Tdt: Comparison Between Indomethacin and Ic 


Evaluation of RedncssO 
After 


UV Exposure 0.03 M Ic 0.03 M lndomcthacin Control 


I 0 0 0 
2 0.5 f 0.8 0.8 f 1.0 2.0 f 1.3 
3 0.7 f 0.8 1 . 1  f 0.8 2.6 f 1.2 


3 . 0 f  1 .1  4 1 .1  f 0.5 1.3 f 0.6 
3.5 i 0.8 I .9 f: 0.8 5 1.8 * 0.6 


6 2.0 f 0.6b 2.0 f 0.6b 3.5 f 0.8 


The vehicle was the polyethylene ointment base: given as 50 pL/4  cm2 spot ( n  = 6). 
Score f SD; maximum redness = 4. b p < 0.005 cornpared with control. 


O=CCHz), 2.89 (4. 4 , J  = 7 Hz, NCH2), 2.39 (s. 3,CH3C=C),and 1.06 
ppm ( ~ 6 ,  J = 7 Hz, NCHzCH,). 


And.---Calc. for Cz3Hz&lNz04: C, 64.40; H, 5.88; N, 6.53. Found: C, 
64.39; H, 5.86; N ,  6.29. 


Biological Tests-Rat Ear Burn Test-These results wcre obtained ac- 
cording to the method of Bronaugh et a/. (14) where warm (51.7"C) metal 
cylinders were applied to the right ear of rats to cause the burn. After I min 
the burned ears were treated with 50 pL of a 0.03-0.003 M isopropyl myris- 
tate, propylenc glycol solution, or a suspension of la or Ic. The animals were 
sacrificed after 10 h, circular sections of the ears werc made with a leather 
punch, and the weights of both the right ear and the left ear pieces were de- 
termined immediately. Inflammation was determined as the increase in weight 
of the burned right ears compared with the weight of unburned left ears of 
the same animals. The percent increase in ear weight was calculated as: 
(weight of right ear - weight of left ear)/(weight of lcft ear) X 100. The 
percent increase in burned ear weight of animals receiving vehicle (%C) was 
compared with the percent weight increase in ear weight of animals receiving 
vehicle containing drug (%D) to give a percent inhibition of edema as follows: 
(?K - %D)/%C = percent inhibition of edema. The results for thecomparison 
of indomethacin with the indomethacin hydroxylamine derivative are given 
in Table I .  


Sunburn Test-This procedure is slightly modified from that described 
by Snyder ( I  5). The differences in this procedure were the concentrations ( I .  I 
uersus 2.5% for la), amounts applied (50 w s u s  20 pL), number of applica- 
tions ( I  uersus 4-1 9). period of observation (6 uersus 48 h), and the fact that 
occlusion was used. Briefly. the test areas (4 cm2) on thc backs of human 
volunteers wcre irradiated using a bank of sunlamps. The minimum erythema1 
dose was determined for each subject; subsequcnt test exposures were 2-3 
times this amount. Test formulations of la or Ic (0.03 M. 50 pL) or the vehicle 
alone were applied immediately after exposure and wcrc partially occluded 
for 5 h with 2.54-cm adhesive bandages (9 spots per subject); three applications 
each of la, Ic, and vehicle in a randomized asymmetric array. Erythema1 re- 
sponse was evaluated each hour for 6 h after exposure and graded o n  :I scale 
of 0 - 4  (4 being a response of maximum redness). lndomethacin and Ic in  the 
polycthylene ointment base2 werc each tested on two volunteers with the result 
that no diffcrcnce bctwccn indomethacin and Ic could be sccn (Table 11). 
Similar results wcrc obtained when la and Ic were compared in  pctro- 
latum. 


* Plastibase; 5 g of polyethylene and 75 g of liquid paraffin. 
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Table Ill-Diffusion Cell Test: Comparison Between lndomethacin and Ic * 


Hours after Application From lndomethacin From Ic 
lndomethacin Delivered, pg 


4 
7 


I I  
24 


0.20 f 0. I9 
0.85 f 0.48 
1.33 f 0.73 


0.40 f 0.12 
I .78 f 0.23 
2.87 f 0.32 


4.48 f 1.86 8.81 f 0.66 
~~~ ~~ ~ 


0.03 M in polyethylene ointment base, n = 3; mean f S D  


Table IV-Stability of Ic in Various Solvents 


Solvent 


~ 


Stability (4OOC)O 
Amount in Solvent, Perccnt 


mR/R Remainine. 


lsopropyl m ristate 
Propylene ghcol 
Mineral oil 
lsooctane 
Polyethylene ointment base 
Pet rola t u m 


79.5 
0.0 


98.3 
99.0 
90.4 
99.6 


a After 7 d except for isopropyl myristate which was 5 d. * A solution of Ic. A sus- 
pension of Ic. 


Dijjrtsion Cell Tesr--The plexiglass diffusion cells have been described 
prcviously (16) but essentially consist of a lower and an upper chamber with 
a side arm to allow sampling of the receptor phase (lower chamber). The mice 
wcrc sacrificed by cervical dislocation. Their hair was carefully clipped and 
the dorsal skin remowd and stretched over the receptor chamber using a 
rubbcr gasket to secure it. The receptor phase (40 ml-) contained 0.9% NaCl 
and 0.01% thimerosa). The test formulations (0.25 mL, 0.03 M )  were applied 
to the skin, then the entirccell was incubated at 32OC. Two-mL samples were 
withdrawn at the appropriate tinies and replaced with 2 mL of fresh receptor 
phase. The samples wcrc analy7ed immediately by HPLC using methanol- 
water with I X 10-3 M tetrabutylammonium perchlorate as the solvent (flow 
= 2.0 mL/min; absorbance at 280 nm). Samples of 500 jiL were injected onto 
the I1PLC column and eluted with a convex gradient using a commercial 
program]; 50% methanol -50% water (solvent A )  and 75% methanol-25% 
water (solvent B) starting with 20% solvcnt system Band concluding with 60% 
solvent system B after 5 min. Under those conditions, la (indomethacin) had 
a retention time of 6.7 min while Ic had a retention time of 9.0 min. Peak 
heights for. la werequantitated by comparison wi th  standards of known con- 
centration similarly chromatographcd. In every case only la wasobscrved in  
the receptor phase on analysis. 


The comparison of the ability todcliver indomethacin from the polyethylene 
ointment base between indomethacin and Ic is shown in Table 111. The 
amounts of indomethacin delivered from the application of Ic in isopropyl 
inyristate (42.7 f 5.4 j ig of indomethacin) and petrolatum (7.9 f 2.9 j ig of 
indomethacin) wcrc determined; thc amounts delivcrcd after 24 h arc rc- 
ported. 


Physical Properties-The stability of Ic was determined by preparing so- 
lutions or suspensions of Ic in the solvents listed in Table IV. At the appropriate 
time samples wcre dissolved in or diluted with ethyl acetate and those Solutions 
wcrc analyzed by 1fPI.C using the same conditions used in  the diffusion cell 
experiments. Only la was observed I decomposition product. 


RESULTS AND DlSClJSSlON 


Thc dcvc!opment of a prodrug dcrivativc of a drug containing a spccific 
functional group requires that the derivative of that functional group cxhibit 
spccilic characteristics. The derlvativc should bc stablc enough to havc a useful 
shelf lifc. yet revert quickly to the parent compound iti r im; the derivatizing 
;igcnt hhould be nontoxic and impart the desired change in  physicochcmical 
propcrtiea to the pilrent cornpourid. The last characteristic. in many cases, is 
the most difficult to predict. 


N.N-Dialkylhydroxylamincs appear to bc ;tttr;tctivc candidates as dcri- 
vati7ing 'tgcnts 'for cqrboxylic acid b;tscd on the above criteria. Acyl-N.N- 
dialkylhydroxylamincs are relativcly stable derivatives of carboxylic acids 
yet are sufficiently labile to serve as activatcd cstcrs in  amination reactions 
whcn thc reaction is catalyzed by a weak acid ( 1  7) .  Thus, thcy should be stable 
as long as thcy are kept out of contact wi th  protic solvents. but, because thcy 
arc chcmicillly labile. they also should bc labile inuicm. I n  addition. the dcri- 


The HPLC program was program 4 on a Waters Associates M660 programmer. 


vatizing agents cxhibit a low order of acute toxicity. NJ-Dicthylhydroxyl- 
aminc exhibits an oral L D ~ o ~ o f  1600 mg/kg in  rats and a topical L D ~ . o ~ o f  
2000 mg/kg in rabbits (18). compared with diethylamine which exhibits an 
oral LDso of 540 mg/kg in rats and a topical LDso of 820 mg/kg in rabbits. 
Finally, although amines have prcviously been employed successfully as 
pielration enhancers in formulations (19, 20). dcrivatizing agents containing 
low pK, amines [the pK, of N,W-dimethylhydroxylamine is 5.2 (21) and the 
0-acylated hydroxylamine should be even less basic] have not been employed 
to prepare prodrugs of carboxylic acids for the purpose of improving the ability 
of the carboxylic acid to penetrate biological membranes. Such derivatizing 
agents containing a low pK, amine group offer several potential advantages. 
First, the amine group generally confers to the molecule a greater ability to 
partition from an aqueous environment into lipids than does a carboxylic acid 
group (22); although it is not clcar whether this tendency is dyF to a more 
favorable free cnergy of adsorption or dehydration contribution to the free 
cnergy of transfer, previous work (23) suggests that it is probably the latter. 
Second, the low pK, amine is present in  its unprotonatcd form (99% at pH 
7.4) which is the form that undergoes partitioning (22). compared with other 
tcrtiary amines which are -0.1% unprotonatcd at pH 7.4. Thus, it seemed 
likely that the conversion of the carboxylic acid group in nonsteroidal anti- 
inflammatory agents to low pK, amine derivatives would impart the desired 
physical chemical properties to the derivatives. 


The acylated hydroxylamine derivative (Ic) was synthesiied from the re- 
action between Ib and two equivalents of hydroxylamine ( I  7). Various other 
bases such as triethylamine or potassium carbonate wcrc tried as substitutes 
for the second equivalent of hydroxylamine but the best yields were obtained 
with the second equivalent of hydroxylamine acting as the acid scavenger. A 
second route involving the use of a dehydrating agent ( I  .3-dicyclohexylcar- 
bodiimide) to form the ester bond (17) has also been used to prepare these 
iicylated hydroxylamine derivatives (13). The yields of product were gcnerally 
lower using this last approach but such an approach should bc more generally 
itcceptable for carboxylic acids with sensitive functional groups. 


To determine if the substitution of a carboxylic acid group by ii low basicity 
amine group had an effect on the ability of the parent compound to penetrate 
biological membranes. the diethylhydroxylamine derivative of indomethacin 
(Ic) was compared with indomethacin in  diffusion cell tests using the poly- 
ethylene ointment base as the vehicle. Almost twice as much indomcthacin 
was delivered by the derivative Ic than by indomethacin itself (Table II I. 0.03 
M = - I %  la). In addition. only indomettpcin was observed on the receptor 
side; no indole-chlorobenzoyl cleavage was observed. The cffcct of other ve- 
hicles on the delivery of indomethacin by Ic was also determined. A vehicle 
of petrolaturn gave diffusion results that were comparable with the polyeth- 
ylene ointment base (8 j ig) while a vehicle of isopropyl myristate containing 
Ic delivered almost five times as much indomethacin as did Ic in the poly- 
ethylene ointment base. I n  separate experiments, 16% dimcthylacetamide 
in petrolatum was used as a vehicle for the delivery of indomethacin from Ic. 
However, only -25 pg of indomethacin was delivered to the receptor phase 
in 24 h under the best conditions using the vehicle containing the penetration 
enhancer compared with 42 j ig of indomethacin delivered from Ic using iso- 
propyl myristatcs. These results show that Ic delivers indomethacin through 
skin better than does indomethacin. 


A comparison of the stability properties of Ic in various solvents arc given 
in Table IV. It is apparent that Ic is stable in aprotic vehicles. The relative 
instability of Ic in the polyethylene ointment base was attributed to acidic 
impurities in  the ointment. The addition of an organic base such as I-mcth- 
ylimidazole or inorganic bases such as magnesium oxide or zinc oxide resulted 
in little or no decomposition of Ic in the polyethylene ointment base being 
detected using the same experimental conditions5. I n  separate diffusion cell 
cxperiments zinc oxide was shown to have no effect on the delivery of indo- 
mcthacin by Ic from the polyethylene ointment base vehicle5. 


The effects of Ic on inhibiting inflammation in  animal models is shown in 
Table I .  In  theear burn test, Ic was about three times as potent as indomcth- 
;icin if  the compounds were tested i n  a piopylene glycol vehicle whilc Ic was 
twice as potent as indomethacin if the two compared in  an isopropyl myristatc 
vehicle. A croton oil irritation test was also used (24.25) .  I n  that test. Ic bas 
only marginally better than indomethacin6. but this may have been due to the 
partial decomposition of Ic by the croton oil which contains an acidic com- 
ponent. The advantages of the ear burn model in  these tests are that a com- 
parison between vehicles can bc obtained and that labile derivatives can bc 
compared under conditions where their stability can be assured. Thus, Ic was 
clearly more active than indomethacin in inhibiting inflammation in animal 
models. 


The effectiveness of Ic and indomethacin in inhibiting inflammation due 


Lowest dose a t  which toxic effects arc observed. 
K.B. Sloan. unpublished results. 
Kanebo Company, Japan. unpublished data. 
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to UV-B light isshown inTable II.Therewas nosigni~cantdifferencebetween 
thc two compounds at 0.03 M in petrolatum or at 0.03 M in the polyethylene 
ointment base. Only the results from the latter experiment arcshown but the 
petrolatum rcsults were essentially identical including the lag time for dc- 
velopmcnt of redness, although the inhibitory effect of indomcthacin and Ic 
was apparent after 2 h. using the polyethylcnc ointment base formulation. 
instcad of 3 h for the pctrolatum formulation. Thus. nodiffcrence between 
Ic and indomcthacin was observed under conditions where the diffusion cell 
cipcrinicnts had shown that Ic delivcr~d twice as much indomethacin through 
the skin a s  indomethacin itself (seeTable I l l ) .  Thiseffect may be the result 
of the delivery of a maximum effective dose of indomethacin from the appli- 
cation of indomethacin in  the polyethylene ointment base so that there was 
no observable effect of the excess indomethacin delivered by Ic i n  the poly- 
ethylene ointment base. 


The initial suppression of the redness score, then the gradual approach of 
the redness score for the indomethacin or Ic trcdted areas to the redness score 
for the control areas after 6 h. is similar to the observations ofSnyder (8) in 
guinea pigs and of Eaglstein ef a / .  (26) in human volunteers. Thus, although 
an N.N-dialkylhydroxylamine derivative of indomethacin exhibited improved 
delivery of indomethacin through skin and was more effective than indo- 
methacin in inhibiting thermal and chemical inflammation, i t  was no more 
effective than indomcthacin in inhibiting the long term erythema of UV-B 
radiation. However, thesc derivatives of nonsteroidal anti-inflammatory agents 
may be useful in treatingother inflammatory skin reactions such as allergic 
cczcmatous contact dermatitis (27) where prostaglandins have also been 
implicated as causative factors and insufficient nonsteroidal anti-inflammatory 
agent is delivered using conventional formulations and the underivatized 
nonsteroidal anti-inflammatory agent. 
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COMMUNICA TIONS 


Evidence Favoring the Venous Equilibrium 
Model for Hepatic Clearance of 
( S ) - (  -)-Propranolol 


Keyphrases 0 Propranolol-hepatic clearance, venous equilibrium model 
0 Hepatic clearance-propranolol, venous equilibrium model 


To the Editor: 


Drug clearance is an important pharmacokinetic parameter 
since it most closely reflects the ability of the body to rid itself 
of drug. Because the liver is a major site of drug elimination, 
there is considerable interest in understanding the processes 
by which drugs are cleared as they pass through this organ. 
Two physical models for hepatic drug clearance have been 
proposed. The venous equilibrium or "well-stirred" model 
assumes that the liver can be viewed as a single homogeneous 
compartment with the free or unbound drug concentration in  
hepatic venous blood in equilibrium with that in the liver (1). 
The sinusoidal model assupes that the liver is composed of a 
number of parallel tubes with drug-metabolizing enzymes 
evenly distributed throughout (2). In this model, drug con- 
centration declines continuously as blood traverses the sinusoid. 
Although the determinants of drug clearance are the same in 
both models (liver blood flow, unbound fraction of drug in 
blood, and intrinsic clearance of unbound drug), the equations 
relating these variables to hepatic clearance differ. For the 
venous equilibrium m@el: 


while for the sinusojdal model: 


CL = Q(1 - e-fu*Chni/Q) (Eq. 2) 


where Q is the liver blood flow,fu is the fraction of unbound 
drug in blood, CLu,int is the intrinsic clearance of unbound 
drug, and CL is the liver clearance. 


Despite the difference between these equations, both predict 
quantitatively similar values for drug clearance under most 
conditions of varying blood flow, free fraction, or intrinsic 
clearance. However, an extensive theoretical analysis of the 
models has suggested that major differences exist in predictions 
of area under the concentration-time curve (AUC) and sys- 
temic availability ( F )  when highly extracted drugs are ad- 
ministered orally (3). In the venous equilibrium model: 


F = Q/(Q + fu  CL,,nt) (Eq. 3) 


AUC = Dose/fu CLu,int (Eq. 4) 


F = e-fu.CI.u.int/Q (Eq. 5 )  


and: 


while in the sinusoidal model: 


and: 


AUC = Dose(e-fuCLu.inI/Q)/Q( 1 - e-fuCLu.inr/Q) 
(Eq. 6 )  


It is readily appreciated from these equations that changes in 
blood flow or drug binding will result in approximately linear 
changes in F and AUC for a highly extracted drug according 
to the venous equilibrium model, while the sinusoidal model 
predicts exponential changes. 


The venous equilibrium model appears to be much more 
commonly employed in pharmacokinetic analysis today. 
However, there is little physiological or experimental evidence 
to suggest that this model is preferable. Using the isolated 
perfused rat liver preparation, Pang and Rowland (4) found 
that the clearance of highly extracted lidocaine was best de- 
scribed by the "well-stirred" model. The hepatic elimination 
of galactose, however, has been obseved to be more consistent 
with the predictions of the sinusoidal model ( 5 ) .  Both of these 
investigations were conducted under conditions of perturbed 
blood flow. Such studies could also be carried out by varying 
the degree of protein binding (3). Jones et al. (6) have recently 
reported that a sevenfold change in the free fraction of pro- 
pranolol does not alter effluent unbound propranolol concen- 
tration in the perfused rat liver, a finding consistent with ve- 
nous equilibrium theory. The discovery over the past several 
years that many highly extracted basic drugs are highly bound 
to crl-acid glycoprotein (7) makes this approach feasible not 
only in situ but also in the intact animal, since the concentra- 
tion of a]-acid glycoprotein and degree of protein binding may 
change dramatically and rapidly in a number of conditions and 
disease states (8-10). 


The recently published data of Terao and Shen (1 1) provides 
an excellent opportunity to evaluate the relative merits of the 
proposed models based on in oiuo observations. These inves- 
tigators administered oral and intravenous @)-(-)-pro- 
pranolol to rats 1 and 7 d following implantation of an in- 
dwelling jugular venous catheter. The free fraction of (S ) -  
(-)-propranolol decreased from an average of 0.169 1 d fol- 
lowing catheter insertion to 0.074 7 d later, presumably due 
to a catheter-stimulated increase in crl-acid glycoprotein 
concentration. Bioavailability and AUC were measured fol- 
lowing the administration of oral drug on both occasions and 
are listed in Table I. F was found to increase from 4.1 to 7.8%, 
while AUC increased from 3.45 to 6.95 pg.min/mL as protein 
binding increased. 


The predicted effect of such a change in binding on these 
parameters was calculated for both models using Eqs. 3-6. 
These predictions assume complete absorption of (S ) - ( - ) -  
propranolol, that liver blood flow and intrinsic clearance of 
unbound drug are the same on both study days and that 


Table I-Observed and Predicted Changes in F and AUC Secondary to 
Increased Protein Binding 


fu = 0.169 fu = 0.074 Ratio* 


Observed F (%)" 4.1 7.8 1.90 
Predicted 


Venous equilibrium model - 8.9 2.17 
Sinusoidal model - 24.6 6.00 


Observed AUC (pg.rnin/rnL)" 3.45 6.95 2.01 
Predicted 


Venous e uilibrium model - 7.88 2.28 
Sinusoidj model - 26.32 1.63 


Data from Terao and Shen ( I  I ) .  * Ratio of value at/. = 0.074 to observed value 
at/,= 0.169. 
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(S) - (  -)-propranolol is entirely cleared by the liver. The value 
of CI,u.int for each model was estimated from Eqs. 1 and 2 using 
the (S)-(-)-propranolol clearance of 6.61 mL/min/ 100 g 
observed following intravenous administration 1 d after 
catheter insertion. Q was calculated using this value for 
clearance and an extraction ratio of 0.959. Table I lists the 
predictions and compares the ratio of predicted or observed 
values at  the time of increased binding to the original obser- 
vation. As expected, significant differences between the models 
were observed with the venous equilibrium equations pre- 
dicting 2.17- and 2.28-fold increases in F and AUC, respeo 
tively, given the observed binding change, while the sinusoidal 
model predicted 6.00- and 7.63-fold increases in these pa- 
rameters. Clearly, the predictions of the venous equilibrium 
model more closely approximate the values observed by Terao 
and Shen (1 1). In fact, there is remarkably good agreement 
with only 14.1 and 13.4% error in the predictions of F and 
AUC, respectively, using this model. 


Although this data is limited to observations in one species 
with a single substrate, it does provide in vivo evidence in 
support of the venous equilibrium model for hepatic clearance. 
This is important information since there are many clinical 
situations in which liver blood flow, protein binding, or intrinsic 
drug clearance may be altered. Knowledge of the appropriate 
physical model for hepatic clearance allows one to predict with 
reasonable accuracy the effect of changes in these factors on 
important pharmacokinetic parameters such as F and AUC. 
This is particularly crucial when highly extracted compounds 
are administered orally. Prospective studies examining this 
issue further with other highly extracted drugs are needed in 
order to confirm that the venous equilibrium model is indeed 
the preferred physical model for hepatic drug clearance. 
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Method for Determination of First-Pass 
Metabolism in Human Skin 
~- ~~~~ 


Keyphrases 0 Metabolism, first-pass-transdermal formulations, human 
skin 0 Transdermal formulations-percutaneous first-pass metabolism, 
human skin 0 Viprostol-transdermal formulations, first-pass metabolism 


To the Editor: 
The technological advances in drug-delivery systems have 


allowed increased utilization of transdermal formulations for 
therapeutic purposes. This route of administration is most 
suitable for potent drugs possessing short biological half-lives, 
extensive first-pass metabolism after oral administration, and 
narrow therapeutic indices. By controlling the rate of delivery 
and absorption through the skin, it is possible to maintain 
therapeutic drug concentrations in the blood and/or at the site 
of action. The systemic blood concentrations of such com- 
pounds after transdermal administration in humans is very low 
and often below the sensitivity levels of specific assay proce- 
dures. Nitroglycerin, which undergoes extensive first-pass 
metabolism when given orally, is one of the most widely used 
drugs in transdermal systems. To circumvent the assay sen- 
sitivity problem and allow for a comparison of dosage forms, 
Karim (1) has proposed, and effectively implemented, blood 
sampling from the ipsilateral antecubital forearm veins after 
application of the topical formulation on the volar surface of 
the wrist. The purpose of this communication is to describe a 
similar procedure that can also estimate the percutaneous 
first-pass metabolism of topically applied compounds, even 
when extensive biotransformation takes place in the skin. 


Drug and/or drug and metabolite (i.e., total) concentrations 
in samples from the contralateral antecubital forearm will be 
low and represent the systemic blood concentrations (Cc). The 
ipsilateral samples will contain higher blood concentrations 
(Ci), and represent the concentration of the drug absorbed plus 
C,  at any given time. After correction for C,, the ipsilateral 
concentrations will directly reflect the flux of the drug (Cj) 
through the skin; i.e., 


(Eq. 1) 
where Ci = Cp,j -I- C,,j + C , ,  + Cm,c, C,  = C , ,  + Cm,cv and 
C, = C,j + C,j. In this case C,  is the concentration of the 
unchanged drug and C ,  is the total concentration of metab- 
olites. 


In the absence of any metabolism and/or degradation of the 
drug during the percutaneous absorption process, Cj will 
consist of the intact drug only, i .e.,  C, = C,j. If during the 
absorption processes the drug undergoes metabolism, Cj will 
consist of the concentrations of the drug (Cpj) and metabo- 
lite(s) (C,j) in the ipsilateral samples at any time. In such a 
situation the magnitude of the first-pass metabolism can be 
estimated by calculating the fractions of unchanged drag and 
metabolite(s). Biotransformation and/or binding in the vein 
from the absorption site (the skin) up to the point of blood 
sampling would be accounted for but not differentiated from 
metabolism in the skin. The same is true if degradation pro- 
cesses other than biotransformation were involved. 


When the rate of absorption through the skin is constant, 
and C, reaches steady-state level, the fraction metabolized in 
the skin cf,) can be estimated by: 


cj = ci - c, 
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Pharmacokinetics of Bumetanide Following Intravenous, 
Intramuscular, and Oral Administrations to Normal Subjects 
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Abstract 0 The pharmacokinetics of bumetanide was studied in  12 normal 
subjects after 1 -mg intravenous, intramuscular, oral solution, and tablet ad- 
ministrations in a random four-treatment crossover design. Plasma and urine 
concentrations of intact bumetanide were analyzed by a sensitive and specific 
RIA. The pharmacokinetics of bumetanide after intravenous administration 
was characterized by a biexponential equation, including an initial disposition 
phase ( I  112." = 5. I min), followed by a slower elimination phase ( i  1/2J = 44 
rnin). Bumetanide pharmacokinetics after intramuscular and oral adminis- 
tration could be described by a biexponential equation with first-order ab- 
sorption and elimination. Bumetanide is rapidly absorbcd oia the intramus- 
cular and oral routes, with mean f SD maximum plasma concentrations of 
38.2 f 9.8 (intramuscular), 34.0 f 10.6 (oral solution), and 30.9 f 14.6 
ng/mL (tablet) achieved within 0.34 f 0.23,0.76 f 0.27, and 1.8 f I .2 h after 
dosing, respectively. The drug is rapidly eliminated from the body after in- 
travenous, intramuscular, oral solution, and oral tablet administrations, with 
half-lives ranging from 24-86,47- 139, 27-7 I ,  and 26-99 min, respectively. 
Approximately 70% of a parenteral dose and 60% of an oral dose are excreted 
as intact drug in urine taken 0-24 h after administration. The extent of bio- 
availability of bumetanide from the tablet and oral solution dosage forms are 
equivalent, and the absolute bioavailability of the intramuscular and oral 
prcparations are -100 and 809'0, respectively. This is consistent with the 
predicted limited extent of first-pass metabolism after complete absorption 
of an oral dose. The pharmacokinetic and pharmacodynamic data support 
the conclusion that bumetanide is galenically available from the tablet dosage 
form and that comparable cumulativc diuretic activity is obtained, regardless 
of the route and mode of administration. 


Key phrases 0 Pharmacokinetics-bumetanide. intravenous, intramuscular, 
and oral administration 0 Bumetanide-pharmacokinetics, intravenous, 
intramuscular, and oral administration, 0 Diurrtics-bumetanide, phar- 
macokinetics following intravenous, intramuscular. and oral administration 


Bioavailability-bumetanide, intravenous. intramuscular, and oral ad- 
ministration 


Bumetanide, 3-(butylamino)-4-phenoxy-5-sulfamoylben- 
zoic acid, a new potent sulfonamide diuretic, produces a rapid 
diuretic response with a short duration of action in humans. 
The major site of action is on the ascending limb of Henle's 
loop, in addition to further action on the proximal tubule (1 -3). 
The diuretic effects of bumetanide are as extensive as those 
of other "loop" diuretics but at oral doses of 1 mg, as compared 
with 40-60 mg of furosernide (4-8). Although pharmacoki- 
netic studies in humans after intravenous and oral adminis- 
tration of bumetanide have been reported (6, 9-12), the 
pharmacokinetics and bioavailability of intramuscularly ad- 
ministered bumetanide have not. 


The purpose of this study was to determine primary phar- 
macokinetic parameters of bumetanide following intravenous, 
intramuscular, and oral administrations and to assess the 
bioavailability of the intramuscular, oral tablet, and oral so- 
lution preparations of bumetanide relative to intravenous 
administration. 


EXPERIMENTAL SECTTION 
Clinical Protocol--Twelve healthy adult male and female volunteers [23-40 


years old (mean 30); weight, 54-96 kg (mean 70)) were selected for the study. 
Su bjecls were considered normal by medical history, physical examination, 
and blood and urine laboratory tests. An informed written consent was ob- 
tained from each volunteer before the study. 


Single I-mg doses of bumetanide were administered to each subject as in-  
travenous, intramuscular, oral solution, and tablet preparations. Subjects were 
randomly assigned to the four treatments, and there were at  least 2 weeks 
between dosage administrations. The drug was supplied in 0.25-mg/mL 
ampules for parcnteral and oral solution administrations. The intravenous 
dose was administered over a 2-min pcriod, and the intramuscular dose was 
injected into the lateral thigh with an intramuscular administration needle. 
The oral solution dose was administered in a 4-mL solution given with 250 
mL of water, and the oral tablet was given with 250 mL of water. 


Subjects fasted for 8 h prior to drug administration and remained fasting 
until the 4-h blood sample was collected. A hospital-prepared lunch, supper, 
and a bedtime snack were served. No additional salt or highly salted foods were 
permitted. Water was permitted ad libitum. 


Blood samples (10 mL) were drawn through an indwelling cannula or by 
separate venipuncture into oxalated tubes prior to drug administration and 
at 0.1,0.25,0.5,0.75, I ,  1.5,2.2.5,3,4,5,6,7.8, 10, 12,and 24hafterdrug 
administration. Plasma wasseparated and stored at -17OC until assayed. All 
urine voided over 12 h before dose and 0-2,2-4,4-6.6-8,8-12. and 12-24 
h after drug administration was collected, and 50-mL aliquots were stored 
at  - I7'C until assayed. 


Analytical Procedures-Plasma and urine samples were assayed for intact 
bumetanide using a slight modification of the sensitive and specific RIA 
procedure of Dixon el a / .  ( 1  3). I n  the present study, the precipitated anti- 
body-bound fraction was quantitated rather than the unbound fraction, and 
the data were calculated as outlined by Rodbard (14). with a digital computer 
used for iterative weighted linear regression analysis of logit BIB0 uersus log 
dose. The RIA had a limit of sensitivityof 3 ng/rnL of bumetanide with 0.1 
mL of plasma or urine. 


Phamcokinet ic  Analysis-Plasma concentrations following intravenous 
administration were curve-fitted as follows ( I  5): 


C,(I)  = Ae-"' + Be-0' 03.1) 
and concentrations after intramuscular and oral administration were fitted 
with the following ( 1  5): 


C,(r) = A'[e-B(r-ro) - e-kdr-b)] (Eq. 2) 


where C , ( I )  is the plasma concentration of bumetanide at time I;  A,  A'. and 
B are coefficients; a is the initial disposition rate constant; fl  is the terminal 
elimination rate constant; h a  is the apparent absorption rate constant; and 
10 is the lag time preceding initiation of absorption. A weighted ( I  / C p )  non- 
linear regression program [NONLIN (16)] was used to calculate the best 
estimates of the pharmacokinetic parameters. 


The mcdekstimated parameters were used to calculate the theoretical area 
under the plasma concentration-time curve (AUCTh), the apparent volume 
of the central compartment ( V,) ,  and volume of distribution in the postdis- 
tributive phase (Yd,,,,) as  follows: 


AUCTh (intravenous) = A / a  + B/j3 


V ,  (intravenous) = Dose/(A + B )  


Vd,,,, (intravenous) = Dose/(AUCTh$) 


(Eq. 3) 


(Eq. 5) 


(Eq. 6) 


AUCTh (intramuscular. oral) = A'/P - A ' / k ,  (Eq. 4) 


The maximum plasma concentration (Cmnx) and the time ( I , , , ,~ )  of its oc- 
currence following intramuscular and oral administrations were read directly 
from the observed plasma concentration-time data. The area under the plasma 
concentration-time curve from time zero to infinity (AUCTr) were calculated 
as  follows: 


AUCTr = AUCo ., + C,(r ) / f l  (Eq. 7) 


where A U C e ,  is the area calculated by trapezoidal summation from time 
zero to the time, 1 .  of the last measurable plasma concentration, C p ( t ) .  For 
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Figure I --Mean plasma concentration-time profiles of bumetanide following administrations of I mg of bumetanide to I 2  normal subjects. The circles 
are actual data points (mean f SE). and the solid lines are the fitted curves. Key: (a) intravenous: (b) intramuscular: (c) oral solution; (d) oral tablet. 


intravenous administration, the plasma concentration at time zero was ex- 
trapolated graphically. 


The volume of distribution at steady-state (Vd,), systemic plasma clearance 
(CL,), apparent oral clearance (CL,), renal clearance (CL,) ,  and nonrenal 
clearance (CLnr) were calculated by model-independent methods from the 


following relationships: 


Vd, (intravenous) = Dose (AUMCTr)/(AUCTr)2 


CL, (intravenous, intramuscular) = Dosc/AUCTr 


(Eq. 8) 


(Eq. 9) 
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Table I-Pharmacokinetic Parameters ' of Bumetanide Estimated by Curve-Fitting Intravenous Plasma Concentration-Time Data to Eq. 1 


1 
2 
3 
4 
5 
6 
7 


9 
10 
I I  
12 
Mean 
S D  


n 


161 6.3 
I I7 9. I 
I22 5.7 
477 7.2 
329 9.9 
I05 ?.O 
236 6.9 
I57  7.4 
99 8.5 


228 8.2 


3 20 6.7 
81 14.8 


203 8.1 
*I20 f2 .4  


52 
74 
36 
42 
32 
40 
52 
46 
36 
61 
84 
61 
51 


f16 


0.482 
I .09 
0.797 
0.664 
0.926 


0.771 
I .06 
0.909 
0.991 
1.75 
I .01 
0.942 


f0.308 


0.854 


7 
5 
7 
6 
4 
6 
6 
5 
5 
5 
3 
6 
5.1h 


86 
38 
52 
62 
45 
49 
54 
39 
46 
42 
24 
41 
446 


4.7 
5.2 
6.3 
I .9 
2.8 
6.9 
3.5 
4.9 
7.4 
3.5 
6.1 
2.6 
4.7 


f1 .8  


~~~~ 


15.4 
1 I .4 
18.9 
11.6 
15.8 
19.0 
12.8 
14.5 
21.6 
11.2 
10.7 
9. I 


14.3 
f 3 . 9  


134 
81 
67 


130 
68 
62 


101 
65 
51 
90 
54 


I09 
84 


5 2 9  


0.999 
1 .ooo 
1 .Ooo 
0.999 
0.999 
1.000 
0.998 
0.999 
0.999 
1 .Ooo 
0.999 
1 .Ooo 


Parameters a re  defined i n  the text. * Harmonic mean 


Table Il-Model-Independent Pharmacokinetic Parameters Determined from Plasma Concentration-Time Data and Urinary Excretion Data Following 
I-mg Doses of Bumtanide. 


Parameter Intravenous Intramuscular 
~ ~~~~ ~ 


Oral Tablet Oral Solution 


C,,, (ng/mL) 
/mar  (h) 


Vdrc ( L )  
AUCTr, (ng-h/mL) 


C L ,  (ml./min) 
C'L" (mL/min) 
CZ, (mL/min) 
CL,, (mL/min) 
Percent dose in urine (0-24 h) 
Absolute bioavailabilitv 


Area method 
Urinary excretion method 


Area method 
Urinary excretion method 


Relative bioavailability 


- 
- 


89 f 30 
9.8 f 3.4 


208 f 65 


146 f 59 
62 f 24 
6 9 f I I  


- 


- 
- 


- 
- 


38.2 f 9.8 
0.34 f 0.23 


80 f 25 


223 f 59 


146 f 32 
78 f 37 
66 f 9 


0.94 f 0.25 
0.98 f 0. I6 


- 


- 


- 
- 


34.0 f 10.6 
0.76 f 0.27 


64 f 27 
- 
- 


299 f 100 
169 f 61 
l 3 0 f  55 
5 7 f  12 


0.74 f 0.23 
0.84 f 0.16 


- 
- 


~~ 


30.9 f 14.6 
1.8 f 1.2 
66 f 28 
- 
- 


310 f 165 
178 f 99 
132 f 71 
58 f 7 


0.78 f 0.33 
0.86 f 0.13 


1 .O f 0.3 
1 .o f 0.2 


Parameters are defined in the text.  Values a re  mean f S D :  n = 12. 


CL, = F.Dose/AUCTr (Es. 10) 


(Es. 1 1 )  


(Eq. 12) 


CL, = Ae(0-24 h)/AUCTr 


CL,, = (CL, - C'L,) or (CL, - CLr)  


where AUMCTr is the area under the first moment of the plasma concen- 
tration-time curve, i . r . .  the area under the curve when the product of time 
and plasma concentration arc plotted against time ( I  7); F is the fraction of 
the dose that is available for absorption as intact drug (F = I ,  assuming 
complete absorption of thc oral dose); and Ae(0-24 h) is thc amount of intact 
bornctanidc excreted in the urine over 0-24 h. assuming complete elimination 
during this interval. 


Assessment of the absolute bioavailability of intramuscularly and orally 
idministered bumetanide relative to intravenously administered bumetanide 
and the relative bioavailability of the oral tablet compared with the oral so- 
lution were determined by area ratios and urinary excretion ratios as fol- 
lows: 


Absolute bioavailability 
(AUCTr) im, oral Ae(0-24 h) im, oral 


(Eq. 13) (AUCTr) iv Ae(0-24 h) iv 
RclaLive bioavailability 


(AUCTr) tablet Ae(0-24 h) tablet 
(AUCTr) solution Ae(0-24 h) solution - (Eq. 14) 


RESULTS AND DISCUSSION 


Intravenous Administration-The mean observed plasma concentration- 
time profile and the fitled curve following intravenous administration of 
bumctanidc are shown in Fig. la, and the pharmacokinetic parameters csti- 
mated by curve-fitting plasma concentration to Eq. I arc presented in Table 
I .  The mean fSD model-independent pharmacokinctic parameters are pre- 
sented in Table I I .  The plasma concentration-time data after intravenous 


I Lnpublrshed resulls; Iloffrnann-1.2 Rochc. Inc.. Nulley. N.J. 


administration were fitted well with a biexponential equation, including dis- 
position and elimination phases in all the 12 subjects. The goodness of f i t  of 
the individual data to the equation is shown by correlation coefficients of 
0.998-1.000 and the close agreement between the theoretical area [mean 
fSD = 84 f 29 ngh/mL (Table I ) ]  and the model-independent trapezoidal 
area [mean f SD = 89 f 30 ngh/mL (Table l l ) ] .  


The biphasic plasma concentration-time curve is characterized by a rapid 
a-phase with a harmonic mean half-life of 5.1 min, followed by a slower 
8-phase with a harmonic mean half-life of 44 min (Table I; Fig. la). Following 
intravenous administration, bumetanide is rapidly distributed into a small 
central compartment with a mean volume of 4.7 L f 1.8 (SD) which is roughly 
comparable to the blood volume in an adult. The mean fSD values for Vd,,, 
and Vd, were 14.3 f 3.9 and 9.8 f 3.4 L, respectively. The disposition of 
intravenously administered ['4C]bumetanide in  humans has been described 
by a triexponential equation in an earlier study (1  I ) .  The mean values reported 
for t ~ p , ~  (5.9 min), 1 1 / 2 8  (46 min), and V, (5.5 L) are comparable to the mean 
values in our present study. However, the reported mean Vd,, value of 62.5 
L is much higher than the mean Vd,,, of 14.3 L determined in our study. In 
the study with labeled drug, the reported Vd,,,, represented the volume of 
distribution during the terminal phase (7) .  which accounted for only 17%of 
the AUC for bumetanide. In a recent study ( I  2), in which a two-compartment 
model was shown to adequately fit the data following intravenous adminis- 
tration of bumetanide. the mean values reported for ri/2,s (5.75 min), V, (3.53 
L), and Vd, (9.45 L) were of the same magnitude as the values obtained in  
the present study. Their reported mean elimination half-life of 64 min, how- 
ever, is slightly longer than the mean value of 44 min determined in our 
study. 


Bumetanide is -96%' bound to plasma protein in  humans over the thera- 
peutic plasma concentration range. High plasma binding contributes to the 
relatively small volume of distribution for bumetanide and may contribute 
to its high renal clearance. Although glomerular filtration is restricted to the 
free concentration of drug in the blood, active tubular secretion has been shown 
to act on both free and bound drug concentrations (18. 19). Therefore, binding 
decreases the volume of distribution of bumetanide, resulting in larger con- 
centrations of drug being delivered to the kidney for possible secretion. 


The mean fSD plasma clearance and renal clearance of bumetanide were 
208 f 65 and 146 f 59 mL/min, respectively (Table 11). Lower renal clear- 
ance values relative to plasma clearance have been observed in other intra- 
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Table Ill-Pharmacokinetic Parameters a of Bumetanide Estimated bv Curve-Fittine Intramuscular Plasma Concentration-Time Data to h. 2 


Subject A', ng/mL k,, h-I B, h-l hag, min t l / 2 , k a ,  min 1 1 l 2 . e  min AUCTh, ng.h/mL r 


1 67 9.6 0.441 0 4 94 146 0.999 
2 69 3.1 0.626 0 14 67 88 0.990 
3 39 21.1 0.575 0 2 73 65 1 .ooo 
4 25 19.2 0.300 0 2 139 80 0.998 
5 54 94.9 0.882 0 1 47 61 0.996 
6 41 43.8 0.735 0 1 56 55 0.996 
7 45 18.8 0.426 0 2 98 I03 0.998 
8 67 6.1 0.752 0 7 55 78 0.997 
9 38 11.9 0.444 4 4 94 82 0.999 


10 59 18.1 0.673 0 2 62 84 0.998 
1 1  38 11.5 0.675 0 4 62 53 0.996 
12 81 3.2 0.809 0 13 52 15 0.996 
Mean 52 21.8 0.6 I2 0 I .9b 68 81 
SD f 1 7  f25 .5  f0.177 f O  f 2 5  


a Parameters are defined i n  the text. Harmonic mean. 


Table IV-Pharmacokinetic Parameters a of Bumetanide Estimated by Curve-Fitting Oral Solution Plasma Concentration-Time Data to Eq. 2 


AUCTh, ng.h/mL Subject A', ng/mL k,. h-1 B, h-I tlag. min tl12.k.r min t1l2.0,  min r 


10 
I I  
12 


86 3.8 0.585 4 
I35 2.3 0.889 3 
66 3.1 0.928 3 


834 1.7 1.54 4 
62 4.1 0.882 2 
38 5. I 0.778 4 


I20 2.5 0.81 I 0 
287 I .7 1.37 13 
292 I .9 1.41 8 
~ 40 


59 
603 


29.5 0.710 26 
2.6 0.989 12 
1 .o 0.958 1 


I I  
18 
13 
25 
10 
8 


16 
25 
22 


1 
16 
40 


71 
41 
45 
21 
47 
53 
51 
31 
29 
59 
42 
43 


124 
93 
50 
53 
55 
41 


100 
40 
56 
55 
37 
50 


0.996 
0.998 
0.995 
0.999 
0.997 
0.997 
0.994 
0.995 
0.989 
0.999 
0.999 
0.97 I 


Mean 219 4.9 0.988 6.7 8.Sb 42b 63 
SD f 2 5 4  f7 .8  50.297 f7 .3  f 2 7  


Parameters are defined in the text. Harmonic mean. 


venous studies (6, I I ,  12) and have been attributed to nonrenal elimination 
of the drug. The absolute values reported in a recent study ( 1  2), however, are 
much lower than the values in our present study. Evidence that hepatic me- 
tabolism and biliary excretion contribute to the total clearance of bumetanide 
have been reported in previous studies with ''C-labeled bumetanide. After 


I 1 
0 2 4 6 8  12 24 


HOURS 


Figure 2- Mean cumulative urinary excretion of intact bumetanidefollowing 
administrations o$l mg of bumetanide to I 2  normal subjects. Key: (0) in- 
travenous; ( A )  intramuscular: (*) oral solution; (0) oral tablet. 


intravenous administration, metabolites of bumetanide accounted for 
-30-35% of the total radioactivity excreted into the urine (10, 1 I ) ,  whereas 
-I 4% of an oral dose was recovered in the feces, mostly in the form of me- 
tabolites identical to those found in bile (9). 


The cumulative urinary excretion of intact bumetanide is shown in Fig. 2. 
The mean 0-24 h urinary recovery of intact drug following intravenous ad- 
ministration was 69 f 1 1 %. As shown in Fig. 2, more than one-half of the dose 
was excreted within 2 h of dosing, and urinary excretion was virtually complete 
8 h after drug administration. This rapid excretion of intact drug is consistent 
with the short duration of action of bumetanide. 


Intramwular  Administration-The mean observed plasma concentra- 
tion-time profile and fitted curve following intramuscular administration are 
shown in Fig. 1 b, and the pharmacokinetic parameters estimated by curve- 
fitting the plasma concentration-time data to Eq. 2 are presented in Table 
111. Fits of the intramuscular data to a biexponential equation, including 
first-order absorption and elimination were good in all 12 subjects, as  shown 
by r values of 0.990-1.000. The goodness of fit of the individual data is sup  
ported by the virtually identical mean fSD model-dependent and -indepen- 
dent AUC values (81 f 25 and 80 f 25 ng-h/mL, respectively). 


Bumetanide was rapidly absorbed following intramuscular administration, 
with measurable concentrations of intact drug observed in the plasma within 
6 min after drug administration. In all but one subject, there was no lag time 
in the onset of absorption (Table 111). The large absorption rate constant ( k ,  
= 21.8 f 25.5 h-l) further indicates the rapid absorption of bumetanide when 
administered intramuscularly. A f t x  reaching maximum plasma concentra- 
tions of 22.5 to 55.4 ng/mL (mean 38.2) within 0.1-0.75 h (mean 0.34) after 
dosing, plasma concentrations declined rapidly, with a harmonic mean 
elimination half-life of 68 min. This mean value is longer than the mean of 
44 min observed after intravenous administration (Table I). The elimination 
of bumetanide from the body after intramuscular administration may be 
absorption rate limited, resulting in a slower apparent elimination rate relative 
to that after intravenous administration. 


The observed mean fSD values for CL,, CL,, CL,,, and percentage for 
the dose recovered as intact drug in the urine were 223 f 59 mL/min, 146 f 
32 mL/min, 78 f 37 mL/min, and 66 f 9%, respectively. These values agree 
closely with corresponding values observed after intravenous administration 
(Table 11). suggesting that bumetanide is, in fact, completely absorbed into 
the systemic circulation after intramuscular injection. The absolute 
bioavailabilities after intramuscular administration were 0.94 f 0.25 and 0.98 
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Table V-Pharmacokinetic Parameters of Bumetanide Estimated by Curve-Fitting Oral Tablet Plasma Concentration-Time Data to h. 2 


w 
(0 


g 50 
8 
hi  40 


f 3 0 -  
z a 
9 2 0 -  


10 


Subject A’, ng/mL k,, h-’ 0, h-I flag, min t I I 2 . k . .  min ~ I I ~ . B ,  min AUCTh, ng.h/mL rb 


- 


- 


- 


I 
2 
3 
4 
5 
6 
7 
8 
9 


10 
I 1  
12 40 
Mean 22 I 
SD f190 


72 
77 
40 


389 
128 
64 


631 
262 
24 I 
26 I 
443 


5.4 
5.5 


12.1 
0.5 
3 . 3  
2.2 
0.9 
1 . 1  
1 .o 
0.5 
I .8 
4.9 
3 . 3  


f 3 . 4  


0.564 
0.754 
0.748 
0.419 
1.34 
0.677 
0.786 
0.960 
0.750 
0.478 
1.60 
0.723 
0.817 


f0 .342  


41 
25 
25 
89 
14 
4 


25 
24 
35 
48 
38 
28 
33 


f 2  I 


8 
8 
8 


83 
13 
19 
46 
38 
42 
83 
23 
9 


1 2.6c 


74 
55 
56 
99 
31 
61 
53 
43 
55  
87 
26 
58 
51‘ 


114 
88 
51 
54 
57 
66 
99 
41 
72 
65 
23 
47 
65 


f 2 6  


0.997 
0.997 
0.999 
0.987 (0.991) 
0.999 
0.992 
0.983 (0.993) 
0.996 
0.988 
0.987 (0.997) 
0.998 
0.999 


Parameters are defined in the text. Values in parentheses arc for zcro-order fit .  Harmonic mean 


f 0.16 (based on the trapezoidal AUC and the 0-24-h urinary excretion, re- 
spectively), indicating that intramuscularly administered bumetanide is 
completelq available relative to intravenously administered bumetanide. 


Oral Administration-The mean observed and fitted plasma concentra- 
tion-time curves following administration of the oral solution and the oral 
tablet are shown in Fig. Ic and d, respectively. The respective pharmacokinetic 
parameters estimated by curve-fitting the plasma concentration-time data 
to Eq. 2 are presented in Tables IV and V. The plasma concentration-time 
data after administration of b o t h  oral formulations were fitted with a biex- 
ponential equation. including first-order absorption and elimination. Good 
fits were obtained in all 12 subjects for the oral solution and in 9 subjects for 
the tablet. Although the oral tablet data from the other three subjects were 
also fitted with Eq. 2, there was a slight improvement in the fits when the 
plasma concentration-timedata were fitted with a monoexponential equation 
with zero-order absorption (Table V). The goodness of fit of the data to the 
equation selected is shown by r values ranging from 0.971 to 0.999 and 0.983 
to 0.999 for the oral solution and tablet, respectively. The good agreement of 
the model-independent AUC values (Table 11) and the AUC values estimated 
from the curve-fitted parameters (Tables IV and V )  further supports the re- 
liability of the equation to fit the data. 


After lag times of 0-26 and 4-89 min following administration of theoral 
solution and tablet, respectively, the harmonic mean half-lives of absorption 
( t l / 2 , k a )  were 8.5 and 12.6 min, respectively. Mean fSD C,,, and tmar values 
for the oral solution were 34.0 f 10.6 ng/mL and 0.76 f 0.27 h, respectively, 
whereas the corresponding values for the tablet were 30.9 f 14.6 ng/mL and 
1.8 f 1.2 h. The mean Cmax and tmax values observed for the tablet arc in good 
agreement with the values for C,,, of 30 ng/mL and tmax of 1.5 h observed 
in a previous study following a 1 -mg oral dose of bumetanide (6). Comparable 
mean I,,, values (1.4 h) but higher mean C,,, values (48 ng/mL) have been 
reported for a I-mg oral dose of bumetanide in another study ( I  2). Although 
absorption from the GI tract was rapid for both formulations, the later mean 
peak time observed for the tablet reflects the longer lag time, as well as a 
somewhat slower rate of absorption from the tablet relative to the oral solution. 
The plasma concentrations declined rapidly after reaching maximum con- 
centrations, with harmonic mean elimination half-lives of 42 min for the oral 
solution and 51 min for the tablet. The mean half-lives observed after oral 
administration are comparable to the mean half-life observed after intravenous 
administration, indicating that the apparent elimination rate of bumetanide 
from the body is independent of this route of administration, i.e., it is not ab- 
sorption rate limited. 


The mean fSD AUC, CL,, and percent urinary recovery of intact bume- 
tanide for the oral solution were 64 f 27 ng.h/mL, 299 f 100 mL/min, and 
57 f 12%. respectively (Table 11). The corresponding values for the tablet 
were 66 f 28 ng.h/mL, 310 f 165 mL/min, and 58 f 7%. Comparison of the 
respective areas and urinary excretion values between the two oral formula- 
tions showed a mean (tablet-solution) ratio of I .O (Table [ I ) ,  indicating that 
the extent of absorption of bumetanide from the tablet and solution oral dosage 
forms are equivalent, and that galenic availability was not a problem for the 
oral tablet. The similar apparent oral clearance values for both oral formu- 
lations further supports the assumption of complete absorption of bumetanide 
from the tablet. However, urinary excretion of intact bumetanide indicated 
absolute bioavailabilities of 0.84 and 0.86 for the oral solution and tablet, 
respectively, when compared with the intravenous dose. The respective 
bioavailabilities calculated from the AUCTr values were 0.74 and 0.78. Since 
the fraction of the dose excreted in the urine as intact bumetanide is large and 
the elimination of the drug from the plasma is fast, the urinary excretion 
method of estimating bioavailability is probably a more reliable method for 
bumetanide. A recent study (12), however, showed that there was nodifference 


i n  the bioavailability values calculated by either the AUC or the urinary ex- 
cretion method (0.90 and 0.89, respectively). 


The diminished availability of intact drug to the systemic circulation fol- 
lowing oral admninistration tends to suggest that bumetanide undergoes 
first-pass clearance. In support of this observation, the first-pass metabolism 


701 60 A 
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Figure 3-Mean urinary excretion of intact bumeianide (A) and mean urine 
volume (BJfollowing administrations of I mg of bumeranide 10 12 normal 
subjects. Key: (0) intravenous; (8 )  intramuscular; (El) oral solution; (B) 
oral tablet. 
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prcdicted for an oral dose, assuming linear kinetics, would be I0-2Wo (20). 
First-pass metabolism would also account for the higher mean oral clearance 
observed for both solution and tablct relative to thc mean plasma clearance 
aftcr intravenous and intramuscular administrations. Since -70% of a par- 
cnteral dose and 60% of an oral dosc are excrcted as intact drug in the 0-24-h 
urine samples, the 10% diffcrcncc as a function of the oral route of adminis- 
tration is consistent with the predicted limited extent of first-pass metabolism 
of the oral dose. These findings arc consistent with the results of previous 
studies ( I  0, 12). which have reported urinary recoveries for intact bumetanide 
of 60 f 3% ( 10) and 66 f 3% ( 1  2) from the intravenous dose, but only 49 f 
5% (10) and 59 f 3% (12) from the oral dose. 


The mean urinary excretion of intact bumetanide and the corresponding 
mean urinary volume following the four treatments arc shown in Fig. 3. The 
diuretic effect of bumetanide following I-mg iv, im, oral solution, and oral 
tablet doses was clearly evident in the first 2-h period, with mean urine volumes 
ranging from 1270 ml- (tablct) to I600 mL (oral solution). The diuretic ac- 
tivity lasted for -4 8 h for all treatments. and the mean cumulative diuresis 
after 24 h was the samc for the four treatments. The diuresis profile of 
bumetanide parallels the urinary excretion profile of intact bumetanidc in that 
the major portion of intact bumetanide was excreted during the first 2 h fol- 
lowing drug administration (Fig. 3). This confirms previous observations (9, 
21) that the diurctic activity of bumetanide is closely associatcd with the 
concentration of intact drug in the kidney. The fact that the oral formulations 
arc as effective diuretics as thc parcnteral preparations presumably reflects 
the maintenance of a minimum effective plasma or rcnal tubule concentration 
of bumetanide (22). 
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Abstract 0 Captopril is liberated from covalently protein-bound disulfides 
and other disulfide metabolitcs in human plasma by reduction with tri-n- 
butyl-phosphine. The captopril is then treated with N-ethylmaleimidc, purified 
on XAD-2 resin, eluted with ethyl acetate, and mcthylated prior to its dctcr- 
mination by gas chromatography-mass spectrometry with selected-ion 
monitoring. The limit of detection is 20 ng/ml. of plasma. 


Keyphrases 0 Captopril-reduction of disulfides. GC-MS, selected-ion 
monitoring 0 GC MS--selected-ion monitoring, total captopril in human 
plasma, reduction of disulfides 


Captopril (I) ,  an orally active angiotensin I-converting 
enzyme inhibitor ( I ,  2), is currently marketed for the treatment 
of hypertension (3, 4). Because of the extreme reactivity of 
thiols in biological systems, captopril is quantitatively con- 
verted to a derivative, such as the N-ethylsuccimide derivative 
( I I ) ,  prior to analysis (5). The reaction product was determined 
by a gas chromatographic-mass spcctrometric (GC-MS) 


method ( 6 ,  7) with selected-ion monitoring for captopril in  
whole blood and by a radiometric-thin-layer chromatographic 
(RTLC) proccdure for establishing thc biological disposition 
of captopril(8,9). The latter method has been used in various 
metabolism and pharmacokinetic studies (10-1 2). Other re- 
ported methods for the determination of captopril employ GC 
(13), HPLC (14-17), and most recently GC-MS with se- 
lected-ion monitoring (18). 


Metabolites of captopril identified so far include captopril 
disulfide ( I I I ) ,  the mixed cysteine and glutathione disulfides 
of I (IV and V, respectively), and the S-methyl (VI)  and S -  
methyl sulfoxide (VII) metabolites (9, 10, 12, 19). A sub- 
stantial proportion of the captopril radioactivity in human 
blood after oral administration of radioactively labeled I was 
associated with the plasma fraction (8), which was covalently 
bound as plasma protein disulfides. It is believed that the 
plasma proteins and mixed disulfides with endogenous thiol- 
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of the three standard solutions were injected consecutively into the HPLC. 
With the aid of the data system, a three point linear calibration curve was 
constructed which plotted the weight (pg) of acetylcholine chloride injected 
as a function of area under the peak. The sample was quantitated by injecting 
50 g L  of the test solution and the weight (gg) of acetylcholine chloride ob- 
tained from the calibration curve. The test solution was prepared by trans- 
ferring quantitatively the reconstituted solution into a 10.0-mL volumetric 
flask. The flask was brought to the mark with the mobile phase. 


RESULTS AND DISCUSSION 


Reverse-phase paired-ion HPLC was useful in separating intact acetyl- 
choline from its decomposition products and its excipient, mannitol. Use of 
the mobile phase described gave a sharp, well resolved peak. The refractive 
index detector was the detector of choice since the drug lacks a chromophorc; 
the sensitivity of the detector was more than adequate in quantitating ace- 
tylcholine chloride in the preparation. 


Figurc I illustrates the elution profile of acetylcholine. The retention time 
varied with the amount injected. The retention time increased with decreasing 
amounts of acetylcholine and ranged from 8.2 to 7.9 min for SO-1 50pg of the 
acetylcholine standard. The variation in retention time is probably a mani- 
festation of nonlinearity in the interaction of acetylcholine in the mobile phase 
with the stationary phase (reduction in interaction with incrcasing amounts 
of the drug). However, the variation of the retention time wi th  the amount 
or acetylcholine injected did not negate the usefulness of the assay, since ex- 
cellent linear curves were obtained. A standard curve constructed from 50, 
100. and I50 g of the drug injected had a correlation cocfficient of 0.9996. 


Choline, acetic acid, and mannitol were shown not to interfere with the 
determination of acetylcholine (Fig. 2) .  One the the peaks i n  the sample dis- 
played the Same retention time. 5 min. as  that of the authentic choline chloride 


solution. Acetic acid eluted with the solvent front and mannitol was retained 
on the column. 


Three lots of the pharmaceutical preparation were analyzed by HPLC in  
duplicate and the results were compared with those from the hydroxylamine 
colorimetric method (2) (Table I) .  Precision data for the HPLC assay is 
prescnted in  Table I I .  These results demonstrate thc utility of the tIP1.C 
procedure; the method is simple, fast. specific, and stability indicating. 
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Abstract 0 A capillary gas chromatographic analysis of phenylpropanolamine 
in human plasma, following extraction and derivatization with trifluoroacetic 
anhydridc. is presented. Using an electron-capture detector, the method was 
sensitive enough to quantitate as little as  I ng of drug/mL of plasma. Thc 
coefficient of variation from 5-262 ng/mL varied between 5.6 and 1.6%, re- 
spectively. Plasma concentration data following one 25-mg dose of phenyl- 
propanolamine hydrochloride in four healthy volunteers illustrates the suit- 
ability of this analytical method for monitoring plasma levels after oral ad- 
ministration of a typical dosage form. 


Keyphrases 0 Capillary gas chromatography-phenylpropanolamine, human 
plasma, trifluoroacetic anhydride derivatization 0 Phenylpropanolamine- 
capillary gas chromatography. human plasma, trifluoroacetic anhydride 
derivatization 0 Derivatization-trifluoroacetic anhydridc, capillary gas 
chromatography, human plasma 


Previously reported methods for the determination of phe- 
nylalkanolamines and related compounds in biological fluids 
include gas chromatography (GC) after extraction and for- 
mation of perfluoroacyl or pentafluorobenzylimine-trimeth- 
ylsilyl derivatives ( 1  - lo),  GC after formation of a pentafluo- 
rophenyloxazolidine derivative ( 1 I ) ,  GC after extraction and 
detection with a nitrogen-selective detector ( 1  2), and HPLC 
following extraction and precolumn derivatization with o- 


phthalaldehyde ( I 3), 4-chloro-7-nitrobenz-2,I ,3-oxadiazole 
and sodium naphthaquinone-4-sulfonate ( 14), and phenyl 
isothiocyanate ( 1  5 ) .  


A procedure for extraction of phenylpropanolamine and an 
internal standard from plasma, derivatization with trifluo- 
roacetic anhydride, separation by capillary GC, and detection 
by electron capture is presented in this report. The achievable 
detection limit of the method is 1 ng/mL. Plasma concentra- 
tions >5  ng/mL can be determined with accuracy and preci- 
sion suitable for pharmacokinetic studies. 


EXPERIMENTAL SECTION 


Instrumentation-The gas chromatograph' was equipped with a capillary 
inlet system and an 8-mCi Ni6) electron-capture detector connected to an 
integrator-calculator*. The fused silica capillary column (0.25 mm i.d. X 30 
m) was coated with polymethyl(5% phenyl) siloxane3 to a final thickness of 
0.25 pm. 


The chromatographic conditions were as follows: injection volume of the 


I 3700 Series gas chromatograph with a model 1070 capillary inlet system and 
pneumatics; Varian Inslrument. Palo Alto. Calif. 


' J & W S c i e n d c .  Rancho Cordova, Calif. 
Model 4100 S ectra-Physics. Santa Clara, Calif. 
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Figure 1 -Chromatograni of an analysis of a plasma blank (A ) .  a pla.rma 
sample with added phenylpropanolamine and internal standard (5.2 and 200 
ng/mL. re.specticely) IS). and a plasma sample from a subject dosed with 25 
mg of pheti~Ipr(jpati~lati1ine hydrochloride with added internal standard (18 
and 200 ng/nil, resperiicdy) (C).  Key: ( I )  phenvlpropanolanrine (retention 
time = 10.8 min); ( 2 )  internal standard. 2-amino-3-pheyl-I  -propanol. 
(relention time = 15.3 nrinj. (Note: Char! speed was 0.1 emlmin unii l9  rnin 
into each run. and 0.5 cm/min thereafter.) 


sample, 1-2 pi,; injector temperaturc, 22OOC; detector temperature. 25OOC; 
column tempcrature, initially at I 17OC for 10 rnin, programmed at  3'C/min 
to I25'C. followed by a 6-min hold at I25OC; helium (high purity) carrier 
gas flow, 0.3 mL/min; nitrogen (high purity) make-up gas flow, 30 ml./min. 
Injections were made in the split mode; the split ratio was I 50. 


Reagents--Phenylpropanolamine hydrochloride4 and internal standard 
2-aniino-3-phenyl- I -propano1 hydrochloride5 wcrc used to preparc standard 
solutions. 4-Dimethylaminopyridines~ trifluoroacetic anhydride6, and toluenc7 
(VV grade. distilled in glass) were used as receiwd. All other reagents were 
reagent grade. 


Standard Solutions -The stock standard solutions ( I  mg/mL) of phenyl- 
propanolamine hydrochloride and 2-aminu-3-phenyl- I -propano1 hydrochloride 
were prepared i n  water and stored at 4OC. 


Preparation and Extraction of Plasma Standards and Samples-Varying 
niicroliter volumes of a 0.001 dilution of phcnylpropanohninc hydrochloride 
stock standard solution in water were added to I-mL plasma aliquots toobtain 
concentrations of 5.2. 20.9, 104.7. 157.1, and 261.8 ng/mL of plasma. An 
aliquot (200pL) of a 0.001 dilution of 2-amino-!-phenyl-l-propanol hydro- 
chloride stock standard solution in water was added to each plasma standard 
and the sample ( I  mL) for a final concentration of 200 ng/mL. 


To the plasma standards and samples contained in I2-mL plytef-stoppered 
conical centrifuge tubes (silanized with 5% diinethyldichlorosilanc~ in toluene) 
were added 0.2 mL of 0.5 M KH2P04 buffer (adjusted to pt i  11.0 with 
NaOH) and 3 mL of toluene. The t u b s  were sealed and shaken gently for 
30 min at  room temperature on a horizontal shakcry. After centrifugation at 
2000 rpm for 5 min, the organic lajcrs wcre transferred to another set of 
12-mL centrifuge tubes and concentrated to 4 . 5  mL  under nitrogcn in  a 
40'C water bath. 4-Dimethylaminopyridine (0.2 mg dissolved in 50 ~ L L  of 
toluene, added as a catalyst) and trifluoroacetic anhydridc (70pL) were then 


Sigma Chemical Co..  St. Louis. Mo. 
Aldrich Chemical Co.. Milwaukee. Wis. 
Picrcc Chemical Co.. Rockford. 111. 


Applied Scicncc Division, Millon Roy Liboratory Group, State Collcgc. Pa 
Ebcrbach Corp., Ann Arbor, Mich. 


' Burdick & Jackson Laboratory. Muskcgon. Mich. 
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Figure 2- Plasma Ieoels ofphenylpropanolamine base in four subjects fol- 
lowing ingestion of 25 mg ofphenylpropanolamine hydrochloride in water. 
K e y  (0 )  subject I ;  (A) subject 2: (.I subject 3; 1+) subject 4 .  


added; the tubes were then stoppered and heated for 30 rnin in  a 60°C water 
bath. Two milliliters of 0.5 M NazHPO4 buffer (pH 6.0) was thcn added, 
followed by vortex-mixing for 15 s. Aliquots ( I  - 2 pL) of the toluene layer were 
injected into the gas chromatograph. 


Standard Curve----The retention timcs of the di-trifluoroacetyl derivatives 
of phenylpropanolamine and 2-amino-3-phenyl-I-propanol wcre 10.8 and 15.3 
min, respectively. The area responses for these chromatographic peaks were 
used to construct standard curves by plotting area ratio of phenylpropanol- 
aminc -internal standard against the respective phcnylpropanolamine plasma 
concentration. 


Clinical Study-- As part of a clinical study, normal healthy subjccts received 
:I single 25-mg dose of phenylpropanolamine hydrochloride i n  water. Blood 
samples were collected at  -0.5.0, 0.5, 1. 2, 3, 4. 6, 8, 16. and 24 h in hepa- 
rin-containing vacuum containers'". The plasma was separated immediately 
by centrifugation and frozen within 30 min. All samples were stored at -20°C 
un t i l  assayed. 


RESULIS AND DISCCSSION 


Figure I shows a typical chromatogradii for phenylpropanolamine in spiked 
human plasma and in  plasma obtained from a human subject after oral in-  
gestion of 25 mg of phenylpropanolamine hydrochloride. Analysis of predose 
plasma samples from 24 human subjects presented no chromatographic peaks 
that interfered wi th  either phcnylpropanolamine or thc internal standard. Plots 
of peak area ratios (phenylpropanolamine to internal standard) against phe- 
nylpropanolamine concentrations were linear. Typical standard curves for 
phenylpropanolamine in plasma had correlation coefficients of 0.9997. 


The derivatization reaction was quantitativc under the conditions described. 
This was determined in recovery experiments by monitoring thc disappearance 
of underivatized drug in the reaction mixture. Thc reaction rate was incrcased 
scvcral fold when 4-dimethylaminopyridine was prcscnt as a catalyst. The 
cfficiency of extraction of drug from plasma was 60% due to the high water 
solubility of the phenylpropanolamine. 


The coefficicnts of variation for five replicatc assays at 5.2, 20.9. 104.7, 
157.l.and 261.8 ng/ml.ofplasma weref5.6,f1.8.f6.5,f1.6,and fl.6%. 
respectively. The lowest standard routinely used was 5 ng/m I... although the 
achicvablc detection limit of the assay was 1 ng/mL. 


Figure 2, which shows typical plasma phenylpropanolamine levels following 
21 single oral dose of 25 mg of phenylpropanolamine hydrochloride in water. 
dcrnonstrates that the method is adequate for use in bioavailability studies. 
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Abstract 0 Sodium levothyroxine was determined in bulk drugs, tablets, and 
injections by high-performance liquid chromatography (HPLC).  Levothy- 
roxine was separated from excipients and impurities on a 10-pm cyanoalkyl 
column using an acetonitrile-water-phosphoric acid mobile pha.e. The HPLC 
method is shown to be linear, accurate, and precise, and the results obtained 
by the HPLC and USP X X  methods are compared. 


Keyphrases 0 Sodium levothyroxine-IiPLC, determination of bulk, tablet. 
and injection formulations 0 HPLC- sodium levothyroxine. determination 
of bulk, tablet, and injection formulations 


In a survey] of sodium levothyroxine products and formu- 
lations, 63 samples of tablets, representing 20 formulations 
from 5 manufacturers, 9 samples of injections from 2 manu- 
facturers, and 6 samples of bulk sodium levothyroxine from 
5 manufacturers, were analyzed in this labroatory. The pur- 
pose of the survey was to evaluate the quality of sodium levo- 
thyroxine products on the market and the adequacy of present 
compendial standards and methods. Methodology was de- 
veloped for content uniformity analysis of sodium levothy- 
roxine by high-performance liquid chromatography (HPLC). 
This method, unlike the official compendial method (I) ,  dif- 
ferentiates levothyroxine from iodinated impurities and deg- 
radation products. 


Previously developed methods for the determination of so- 
dium levothyroxine (2-1 3) were evaluated and tested. A 
modification of the HPLC procedure described by Garnick 
et al. (1 3), using a cyanoalkyl bonded phase column, was se- 
lected. This method offers advantages over those already in 
the literature by avoiding buffers in the mobile phase, no 
sample derivatization, faster analysis times, greater sensitivity 
due to shorter retention times, lower flow rates, and 229 nm 
detection. A sample solvent was selected that readily dissolved 
sodium levothyroxine without degradation from tablet for- 
mulations. This method and the results obtained on the survey 
sample are reported here. 


~ ~~ 


I This study was a national survey for the Food and Drug Administration. 


EXPERIMENTAL SECTION 


Apparatus A modular high-performance liquid chromatograph2 (HP1.C) 
was equipped with a fixed-wavelength (229 nm) cadmium lamp UV detector’. 
an automated injector4, a microprocessor controller5, and a recorder-inte- 
grator6. A stainless steel column (3.9 mm X 30 cm) was packed with irregular 
10-pm silica particles to which a layer of cyanoalkyl silane was chemically 
bonded’. 


The mobile phase consisted of acetonitrile-water 
650:l). This solution was passed through a 0.45-pm 
then pumped through the HPLC system at  a rate of 


)hosphoric acid (350: 
ilter*, deaerated, and 
mL/min. 


0 m 
MINUTE8 


Figure 1 -Chromatogram of sodium iecorhyroxine bulk drug decomposed 
by heating in air; derecror 01 229 nm and 0.02 AUKS“. Key: ( 1 )  sodium Iei:o- 
thyroxine at a iecel of -I00 pg/niL. 


Model A1.C 204;  Waters Associates. 
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Model 710B W I S P  Waters Associates. 
Model 720 System Controllcr; Waters Associates. 
Model 730 Data Module; Waters Associates. 
F-BondapakKN; Waters Associates. 
Durapore UVLPO4700; Millipore Corp, Bcdford. Mass. 
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This allows the preparation of apparently stable suspensions 
of either form. However, form I suspensions are metastable 
at ambient temperatures and eventually will change to form 
111. The conversion may be hastened by catalytic influences 
such as strong agitation. 
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Safety and Efficacy o f  Dental Sealants in the 
Prevention of  Tooth Decay 


I n  a recent editorial (“Coming of Age” for Device Technology), Dr. 
Feldmann’ appears to be unnecessarily harsh on the use of modern dental 
sealants in  preventing caries. The designation of such procedure as “a hoax 
or even a well-intended but worthless effort by dentists to protect against 
the ravages of caries” may have had some validity I5 or so years ago, when 
the early sealant materials were in developmental stages and application 
techniques were not well understood. Today, however, new sealants have 
been developed and clinically proven by dcntal researchers as  safe and 
effective in preventing caries*. The use of sealants by dentists in the 
United States’ has increased dramatically since 1974 when 37.8% of those 
surveyed said they offered sealant therapy; in 1982. that figure increased 
to 57.7%. 


that among 5-  to 17-year-old children, only 16% of the caries incidence 
occurred in smooth surfaces, but 84% involved chewing surfaces with pits 
and fissures. It is known that the chewing surfaces of children’s teeth are 
the most susceptible to decay and derive the least benefit from fluorides. 
The newly developed plastic films are applied to these chewing surfaces to 
seal the pits and grooves. which prevents food and cariogenic bacteria 
being trapped and thus offers a new approach to the prevention of dental 
caries. 


The 1983 Consensus Development Conference on the use of dental 
sealants in the prevention of tooth decay, sponsored by the National 
Institutes of Health, made the following conciusions4: 


“The placement of sealants is a highly effective means of preventing pit 
and fissure caries. It is safe. It is currently underused in  both private and 
public dental health care delivery systems. The reasons for such underuse 
are complex, but intensive efforts should be ldken to increase sealant use. 
Expanding the use of sealants would substantially reduce the occurrence of 
dental caries in the population beyond that already achieved by fluorides 
and other preventive measures. Because dental caries is still a disease 
common to most young people in the United States and in other countrics 
of the world, such reductions would substantially improve the health of the 
public and reduce the expenditures for treatment of dental disease. 
Practitioners, dental health agency directors. and dental educators are 
urged to incorporate the appropriate use of sealants into their practice and 
programs.’’ 


The American Dental Association Council on Dental Materials, 
Instruments, and Equipment, which has an acceptance program to 
evaluate commercially available sealants for safety and efficacy, also 
considers5 “pit and fissure sealants are safe and effective as a caries 
prevent ion procedure. ” 


The National Dental Caries Prevalence Survey ( I  979- 1980) has shown 
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Health Foundation 
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I E. G. Feldmann, J. Pharm. Sci., 73.7 I3 ( I  984). 
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108.310 (1984). ’ “The Role of Health Professional in the Delivery of Caricc Prevention.” American 
Dental Association Health Foundation Report, Chicago, 111.. 1983. ‘ “National Institutes of Health Consensus Development Conference Statement on 
Dental Sealants in [he Prevention of Tooth Decay,“ J. Am. Dent. Assoc., 108, 233 
(1984). 


“Pit and Fissure Sealants. Report of Council on Dental Materials, Instruments, and 
Equipment.” J. Am. Dent Asroc.. 107,465 (19x3). 


Author’s Response: 


Apparently, Dr. Rao misunderstood or misinterpreted the message of 
my June issue editorial. In his letter, Dr. Rao acknowledges that 
classifying dental sealants as being worthless 15 or so years ago may have 
had validity; however, he contends that today they are considered by 
experts in the field to be a highly beneficial technique in protecting against 
dental caries. 


The entire thrust of the editorial, from its title (“Coming of Age” for 
Device Technology), through its entire text, to the very last paragraph 
(which stated that “. . . what we are witnessing is truly a medical 
revolution”), emphasized and reemphasized that many modern medical 
devices, procedures, and technology now constitute valuable health 
advances-although this was rarely the case a generation ago. As one 
dramatic example, we mentioned dental sealants and praised the FDA for 
keeping an open mind in judging positively the current products and their 
application. Yes, these modern products have indeed been proven to be a 
safe and effective caries prevention procedure. 


Over twenty-five years ago, I personally was on the ADA staff as 
Director of the American Dental Association’s drug testing laboratory. I 
well remember that the biggest challenge to ADA at that time was to 
reverse lay, professional, and scientific thinking rcgarding the value of 
fluoridation. Until then. only the toxicity and adverse effects were 
generally recognized and known. But. by carefully adjusting the daily 
intake of fluoride, remarkable benefits could be achieved while avoiding 
any adverse reactions. This was one of the earlier technical revolutions in  
the dental field-sealants are a more recent advance. 


I n  conclusion. we would respectfully urge Dr. Rao to read again our 
June editorial. Then, it should be clear to him that we have no 
disagreement whatsoever as  to the current value of dental sealants. 
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Abstract 0 The effect of processing variables on the type of aluminum hy- 
droxide and the dye content of the resultant lakes were investigated. The 
solid-state structure of aluminum lakes in conjunction with the associated 
aluminum hydroxide was studied by electron microscopy, X-ray diffraction, 
and IR spectroscopy. The conditions under which the aluminum hydroxide 
was prepared were shown to govern the amorphous/crystalline character of 
the product, which was reflected in changes in particle size and surface area. 
A hypothesis for the interaction of the dye and aluminum hydroxide is for- 
mulated in which the amount of dye adsorbed on the aluminum hydroxide 
is dependent on the surface area of the microstructures present. 


Keyphrases 0 Aluminum hydroxides-dye lake formation 0 Dye lakes- 
aluminum hydroxide, processing variables 


FD & C aluminum lakes are widely used in  edible phar- 
maceutical inks and to color pharmaceutical tablets, but little 
has been published about their nature and coloring properties. 
The conditions of preparation of the aluminum hydroxide, 
which is the substrate on which the dye is adsorbed to form the 
lake, have a profound effect on lake formation. The degree of 
alkalinity, temperature, concentration of reagents, as well as 
the salts used are all factors affecting the type of aluminum 
hydroxide formed. 


The purpose of this study was to demonstrate that aluminum 
hydroxide, produced by methods described in lake formation 
processes, has properties which can be related to products 
described in the literature outside the laking field. The lake 
forming qualities of aluminum hydroxides are then evaluated 
in the context of the extensive fundamental work on the nature 
of this complex and variable material, which changes so 
markedly with relatively minor variations in the preparative 
process. 


EXPERIMENTAL SECTION 


Materials-Commercial FD & C dyes' were used in the preparation of the 
lakes: FD & C Blue No. 2 dye (lot No. 27390) for lake preparation No. B2; 
FD & C Red No. 40 dye (lot No. AA7490) for lake preparation No. R40; FD 
& C Yellow No. 5 dye (lot No. 29313) for lake preparation Nos. Y5 and 1-21. 
Commercial lakes' obtained for this study were FD & C Yellow No. 5 lake 
(lot No. 127) and FD & C Yellow No. 6 lake (lot No. 634). Commercial 
aluminum hydroxides2 were obtained as standard samples of different hy- 
drated forms of alumina: gibbsite (lot No. RD 58/78), bayerite (lot No. RD 
57/78), boehmite (lot No. RD 59/78), and pseudoboehmite (lot No. RD 
60/78). All other reagents were of Analar or laboratory reagent quality. 


Standard Rocedures-Preparaiion of Aluminum Hydroxide (Preparation 
No. /)-This method was based on the Colorcon process, which is comparable 
with that of Harrison ( I ) .  Sodium carbonate solution (0.96 M, 1800 mL) was 
added in  a dropwise manner at 25'C to aqueous aluminum sulfate solution 
(0.16 M. 1600 mL) at  10-12 mL/min with continuous vigorous stirring. At 
pH 6.9, addition was halted. The precipitate was stirred slowly for 30 min and 
kept a t  pH 6.9 by adding sodium carbonate solution as necessary. The pre- 
cipitate was washed until sulfate-free (barium chloride test). 


Preparaiion of FD & C Yellow No. 5 Lake (Preparation No. Y5)---FD & 
C Yellow No. 5 (71 g) was dissolved in  distilled water (1400 mL) at  35OC. 


I Colorcon Inc.. West Point. Pa. * L a p r t e  Industries Ltd., Widnes, Cheshire, United Kingdom. 


The dye solution was passed through a filter into the aluminum hydroxide 
slurry (prepared in  the above process) and stirred for 15 min at  20-25OC. 
Aluminum chloride solution (5.25 M, 69 mL) was added to the slurry at a rate 
not exceeding 1 g/min; the final pH was 3.8-4.0. The slurry was stirred slowly 
overnight. The following morning a few drops of suspended lake were spotted 
on filter paper to test for bleeding of the dye from the lake. The lake was 
washed until a 10-mL sample of wash water was no more turbid than the 
original water by the silver nitrate test. The lake (yield 140 g) was air dried 
in an oven at 50'C overnight. 


Preparation of FD & C Blue No. 2 Lake (Preparation No. B2)-The 
method was the same as for Yellow No. 5 lake except that FD & C Blue No. 
2 (70 g) was dissolved in distilled water (4700 mL) at 55OC. The dye solution 
was passed through a filter into the slurry and stirred for 15 min at 45-50'C. 
Aluminum chloride solution (5.25 M, 69 mL) was rapidly added to the slurry; 
the pH at  the end was 4.0-4. I .  The yield was 152 g. 


Preparation of FD & C Red No. 40 Lake (Preparation No. R40) --The 
method is the same as for Yellow No. 5 lake except that FD & C Red No. 40 
(86 g) was dissolved in distilled water (I400 mL) at 35'C. The yield was 150 
g. 


Preparation of Aluminum Hydroxide Under Different Conditions-Vari- 
ations in the processing parameters during aluminum hydroxide precipitation 
were made by altering the following factors: pH, temperature, aging time, 
concentration of reagents, presence of sulfate, and nature of aluminum salts 
and bases. FD & C Yellow No. 5 was the dye used for lake formation in these 
experiments. 


Preparations From Aluminum Suljare-Since aluminum sulfate is the 
salt normally used for preparing the aluminum hydroxide substrate for lake 
formation, this was taken as  a starting point for variations in processing pa- 
rameters to be made. For preparation Nos. 1-4, sodium carbonate solution 
( I  M or 2 M) was added in a dropwise manner (10 mL/min) into aluminum 
sulfate solution (0.2 M) varying pH, temperature, and aging time (Table I). 
Lakes were formed in each case from the sulfate-free precipitate by the 
standard procedure. For preparation Nos. 5 and 6, sodium carbonate solution 
(2 M) was added to the aluminum sulfate solution (0.33 M)  at 5.5 mL/min 
until the pH was 10.8, with a large excess of base added to preparation 5. Lakes 
were formed from the sulfate-free precipitate. By using sodium hydroxide 
solution (2 M) as the base in preparation 7, the pH of the resulting precipitate 
was taken up to 12.3. The standard procedure for the preparation of aluminum 
hydroxide was followed for preparations 9 and 10 except that the sulfate was 
not removed before lake formation (No. 9) and the precipitation stopped at 
pH 4.5 (No. 10). For preparations 11-13, sodium carbonate (1  M) and/or 
sodium hydrogen carbonate solutions ( I  M) were added in a dropwise manner 
into an aluminum sulfate solution (0.2 M) at 10 mL/min until pH 6.9 was 
reached (Table I). 


Preparations From Aluminum Chloride and Nitraie (Nos. l 4 -20 ) -  
Sodium hydroxide (2 M or 4 M) or sodium carbonate solution (2 M) was 
added to the aluminum chloride solution (0.67 M or 0.5 M )  or aluminum ni- 
trate solution (0.67 M or 0.2 M) at 10 mL/min with pH of precipitation and 
aging conditions given in Table I. 


Preparaiion From Commercial Gibbsite (No.  21 )-- An attempt was made 
to form lakes from gibbsite using the standard procedure. After the excess 
dye was washed off, a slightly yellow grainy material was left. 


Lake Analysis-Dye Conienr -Spectrophotometric analysis was used to 
determine the dye content of the lakes (2). For all lakes, except FD & C Blue 
No. 2, a sample (200 mg) in distilled water (200 mL) was boiled (3 min) with 
sodium hydrogen tartrate (3 9). The solution was cooled and diluted suitably 
for spectrophotometric analysis by scanning the visible spectrum from 400 
to 700 nm. A similar process was used for FD & C Blue No. 2, except that 
more tartrate (6 g)  was required. 


Moisture-The methods employed were the Karl Fischer method' (3) and 


* 


Baird and Tailock Manual Apparatus; Chadwell Heath, Essex. United 
Kingdom. 
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Table I-Effect of Preparation on Tvw of Aluminum Hvdroxide and Lake Obtained (FD 6i C Yellow No. 5) 


Concentration, M Dye Moisture, % 
Prepara- Aluminum Temp., Aluminum in  Karl Driedat 


tion Salt Base "C pH Aging Hydroxide Lake, % Fischer 135°C Hardness" 


1 


2 


3 


4 
5 


6 
7 


9 


10 
I I  


12 


13 


14 


I5 


17 


18 


19 


20 


21 


A I u m i n u m 
sulfate 


0.2 
0.2 


0.2 


0.2 
0.33 


0.33 
0.33 


0.2 


0.2 
0.2 


0.2 


0.2 


Aluminum 
nitrate 
0.67 
0.67 


0.2 


Aluminum 
chloride 


0.67 
0.67 


0.5 


Seeding from 
sodium 
aluminate 
soh t ion 
( La port e) 


Sodium 
carbonate 


I .o 
I .o 


20 


20 


20 


60 
20 


20 
20 


20 


20 
20 


20 


20 


20 


20 


60 


20 


20 


60 


9 


7.4 


10 


10 
10.8 


10.8 
12.3 


6.9 


4.5 
6.9 


6.9 


6.9 


10.5 


12.3 


12.2 


10.8 


12.3 


11.8 


14 d,  20°C Amorphous 35.6 17.7 


29.2 17.0 


34.1 12.5 


39.9 15.9 
36.3 15.6 


19.0 2 


17.8 6 


15.6 6 


2 h, 7OoC Amorphous, 
Pseudo- 
boehmite 


14 d, 2OoC I .o Bayerite, 
<30% 
Boehmite 


Boehmite 
Amorphous, 


Boehmite 


crystallized 
Gibbsite) 


(poorly 


Boehmite 
Bayerite 


2.0 
2.0 


7 d, 60°C; 21 d, 20°C 
21 d, 2OoC 


15.1 2 
21.1 9 


(large excess) 


2.0 
Sodium 


21 d, 2OoC 
21 d, 2OoC 


51.1 
7.7 


21.5 


31.9 
39.3 


39.5 


39.3 


38.1 


22.6 


4.8 


6.9 14.6 9 
3.5 2.5 IP 


hydroxide 
2.0 


Sodium No sulfate washing Amorphous 6.9 10.9 2 
carbonate 


1 .o 
1 .o 


Sodium 
carbonate + 
Sodium 


bicarbonate 
I .o 


Sodium 
bicarbonate 


I .o 
Sodium 


carbonate 
1 .o 
2.0 


Amorphous 
Amorphous 


6.4 11.7 2 
15.7 15.4 2 


Amorphous 3.5 


1.2 


0.8 


5.9 


3.7 


14.5 2 


Amorphous 12.3 2 


16.4 9 21 d, 20°C 


3 months, 20°C 


33 d 


19 d, 20°C 


3 months 20°C 


35 d, 20°C 


Boehmjte 


Sodium 
hydroxide 


2.0 
2.0 


Gibbsite 5.1 IP 


Boehmite, 


Boehmite, 


Gibbsite 


(Bayerite,) 
(Gi bbsi te) 


(Bayerite) 


3.1 IP 


Sodium 
carbonate 


2.0 
Sodium 


47.2 14.3 17.8 9 


7.9 3.0 2.7 IP 
hydroxide 


2.0 
Sodium Gibbsite 


Gibbsite 
(plates) 


+ Bayerite 
(powder) 


crystals 
Gibbsite 


20.4 4.4 


14.4 8.2 


4.8 IP 


5.4 IP 
hydroxide 


4.0 


0.004 4 . 7  0.2 g 


a Hardness. an arbitrary scale where 0 is very soft, 9 is extremely hard, g is granular (like sand), and p is powdery. 


weight loss on drying, in which samples (0.5 g) were dried to constant weight 
in a hot air oven at 10°C intervals, up to 135°C (4). 


Chloride-The procedure was adapted from a potentiometric titration 
method (5). The lake sample was dissolved in nitric acid prior to titration 
against silver nitrate. 


SuIJiare-A gravimetric method (6) was used. The lake sample was boiled 
with sodium hydrogen tartrate to form a solution before the addition of barium 
chloride solution. Chloride and sulfate analyses were done only on the standard 
lakes. 


Physical Investigation of Lakes-Scanning Elecrron Microscopy4-- 
Specimens were mounted on aluminum stubs and gold coated. 


4 Cambridge Stereoscan I SO: Cambridge Instrument Co., United Kingdom. 
5 EMMA-4 Electron Microscope; AEI Scientific Apparatus Ltd.. Manchester, United 


Kingdom. 


Transmission Elecfron Microscopy5-Specimens were prepared by dis- 
persing (1 min) powdered samples in methanol using an ultrasonic bath. A 
drop of the dispersion was put on a copper specimen support grid which had 
previously been coated with a thin carbon film. 


Infrared Spectroscopy6-Pressed disks of potassium bromide ( I50 mg) 
containing finely ground sample ( I  mg) were used to record the IR 
spectra. 


X-ray Dgfrucfion-The X-ray powder diffraction patterns were taken on 
an automated diffractometer' equipped with a scintillation detector and 
pulse-amplitude discrimination, using monochromatic CuK, radiation. 


Nifrogen Gas Adsorption-Two methods were used for the determination 


6 Unicam SP lo00 Infra-red Spectrophotometer; Pye Unicam Ltd.. Cambridge, 


' Siemens AG Kristalloflex 4 Diffractometer: Karlsruhc. West Germany. 
United Kingdom. 
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Figure 1-Transmission electron photomicrographs of precipitated aluminitm hydroxide (A). FD & C Blue No. 2 lake (B). FD & C Yellow No. 5 lake (C), 
and FD & C Blue No. 2 dye (D).  
of the surface area of lakes: the static method* using a high-vacuum system 
and the dynamic methodg. 


RESULTS 


Aluminum Hydroxide Substrate-Electron microscopy clarifies the mor- 
phology of amorphous precipitated aluminum hydroxide, which was freshly 
prepared (preparation No. I ) .  With transmission electron microscopy, the 
agglomerated particulate material, visible at lower magnifications. are 
composed of 0. 1-0.2-pm diameter aggregated entities, which are primary 
particles of 10 nm X 20-30 nm. Each primary particle is composed of finer 
units, spherules of 2.5-5-nm diameter and possibly even smaller (as shown 
in Fig. IA). The precipitate is thus composed of extremely fine particles 
(spherules) which are fairly homogeneous. This evidence, by transmission 
electron microscopy, is a considerable help in  dispelling speculation on the 
structure of the gel. Electron diffraction gave a diffuse halo indicating an 
amorphous material. With scanning electron microscopy (photographs not 
shown), the precipitate appears as agglomerated material (-1.6 r m ) ,  ap- 
parently composed ofO. 15-pm particles; also present is particulate material 
(-60 nm). When the same precipitate was dispersed for 85 h on a paint con- 
ditionertO in an ethanolic shellac solution, the specimen gave the appearance 
of 0.3-0.7 pm clusters; the smaller clusters secmcd to be composed of spherical 
particles (40-80 nm) in groups. 


Orr Surface Area Pore-Volume hnalyrer Model 2100: Micromeritics Instrument 
Cor , Coulter Electronin Lld.. Dunstable, Unitcd Kingdom. 


?Qubuanrasorb Surface Arca Analyzer; Quanlachrome Corp.. Greenvale. N.Y. 
10 Red Devil Inc., Union, N.J. 


The morphology of the various known samples of aluminum hydroxides 
showed the following features in increasing order of crystallinity as indicated 
from the diffractograms. Pseudoboehmite (RD 60/78) appears as a more 
compact gel with a more definite form than amorphous aluminum hydroxide 
(preparation No. I ) .  Bwhmite ( R D  59/78) contains more agglomerated 
material than pseudoboehmite. Bayerite (57/78) consists of a more organized 
and substantial material with a more definite outline. Gibbsite (RD 58/78) 
has a crystalline morphology. 


IR spectra were obtained for amorphous aluminum hydroxide, pseudc- 
boehmite, boehmite, bayerite, gibbsite, and aluminum hydroxides Nos. 1-20, 
Good agreement between the spectra for the nonamorphous hydroxides and 
literature data (7) was observed. Amorphous aluminum hydroxide (Fig. 2) 
was almost featureless and many of the aluminum hydroxides (Nos. 1-20) 
were virtually identical. Others were crystalline forms or these mixed with 
the amorphous variety, and could be identified from the spectra (e.g., gibbsite 
has strong bands at 3550,3490, 1020 cm-I; bayerite at 3580,3450,765 cm-I; 
boehmite at 3320.3 100, 1080 cm-'). Selected spectra in Fig. 2 show a stan- 
dard prepared amorphous form, a standard boehmite and No. 4, a standard 
bayerite, and No. 7, and a standard gibbsite and No. 19. 


X-ray powder diffraction patterns (Fig. 3)  were obtained for the prepara- 
tions and complement the I R  spectra. Amorphous aluminum hydroxide was 
devoid of lines, while the crystalline forms had the lines at the appropriate 
angles from which the d-spacings could be related to literature data (8). Figure 
3 shows a prepared amorphous form, a standard boehmite and No. 4, a stan- 
dard bayerite and No. 7, and a standard gibbsite and No. 19. 


Aluminum Lakes---Chemical analyses for the standard lakes are tabulated 
in Table 11 for dye. sulfate, chloride, and moisture content with an indication 
of hardness (on an arbitary scale, in which 0 represents a very soft lake and 
10 is a very hard lake). For the FD & C Yellow No. 5 lakes made under dif- 
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30002oO0 1400 800 


IA 19 


Wave number, cm-’ 
Figure 2-IR spectra standard of aluminum hydroxides. Key: (A )  amor- 
phous; (B) boehmite; (C) bayerite; (0) gibbsite and experimental preparations 
(Nos. 4, 7, and 19). 


ferent experimental conditions, the dye and moisture contents with an indi- 
cation of hardness are shown in Table I. The importance of washing off the 
sulfate from the aluminum hydroxide substrate is apparent from lake prep- 
aration No. 9. The sulfate must compete with dye anions and reduce the dye 
content of the resulting lake. This has been noted by various patent holders 
(9). 


Transmission electron microscopy shows that the morphology of the FD 
& C aluminum lakes have a definite similarity to the amorphous aluminum 
hydroxide (preparation No. I )  but with a denser appearance, presumably 
caused by a tightly packed layer of dye molecules FD & C Blue No. 2 lake 
(82) contains features of homogeneous “hydroxide” particles as well as 
cigar-shaped particles (Fig. IB). FD & C Red No. 40 lake (R40) contains 
features of homogeneous “hydroxide” particles as well as some U- or oval- 
shaped particles. FD & C Yellow No. 5 lake (Y5) (Fig. IC) and FD & C 
Yellow No. 6 lake (lot No. 634) both have the homogeneous “hydroxide” 
particles, reminiscent of amorphous aluminum hydroxide. Electron diffraction 
of the above four lakes gave a diffuse halo indicating the presence of amor- 
phous material. FD & C Blue No. 2 dye (27390) appeared as cigar-shaped 
crystals (Fig. ID). Electron diffraction gave an array of spots indicating a 
crystalline material. 


Energy dispersive analysis gave a semiquantitative analysis of submicro- 
meter features which conventional forms of analyses cannot do (Table I l l ) .  
Elements lighter than sodium were not detected. For the lakes, the “hydroxide” 


Table 11-Chemical Analyses of Standard Lakes 


A C 


07 


Figure 3-X-ray dgfraction pattern of standard aluminum hydroxides. Key: 
( A )  amorphous; IS) boehmite; (C) bayerite; (0) gibbsite. and experimental 
preparations (Nos. 4, 7, and !9) .  


particles, which are morphologically similar to the amorphous aluminum 
hydroxide, have a fairly constant composition. The cigar-shaped particles 
associated with the Blue No. 2 lake and the U- or oval-shaped particles asso- 
ciated with the Red No. 40 lake have a higher sulfur-to-aluminum content. 
These particulate materials probably originate from the respective dyestuffs 
gnd not from the aluminum hydroxide. The composition of the lakes in terms 
of the ratio of sulfur to aluminum is in broad agreement with the dye content 
to aluminum hydroxide ratio (corrected for water content) from bulk chemical 
analysis. 


IR spectra were obtained for FD & C Yellow No. 5 dye and lakes Nos. YS 
(preparations 1-21), FD & C Blue No. 2dyeand lake No. B2, FD & C Red 
No. 40 dye and lake No. p40, and FD & C Yellow No. 6 dye and lake No. 
634. The corresponding lakes of amorphous aluminum hydroxide (Y5). 
boehmite No. 4, bayerite No. 7, and gibbsitc No. 19 are depicted in Fig. 4. 
The composition of other preparations deduced from the spectra are shown 
in Table I. The spectra of the lakes show a weakening of the intensity for many 
of the bands compared with the corresponding dyes, indicating some immo- 
bilization of the groups. Frequencies with intensities attenuated after lake 
formation were found at 1415, 1130. 1040. 1010.720,695, and 650cm-’ for 
FD & C Yellow NO. 5 lake (No. Y5). There were also minor band shifts from 
I I90 and I 220 cm-’ to I 140 and 1 I80 cm-I. respectively. These bands are 
attributable to sulfonate groups (10). There arc, however, no new bands in 
the IR spectra of the lakes; the spectra are additives of those of the dye and 
aluminum hydroxide substrate. 


All the dyes gqye strong X-ray powder diffraction patterns. However, the 
same dyes “laked” on amorphous aluminum hydroxide gave palterns sur- 
prisingly devoid of crystalline structure, having only a “memory” of the derived 
dye. It was found that the crystal structure of the experimenlally prcpdred 
lakes closely reflect the crystalline state of the substrate. The diffractograms 
of the corresponding lakes of amorphous aluminum hydroxide No. YS. 
boehmite No. 4, bayerite No. 7. and gibbsite No. 19 are shown in Fig. 5. When 
the boehmite substrate was “laked” (i .e..  exposed to pH 3.8 and dye added) 
the resulting lakes are essentially amorphous forms such as Nos. 1.5,6,  14, 


FD & C 
Dye Lake 


Dye, Sulfate, Chloride, 
5% 5% 5% 


Moisture, 70 
Karl Dried at  


Fischer 135°C Hardnessa 


Blue No. 2, 31.5 5.3 0.17 17.3 17.0 4 


Red No. 40 45. I 2.7 0.03 14.9 14.4 5 
(Preparation No. B2) 


(Preparation No. R40) 


(Preparation No. YS) 


(Lot No. 634) 


Ycllow No. 5 37.6 4.8 < 0.01 12.4 14.7 2 


Yellow No. 6 38.2 5.5 < 0.01 19.2 18.6 I 


An arbitrary scale: 0 is very soft and 10 is very hard 
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Table Ill-Energy Dispersive Analvsis 


Sample 
F D & C  


Dye Element 
Peak 


Integral 
Relative 


Proportion0 
Proportion 
of atoms 


Blue No. 2 dye 
(Lot No. 27390) 


Blue No. 2 lake: 
(Preparation No. 82) 
‘Hydroxide’ particle 
‘Cigar’ particle 


Red No. 40 dye 
(Lot No. AA7490) 


Red No. 40 lake: 
(Pre aration No. R40) 
‘H yd)roxide’ particle 
‘U’ type particle 


Yellow No. 5 dye: 
(Lot No. 29313) 


Yellow No. 5 lake: 
(Preparation No. Y5) 


Yellow No. 6 lake: 
(Lot No. 634) 


Na 
S 
CI 
Na 
Al 
S 


Na 
Al 
S 


Na 
Si 
S 


Na 
Al 
S 


Na 
Al 
S 


Na 
CI 
S 
Al 
Si 
S 


Na 
Al 
S 


I225 
1102 


60 
292 


1761 
498 
539 


1817 
I163 
1078 
288 


I174 
47 


I376 
443 


47 
1321 
529 


2204 
45 


1586 
99 I 


87 
227 


49 
I743 
695 


~~ 


53.3 
34.4 


1.7 
12.7 
65.2 
15.6 
23.4 
67.3 
36.3 
46.9 
10.3 
41.9 


2. I 
51.0 
13.8 
2.1 


48.9 
16.5 
95.8 


I .3 
49.6 
36.7 
3. I 
7. I 
2.1 


64.6 
21.7 


31 
20 


I 
I 
5.  I 
1.2 
1 
2.9 
I .6 
4.6 
I 
4. I 
I 


24.3 
6.6 
1 


23.3 
7.9 


75.4 
I 


39 
11.8 


I 
2.3 
I 


30.3 
10.2 


3 
2 


4.3 
I 


1.8 
1 
1 


I 


3.7 
I 


2.9 
I 
1.9 


I 
5.1 


I 


3.0 
1 


Divided by atomic weight 


and 18. Under the acidic conditions of the bake formation process, the 
boehmitic structure is probably destroyed or modified to an amorphous form 
of aluminum hydroxide to which thedye is adsorbed. In contrast, the bayeritc 
and gibbsite forms are resistant to phase changes during lake formation. A 
summary of the effect of preparation method on the type of aluminum hy- 
droxide and the lake obtained is given in Table I .  


Gas adsorption results were obtained for the surface areas of aluminum 
lakes and the substrate of amorphous aluminum hydroxides (Table IV). The 
Quantasorb gives a favorable comparison with the static method for the spe- 
cific surface area of a Yellow No. 5 lake (lot No. 127). 


DISCUSSION 
The conditions of preparation have a profound effect on the type of alu- 


minum hydroxide produced and this in  turn influences the dye content and 
physical properties of the resulting lakes. By means of two complementary 
techniques, X-ray diffraction and IR spectroscopy, it is possible to decide the 
type of aluminum hydroxide present. 


I 


30002000 1400 800 
Wave number, cm-’ 


Figure 4-IK spectra of experimenrally prepared FD & C Yellow No. S dye 
and lakes Nos. Y5, 4. 7. and 19. 


An amorphous aluminum hydroxide gel was produced by the standard 
method of lake preparation (No. Y5) of aluminum hydroxide from aluminum 
sulfate and sodium carbonate a t  pH 6.9. An amorphous product was also 
obtained from the same rcagents at pH 9 with 14 d aging at room temperature 
(KO. 1) and at pH 4.5 (No. 10). When sodium bicarbonate was employed as 
a base (No. 12) or mixed with sodium carbonate (No. 1 1 )  an amorphousgel 
was prepared. The resulting lakes had a dye content of 36-39% dye (Table 
I). The preparation (No. 10) with thegel precipitated at pH 4.5 and had a 
slightly lower dye content of 32%; this may be because some of the aluminum 
ions were still in solution and the gel was not fully formed. The X-ray patterns 
for the gel and resultant lakes were featureless. 


Petz ( 1  1 )  studied the structure of amorphous aluminum hydroxide gels by 
radial distribution functions computed from X-ray measurements. He found 
that the A13+ ion is coordinated by an octahedral arrangement of oxygen sites 
and the relationship between the remaining oxygens is essentially the same 
as in water. An “icelike” quasi-lattice was postulated. Recently, Oka et al. 
(12) considered amorphous anodic alumina films to contain A105 coordination 
polyhedra as  well as A104 tetrahedra and A106 octahedra. These polyhedra 
are envisaged to be arranged in a mixture of two conformations, one of which 
is a crystalline modification of y-AlzO3 within a short range of radial distance 
of <0.45 nm and the other is a conformation with randomly arranged coor- 
dination polyhedra. 


Transmission electron microscopy of amorphous precipitated aluminum 
hydroxide gel shows “primary” particles of 10 nm X 20-30 nm existing as 
aggregated entities of 0. I -0.2-pm diameter, but each “primary” particle is 
apparently composed of still finer spherules of 2.5 -5-nm diameter and possibly 


n A -  d/ 
1 1  1 I 1 


10 20 30 40 50 
Desrees, 28 


Figure S---X-ray di/jraction patterns ojexperimentally prepared FI)  & C 
Yellow No. 5 dye and lakes Nos. YS. 4,  7. and 19. 


1742 1 Journal of Pharmaceutical Sciences 
Vol. 73. No. 12, December 1984 







Table IV-Surface Area Measurements of Aluminum Lakes and Their 
Aluminum Hydroxide Substrate 


SamDle 
Surface Area, 


m2/a 


Static Method 
13.6 FD & C Yellow No. 5 Lake (Lot No. 127) 


Quantasorb 
14.1 
33.0 
27.0 
27.5 
18.2 


FD & C Yellow No. 5 Lake (Lot No. 127) 
FD & C Yellow No. 5 Lake (Preparation No. Y5) 
FD & C Yellow No. 6 Lake (Lot No. 634) 
FD & C Blue No. 2 Lake (Preparation No. B2) 
FD & C Red 40 Lake (Preparation No. R40) 
Amorphous Aluminum Hydroxide (Preparation No. I )  I I4 


even smaller (Fig. I A). This is in accordance with Lippens and Steggerda ( I  3). 
who are of the opinion that amorplious material consists of spherical particles 
2-5 nm in diameter, loosely aggregated to bigger units. 


From the nitrogen adsorption results, the standard lakes have specific 
surface areas less than one-third of that for the substrate amorphous aluminum 
hydroxide (Table IV). This may be interpreted as follows: the adsorbed layer 
of dye molecules on the surface of the aluminum hydroxide envelopes the 
micropores (pores with radii < -I  .5 nm) and probably some of the mesopres 
(intermediate pores with radii of 1.5-100 nm). Thus, in  the lakes, nitrogen 
can only be adsorbed on the dye-enveloped aluminum hydroxide, which is 
“smoother” since the larger dye molecules are either blanketing the micropres 
so that there are fewer sites for adsorption or clsesteric hindrance repels the 
nitrogen molecules, resulting in a considerable reduction in  the measured 
specific surface area. 


X-ray diffraction of the FD & C dyes, i .e.,  Blue No. 2, Red No. 40, and 
Yellow Nos. 5 and 6, all show a large number of sharp lines, indicating the 
dyes are highly crystalline. However, lake formation of the same dyes with 
amorphous aluminum hydroxide gives a rather diffuse X-ray pattern in the 
region of the sharp lines of the dyes. The lakes are thus amorphous. Electron 
diffraction. associated with transmission electron microscopy, also gives the 
same results. Electron diffraction enables small, identifiable regions of a few 
cubic micrometers to be examined, whereas Xlray diffraction needs several 
cubic millimeters of sample, although the information obtained by the latter 
is more accurate. 


Kiel and Heertjes ( I  4) found that the calcium-aluminum lake of alizarin 
shows four sharp lines on a powder X-ray diagram indicating that the sub- 
stance is highly crystalline. Furthermore, its IR spectra had some new bands. 
which the alizarin did not exhibit. 


The IR spectra of the FD & C dyes have a number of peaks of strong in- 
tensity while the corresponding lakes have attenuated absorption bands. Since 
the bands attributed to sulfonate groups are immobilized, the IR spectra in- 
dicate that in  all the lakes used, the sulfonate group is involved in bonding the 
dye to the aluminum hydroxide. This conclusion is in agreement with 
Cummings el a/ .  ( I  5) .  who suggested that the adsorbed dye anions forming 
the monolayer could be composed of monodispersed anions, each orientated 
with all the sulfonate groups as close as possible to the surface. The adsorption 
mechanism is probably an exchange of chloride ions for the adsorbed anions, 
but there may also be some covalent bonding occurring. In the laking process, 
pretreatment of the substrate with an acid covers the surface with anions that 
may be either covalently bound or present as ions. The anion may be replaced 
by dye anion, and it is this reaction that is the basis of the alumina dyeing 
process (16, 17). Under the laking conditions (pH 3.8-4.0) the aluminum 
hydroxide particles are positively charged enabling interaction to take place 
with anionic dyes. The importance of the surface charge on aluminum hy- 
droxide particles and its dependence on pH has been recently studied ( I  8- 
21). 


Boehmite was produced from aluminum sulfate and sodium carbonate 
under alkaline conditions, but the condition of pH 7.4 for 2 h at 7OoC produced 
pseudobochmite, which was bochmite in an excess of amorphous gel (NO. 2). 
Preparations at pH I0 and aging under various conditions also produced 
boehmite (Nos. 3, 4, 5, and 6). Aluminum nitrate and aluminum chloride. 
Precipitated with sodium carbonate under alkaline conditions (pH lo), also 
produced a boehmitic gel (Nos. 14 and 18, respectively). Some of the 
boehmites produced lakes with a higher dye content than with the amorphous 
gels, e.g., No. 6 contains 51% and No. 18 47%dyecontent but these were both 
very hard (Table I). 


There is controversy in  the literature concerning the mechanism by which 
aluminum hydroxide gels change during the aging process. The term “aging” 
is used to connote all irreversible structural or textural changes in the colloidal 
system which may occur after flocculation or gelation (22). Aging is a complex 
phenomenon. Water plays a key role in all the aging mechanisms. The poorly 
organized flocculated hydroxide prepared from salts of hydrated cations 


usually contains large quantities of molecular water (22). Baker and Pearson 
(23) propose that it is not a large conceptual step from the hydrolytic polymers 
in  aluminum salt solutions [the dimer, A12(H20)g(OH)ft, for example] 13 
the small boehmite-like crystallites capable of giving an X-ray diffraction 
pattern. Thus, pseudoboehmitc is nothing more than an aggregate of ultra 
small boehmite-like crystallites, and a boehmitic pattern in crystallites as small 
as -2.5 nm can be detected. The end point of the hydrolytic polymerization 
may be either an infinite series of chains ( i . e . ,  the boehmitic-like materials) 
or ring structures (i .e. ,  gibbsite or bayerite). 


Serna el al. (24) have found that sulfate and carbonate anions both show 
evidence of coordination with the surface aluminum cations. The carbonate 
interaction appears to be the strongesi and is believed to be responsible for 
the relatively high degree of stability ot’carbonate-containing aluminum hy- 
droxide gel. This could explain why the gel from sodium carbonate did not 
age beyond boehmite at pH 10. Only Baker and Pearson’s (23) chain structure 
could be formed and not the ring structure. I t  is interesting to see from the 
X-ray diffraction patterns that the boehmitc degenerated to various amor- 
phous forms after lake formation, although IR spectroscopy still detected the 
boehmite. 


On aging of the precipitatc a t  pH -12. gibbsite is formed from sodium 
hydroxide with aluminum nitrate (No. 15). and similarly with aluminum 
chloride (No. 19). However, a t  6OoC with aging, some less well crystallized 
material is formed: sodium hydroxide with aluminum nitrate (No. 17) forms 
gibbsite with baycrite and boehmitc, while sodium hydroxide with aluminum 
chloride (No. 20) forms gibbsite and bayerite. It isnoteworthy that thcaged 
product of aluminum sulfate precipitated with sodium hydroxide at  pH I2 
is in the form of bayerite (No. 7). The reason may be that thesulfatecoordi- 
nates to the aluminum and inhibits crystallization to the gibbsite phase. The 
aluminum nitrate and chloride salts, precipitated with sodium hydroxide at 
pH 12 with aging, both crystallize to the same end product, gibbsite. This is 
in line with the hypothesis that the rate of aluminum hydroxide crystallization 
is inversely related to the tendency of anion inclusion in aluminum hydroxide 
precipitates (25). The precipitation at 6OoC to produce a mixed product 
(gibbsite plus bayerite or boehmite) happens since at elevated temperature 
there is a “fast” transformation to a boehmitic structure which only slowly, 
with aging, crystallizes to the trihydroxides. 


The lakes containing gibbsite or bayerite have a much lower dye content 
than the amorphous lakes [lake Nos. 7, 17, and 19 contain 8.5, and 8%. re- 
spectively, while gibbsite crystals (No. 21) adsorb a negligible amount of dye 
(Table I ) ] .  This may be explained from surface area considerations. Crys- 
talline gibbsite evidently has the least surface area available for adsorption 
of dye since most of the aluminum atoms are incorporated in the crystal lattice 
and are unavailable for adsorption. The morphology of gibbsite from trans- 
mission electron microscopy consists of straight edges and hexagonal shapes. 
Lippens (26) prepared gibbsitecrystals in  the formof hexagonal platelets of 
diameter 0.3 pm, and rod-shaped crystals 10 X 3 pm2. Hence the surface area 
was quite small. Bayerite particles range from -50 to 100 nm upwards, 
forming larger aggregates. Lippens (26) found that the surface area of bayerite 
was 6-75 m2/g and his micrographs showed bayeriie particles, called soma- 
toids, which had a variable size, with the width being mostly smaller than 0.5 
pm with a length 3-10 times the width I n  contrast, Lippens and Steggerda 
( 1  3) found the surface. area of gelatinous boehmite to be -200-500 m2/g. An 
amorphous gel of spherical particles of 2--5-nm diameter would be expected 
to give a surface area of -1000 m2/g, but Lippens and Steggerda ( 1  3) were 
unable to measure the surface area by the nitrogen Brunaucr, Emmett, and 
Teller (BET) method, since it was found that the surface was not accessible 
to nitrogen. 


Recently, Pyman and Posner (27) have questioned the meaning of the term 
“surface area,” since amorphous materials generally have large surface areas 
of 50-1000 m2/g, a considerable pore structure which is frequently micro- 
porous, and contain appreciable quantities of water, both adsorbed onto the 
surface and incorporated into the structure. They suggest that assignment 
of a specific surface area to amorphous materials should be related to the 
purpose for which the surface is to be used and that the value is dependent on 
the method. With lakcs formed from the amorphous aluminum hydroxide gel, 
which are believed to be composed of spherules 2.5-5 nm in diameter from 
the transmission electron microscopy work, the envisaged surface area of lo00 
m2/g may be regarded as an effective surface area from the viewpoint of the 
dye anions. Such a surface is not accessible to nitrogen adsorption. which gives 
a lower surface area value of I14 m2/g AI(OH)3 (Table IV). I t  appears that 
nitrogen envelopes the 10-30 nm particles without being able to reach the 
spherules of 2.5-5 nm. 


From these considerations the following picture of lake formation is pro- 
posed. In aluminum lakes, the amount of dye adsorbed on the aluminum hy- 
droxide is dependent on its surface area. The dye molecules are envisaged to 
form a monolayer on the surface of amorphous aluminum hydroxide spherules 
of 2.5-5-nm diameter, which provides sufficient surface area to account for 
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the 30-4Wodye content of aluminum lakes. Direct evidence for the existence 
of these spherules comes from the highest power transmission electron mi- 
crographs. This conclusion is supported by the work of Lippens and Steggerda 
( 1  3) who have also described amorphous aluminum hydroxide gel as being 
composed of 2-5-nm diameter spherical particles, loosely aggregated to form 
larger units. Further it agrees with the results of Bye and Chigbo (28) where 
they found weakly bonded flocs of apparently isometric particles of -5 
nm. 


The quantity of dye adsorbed in terms of mmol dye/g A1203 [notation after 
de Boer ef  a/ .  (29)] is readily calculated from the lake dye content. Since 
aluminum hydroxide has a variable water content, the formula 2AI(OH)3 may 
be written as A120y3H20, and A1203 is expressed as that equivalent amount 
of aluminum hydroxide. with no water content. For aluminum lakes, the 
quantity of dye adsorbed was found to be -2 mmol/g A1203 for Blue No. 2 
and Yellow No. 5 and -3 mmol/g A1203 foF Yellow No. 6 and Red No. 40. 
Giles ef  al. (16) have made studies of dye adsorption on anodic films and found 
that for disulfonated dyes there was a maximum adsorption of 4 . 2  mmol/g 
corresponding 10-1 00 m2/g. the adsorbed dye molecule generally being or- 
ientated “edge-on.” Since aluminum lakes contain about I0 times more dye 
than the anodic films of Giles, this suggests that the surface area of substrate 
covered would be in the order of lo00 m2/g and is consistent with the spherule 
size of 2.5-5-nm diametef. However, the nitrogen gas adsorption results give 
a surface of area of amorphous aluminum hydroxide gel compatible with a 
“primary” particle size of 10 nm X 20-30 nm. The surface of the 2.5-5-nm 
diameter spherules is prcslrmably inaccessible to nitrogen and thus the smallest 
particle penetrable by nitrogen may contain mady crystallites.,,Baker and 
Pearson (23) suggested that the packing of these crystallites reduces the ac- 
cessible surface to nitrogen. It may be firmly concluded that the evidence 
points to the dye being surface adsorbed on very small particles. mainly <50 
nm. 


These experiments provide good evidence that the fully amorphous type 
of aluminum hydroxide is the best form for lake formation confirming what 
is empirically known within the industry. It is also evident that the gel should 
be washed free of sulfate ion before laking to avoid interference with dye ad- 
sorption. The conditions under which the aluminum hydroxide is prepared 
governs the degree of amorphous/crystalline character of the product, which 
is reflected in changes in particle size and surface area of the alumitpm hy- 
droxide. This then controls the amount of dye taken,up. Although lakes can 
be formed from boehmite, the product is usually hard and glassy; thus the 
product is unsuitable for industrial use. The crystalline trihydroxidb, bayerite 
and gibbsite, produced under aging conditions, take up considerably less dye. 
Gibbsite crystals take up a negligible amount of dye. To prevent lake formation 
failure, aging conditions, which are likely to broduce the crystalline forms of 
aluminum hydroxide, should be avoided. 
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(S) - (  -)-propranolol is entirely cleared by the liver. The value 
of CI,u.int for each model was estimated from Eqs. 1 and 2 using 
the (S)-(-)-propranolol clearance of 6.61 mL/min/ 100 g 
observed following intravenous administration 1 d after 
catheter insertion. Q was calculated using this value for 
clearance and an extraction ratio of 0.959. Table I lists the 
predictions and compares the ratio of predicted or observed 
values at  the time of increased binding to the original obser- 
vation. As expected, significant differences between the models 
were observed with the venous equilibrium equations pre- 
dicting 2.17- and 2.28-fold increases in F and AUC, respeo 
tively, given the observed binding change, while the sinusoidal 
model predicted 6.00- and 7.63-fold increases in these pa- 
rameters. Clearly, the predictions of the venous equilibrium 
model more closely approximate the values observed by Terao 
and Shen (1 1). In fact, there is remarkably good agreement 
with only 14.1 and 13.4% error in the predictions of F and 
AUC, respectively, using this model. 


Although this data is limited to observations in one species 
with a single substrate, it does provide in vivo evidence in 
support of the venous equilibrium model for hepatic clearance. 
This is important information since there are many clinical 
situations in which liver blood flow, protein binding, or intrinsic 
drug clearance may be altered. Knowledge of the appropriate 
physical model for hepatic clearance allows one to predict with 
reasonable accuracy the effect of changes in these factors on 
important pharmacokinetic parameters such as F and AUC. 
This is particularly crucial when highly extracted compounds 
are administered orally. Prospective studies examining this 
issue further with other highly extracted drugs are needed in 
order to confirm that the venous equilibrium model is indeed 
the preferred physical model for hepatic drug clearance. 
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Method for Determination of First-Pass 
Metabolism in Human Skin 
~- ~~~~ 


Keyphrases 0 Metabolism, first-pass-transdermal formulations, human 
skin 0 Transdermal formulations-percutaneous first-pass metabolism, 
human skin 0 Viprostol-transdermal formulations, first-pass metabolism 


To the Editor: 
The technological advances in drug-delivery systems have 


allowed increased utilization of transdermal formulations for 
therapeutic purposes. This route of administration is most 
suitable for potent drugs possessing short biological half-lives, 
extensive first-pass metabolism after oral administration, and 
narrow therapeutic indices. By controlling the rate of delivery 
and absorption through the skin, it is possible to maintain 
therapeutic drug concentrations in the blood and/or at the site 
of action. The systemic blood concentrations of such com- 
pounds after transdermal administration in humans is very low 
and often below the sensitivity levels of specific assay proce- 
dures. Nitroglycerin, which undergoes extensive first-pass 
metabolism when given orally, is one of the most widely used 
drugs in transdermal systems. To circumvent the assay sen- 
sitivity problem and allow for a comparison of dosage forms, 
Karim (1) has proposed, and effectively implemented, blood 
sampling from the ipsilateral antecubital forearm veins after 
application of the topical formulation on the volar surface of 
the wrist. The purpose of this communication is to describe a 
similar procedure that can also estimate the percutaneous 
first-pass metabolism of topically applied compounds, even 
when extensive biotransformation takes place in the skin. 


Drug and/or drug and metabolite (i.e., total) concentrations 
in samples from the contralateral antecubital forearm will be 
low and represent the systemic blood concentrations (Cc). The 
ipsilateral samples will contain higher blood concentrations 
(Ci), and represent the concentration of the drug absorbed plus 
C,  at any given time. After correction for C,, the ipsilateral 
concentrations will directly reflect the flux of the drug (Cj) 
through the skin; i.e., 


(Eq. 1) 
where Ci = Cp,j -I- C,,j + C , ,  + Cm,c, C,  = C , ,  + Cm,cv and 
C, = C,j + C,j. In this case C,  is the concentration of the 
unchanged drug and C ,  is the total concentration of metab- 
olites. 


In the absence of any metabolism and/or degradation of the 
drug during the percutaneous absorption process, Cj will 
consist of the intact drug only, i .e.,  C, = C,j. If during the 
absorption processes the drug undergoes metabolism, Cj will 
consist of the concentrations of the drug (Cpj) and metabo- 
lite(s) (C,j) in the ipsilateral samples at any time. In such a 
situation the magnitude of the first-pass metabolism can be 
estimated by calculating the fractions of unchanged drag and 
metabolite(s). Biotransformation and/or binding in the vein 
from the absorption site (the skin) up to the point of blood 
sampling would be accounted for but not differentiated from 
metabolism in the skin. The same is true if degradation pro- 
cesses other than biotransformation were involved. 


When the rate of absorption through the skin is constant, 
and C, reaches steady-state level, the fraction metabolized in 
the skin cf,) can be estimated by: 


cj = ci - c, 


0022-354918411000- 1499$0 1.001 0 
@ 7984, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 1499 
Vol. 73. No. 10, October 1984 







Table I-Concentrations of I1 (C ) a d  Total Radioactivity in the Ipsilateral (Ci) and Contralateral (C,) Plasma Samples After Application of a 1.5-mg 
Dose on the Forearm of Two MatSubiects 


Subject 1 Subject 2 
Hours of Concentration, ng/mL Concentration, ng/mL 


Application CC Ci Cni Cm,i ha CC Ci Cni Cmi ha 
2 - 18.2 5.8 12.4 0.68 - 2.8 1.2 1.6 0.57 
4 0.48 14.7 4.6 10.1 0.69 0.43 4.8 1.4 3.4 0.71 
6 
8 


12 


0.6Sb 19.3 8.0 11.3 0.59 0.52b 11.7 3.7 8.0 0.68 
0.85 31.5 10.0 21.5 0.68 0.62 11.1 3.2 7.9 0.7 I 
0.52 27.8 9.8 18.0 0.65 0.57 14.8 3.2 11.6 0.78 


16 - 6.7 2.7 4.0 0.60 - 10.8 2.7 8.1 0.75 
Mean 
cv 0.65 


6.2% 
0.70 


10% 


#f1 C, /C,, where Cj = Ci - C, and C,, = C, - Cpa Because Cr =, Cp, + C,, and the values of Cp,c are below the detectable level of 0.05 ng/mL. C,, was assumed to be 
essentially t ic  same as C, as presented in this table. * Interpolated va ues 


where C,j and C,j are concentrations of the drug absorbed 
either unchanged or as a metabolite(s), respectively. Assuming 
that ( a )  skin metabolism is much higher than the metabolism 
in other tissue up to the point of ipsilateral sampling and (b) 
there is no preferential tissue binding of the drug or metabo- 
lites, the areas under the plasma concentrations uersus time 
profiles of the drug (AUCpj) and metabolite (AUCmj) will 
be independent of the distribution volume, and the summation 
of the two values will represent the area under the Cj uersus 
time profile (AUCj). Therefore, fs can also be calculated 
by : 


or : 


AUCmj 
jS = AUCpj + AUC,j 


AUCm,j 
fs = AUC, 


as by definition AUCj = AUC,j‘+ AUCmj. 
Methyl ( f ) - (1  la,5Z(and 5E),13E,16R(and 16S)-16- 


ethenyl-l1,16-dihydroxy-9-oxoprosta-5,13-dien-l-oate (vip- 
rostol; I), a prostaglandin analogue, is a topically effective 
antihypertensive agent (2). In the blood and body it apparently 
undergoes instantaneous and complete ester hydrolysis to give 
an equally effective compound, (*)-(1 la,5Z(and 5E), 
13E,16R(and 16S))-16-ethenyl- 11,16-dihydroxy-9-oxopro- 
sta-5,13-dien- 1-oic acid (11). The transdermal administration 
of [l4C]1 has shown good absorption in various animal models, 
as measured by total concentrations of carbon-1 4 (3). The low 
systemic concentrations (contralateral) of I or 11, require a 
sophisticated GC-MS technique for quantitation (4). In hu- 
mans, effective doses of I result in low concentrations of I1 (not 
I) in the systemic circulation, often below the sensitivity limit 
of the GC-MS procedure (76 pg/mL). To study the trans- 
dermal absorption, 1.5 mg (specific activity 18.99 pCi/mg) 
of [l4C]I in petrolatum bandages’ (10 cm2) was applied to the 
volar surface of the forearm of normal male subjects, and serial 
ipsilateral and contralateral blood samples were collected into 
heparinized tubes. Following centrifugation, the plasma was 
removed and then stored at -4OOC until assay. Total radio- 
activity in each sample was determined by scintillation 
counting. The concentration of the unchanged drug (11) in the 
ipsilateral plasma samples were determined by the specific 
GC-MS assay procedure (4). Because of the rapid hydrolysis 
of I to 11, it was only possible to measure the concentrations 
of 11 by GC-MS, and I1 is considered to be the unchanged 
active drug (Cp,i). Therefore, all calculations were done for 
11. 


Formulation Research Section. Medical Research Division, American Cyanamid 
Co.. Pearl River, N.Y. 


Table I summarizes the concentrations of I1 (Cp,i) and total 
radioactivity in the ipsilateral (Ci = Cp,i + Cm,i )  and con- 
tralateral (C,) plasma samples after application of a 1.5-mg 
dose on the forearm of two subjects, randomly selected for this 
report. In general, Cc was relatively low, <1 ng/mL of which, 
on the average, < 10% ( 4 . 0 5  ng/mL) was in the form of un- 
changed I1 and would not be readily measurable by the 
GC-MS procedure. Ci, of which 35 and 30% was in the form 
of unchanged I1 in subjects 1 and 2, respectively, was quite 
high. These data indicate that about two-thirds of the dose 
underwent metabolism during absorption from the topical 
application site and/or in transit to the point of blood sampling 
in the same arm. As part of a pharmacokinetic study of topical 
and intravenous [‘4C]nitroglycerin, Wester et al. were able 
to measure the absolute bioavailability (57%) and estimate the 
percutaneous first-pass metabolism (16-21%) in monkeys (5). 
Basically, the procedure is the same as that used for determi- 
nation of first-pass metabolism after oral administration, i.e., 
utilizing the difference between the total radioactivity and 
unchanged nitroglycerin which reached the systemic circula- 
tion. The ipsilateral-contralateral method offers the possibility 
of determining the percutaneous metabolism after one appli- 
cation in the same subject at  the same time. 


In summary, the results of this study suggests that this 
simple procedure may be used for the estimation of percuta- 
neous first-pass metabolism of drugs which are administered 
transdermally and where the skin is a significant site of bio- 
transformation. It would also be of interest to examine this 
procedure for percutaneous metabolism of other potent drugs 
which undergo metabolism in the skin. 
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prcdicted for an oral dose, assuming linear kinetics, would be I0-2Wo (20). 
First-pass metabolism would also account for the higher mean oral clearance 
observed for both solution and tablct relative to thc mean plasma clearance 
aftcr intravenous and intramuscular administrations. Since -70% of a par- 
cnteral dose and 60% of an oral dosc are excrcted as intact drug in the 0-24-h 
urine samples, the 10% diffcrcncc as a function of the oral route of adminis- 
tration is consistent with the predicted limited extent of first-pass metabolism 
of the oral dose. These findings arc consistent with the results of previous 
studies ( I  0, 12). which have reported urinary recoveries for intact bumetanide 
of 60 f 3% ( 10) and 66 f 3% ( 1  2) from the intravenous dose, but only 49 f 
5% (10) and 59 f 3% (12) from the oral dose. 


The mean urinary excretion of intact bumetanide and the corresponding 
mean urinary volume following the four treatments arc shown in Fig. 3. The 
diuretic effect of bumetanide following I-mg iv, im, oral solution, and oral 
tablet doses was clearly evident in the first 2-h period, with mean urine volumes 
ranging from 1270 ml- (tablct) to I600 mL (oral solution). The diuretic ac- 
tivity lasted for -4 8 h for all treatments. and the mean cumulative diuresis 
after 24 h was the samc for the four treatments. The diuresis profile of 
bumetanide parallels the urinary excretion profile of intact bumetanidc in that 
the major portion of intact bumetanide was excreted during the first 2 h fol- 
lowing drug administration (Fig. 3). This confirms previous observations (9, 
21) that the diurctic activity of bumetanide is closely associatcd with the 
concentration of intact drug in the kidney. The fact that the oral formulations 
arc as effective diuretics as thc parcnteral preparations presumably reflects 
the maintenance of a minimum effective plasma or rcnal tubule concentration 
of bumetanide (22). 
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Determination of Total Captopril in Human Plasma by 
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Abstract 0 Captopril is liberated from covalently protein-bound disulfides 
and other disulfide metabolitcs in human plasma by reduction with tri-n- 
butyl-phosphine. The captopril is then treated with N-ethylmaleimidc, purified 
on XAD-2 resin, eluted with ethyl acetate, and mcthylated prior to its dctcr- 
mination by gas chromatography-mass spectrometry with selected-ion 
monitoring. The limit of detection is 20 ng/ml. of plasma. 


Keyphrases 0 Captopril-reduction of disulfides. GC-MS, selected-ion 
monitoring 0 GC MS--selected-ion monitoring, total captopril in human 
plasma, reduction of disulfides 


Captopril (I) ,  an orally active angiotensin I-converting 
enzyme inhibitor ( I ,  2), is currently marketed for the treatment 
of hypertension (3, 4). Because of the extreme reactivity of 
thiols in biological systems, captopril is quantitatively con- 
verted to a derivative, such as the N-ethylsuccimide derivative 
( I I ) ,  prior to analysis (5). The reaction product was determined 
by a gas chromatographic-mass spcctrometric (GC-MS) 


method ( 6 ,  7) with selected-ion monitoring for captopril in  
whole blood and by a radiometric-thin-layer chromatographic 
(RTLC) proccdure for establishing thc biological disposition 
of captopril(8,9). The latter method has been used in various 
metabolism and pharmacokinetic studies (10-1 2). Other re- 
ported methods for the determination of captopril employ GC 
(13), HPLC (14-17), and most recently GC-MS with se- 
lected-ion monitoring (18). 


Metabolites of captopril identified so far include captopril 
disulfide ( I I I ) ,  the mixed cysteine and glutathione disulfides 
of I (IV and V, respectively), and the S-methyl (VI)  and S -  
methyl sulfoxide (VII) metabolites (9, 10, 12, 19). A sub- 
stantial proportion of the captopril radioactivity in human 
blood after oral administration of radioactively labeled I was 
associated with the plasma fraction (8), which was covalently 
bound as plasma protein disulfides. It is believed that the 
plasma proteins and mixed disulfides with endogenous thiol- 
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containing compounds (e.g., glutathione) may act as a reser- 
voir from which captopril is liberated over time to exert 
pharmacological effects ( 1  2,20). It would not be practical to 
measure each metabolite separately, nor would it be possible 
to adequately measure the protein-bound levels by a nonra- 
diometric method. Consequently, a method for measuring total 
captopril in plasma has been developed by treating the plasma 
fraction with the disulfide-reducing agent tri-n-butylphosphine 
(21), followed by reaction with N-ethylmaleimide to form 11, 
which is then methylated and measured by GC-MS with se- 
lected-ion monitoring (7). 


L 
""-F 


H~NCHCHZCH~CONHCHCONHCH~CO~H 
I 
CH2S- 


I 
CO2H 


c1 OH1 6N306S 
(glutathione) 


0 


V1II:R = H 


EXPERIMENTAL SECTION 


Apparatus-A mass spectrometer' with a data acquisition system, gas 
chromatograph, and an interface was used as  reported by Cohen er al. (7). 
A centrifugs with stainless steel adapters, drug-screen columns3, a water bath4 
set at SOOC, two sample concentrators5, dry-block heating baths6.', a column 
mounting plate', an aspirator troughs, I-mL reaction vessels9, vial sealslo, 
100-pL micropipcts1I, and I-, 3-, 5-, and 10-mL dispensersi2 were used. 
Samples were agitated on a heavy-duty shaker". Screw-capped 150-mm 
culture tubes with polytef-faced liners, 20-mL scintillation vials, 21-gauge 
syringe needles, a vial crimper, a desiccator, 15-cm disposable Pasteur pipets, 
a vortex mixer, 13 X 100-mm disposable glass tubes, and 1- and 5-mL dis- 
posable serological pipets were obtained commer~ial lyl~.  


Rtagents-Acetone, ethyl acetate, hydrochloric acid, phosphoric acid, 
Ncthylmaleimide. dimethylformamide, Tris, urea, dibasic sodium phosphate, 
sodium chloride, EDTA (disodium salt), neutral alumina Brockman Activity 
I (80-200 mesh), and sodium bicarbonate were reagent grade. An N-ethyl- 
maleimide solution was prepared daily by dissolving 0.5 g of reagent in 1.5 
mL of dimethylformamide. A 20% v/v solution of tri-n-butylphosphine was 


1 Model HP 5985B Hewlet! Packard, Palo Alto, Calif. 
2 Model IEP 2741; International. Scientific Products Co. 
3 X A D 2  with Column Activator A; Brinkmann Instruments. 


Organomation A6sociatc.s. Inc. 
5 Model SC 248; Brinkmann Inntrumcnts. 
6 Techne. SC-3. 


Techne. DB-3. * Biochcmicol Dia mtics. 
Supelco lac.. Bel!efonte. Pa 


(0 Hewlctt-Packard Instruments. Palo Alto. Calif. 
11 Scientific Manufacturing Industries. 
Lab Industries. 


I 3  Fisher Scientific Co. 


prepared with redistilled reagentI4 and acetone. A buffer was prepared by 
dissolving 12.1 g of Tris in 980 mL of distilled water, and the pH was adjusted 
to 8.2 with phosphoric acid. To 26 g of urea, was added 65 mL of the pH 8.2 
buffer. This solution was prepared each day as required. A pH 7.0 buffer was 
prepared by dissolving 40 g of dibasic sodium phosphate heptahydrate in 1960 
mL of distilled water, adjusting the pH with phosphoric acid. A diluted column 
activator solution3 was prepared by diluting 35-500 mL with distilled water. 
The solution was refrigerated and used for not more than 1 week. The plasma 
used for experiments was prepared from commercially obtained bloodlj. 
Methanolic hydrochloride was prepared as  described previously (6.7). C a p  
topril (I). captopril disulfide (III), and the fluoro analogue internal reference 
(VIll) were pharmaceutical-grade materials'6. 


Standard Solutions-Captopril disulfide (I l l )  solutions were prepared at 
concentrations of 10 and 40 pg/mL in methanol and stored in a refrigerator. 
A solution of I1 was prepared by treating 50 mg of I with 250 mg of N-ethyl- 
maleimide in 10 mL of pH 7.0 buffer for 15 min, diluting to 100 mL with 
acetone, and filtering through a fine-porosity sintered glass filter. An unex- 
tracted control solution was prepared from 11 and IX, with respective final 
concentrations equivalent to 40 pg of I and VIlI per mL of solution. The so- 
lution was stored in a refrigerator. For calibration, appropriate solution 
concentrations of III  in methanol were prepared. 


Preparationof Standard Curves-To each of six 20-mL scintillation vials, 
was added I mL of plasma. With 1 W p L  syringes, varying amounts (between 
0 and 1 pg) of I I I  and 1 pg of internal reference standard VlIl  were added. 
To another set of six 20-mL scintillation vials containing 1 mL of plasma, 
between 0 and 8 pg of I11 and 4 pg of Vl l l  were added. These standards were 
immediately reduced or stored in a freezer with the samples until required. 


Reduction-Aliquots ( 1  mL) of a thawed, well-mixed plasma sample were 
transferred to separate 20-mL scintillation vials and 5 mL of urea pH 8.2 
buffer solution was added to each vial. To vial 12, 1 mL of blank plasma and 
the appropriate amount of control solution containing I11 and VIII were added. 
To plasma samples collected from 0.25 to 6 h after oral administration of a 
100-mg tablet of captopril, was added 4 pg of V111; 1 pg of VllI was added 
to all other plasma samples. The respective additions to controls were 4 pg 
of 111 and VlIl and 1 pg of 111 and V111. To each vial (located under a hood), 
0.1 mL of 20% v/v tri-n-butylphosphine solution was added. The vials, covered 
with tin foil-lined caps, were mixed on a vortex mixer. These samples and 
standards were allowed to stand in the dark a t  50°C for 1 h. 


Reaction of Reduced Captopril with N-Etbylmaleimide-The aforemen- 
tioned vials were cooled in the hood for 15 min and uncapped; to each vial, was 
added 25 mg of N-ethylmaleimide in 0.1 ml of dimethylformamide, and the 
vials were recapped. The samples were vortexed for 10 s, the vials were set aside 
for 5 min. and then the samples were treated with 5 mL of 0.67 M H ~ P O I .  


Isolation and Purification of Samples-Prior to use, the required number 
of XAD-2 columns were activated with 5 mL of diluted activator solution, 
treated with 5 mL 0.1 M HCI, and 21-gauge syringe needles were attached. 
Each sample solution was decanted into an individual column. and the solution 
was allowed to percolate through the column; 5 ml of 0.1 M HCI was added 
to a scintillation vial, mixed, and decanted to the column after the original 
solution had eluted. The syringe needle was removed, and the column was 
washed first with a 10-mL aliquot and then with a 20-mL aliquot of 0.1 M 
HCI''. The columns were placed on a column mounting plate and dried under 
reduced pressure for 1 h; this was followed by eluting I 1  and the fluoro ana- 
logue (IX) first with 10 mL and then with 15 mL of purified ethyl acetate. 
To each test tube. containing the ethyl acetate eluant was added 3 mL of 5% 
sodium bicarbonate solution; this was shaken for 5 rnin to effect the transfer 
of I1 and IX into the aqueous layer, followed by centrifugation at 2000 rpm 
for 5 min. The upper ethyl acetate layer was discarded and 1 mL of 2 M 
phosphoric acid and 3 g of sodium chloride were added and the sample was 
mixed for 5 min. The sample was reextracted into ethyl acetate by adding 5 
mL of the purified solvent, shaking, and centrifuging for the required times 
as  indicated above. The entire contents of each test tube were decanted to new 
13- X 100-mm test tubes, and the upper ethyl acetate layer (-4.8 mL) was 
transferred to a 20-mL scintillation vial with a 5-mL serological pipet. The 
solvent was then evaporated with a sample concentrator set at 65'C. The 
sample was transferred quantitatively, first with 0.5 mL and then with 0.2 
mL of purified ethyl acetate, to a I-mL reaction vial with a Pasteur pipet. An 
unextracted control solution containing 4 pg each of I I  and IX was added to 
a clean reaction vial and evaporated to dryness with a concentrator, along with 
extracted samples and the control. The vials were then dried under reduced 
pressure in a desiccator for 15 min. Samples were redissolved and methylated 
to X and XI as  previously described (6,7). 


1' Strem Chemicals, Inc. 
IJ New Jem Blood Services. 
16E. R. Squiib & Sons. Princeton, N.J. 
I' Sometimes it is necessary to initiate flow with the palm of the hand or a rubber 


bulb 
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Table I-Covalent Binding of Captopril and Its Metabolites in Plasma as a Function of Storage Temperature and Time 


Storage 
Drug Sample Temp., OC 


[ '4C] I I  I 1 
2 
1 
2 


[ 14C] IV 


5 
5 


-20 
-20 


5 
5 


-20 
-20 


5 
5 


-20 
-20 


5 
5 


-20 


~ ~ 


Extractable Drug with Methanol, ng/vial' 
Initial I Week 4 Weeks 


3240 
3390 
- 
- 


3920 
3940 
- 
- 


3420 
3450 
- 
- 


I630 
1600 
- 


2230 (68) 
2250 
940 (28) 
920 
3960 (101) 
2710 (69) 
3650 (93) 
3820 (100) 
1980 (59) 
2040 
2030 (57) 
1910 
I580 (97) 
1560 
I560 (98) 


1250 (38) 
1290 
430(13) 
420 
2250 (58) 
2280 
2140 (55) 
2180 
nil 
nil 
870 (23) 
720 
1590 (99) 
1600 
I590 (98) . .  


2 -20 - 1610 1590 . ' 


Values in parentheses are the percentages of the initial values. 


Table 11-Reduction of Captopril Disulfide As Function of pH 


Solution DH Reduction. 9'0 


0.1 M HCI 


0.1 M phosphate Buffer 


0.1 M Tris buffer 
8 M Urea in 0.1 M Tris buffer 
Tris buffer-propanol, 1 : l  
Tris buffer--propanol. 3:l 
( 4 . 1  M NaOH) 


-0.67 M Hjp0.1 
1.1 47.5 
1.6 67.8 
7.0 79.5 
8.0 81.9 
8.2 90.5 
8.2 97.0 
8.2 98.0 
8.2 97.8 


12.5 64.0 


Selected-Ion Monitoring-Approximately 1-2 g L  of solution added to the 
tip of a GC solids injectorI8 was allowed to evaporate. The appropriate ion 
profiles (m/z 230.1, m/z 248.1) were obtained by selected-ion monitoring. 
Thc maximum peak heights were measured by using a program written 
especially for the batch processing of the data (7). The program selects the 
baseline-corrected maximum peak heights of the requested ions. The mean 
ratio ( R i ) ,  and standard deviation for three to five injections of the control 
sample bracketing the samples were determined for subsequent use in cor- 
recting the data for differences in response from the calibration slope (t). 
The adjustment factor ( A )  is related to the calibration slope and the measured 
ratio of the control ( R i ) ,  by: 


The data were processed as  previously described (7). 


RESULTS AND DISCUSSION 


Captopril undergoes extensive biotransformation to form covalently pro- 
tein-bound disulfides (21) in addition to the disulfides 111, IV, and V (9. 10, 
12,21). When captopril is added to plasma and stored at either S°C or -20°C. 
62 and 87% of I is bound to protein (Table I). The greater binding at the lower 
temperature may result from an increase in protein thiols from freezing and 
thawing of the plasma. Approximately 43% of the disulfide 111 was bound to 
the protein, presumably due to interchange and disulfide formation with 
protein. The only captopril-related product not bound was S-methyl captopril 
(VI), a potential metabolite. Thc use of N-ethylmaleimide as a thiol alkylating 
agent in whole blood, plasma, and urine is the most effective method of pre- 
venting the formation of protein-bound captopril(5-7). It is not feasible to 
measure unbound captopril, because a significant amount of captopril is 
converted to protein-bound compound during the production of serum or 
plasma from wholc blood and during storage prior to analysis. 


Plasma or scrum was subsequently processed to liberate I bound to proteins 
and mixed disulfides by reduction with tri-n-b~tylphosphine'~. This reagent 
was previously used to reduce captopril disulfides in urine (14,21). The great 
depot of protein disulfides required a tri-n-butylphosphine concentration of 


SI-IRDS: Scientific Glass Equipment Co., Penzias Associates, Roslyn Heights, 
N.Y. 


l9 Tri-n-butylphosphine is a toxic substance. and all procedures should bc carried out 
in a hood. As it is readily oxidized by air, it should be refrigerated under nitrogen, with 
acetone solutions prepared daily. 


20 mg/mL of plasma to achicve 98% reduction. Only 85 and 50% reduction 
could be obtained at tri-n-butylphosphine concentrations of 10 and 2 mg/mL, 
respectively. Nearly complete reduction is obtained in solutions more basic 
than pH 8 (Table 11). The ratcof reduction and the yield are also influenced 
by temperature. At 50°C. it takes -30 min to reduce 111 with 20 mg/mL of 
tri-n-butylphosphine and 45 min to reduce protein-bound I. At temperatures 
greater than 60°C, 111 is reduced in <I5 min, but some sampledecomposition 
occurs. Up to 10 mL of urea buffer, used as a plasma-solubilizing agent, did 
not effect the reduction efficiency when I mL of plasma was used. When > I  
mL of plasma was used, the yield decreased. Only 90% disulfide reduction 
could be achieved with whole blood samples, but decreased whole blood vol- 
umes yielded satisfactory reduction efficiency. Although excellent reductions 
have been obtained from 50% propanol solutions (22), the solvent causes in- 
terferences in the isolation procedure. When added to plasma, I, 111, IV, and 
V are essentially quantitatively converted and subsequently measured as the 
methyl ester of I1  by the GC-MS procedure with selected-ion monitoring 
(Table I l l ) .  Plasma samples of I, 111. and I V  stored for 4 weeks either a t  5°C 
or -20°C yield substantially all of the available reducible compound (Table 
IV). 


The precision of measurement was improved by adding lo00 ng of internal 
reference to the samples with lower conccntrations (within a rangeof 0-lo00 
ng/mL); 4000 ng was added to those samples expected to have > 1000 ng of 
reducible captopril. Samples collected from human subjects at 0.25 to 6 h after 
administration of a single 100-mg tablet of captopril were treated as high- 
concentration samples, whereas the 0-h samples and those collected at 2 8  h 
were treated as  low-concentration samples. The methylated sample extracts 
were measured by essentially the same methods as used for free I (6, 7). 
Calibration curves of standard disulfide I l l ,  extracted from plasma, demon- 
strated a linear response-concentration relationship for reduction and ex- 
traction. The slope and intercept, 2.084 and 0.0667, respectively, are identical 
to thevalues reported for free 1 in wholc blood (6). The extracted control was 
used as a single-point calibration (6.7). The mean of three to five values was 


Table Ill-Recovery of Captopril and Disulfides from Plasma 


Plasma, pg/mLb 
Added Found Reduction, % 


Captopril Disulfide ( I l l )  


Captopril ( I )  


Captopril-cysteine (IV) 


c 4.82 96.4 
5.5 2.41 96.4 
1 .o 0.98 98.0 
0.5 0.48 97.0 
0.25 0.23 92.0 
5.i2 4.89 95.5 
2.56 2.48 96.7 
1.02 0.9 96.0 
0.51 0.48 93.0 
0.25 0.26 102. 
8 7.79 97.4 
4 7 87 96 8 . 


2 1.93 96.0 
Captopril-glutathione (V) 12 11.7 91.1 


6 5.75 95.8 


Plasma Blank 
3 2.96 98.5 
0 0. - 


Captopril was used as standard. As percentage of captopril equivalents. 


Journal of Pharmaceutical Sciences I 11 15 
Vol. 73. No. 8, August 1984 







Table IV-Recovery olcaptopril from Plasma Stored at 5°C and -20°C for 4 Weeks 


Drug Sample 


Recovery, ng/vial 
Storage Percent of 


Temp., "C Initial Final Initial 


[ W] I 1 5 3240 3020 91 
2 5 3390 3270 99 
1 -20 - 2950 90 
2 -20 - 2920 88 


2 5 3940 3830' 97 
I - 20 - 3900 99 
2 - 20 - 3890 99 


[ '4C] IV I 5 3420 3170 92 
5 3450 3090 90 


1 -20 - 3260 95 
2 


2 - 20 - 3160 92 


[ W ]  I l l  1 5 3920 3730 95 


Table V-Bioavailability Data for Captopril 


Bioavailability Disulfides Bioavailability 
(F) in Blood, '12 T ,  (IhT - F ) ,  in Plasma, 


0.5 3 5 0 f  100 390 40 780 f 230 
1 .o 900 f 140 1300 400 2590 f 420 
1.5 720 f 110 1480 760 2960 f 390 
2.0 360 f 50 1240 880 2480 f 320 
2.5 230 f 40 980 7 50 1960 f 220 
3.0 1 7 0 f 4 0  800 630 1600 f 120 
4.0 100 f 20 570 470 
5.0 80 f 50 490 410 980 f 220 
6.0 3 0 f  10 370 340 740 f I10 
8.0 I O f 3  250 240 490 f 50 


12.0 4 f  1 130 130 260 f 20 
16.0 1 f 0.3 80 80 160 f 10 
24 40 40 7 0 %  10 


Time, h ng/mLb ng/mLE ng/mLd ng/mLh 


1130 f 80 


a Single oral administration of 100 mg of ca topril, nine healthy male subjects were treated. * f SEM for nine healthy male subjects. One-half total volume for plasma (blood 
equivalent). 1 Difference is equivalent to disulEdes in blood. 


used to adjust for the small variation in the response (6,7). The data for total 
captopril are of the same quality as those for free captopril in whole blood (7). 
For total captopril values, the estimated precision from 0 to 100 ng/mL of 
plasma is 20 ng/mL; between 100 and lo00 ng/mL the precision is -50 
ng/mL; and at  >I000 ng/mL the precision is 3%. The distribution of the 
measured total plasma levels of 27 plasma samples taken at  0,12, 16, and 24 
h is a demonstration of the sensitivity of the method (Fig. I ) .  Recorded to the 
nearest decade, 9Wo of the 0-h samples were determined to have 0 ng/mL. 
whereas the range of the 24-, 16-, and 12-h samples fell into groups of 40-100, 
1 10-210, and 180-370 ng/mL, respectively. The mean values were also nearly 
equally spaced, with respective values of 70 (a, = 20), 130 (un = 25), and 
240 (0, = 50) ng/mL. A limit of detection of 20 ng/mL more than adequately 
reflects these data, and a sensitivity of 30 ng/mL appears to be readily 
achievable. 


The mean bioavailability of I in whole blood and the total reducible captopril 
plasma levels of nine healthy subjects given a single oral 100-mg dose of 


100 


2 


+ a 71 


2 
8 


20 60 I00 140 180 220 260 300 340 380 
NANOGRAM/MILLILITER 


Figure 1 -Disiributiodand conceniraiion range of toial capiopril in 0-. 24-, 
1 6 .  and 12-h plasma samples. 


captopril is shown as a typical example (Table V). The maximum concen- 
tration occurs at I h for free. captopril, which is 900 (1140) ng/mL of whole 
blood, and at I .5 h for total captopril in plasma, which is nearly 3000 ng/mL. 
To relate the total captopril levels in plasma to the whole blood equivalent, 
the plasma values were divided by 2 to adjust for the volume difference be- 
tween the whole blood and plasma fractions. The difference between one-half 
the total captopril value and the free captopril value is the reducible captopril 
in whole blood. This parameter peaks at 2 h after drug administration. In a 
recent kinetic study of captopril in humans (20). it was suggested that captopril 
bound to plasma proteins and mixed disulfides with endogenous thiol-con- 
taining compounds may act as a reservoir from which captopril is slowly re- 
leased. This possibility has also been cited in  a captopril binding study ( I  2). 
Future studies in which the total captopril method combined with the method 
for free captopril (7) are used should help in the refinement of the pharma- 
cokinetics of captopril. 
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Abstract 0 Previous studies have shown that rats with 15% third-degree burns 
show a severe depression in various in uitro hepatic drug-metabolizing en- 
zymes. This effect was assessed in uiuo by measuring the disposition of four 
liver-metabolized drugs in 16% third-degree burned rats a t  7 d postburn. 
Compared with pair-fed control rats, pentobarbital demonstrated a signifi- 
cantly prolonged clearance and elimination half-life without a change in 
volume of distribution. Quinidine demonstrated a significantly increased 
volume of distribution and a significantly decreased clearance without a 
change in elimination half-life. Lidocaine showed a significantly increased 
volume of distribution. Theophylline, which is only 50% metabolized in the 
rat, showed no changes in any pharmacokinetic parameters. The free drug 
fractions of quinidine and lidocaine were found to be significantly decreased 
at I d postburn and normal a t  7 d postburn. These results warrant phar- 
macokinetic studies in human burn patients. 


Keyphrases 0 Pentobarbital- pharmacokinetics in thermally injured rats 
0 Quinidine-pharmacokinetics in thermally injured rats 0 Lidocaine- 
pharrnacokinetics in thermally injured rats 0 Theophylline-pharmacoki- 
netics in thermally injured rats 0 Thermal injury-phramacokinetics of 
pentobarbital, quindine, lidocaine, and theophylline, rats 


Thcrmal injury can produce numerous pathophysiological 
alterations in an organism which may modify the absorption, 
distribution, metabolism, and rcnal excrction of therapeutic 
agents (1). Such changes would be directly reflected in the 
derived pharmacokinetic parameters for a given drug (2). 
Recently, our laboratory has presented evidence of a gener- 
alized depression in various in uitro liver drug-metabolizing 
enzymes in rats subjected to 15-16% third-degree burns (3-5). 
Also, this phenomenon may occur in human thermal injury, 
as demonstrated by significantly decreased levels of D-glucaric 
acid in human burn victims (6). However, such data on drug 
metabolism in which in uitro liver homogenates and D-glucaric 
acid are used may not reflect the pharmacokinetic charac- 
teristics of a drug in an intact organism. Besides the activity 
of hepatic microsomal drug-metabolizing enzymes, other 
factors such as alterations in hepatic blood flow and changes 
in drug binding by plasma proteins may significantly con- 


tribute to the overall process of hepatic drug clearance (7). 
Thus, the present study was undertaken in a rodent model with 
a 16% third-degree burn to assess the effects of thermal injury 
on the in uiuo disposition of four liver-metabolized drugs 
commonly used for burn patients. 


EXPERIMENTAL SECTION 


Animak--Adult male Sprague-Dawley rats' (weight, 220-250 g) received 
16% full-thickness burns as described below. They were h o u d  in plastic cages 
in groups of one or two over corncob bedding in a room maintained at  24 f 
0.5OC with a constant 12-h light and dark cycle. Pharmacokinetic experiments 
were done 7 d after the burning. Control rats housed alone were carefully 
pair-fed2 daily with the burned rats to adjust for the slight anorexic effect of 
the burn wound. 


Bum Procedure-A full-thickness burn was produced on the rats by the 
method of Arturson (8). This type of burn completely destroys all dermal 
appendages and epithelial elements, including sensory nerve endings, resulting 
in a virtually pain-free preparation (9). The animals were anesthetized with 
sodium pentobarbital (50 mg/kg) and shaved with electric clippers. Each rat 
was placed in a plastic mold with a hole cut out that corresponded to -16% 
of the total body surface area. This value was arrived at by skinning burned 
rats and measuring the area of the burn and the total body area by tracing 
these areas onto graph paper and counting the squares. It was found that this 
particular mold consistently delivered an approximate 16% burn for animals 
in the w.eight range of 220-250 g. The burns were inflicted by placing the mold 
(containing the bare rat skin protruding through the hole) in 90 f I°C water 
for 20s. This procedure produced a burn with sharp edges that did not impair 
the mobility of the animals. The animals awoke from the procedure in no 
apparent distress and did not require analgesics. At no time during the study 
did any burned animal exhibit gross signs of infection. Control animals were 
shaved and anesthetized but not immersed in water. 


Biochemical Parameters-Estimations of the serum levels of proteins, 
enzymes, and other constituents were done on six 16% burned and six pair-fed 
control rats by sending 5 mL of serum from the pooled blood of two rats to 
a commercial laboratory3. The serum was analyzed with a standard serum 
multiple analyzer, with normal rat serum used as standards. Serum was ob- 


I Charles River Breeding Laboratories, Wilmington. Mass. * Rodent Chow; Ralston Purina Inc., St. Louis, Mo. ' Vet Path Veterinary Laboratories, Teterboro. N.J. 
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Abstract 0 Sodium levothyroxine was determined in bulk drugs, tablets, and 
injections by high-performance liquid chromatography (HPLC).  Levothy- 
roxine was separated from excipients and impurities on a 10-pm cyanoalkyl 
column using an acetonitrile-water-phosphoric acid mobile pha.e. The HPLC 
method is shown to be linear, accurate, and precise, and the results obtained 
by the HPLC and USP X X  methods are compared. 


Keyphrases 0 Sodium levothyroxine-IiPLC, determination of bulk, tablet. 
and injection formulations 0 HPLC- sodium levothyroxine. determination 
of bulk, tablet, and injection formulations 


In a survey] of sodium levothyroxine products and formu- 
lations, 63 samples of tablets, representing 20 formulations 
from 5 manufacturers, 9 samples of injections from 2 manu- 
facturers, and 6 samples of bulk sodium levothyroxine from 
5 manufacturers, were analyzed in this labroatory. The pur- 
pose of the survey was to evaluate the quality of sodium levo- 
thyroxine products on the market and the adequacy of present 
compendial standards and methods. Methodology was de- 
veloped for content uniformity analysis of sodium levothy- 
roxine by high-performance liquid chromatography (HPLC). 
This method, unlike the official compendial method (I) ,  dif- 
ferentiates levothyroxine from iodinated impurities and deg- 
radation products. 


Previously developed methods for the determination of so- 
dium levothyroxine (2-1 3) were evaluated and tested. A 
modification of the HPLC procedure described by Garnick 
et al. (1 3), using a cyanoalkyl bonded phase column, was se- 
lected. This method offers advantages over those already in 
the literature by avoiding buffers in the mobile phase, no 
sample derivatization, faster analysis times, greater sensitivity 
due to shorter retention times, lower flow rates, and 229 nm 
detection. A sample solvent was selected that readily dissolved 
sodium levothyroxine without degradation from tablet for- 
mulations. This method and the results obtained on the survey 
sample are reported here. 


~ ~~ 


I This study was a national survey for the Food and Drug Administration. 


EXPERIMENTAL SECTION 


Apparatus A modular high-performance liquid chromatograph2 (HP1.C) 
was equipped with a fixed-wavelength (229 nm) cadmium lamp UV detector’. 
an automated injector4, a microprocessor controller5, and a recorder-inte- 
grator6. A stainless steel column (3.9 mm X 30 cm) was packed with irregular 
10-pm silica particles to which a layer of cyanoalkyl silane was chemically 
bonded’. 


The mobile phase consisted of acetonitrile-water 
650:l). This solution was passed through a 0.45-pm 
then pumped through the HPLC system at  a rate of 


)hosphoric acid (350: 
ilter*, deaerated, and 
mL/min. 


0 m 
MINUTE8 


Figure 1 -Chromatogram of sodium iecorhyroxine bulk drug decomposed 
by heating in air; derecror 01 229 nm and 0.02 AUKS“. Key: ( 1 )  sodium Iei:o- 
thyroxine at a iecel of -I00 pg/niL. 


Model A1.C 204;  Waters Associates. 
Model 44 I ; Watcrs Associates. 
Model 710B W I S P  Waters Associates. 
Model 720 System Controllcr; Waters Associates. 
Model 730 Data Module; Waters Associates. 
F-BondapakKN; Waters Associates. 
Durapore UVLPO4700; Millipore Corp, Bcdford. Mass. 


0022-3549J84J 0900- 13 15$0 1.OOJO 
@ 1984, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences J 13 15 
Vol. 73. No. 9, September 1984 







Table I-Sodium Levothvroxine Determined bv HPLC and LSP XX Procedures 


1.abcl Claim, % 


Manu- Dosage Manu- Dosage 


Label Claim, % 
Composite Assay Composite Assay 


facturcrO Form, mg C.U.h IIPLC LISP facturer" Form, mg C.L'.h HPLC USP 


A Tablct. 0.025 
Tablet. 0.025 
Tablet, 0.050 
Tablet. 0.050 
Tablet. 0.100 
Tablet. 0.100 
Tablet. 0. I00 


Tablet. 0.1 25 
Tablet, 0.125 
Tablct,O.l5O 
Tablet, 0.:50 
Tablet, 0.150 
Tablct.O.175 


Tablet. 0.200 


Ta blet. 0.100 


Tablet, 0.200 


Tablet: 0.200 
Tablet, 0.200 
Tablet, 0.300 
Tablet, 0.300 
Bulk drug 
Tablet. 0.050 
Tablet; 0.100 
Tablet, 0.175 
Tablet. 0.300 


B Tablet. 0. I00 
Tablet. 0.100 
Tablet, 0.200 
Bulk drug 


C Tablet. 0.100 
Tablet, 0.100 
Tablet, 0.200 
Tablet, 0.200 
Bulk drug 


D Tablet, 0. I00 
Tablet, 0.300 
Bulk drug 


96.7 ( I  .2) 30 
97.6 ( I  .6) 30 
90.8 ( I  .8) 30 
94.3 (2.1) 30 
96.7 ( 1.8) 30 
95.8 ( I  .3) 30 
07.2 ( I  .9) 30 
97.5 (2.5) 30 
97.6 ( I .7) 30 
98.4 (0.8j 30 
97.8 (2.0) 30 


104.4 (2.0) 10 
95.0 (1.8) 10 
95.0 ( I  .8) 30 
97.4 (1.3) 10 


100.0 (2.5) 30 
I 00.6 i I .9j 30 
98.5 (1.7) I0 


102.0(1.4) 10 
102.5 (2.6) 10 


80.7 ( I  .2) 10 
99.1 (1.7) 10 


90.9 (1.9) I0 


92.4 (2.6) 10 
89.S (6.7) 10 
99.1 (5.2) 10 


88.3 (2.2) 10 


99.4 (3.2) 20 
99.6 (2.1) 20 
94.7 ( I  .8) 10 
90.2 (2.5) 20 


63.9 (2.5) 20 
100.8 (1.5) 10 


96.5 104.9 
97.8 109.2 


100.8 106.3 
100.2 98.4 


Past expiration date 
Past expiration date 
Past expiration date 
Past expiration date 


94.3 97.4 
95.7 96.6 


102.5 105.2 
100.9 96.8 


97.4 113.6 
95.6 I 11.7 


100.7 96.4 


62.3 IOI.8 
101.7 104.3 
98. I 97. I 


L.: Tablet, 0.025 
Tablet, 0.025 
Tablet. 0.025 
Tablet, 0.025 
Tablet. 0.050 
Tablet, 0.050 
Tablet, 0.050 
Tablet. 0.050 
Tablet, 0.100 
Tablet. 0.100 
Tablet. 0.100 
Tablet. 0.100 
Ta blct, 0.100 
Tablet. 0.100 
Tablet. 0.150 
Tablet. 0.150 
Tablet, 0.150 
Tablet, 0.150 
Tablet, 0.150 
Tablet, 0. I50 
Tablet. 0.200 
Tablet, 0.200 
Tablet, 0.200 
Tablet, 0.200 
Tablet, 0.200 
Tablet, 0.200 
Tablet, 0.200 
Tablet, 0.300 
lnj., 0.100 
Inj., 0.100 
Inj., 0.100 
Inj., 0.200 
lnj., 0.200 
Inj., 0.200 
lnj. ,  0.500 
Inj., 0.500 
Bulk drug 
Bulk drug 


F Inj., 0.500 


99.7 (3.7) 10 
99. I (2.9) 10 
97.8 (2.7) 10 
97.8 (2.1 j 10 
02.0 (2.1) 10 
01.5 0 . 7 )  10 
06.1 ( i .4 j  i0 
02.6 (2.3) 10 
94.5 (1.4) 10 
04.3 (2.3) 10 
05.1 (2.7j 10 
04.3 ( 1.9) 10 
04.8 (2.0) 10 
05.5 (2.0) 10 
02.1 (1.5) 10 
02.9 ( I  .2) 10 
05.6 (1.2) 10 
03.7 ( I  .4) 10 
05.2 (1.6) 10 
04.4(1.8) 10 
88.7 (1 .5 )  10 
06.3 (3.0) 10 
04.4 (2.7) 10 


108.2 
106.6 


05.8 (2.3j 10  
03.6 (3.3) I0 
05.0 (2.7) 10 
05.1 ( ] . x i  1 0  


102.0(1.8) 10 
84.1(1.5) 5 86.5 
94.2 (2.9) 5 
89.0 (4.8) 5 94.4 
94.4 (4.7) 5 
95.5 (2.8) 5 
97.5 (1.3) 5 
95.5 i o s j  5 
93.4 (3.6) 5 


97.8 95.4 
99.2 98.0 


83.8 (9.4) 3 


( A )  A m o u r  Pharmaceutical Co.. Scottsdale. Arit.: (B) Chelsea Laboratories Inc., Inwood. N .Y . ;  ( C )  Generic Pharmacculical. Palisndes Park. N.J. :  (D) Western Research 
Laboralorieh. Denver. Cola; (I!) Travenwl Laboratories. Deerfield. 111.: (I:) Carter-(ilogau I.aboralories. Glendale. A r m  * Content uniformity by HPLC.  mean; KSD in parenlheses; 
number of units tested. 


Reagents -Methanol9, acctonitrileY, phosphoric acid"', and sodium hy- 
droxidc" were used as receivcd. Deionized water was supplied by a com- 
mcrcialI2 water system. Samplcs and standards were prepared in 0.01 ;M so- 
dium hydroxide in 50% methanol. 


Standard Preparation-About I0 mg of USP lcvothyroxine reference 
standard was accurately weighed into a 50-ml. volumetric flask, dissolved. 
and diluted to volume with 0.01 M mcthanolic sodium hydroxide. (This stock 
solution is stable for several weeks when refrigerated.) Two milliliters of this 
bolution was pipetted into a 100-mL volumetric flask and diluted to volume 
with 0.01 M methanolic sodium hqdroxide. 


Sample Preparation- Tablets -One tablet was placed in a glass-stoppered 
flask and accurately diluted with 0.01 M mcthanolic sodium hydroxide to -4 
pg/niL. The flask was placed in an ultrasonic bathI3 until  the tablet disinte- 
grated; t h e  tablet was then mechanically shaken14 for 30 min. The solution 
was then filteredI5 into a vial for injection. 


Powdered Composites and Lyophilized Injections-An accurately weighed 
portion of the powdered sample, equivalent to -400 p g  of sodium levothy- 
roxine, was placed in a 100-mL volumctric flask. Fifty milliliters of 0.01 M 
methanolic sodium hydroxide was added, and the flask was placed in an ul-  
trasonic bath for 1 min. The flask was shaken for 5 min; the contents were 
diluted to volume with 0.01 M methanolic sodium hydroxide and mixed well. 
The solution was then filteredI5 into a vial for injection. 


Bulk Drug Substances-A sample of bulk drug substance was prepared 
in  the same manner as the standard. 


Mathcson, Coleman and Bell. Cincinnati, Ohio. 
l o  NF Grade: Mallinckrodt Inc.. St. Louis. M o .  
II A R  Grade; Mallinckrodt Inc. 
l2 Milli-Q; Millipore Corp. 
l 3  Model SC400T; Randall M f g .  Co.. Inc.. Hillside. h.J. 
l 4  Oscillating shaker: Eberbach Corp.. Ann Arbor. Mich. 
I s  Nylon-66. 13-mm diameter. 0.45-pm pore size; Rainin Instrument Co.. Woburn. 


Mass 


Determination--- Fifty microliters each of the standard and sample solutions 
wcrc injected into the liquid chromatograph, and the chromatograms were 
rccordcd. Sodium lcvothyroxine was calculated on the basis of peak areas. 


RESULTS AND DISCUSSION 


Linearity, Reproducibility, and Recovery-A series of validation tests were 
performed on thc HPLC method. A linear response wasobtaincd when four 
standard solutions containing from 1 to 8 & n L  were tested. Placebo samples, 
based on the batch formulation of the manufacturers, were spiked with various 
levels of the standard. The recovcries ranged from 99.5 to 100.6%. The re- 
producibility of the method was determined by consecutively injccting 10 
aliquots of standard solution. The KSD was 0.2%. 


Decomposition and Stability Studies-In the course of the survey, i t  was 
found tha t  the bulk drug substances were sensitive to the conditions of the USP 
drying procedure (60°C in a vacuum over P2O5). I f  the vacuum was not 
maintained below I0 mm tig, sodium levothyroxine decomposed rapidly 
(10- 15% in 4 h). Undried bulk drug samples were uxd in the analyses because 
of this problem, and corrections were made for moisture content. Figure 1 
shows a chromatogram of sodium levothyroxine bulk drug dried in the pres- 
ence of air. Some decomposition products can be seen in the chromatogram; 
these were not observed in the chromatograms of a n  unheated sample of so- 
dium levothyroxine measured at the same sensitivity. In addition, there are 
probably other decomposition products in  the heated sample which are not 
eluted from the column. The identity of these decomposition products will be 
investigated at a later time. 


To test the stability of sodium levothyroxine in the sample solvent (0.01 M 
methanolic sodium hydroxide), solutions of the bulk drug samples were stored 
at 5OC and assayed periodically (cvrsus freshly prepared reference standards) 
over a six month period. The assay values remained constant over the entire 
tcsting period, indicating little or no decomposition. 
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Low assay values were a problem experienced by most manufacturers; this 
problem would not be recognized if  the assays were based only on the results 
from the USP method. Some tablet composite samples gave suitable assay 
values for total iodine by the USP method, but gave extremely low assays for 
sodium levothyroxine by HPLC. All samples which gave low assay values by 
HPLC gave suitable assays by the USP method. This fact indicates that the 
problems of low assays of marketed sodium levothyroxine are, in all proba- 
bility, attributable to sodium lcvothyroxine instability. 


I 
0 6 I2 


MINUTES 


Figure 2-Chromatogram ojsodium levothyroxine and sodium liothyronine. 
detector at 229 nm and 0.02 AUFS. Key: ( I )  sodium liothyronine: (2) sodium 
Ievoihproxine, each at a level of-4  pg/mL. 


The chromatographic system parameters were adequate to separate sodium 
levothyroxine from sodium liothyronine for testing the bulk drug substances 
for impurities; Fig. 2 shows a chromatogram of this separation. Liathyronine 
was found at levels of 0.04-0.96% in five sodium levothyroxine bulk drug 
samples analyzed by HPLC. 


Sample Analysis-Table 1 lists the results obtained from survey by the 
HPLC procedure. A comparison of results for composite samples, obtained 
with the HPLC and the USP XX methods. shows that the latter gave a higher 
result in practically every case. This is not surprising since the USP XX assay 
is nonspecific for levothyroxine and measures total iodine content. However, 
the difference in assay values could not be totally accounted for by a total area 
summation of HPLC peaks. The major impurities and degradation products 
probably are not eluted from the column with this mobile phase. 
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Abstract 0 An electron-capture gas chromatographic method for the deter- 
mination of isosorbidc 5-mononitrate in  human plasma using a capillary 
column is described. lsosorbide 5-mononitrate and the internal standard 
(isosorbide dinitrate) are extracted from the alkalinized plasma with ether. 
The lower limit of detection for isosorbide 5-mononitrate is 1 ng/mL of 
plasma. 


Keyphrases 0 Gas chromatography-isosorbide 5-mononitrate, human 
plasma 0 lsosorbidc 5-mononitrate-GC, human plasma 


lsosorbide 5-mononitrate [ 1,4:3,6-dianhydro-~-glucitol 
5-nitrate (I)] is the primary metabolite of isosorbide dinitrate 
[ I ,4:3,6-dianhydro-~-glucitol dinitrate (Il)] which has been 


used for many years in the treatment of angina pectoris and 
congestive heart failure. Recent studies of the hernodynamic 
effect of the mononitrate ( 1 )  indicate that, after acute ad- 
ministration, cardiac work load decreases at rest and during 
exercise. Pharmacokinetic studies (2-4) showed that the 
mononitrate is rapidly and completely absorbed from the G1 
tract without undergoing first-pass elimination. The maximum 
concentrations were reached within 1 h after oral adminis- 
tration, and the substance was eliminated with a half-life of 
-4 h .  Thus, the mononitrate has a half-life which is at least 
four times as long as the half-life of the dinitrate (5). Published 
gas chromatography (GC) assays (2,6, 7), using older column 
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This allows the preparation of apparently stable suspensions 
of either form. However, form I suspensions are metastable 
at ambient temperatures and eventually will change to form 
111. The conversion may be hastened by catalytic influences 
such as strong agitation. 


( I )  A. Burger.Sci. Pharm. 43, 161 (1975). 
(2) H. Ueda, N. Nambu. and T. Nagai, Chem. Pharm. Bull., 30, 2618 


(3) J. R. Leary, S. D. Ross, and M. J. K. Thomas, Pharm. Weekblad. Sci. 


(4) D. L. Simmons, R. J .  Ranz, N. D. Gyanchandani, and P. Picotte. Can. 


( 5 )  D. J. W.Grdnt, M. hlehdizadeh, A. H.-I.. Chow, and J. E. Fairbrother, 


(1982). 


Ed.,3,62(1981). 


J. Pharm. Sci., 7, 121 (1972). 


h i .  J. Pharm., 18.25 (1984). 
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(6) G. N. Lewis and M. Randall, “Thermodynamics”. 2nd ed., 
McGraw-Hill. New York, N.Y. 1961, p. 227. 
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Safety and Efficacy o f  Dental Sealants in the 
Prevention of  Tooth Decay 


I n  a recent editorial (“Coming of Age” for Device Technology), Dr. 
Feldmann’ appears to be unnecessarily harsh on the use of modern dental 
sealants in  preventing caries. The designation of such procedure as “a hoax 
or even a well-intended but worthless effort by dentists to protect against 
the ravages of caries” may have had some validity I5 or so years ago, when 
the early sealant materials were in developmental stages and application 
techniques were not well understood. Today, however, new sealants have 
been developed and clinically proven by dcntal researchers as  safe and 
effective in preventing caries*. The use of sealants by dentists in the 
United States’ has increased dramatically since 1974 when 37.8% of those 
surveyed said they offered sealant therapy; in 1982. that figure increased 
to 57.7%. 


that among 5-  to 17-year-old children, only 16% of the caries incidence 
occurred in smooth surfaces, but 84% involved chewing surfaces with pits 
and fissures. It is known that the chewing surfaces of children’s teeth are 
the most susceptible to decay and derive the least benefit from fluorides. 
The newly developed plastic films are applied to these chewing surfaces to 
seal the pits and grooves. which prevents food and cariogenic bacteria 
being trapped and thus offers a new approach to the prevention of dental 
caries. 


The 1983 Consensus Development Conference on the use of dental 
sealants in the prevention of tooth decay, sponsored by the National 
Institutes of Health, made the following conciusions4: 


“The placement of sealants is a highly effective means of preventing pit 
and fissure caries. It is safe. It is currently underused in  both private and 
public dental health care delivery systems. The reasons for such underuse 
are complex, but intensive efforts should be ldken to increase sealant use. 
Expanding the use of sealants would substantially reduce the occurrence of 
dental caries in the population beyond that already achieved by fluorides 
and other preventive measures. Because dental caries is still a disease 
common to most young people in the United States and in other countrics 
of the world, such reductions would substantially improve the health of the 
public and reduce the expenditures for treatment of dental disease. 
Practitioners, dental health agency directors. and dental educators are 
urged to incorporate the appropriate use of sealants into their practice and 
programs.’’ 


The American Dental Association Council on Dental Materials, 
Instruments, and Equipment, which has an acceptance program to 
evaluate commercially available sealants for safety and efficacy, also 
considers5 “pit and fissure sealants are safe and effective as a caries 
prevent ion procedure. ” 


The National Dental Caries Prevalence Survey ( I  979- 1980) has shown 


G .  Subba Rao 
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Division of Biochemistry 
Research Institute 
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Health Foundation 
Chicago, IL 6061 1 


I E. G. Feldmann, J. Pharm. Sci., 73.7 I3 ( I  984). 
“Emphasis: Pit and Fissure Sealant Use, An Issue Explored.” J. Am. Dent. Assoc.. 


108.310 (1984). ’ “The Role of Health Professional in the Delivery of Caricc Prevention.” American 
Dental Association Health Foundation Report, Chicago, 111.. 1983. ‘ “National Institutes of Health Consensus Development Conference Statement on 
Dental Sealants in [he Prevention of Tooth Decay,“ J. Am. Dent. Assoc., 108, 233 
(1984). 


“Pit and Fissure Sealants. Report of Council on Dental Materials, Instruments, and 
Equipment.” J. Am. Dent Asroc.. 107,465 (19x3). 


Author’s Response: 


Apparently, Dr. Rao misunderstood or misinterpreted the message of 
my June issue editorial. In his letter, Dr. Rao acknowledges that 
classifying dental sealants as being worthless 15 or so years ago may have 
had validity; however, he contends that today they are considered by 
experts in the field to be a highly beneficial technique in protecting against 
dental caries. 


The entire thrust of the editorial, from its title (“Coming of Age” for 
Device Technology), through its entire text, to the very last paragraph 
(which stated that “. . . what we are witnessing is truly a medical 
revolution”), emphasized and reemphasized that many modern medical 
devices, procedures, and technology now constitute valuable health 
advances-although this was rarely the case a generation ago. As one 
dramatic example, we mentioned dental sealants and praised the FDA for 
keeping an open mind in judging positively the current products and their 
application. Yes, these modern products have indeed been proven to be a 
safe and effective caries prevention procedure. 


Over twenty-five years ago, I personally was on the ADA staff as 
Director of the American Dental Association’s drug testing laboratory. I 
well remember that the biggest challenge to ADA at that time was to 
reverse lay, professional, and scientific thinking rcgarding the value of 
fluoridation. Until then. only the toxicity and adverse effects were 
generally recognized and known. But. by carefully adjusting the daily 
intake of fluoride, remarkable benefits could be achieved while avoiding 
any adverse reactions. This was one of the earlier technical revolutions in  
the dental field-sealants are a more recent advance. 


I n  conclusion. we would respectfully urge Dr. Rao to read again our 
June editorial. Then, it should be clear to him that we have no 
disagreement whatsoever as  to the current value of dental sealants. 


Edward G. Feldmann 
American Pharmaceutical Association 
221 5 Constitution Avenue, N.W. 
Washington. DC 20037 
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Determination of Trimipramine and Metabolites in 
Plasma by Liquid Chromatography with Electrochemical 
Detection 
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Abstract 0 A procedure for the determination of trimipramine. the demethyl, 
2-hydroxy, and 2-hydroxy demethyl metabolites in plasma by liquid chro- 
matography with electrochemical detection is described, A 1 ml.. plasma 
sample is madealkaline with a carbonate buffer (pH 9.8) and extracted with 
20% ethyl acetate in n-heptane. After back-extraction into an acid phosphate 
buffer, an aliquot is injcctcd onto a reverse-phase trimcthylsilyl-packed column 
and eluted with a phosphate buffer acetonitrilc mobile phase (65:35) con- 
taining n-butylamine. The peaks were detected at  t I .I V cersirs the silvcr- 
silver chloride reference electrode. The method provides absolute recoveries 
of 60-91% and a day-to-day precision of <Y% for dl compounds. The mini- 
mum quantifiable level for all compounds was 3 ng/mL. Steadystate plasma 
concentration data for 29 depressed patients receiving either 75  mg or IS0 
mg/d is reported. 


Keyphrases 0 Trimipramine-metabolite detection. H P1.C. electrochemical 
detection. human plasma 0 HPLC- clcctrochcmical detection. trimipramine 
and its metabolites 


Trimipramine ( I )  is a relatively recent addition to the 
structurally related dibenzazepine class of tricyclic antide- 
pressants. I t  differs chemically from the prototype imipramine 
by a replacement of the n-propyl side chain with a 2-methyl 
propyl group. A review of its clinical use has been presented 
( 1 ) .  


Trirnipramine has been included in  many tricyclic antide- 
pressant methodologies either as an internal standard or for 
the purpose of demonstrating its chromatographic separation 
from other tricyclic antidepressants. Presently, there are two 
reports of its quantitation in  plasma with respect to its thcra- 
peutic use. One method does not include its metabolites nor 
present any clinical data derived from its measurement (2). 
Another report (3 )  describes a GC procedure and its appli- 
cation to the pharmacokinetics of trimipramine only. 


Since trimipramine is structurally very similar to imipra- 
mine one might expect its metabolic profile to be similar. We 
thcreforc developed an HPLC assay that will separate and 
quantitate 1 and its known major metabolites- -the demethyl 
metabolite ( I l ) ,  the 2-hydroxy metabolite ( I l l )  and the 2- 
hydroxy demethyl metabolite (IV). Fixed-dose steady-state 
plasma concentration data for 29 patients are reported. 


I :  X = H. R = CH1 
I I :  X = H. R = I1 /*  I l l :  X = O H ,  R = CH, I 


CH,-CH-CH,-N, 
I CH, IV:  X = OH. R = H 


CH, 


EXPERIMENTAL SECIION 


Apparatus and Reagents- Chromatography was performed using a dual 
piston solvent delivery pump1 and an automatic sampler?. The column was 


1 Model 6000A; Waters Asrocialcs. MIITord. Mas,. 
W I S P  7108: Waters As,ocialei. 


25 cm X 4.6 mm i.d. packed with 5-pm particle size trimethyl silyl material). 
The detector system consisted of a thin-laycr flow through electrochemical 
transducer4. The potential and current response were monitored by an am- 
perometric controller5 and recorderb and interfaced with a laboratory data 
acquisition system'. A.n aluminum column temperature control block was 
devised to fi t  the column and the temperature controlled by a circulating water 
bathw. Voltammograms were performed by a cyclic voltammetry instrument9 
and recorded on an X-Y recorderlo. Thc potential was scanned from 0.0 to 
+ 1.3 V I;ersus silver- silver chloride reference electrode at 180 mV/s. Glassy 
carbon was used as the working electrode. 


Phosphoric acid", monobasic potassium phosphate". sodium carbonate", 
and potassium bicarbonatel' were all analytical reagent grade. Acetoni- 
trilc-UVI2, n-heptanc' I, n-butylamine' I, and P-g l~curonidase '~  were used 
as received. Ethyl acetatell was purified through a silica-packed column prior 
to use. Distilled water was passed through a water purification systemI4 bcfore 


Standards--. One milligram (free base) per milliliter of stock solutions of 
trimipramine maleate ( I ) I 5 ,  the demethyl metabolite (maleate salt) ( l I ) l 5 ,  
the 2-hydroxy metabolite (fumarate salt) ( 1 1 1 ) 1 5 ,  the 2-hydroxy dernethyl 
mctabolite (fumarate salt) ( IV)15,  the didemethyl metabolite (maleate salt) 
(V)I5, and mianserin hydrochloride (V1)I6 were prepared in 0.01 M HCI. All 
stock solutions were further diluted with 0.01 M HCI to give working solutions 
of I pg/mL. Working standards of I l l  and IV  were prepared as 10 pg/ml. 
for conjugate studies. 


Standard curvcs were prepared containing five levels of spiked samples: 
25,50. 100,200. and 400 ngjmL of I and I I .  and 12.5.25.50, 100. and 200 
ng/mL of I l l  and IV.  For total I l l  and IV. 100, 250,500. 1000, and 2000 
ng/mL spiked samples were prepared. 


Extraction - -The internal standard, mianserin (75 pL = 75 ng). and 0.5 
mL of 0.6 M potassium bicarbonate--sodium carbonatc buffer (pH 9.8) were 
added t o  1 .O ml. of plasma sample. Seven milliliters of 200/0 v / v  ethyl acetate 
in n-heptanc was added. the contents wcre mixed for I S  min and then cen- 
trifuged at 1500Xg for 10 min. The organic layer was transferred to a 15-ml. 
tapered centrifuge tube containing 0.25 mL of acidic phosphate buifer (0.025 
IM KH2POl adjusted to p t l  2.5 with 85% H3P04). Artcr mixing for 10 min 
and centrifuging at 1 SOOXg for 10 min. the organic layer was discarded and 
the aqueous portion was transferred toa  small glass vial" and capped. Suitable 
aliquots were injected for chromatographic scparation. 


For the analysis of the 2-hydroxy and 2-hydroxy demethyl metabolites I l l  
and IV (total, free and conjugated). the pH of 0.5 mL of plasma was adjusted 
to 4.7 with the addition of 0.5 mL of 0.2 M KH2P04. Then, 25 pL ofp-glu- 
curonidase solution was added to each tube and the mixture was incubated 
for 24 h a t  room temperature. Fifty microliters of 2 M NaOH, 50 p L  (500 
ng) of internal standard. mianserin, 0.5 mL of carbonate buffer, and 7 mL 
of 20% v / v  ethyl acetate in n-hcptane were added and the extraction was 
carried out as previously described. Standards containing I l l  and IV were 
treated i n  the manner described above (including the incubation proce- 
durc). 


use. 


1.c-I. SUpCkO:  Bcllefonie. Pd. 
TI.-% Bioanalytical Systems. West Lafayctte. Ind. 
Metrohm Mtdsl t3-61 I V / A  Detector; Brinkmmn Instrument> Inc.. Westbur). 


Omniscribe Model R-5217R-2; Houston Inrlrumeni ' PDI' 11/34: Digital Equipment Corp.. Maynard. M 
Model FE: Haake Co.. Saddlebrook. K . J .  
Model CV- I  B; Dioana1ytic;iI Systems. 


l o  Model 7034A: tlewltit PackJrd. Palo Alto. Calir. 
Fiaher Scicniific Co.. Fair L a w n .  h.J. 


l 2  Burdick-Jackson Laboratories. Muskegon, Mich.  
l 3  Glu~ulasc: Endo Laboratorier, Garden Ctly. S . Y .  
I* Milli-Q; Millipore Corp.. Bedford. Mass. 
l 5  lves Laboratories Inc.. New York. U.Y 
I h  Organon 1.aboraiories. West Orange. h.J. 


Lou Volume lnserls: Water, Asswiates. 


h . Y .  
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Figure 1 -A chromaiogram of a spiked I -mL plasma extract coniaining 25 
ng each of 111 and IV ( 2  and I )  and 50 ng each of I ,  11, and V ( 5 , 4 ,  and 6).  
Actual patient samples showed liitle or no V (6). Mianserin 13) is the internal 
standard. 


Cbronmtognpbic Conditions-The mobile phase consisted of 0.05 M 
monobasic potassium phosphate-acetonitrile (65:35) with the addition of I .2 
mL/L of n-butylamine and 1 .O mL/L of phosphoric acid. The mixture was 
filtered and deaerated prior to use. The flow rate was 1.5 mL/min and the 
column temperature was set at 32OC. Detector potential was set at +1.10 V 
uersus silver-silver chloride reference electrode. 


Quantitation-All determinations were performed by calculating the peak 
height ratios of each compound to the internal standard. A linear regression 
analysis for each of the standard curves was performed by a computer program 
resulting in the calculations of slope, x-intercept, correlation coefficient, and 
standard error. 


RESULTS AND DISCUSSION 


Trimipramine (I) and its major metabolites (11, 111, and IV) were separated 
in a single chromatogram in <I0 min. Figure 1 illustrates a typical chro- 
matogram of a spiked plasma sample. A blank plasma extract showed no 
endogenous interfering peaks. 


The optimum oxidation potential of I-IV was determined by cyclic vol- 
tammetry. The presence of the 2-hydroxy groups on 111 and 1V lowers the 
oxidation potential from that of the parent compound 1. This profile, not 
surprisingly, resembles that of imipramine and its major analogous metabolites 
(4). Proposed mechanisms for the electrochemical oxidation of these com- 
pounds have been presented (5-7). The electrochemical oxidation profile for 
mianserin has been reported with the optimum being - +1.1 V uersus the 
silver-silver chloride reference electrode (8). 


The precision of this method was determined by spiking eight 1.0-mL ali- 
quots of drug-free plasma with various levels of drug and metabolites. After 
the addition of 75 ng of internal standard, the samples were processed as de- 


Table I-Within-Run Variability of Trimipramine and Its Metabolites ' 
Concentration, RSD, % 


n d m L  I I1 111 IV 


50 3.0 
25 4.9 12.2 
20 3.1 5.2 


S 5.1 9.6 10.4 12.1 


" n = 8  


Table 11-Linear Regression Data for the Standard Curve' 


ComDound Slow. n d m L  x-intercew. n d m L  r 


I 75.4 f 2.58 1.63 f 1.08 0.9999 f O.OOO1 
I I  63.1 f 5.28 I .92 f 4.22 0.9997 f 0.0002 


111 51.2 f 3.28 1.72 f 1.88 0.9995 f 0.0005 
IV 85.5 f 7.47 1.21 f 2.1 I 0.9992 f 0.001 5 


Data (mean f SD) computed from seven consecutive standard curves. 


Table 111-Quality Control Data' 


Amount added, Amount found, 
Compound ng/mL ng/mL RSD, % 


1 100 
I I  I00 


101 4.4 
98 9.3 


I l l  50 52 8.0 
1V 50 51 6.5 


Data computed from quality control samples analyzed on seven consecutive days. 


Table IV-Recovery of Trimipramine and Its Metabolites' 


200 ng 25 ng 
Comwund Percent HSD, % Percent RSD, % 


1 14 6.0 71 7.5 
ii 


111 


. .  
79 
91 


... 


6.5 
7.0 


IV 60 6.4 


72 9.9 
83 6.6 
59 5.1 


0 From 1 mL of plasma; n = 8. 


scribed. The percent relative standard deviation for various levels are reported 
in Table I. Day-to-day accuracy was checked after runs over 7 consecutive 
days. The linear regression slopes as well as the quality control samples were 
assessed and are presented in Tables I I  and Ill.  


The absolute recovery was determind by preparing a solution of known 
concentrations of all compounds, I-IV. The internal standard was added to 
each solution and the sample injected into the chromatograph. The same 
standards were added to 1 mL of plasma and processed routinely except for 
the internal standard. To the final acid extract, 75 ng of internal standard was 
added, mixed, and injected. The difference bctween the ratios of the standards 
to internal standard in processed sample uersus the direct injection samples 
gave a measure of overall recovery (Table IV) .  


The absolute sensitivity ( S / n  = 3) of this method was 0.5-ng injected for 
all compounds (I-IV). In practical terms, however, the lowest quantifiable 
levels were -3 ng/mL of plasma. Linearity was checked up to 500 ng'. 


Interfering peaks occurred in samples from patients receiving imipramine, 
desipramine, chlorimipramine, chlorpromazine, amoxapine, loxapine, tra- 
zcdone. and haloperidol. Other tricyclic and tetracyclic antidepressants such 
as amitriptyline, nortriptyline, protriptyline, doxepin, and maprotiline do not 
interfere since they are not elcctroactive under these conditions. Some com- 
monly used benzodiazepines (flurazepam, diazepam, and chlordiazepoxide) 
also do not interfere because they do not respond electrochemically at these 
conditions. This selectivity is one advantage of the electrochemical detector 
over a UV detector at the frequently used wavelength of 254 or 214 nm. 


The extraction procedure was developed specifically for the simultaneous 
recovery of I-IV as well as VI. The pH of the plasma must be between 9-10 
for optimum recovery of 111 and IV. The use of 20% v/v ethyl acetate in n- 
heptane was sufficiently polar enough to extract 111 and 1V and at the same 
time did not cause variability in recoveries of I,  11. and VI as was frequently 
encountered when using a 5-lw0 v/v  isoamyl alcohol in n-heptane mixture 
or when using methyl iert-butyl ether. 


When hydrolyzing plasma for the preparation of samples for the mea- 
surement of the total (conjugated and unconjugated) 111 and IV, an attempt 
was made to prevent decomposition of these hydroxy metabolites by the ad- 
dition of an antioxidant. A previous report (9) indicated that the addition of 
ascorbic acid to the plasma hydrolysis buffer prevented a rapid decomposition 
of 2-hydroxydesipramine. We found this to be true not only for 2-hydroxy- 
desipramine but for 2-hydroxyimipramine. However, the two hydroxy me- 
tabolites of trimipramine did not appear to be susceptible to this decomposi- 
tion. Thus, no ascorbic acid was added to the hydrolysis buffer. 


To check the validity of this assay, 100 samples were randomly selected and 
analyzed for I by GC with a nitrogen detector using a modified procedure 
developed initially for imipramine (10). The correlation coefficient between 
the two methods was 0.980, with HPLC = 0.942 (GC)  -1.6. 


Plasma samples from 29 different patients receiving either 75 or I50 mg/d 
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Figure 2-A chromatogram of an extract of I mL of plasma from a patient 
receiving 150 mg/d of trimipramine. Concentrations were: I (5). I I I ng/mL; 
II (4). 25 nglmL.; III (2). 40 ng/mL; IV ( I ) .  32 nglmL. 


were analyzed for trimipramine and its major metabolites (11, 111, and IV). 
A typical chromatogram from one of these patients is shown in Fig. 2. In 
several patients who exhibited a relatively high level of I 1  (>200 ng), another 
peak appeared at a retention time of -7.0 min. This peak was identified as 
the didemethyl metabolite (V) by comparison with the retention time of a 
standard solution of V. A chromatogram of a spiked samplecontaining V as  
well as the other standards I-IV and VI is depicted in Fig. 1 .  Although never 
accurately quantitated. V was never found in any significant (>I0 ng/mL) 
levels in over I20 samples tested. 


To date, no clinical plasma concentrations for 1 and its major metabolites 
(11-IV) have been reported. From our preliminary data, we found that I 
undergoes the same metabolic pathway as imipramine: namely I is demeth- 
ylated as well as hydroxylated in the 2-position, conjugated as the glucuronide, 


Table V-Mean Data From 29 Patients Receiving 75 or 150 mg/d of 
Trimipramine 


Varia blcs Mean, Range, 
in Plasma ng/mL ng/mL 


Ratios 
11/1 


86 
65 
16 
176 


379; 
317 


0.61 
0.04b 
0.OSc 
0.26 
0.86 


1 1 ~ 2 4 1  
3--382 
3-40 
3-49 


58-1 I26 
63-800 


0.07-3.71 
0.02-0.08 
0.01 -0.10 
0.02-0.75 
0.02-1.67 


n = 29; patient ages. 18-65. n = 28. n = 27. Key: (u) unconjugated; (T) 
total. 
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Figure 3-Plasma concentrations of trimipramine I and the demethyl me- 
tabolite II in 28 patients. All patients were at steady state receiving either 
75 or I50 mg of trimipramine (r = 0.62). 


and excreted. Other minor pathways may exist for I such as N-oxidation, 
side-chain dealkylation, and others that again resemble the imipramine 
pathway. Metabolite I 1  is also hydroxylated and, in a few instances, further 
demethylated to the primary amine (V). 


Plasma concentrations of I and its metabolites (11-IV) varied widely among 
the 29 depressed patients (14 receiving 75 mg; 15 receiving 150 mg/d of I ) .  
This variability has been demonstrated for other tricyclic antidepressants such 
as imipramine, amitriptyline. etc. Table V lists the means, ranges, and various 
ratios for these 29 depressed patients. Demethylation of 1 does not appear to 
occur as readily as with imipramine or amitriptylinesince it was reported that 
the ratios of the demethylated metabolites to the parent drug of both these 
compounds were 1 .O- I .6 and I .O ( 1  1 - l3 ) ,  respectively. The difference in the 
side chain probably accounts for this retardation in demethylation of I. A 
correlation between I and I I  is illustrated in Fig. 3. 


The mean ratio of unconjugated 111 to I was 0.26, which is similar to the 
reported ratio of 2-hydroxyimipramine to imipramine (0.18-0.25) ( I  2, 13). 
However, the ratio of unconjugated IV to I1 was 0.86 which is greater than 
that found for 2-hydroxydesipramine to desipramine (0.50) (12, 13). This 
increase in ratio of IV/I I  may occur because of the existence of an additional 
demethylation pathway from I I I  to IV.  Of the 29 patients, 3 were found to 
have a ratio of unconjugated 111 + IV/II + I 10.03 which could indicate the 
portion of the population that is considered deficient in the ability to hy- 
droxylate (14). There was nocorrelation between either unconjugated 111 and 
I or unconjugated IV and 11. This finding differs from the weak to moderate 
correlation between 2-hydroxyimipramine and imipramine and 2-hydroxy- 
desipramine and desipramine reported by DeVane and Jusko ( I  3) and Suckow 
and Cooper (4). Four to five percent of the total plasma hydroxy metabolites 
are unconjugated. Bock et al. (9) has reported 8%of the total plasma 2-hy- 
droxydesipramine metabolite as unconjugated. This analytical procedure has 
sufficient sensitivity for single dose pharmacokinetic studies of trimipramine 
and its metabolites in plasma. 
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Abstract 0 I n  this report a sensitive gas chromatographic assay for cetiedil, 
a candidate antisickling agent, in human plasma is described. After a triple 
cxlraclion procedure, cetiedil was analyzed without derivatization with a 
nitrogen-phosphorus detector (with papaverinc used as the internal standard.) 
Cetiedil was measured i n  plasma samples taken from human volunteers ad- 
ministered the drug intravenously. 


Keyphrases 0 Gas chromatography--cetiediI. human plasma, nitrogen- 
phosphorus detector 0 Antisickling agents-cetiedil, GC analysis in  human 
plasma. nitrogen-phosphorus detector 0 Cetiedil-antisickling agent, GC 
analysis in human plasma. nitrogen-phosphorus detector 


At present there is no pharmacological agent available to 
prevent or attenuate the sequelae of sickle cell crisis. For acute 
crisis, analgesics, hydration, and symptomatic care remain the 
standard therapy. In  1977, Cabannes reported on the clinical 
use of cetiedil citrate monohydrate for management of the 
painful thromboembolic crises characteristic of sickle cell 
disease ( I ) .  


n 


Cetiedil Ci t ra te  Monohydrate \S’ 


OCH3 


cH30)33 . HCI 
CH3O 


Papaverine Hydrochloride 


Cetiedil’ was first introduced for the treatment of peripheral 
and cerebral vascular disease (2). Subsequent studies have 
demonstrated that this vasoactive agent was also active in  
erythrocytes, in  that it could prevent or reverse sickling by 
altering the permeability characteristics of the erythrocyte 
membrane (3-5). Several of its pharmacological properties 
(vasodilation, anticoagulation, analgesia, and inhibition of 
platelet aggregation) would be favorable for management of 
the thromboembolic episodes associated with sicklc cell disease 


I n  this report, a reliable and sensitivc gas chromatographic 
( G C )  assay for cetiedil in human plasma, employing a triple 
extraction procedure and a nitrogen-phosphorus detector is 
described. The assay is similar to a prcviously reported method 
for analysis of papaverine in blood samples (9). 


(6-8). 


EXPERIMENTAL SECI‘ION 


Chemicals--Cetiedil citrate monohydrate* (white powder) and papaverhe 
hydrochloride3 were used without further purification. All solvents4 were either 
nanograde or organic residue-analysis grade. All other reagents were ccrtilicd 
ACS reagent grade. 


Chromatographic Conditions . The gas chromatographS was equipped 
with a nitrogen-phosphorus detector. A glass column (1.5 m X 2 mm i.d.) 
packed with 2% OV-101 on Chromosorb W HP 100- 120-mesh support6 was 
conditioned overnight (300°C). High-temperature septa5 and graphite fer- 
rules6 were used. Air, helium, and hydrogen of the highest purity available’ 


~ ~~~ ~~ ~~~ ~ ~ _ _ _ _ _ _ _ _  ~ ~ 


I Stratene; Laboratoire Innothera. Arcueil. France. 
Johnson and Johnson Baby Products Co.. Skillman, N.J.  
Sigma Chemical Co.. SI. Louis. Mo. 
American Scientific Products. tlnnrahan. La. 
Model Sigma 36; Perkin-Elmer. Piorwalk. Conn. 
Supelco, Bellefonte. Pa. ’ Air Products. Mobile. Ala. 
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OPEN FORUM 


Area Under Blood Level versus Time Curves at  
Steady State for Daily Dosing at Unequal Dosing 
Intervals 


Most problems that deal with steady-state drug blood levels for multiple 
dosing assume that doses are administered at  equal intervals during a 24-h 
period, e.g., four tablets every 6 h or three tablets every 8 h. For the one- 
compartment model, for example, under these circumstances, it is well 
known that at steady state, the area under the blood level versus time 
curve (AUC) during a 24-h period is (Total Daily Dose)/&,, where k ,  is 
the first-order elimination rate constant. A question of interest is the value 
of the AUC at  steady state when the doses are not given at  equal intervals 
but where the dosage regimen is regular over some period, in particular, 24 
h. This is the more realistic situation, e.g., one tablet a t  8 a.m., noon, 4 
p.m. and 8 p.m. The following simple proof shows that for the above 
conditions. a t  a constant total daily dosage, the AUC at steady state is 
independent of the dosage time intervals for any input function. The 
following differential equation describes a one-compartment model, in 
general: 


dX,/dr =/IX(r)] - kJc 0%. 1) 


where/[X(r)] is in the input function (absorption) and kJ, represents 
first-order elimination. 


If x ( r )  is periodic, so isflX(r)]. (Note that the 24-h dosing schedule 
does not change.) At steady state, X, will be periodic with the same period. 
Here, the period is 24 h for a regular 24-h dosing regimen. Integrating Eq. 
1 from 10 to (0 t T: 


~o‘o+r(dXc/dr )dr  = S‘o+r/Ix(r)]dr ‘0 - k ,  Sfo+’X,dr 10 (Eq. 2) 


Xc(ro + T) - Xc(ro) = (Total dose from r o  to r o  + 7’) - k,(AUC) from r o  
to 10 + T. If T is the period (24 h in this example): Xc(ro + T )  = Xc(fo), 
and (Total 24-h dose) = x24 = k,(AUC)z,, or AUC = (X24)/kc. 
Therefore, the AUC over a 24-h period is dependent on the total dose 
given during the 24 h, and independent of how it is administered providing 
that the regimen is periodic. 


Using a similar argument, it can be shown that this conclusion holds 
also for higher-compartment models with any input function, if dosing is 
periodic during a specific interval. 


Sanford Bolron 


St. John’s University 
College of Pharmacy and Allied 


Health Professions 
Jamaica, NY 11439 
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Secret Formulations from the Industry’s 
Perspective 


As an individual who has worked in industry some 10 years now, I was 
most disturbed a t  some of the comments and implications in Dr. 
Feldmann’s editorial’ “Putting an End to Secret Formulations.” First of 
all, I take strong exception to his assertion that the reason for industry’s 
reluctance to disclose our formulations is simply to create an illusion of 
mystery. Those of us i n  the formulation development end of the business 
feel very strongly that protection of our formulations is indeed an 
important issue with respect to competition. While it may be true that 
another firm could “crack” our formulas if they were willing to invest 
enough analytical effort (although I question whether it is only a 
“moderate challenge” for the analyst to completely quantitate any given 
formula), the very fact that such an effort would have to be made presents 
a significant barrier to our cornpetition. We have no obligation or dcsire to 
give away the substantial investment we have made in developing our 
formulas without compelling justification. To do otherwise makes no more 
sense than for GM to provide blueprints of their latest design innovations 
to Ford and Chrysler on request. 


Dr. Feldmann alludes several times to the possibility that (perish the 
thought!) industry’s primary motivation might be to make a profit. 
Obviously, it is the goal of industry as well as the rest of the drug 
distribution system to make a profit (without which there would be no 
industry as  we know it in the free world, no viable private sector, no 
pharmaceutical research, and, very likely, no funding for APhA, APS, or 
this Journal) and we have nothing to apologize for this. A profit is not a t  
all necessarily inconsistent with high ethical standards and a genuine 
concern for mankind, both of which the U S .  pharmaceutical industry has 
repeatedly demonstrated. Dr. Feldmann provides no basis for his 
emotional accusation that somehow industry has been trading “human 
lives” for profits by not labeling our products with the entire listing of 
ingredients. Although I am pcrsonally unaware of any documented 
evidence that formulation excipients are causing significant medical 
problems, there may indeed be a persuasive justification for this 
information being made available due to substantive safety issues. 
However, such arguments should be factually presented and weighed 
against legitimate commercial concerns, not couched in emotional tirades 
based on highly questionable assumptions. 


Beyond these specific concerns, I am disturbed at  the hostile tone of this 
editorial towards industry. I would hope that the Association has matured 
beyond the simplistic big-business-always-wears-black-hats mentality that 
was so prevalent in our society in the late 60’s and early 70’s. The 
pharmaceutical industry is certainly not above criticism, but the 
consistently negative portrayals of industry practices and ethics in such 
editorials are  not only inaccurate in my opinion but can hardly be called 
objective. Such apparent bias and the inevitable polarimtion it encourages 
seems highly inappropriate for an organization which claims to represent 
all of pharmacy. 


Douglas W. Mendenhall 
Pharmaceutical Products Division 
Abbott Laboratories 
North Chicago, IL 60064 
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Author’s Response 


I wish to assure Dr. Mendenhall, as well as all our readers, that no 
“hostile tone” toward industry was intended in my editorial that he cited. 
Certainly, we can disagree regarding specific policies and still maintain 
cordial working relationships and feelings of mutual respect. 


In fact, the matter of maintaining secrecy regarding drug product 
ingredients has been an issue of considerable difference of opinion wifhin 
the pharmaceutical industry. In my discussions with industry colleagues 
over the past several years, many of them have favored full ingredient 
disclosure for precisely the reasons mentioned in the editorial. And, a t  the 
same time, many other industry colleagues felt contrary-minded. 


not only among industry scientists, but also between various firms. This 
had prevented PMA as an organization from supporting the concept of 
complete ingredient disclosure. However, we were happy to learn that 2 
months following our editorial, a t  its meeting on July 9, the PMA Board of 
Directors voted that its member companies will voluntarily list inactive 
ingredients in product labeling. According to the PMA announcement, this 
action “is intended to provide added safety for persons sensitive to an 
inactive ingredient.” 


As to the two “specific concerns” voiced by Dr. Mendenhall: (a )  our 
readers can make their own judgments as to the relative difficulty that a 
qualified analytical laboratory would currently encounter in determining 
the qualitative composition of a typical drug product, and ( b )  each of us in 
his or her own conscience needs to reconcile the degree that our profit 
motives will be balanced against our humanitarian and societal concerns. 


Indeed, it is my understanding that such differences in viewpoint existed 


Edward G. Feldmann 
American Pharmaceutical Assoc. 
2215 Constitution Avenue, N.W. 
Washington, DC 20037 
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Abstract 0 Previous studies have shown that rats with 15% third-degree burns 
show a severe depression in various in uitro hepatic drug-metabolizing en- 
zymes. This effect was assessed in uiuo by measuring the disposition of four 
liver-metabolized drugs in 16% third-degree burned rats a t  7 d postburn. 
Compared with pair-fed control rats, pentobarbital demonstrated a signifi- 
cantly prolonged clearance and elimination half-life without a change in 
volume of distribution. Quinidine demonstrated a significantly increased 
volume of distribution and a significantly decreased clearance without a 
change in elimination half-life. Lidocaine showed a significantly increased 
volume of distribution. Theophylline, which is only 50% metabolized in the 
rat, showed no changes in any pharmacokinetic parameters. The free drug 
fractions of quinidine and lidocaine were found to be significantly decreased 
at I d postburn and normal a t  7 d postburn. These results warrant phar- 
macokinetic studies in human burn patients. 


Keyphrases 0 Pentobarbital- pharmacokinetics in thermally injured rats 
0 Quinidine-pharmacokinetics in thermally injured rats 0 Lidocaine- 
pharrnacokinetics in thermally injured rats 0 Theophylline-pharmacoki- 
netics in thermally injured rats 0 Thermal injury-phramacokinetics of 
pentobarbital, quindine, lidocaine, and theophylline, rats 


Thcrmal injury can produce numerous pathophysiological 
alterations in an organism which may modify the absorption, 
distribution, metabolism, and rcnal excrction of therapeutic 
agents (1). Such changes would be directly reflected in the 
derived pharmacokinetic parameters for a given drug (2). 
Recently, our laboratory has presented evidence of a gener- 
alized depression in various in uitro liver drug-metabolizing 
enzymes in rats subjected to 15-16% third-degree burns (3-5). 
Also, this phenomenon may occur in human thermal injury, 
as demonstrated by significantly decreased levels of D-glucaric 
acid in human burn victims (6). However, such data on drug 
metabolism in which in uitro liver homogenates and D-glucaric 
acid are used may not reflect the pharmacokinetic charac- 
teristics of a drug in an intact organism. Besides the activity 
of hepatic microsomal drug-metabolizing enzymes, other 
factors such as alterations in hepatic blood flow and changes 
in drug binding by plasma proteins may significantly con- 


tribute to the overall process of hepatic drug clearance (7). 
Thus, the present study was undertaken in a rodent model with 
a 16% third-degree burn to assess the effects of thermal injury 
on the in uiuo disposition of four liver-metabolized drugs 
commonly used for burn patients. 


EXPERIMENTAL SECTION 


Animak--Adult male Sprague-Dawley rats' (weight, 220-250 g) received 
16% full-thickness burns as described below. They were h o u d  in plastic cages 
in groups of one or two over corncob bedding in a room maintained at  24 f 
0.5OC with a constant 12-h light and dark cycle. Pharmacokinetic experiments 
were done 7 d after the burning. Control rats housed alone were carefully 
pair-fed2 daily with the burned rats to adjust for the slight anorexic effect of 
the burn wound. 


Bum Procedure-A full-thickness burn was produced on the rats by the 
method of Arturson (8). This type of burn completely destroys all dermal 
appendages and epithelial elements, including sensory nerve endings, resulting 
in a virtually pain-free preparation (9). The animals were anesthetized with 
sodium pentobarbital (50 mg/kg) and shaved with electric clippers. Each rat 
was placed in a plastic mold with a hole cut out that corresponded to -16% 
of the total body surface area. This value was arrived at by skinning burned 
rats and measuring the area of the burn and the total body area by tracing 
these areas onto graph paper and counting the squares. It was found that this 
particular mold consistently delivered an approximate 16% burn for animals 
in the w.eight range of 220-250 g. The burns were inflicted by placing the mold 
(containing the bare rat skin protruding through the hole) in 90 f I°C water 
for 20s. This procedure produced a burn with sharp edges that did not impair 
the mobility of the animals. The animals awoke from the procedure in no 
apparent distress and did not require analgesics. At no time during the study 
did any burned animal exhibit gross signs of infection. Control animals were 
shaved and anesthetized but not immersed in water. 


Biochemical Parameters-Estimations of the serum levels of proteins, 
enzymes, and other constituents were done on six 16% burned and six pair-fed 
control rats by sending 5 mL of serum from the pooled blood of two rats to 
a commercial laboratory3. The serum was analyzed with a standard serum 
multiple analyzer, with normal rat serum used as standards. Serum was ob- 


I Charles River Breeding Laboratories, Wilmington. Mass. * Rodent Chow; Ralston Purina Inc., St. Louis, Mo. ' Vet Path Veterinary Laboratories, Teterboro. N.J. 
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tained 7 d postburning or pair-feeding by needle puncture of the surgically 
exposed jugular veins in rats anesthetized with sodium pentobarbital (50 


Quinidine, Lidoeaine, and Theophylline Pharmacokinetics-Both burned 
and pair-fed rats were anesthetized with I .7 g/kg of urethane, an anesthetic 
that does not inhibit drug metabolism (10) and which has been reported to 
maintain hepatic blood flow at a level equal to that of an awake animal (1 I ) .  
The right and left jugular veins were surgically exposed by superficial skin 
incisions in the areas of both clavicles, and 25 mg/kg of quinidine (free base), 
15 mg/kg of lidocainc hydrochloride, or 15 mg/kg of theophylline ( 1  8.75 
mg/kg of arninophylline) was injected intravenously through the right jugular 
vein. Blood samples (0.4 mL) were taken at  0.5, I ,  2.3, and 4 h postinjection 
for quinidine; at 10. 20, 30, 40, and SO min postinjection for lidocaine; and 
at 1.2.3.4, and 5 h postinjection for theophylline. Samples were obtained by 
Venipuncture of the left jugular vein through the pectoris major muscle with 
a 1-mL heparinized tuberculin syringe. 


Pentobarbital Pharmneokinetics-Both 16% burned and pair-fed rats were 
lightly anesthetized with ether, and their ventral tail veins were cannulated 
with a piece of heparinized polyethylene tubing4. After securing the tubing 
in the vein with silk ligatures, the animals were placed in restraint cages and 
allowed to become fullyawake. The rats were kept in the restraint cages for 
at least 3 h before the pharmacokinetic experiment was run, since it has k n  
shown that brief exposure to ether can inhibit drug metabolism in the imme- 
diate postexposure period (10). After this 3-h recovery period, 40 mg/kg of 
sodium pentobarbital was injected intravenously through the tail vein cannula. 
Once the rats were in  deep anesthesia, they were removed from the restraint 
cages, and the right jugular vein was exposed as described above. Blood 
samples were taken at 0.5, I .O, I .5, 2.0, and 2.5 h postinjection by venipuncture 
of the jugular vein with a I-mL heparinizcd*tuberculin syringe. Samples 
ranged in volume from 0.6 to 1 .O mL and did not exceed 3.0 mL of blood before 
the withdrawal of the last sample. After the 2.0-h sample was taken, 1 .O mL 
of saline was injected into the rat through the tail vein cannula in an attempt 
to partially restore some of the blood volume. 


Drug Annlysis-Quinidinc, lidocaine, and theophylline plasma concen- 
trations were measured by commercially available enzyme immunoassay 
kitss as described previously ( I  2). The plasma concentrations of pentobarbital 
were determined by a modification of the G C  method of Watson and Kalman 
(13).  A gas chromatograph6 equipped with a hydrogen flame-ionization de- 
tector was used for this study. Glass columns (-183 cm X 4 mm id.), packed 
with 3% OV-17 Gas Chrom Q, were used under the following conditions: in- 
jection port temperature, 200OC; column temperature. 18OOC; detector 
temperaturc, 21 SOC; carrier gas, nitrogen at a flow rate of 20 mL/min. The 
sensitivity settings were 2 X 1. 


The extraction procedure was as follows. Into a 13-mL glass centrifuge tube 
with a ground glass stopper were placed 0.3-0.6 mL of unknown plasma and 
100 p L  of barbital standard (200 pgof barbital/mL of distilled water). Sat- 
urated potassium dihydrogen phosphate (0.6 mL) was added, and the tubes 
were shaken lightly. Dichloromethane (0.5 mL) was then added, the stopper 
was replaced, and the tube was inverted manually 40 times. The layers were 
separated by centrifuging at 4000 rpm for 5 min, and the protein-containing 
aqueous layer was removed by aspiration. The organic layer (3.0 mL) was then 
transferred to a second 13-ml. glass centrifuge tube, and the solvent was 
evaporated under a stream of nitrogen in a water bath at 45-5OoC. The sides 
of the tubc were washed with 0.5 mL of dichloromethane, and the solvent was 
again evaporated off. Chloroform (50 r L )  was added and swirled around the 
tube, and 2 fiL of the reconstituted sample was injected into the gas chro- 
matograph. 


Equilibrium Dialysis Experiments-A modification of the method of Woo 
and Greenblatt (14) was employed. Sixteen percent burns were inflicted as 
described above, and serum from I -  and 7-d postburn rats was compared with 
pair-fed controls. Whole blood was obtained by allowing decapitated rats to 
bleed into a large beaker without anticoagulant. The serum obtained after 
centrifugation was stored at -2OOC and thawed just before dialysis. 


Quinidine and lidocaine were dialyzed against pH 7.4 potassium phosphate 
buffer with added sodium chloride, preparcd by dissolving 14.1 I gof K2HPO4, 
2.59 g of KH2P04, and I .99 g of NaCl in distilled water to make I L of soh- 
tion. Lengths (19 cm) of cellulose dialysis tubing', with a molecular weight 
cut offof I0,W- 14,000. were boiled in distilled water for 4 hand then rinsed 
with cold distilled water. Serum ( I  mL) was added to the tubing, and both 
ends were scaled with double knots. The resultant dialysis bags were then 
placed in culture tubes holding 10 mL of buffer containing either 1.6 pg/mL 
of quinidine (free base) or I .6 pg/mL of lidocaine (free base). The culture 


mg/kg ip). 


3 .  


2- 


PE-50 tubing; Becton, Dickinson and Co., Parsippany, N.J. 
EMIT system; Syva Co.. Palo Alto, Calif. 
Model 3920; Perkin-Elmer Corp.. Norwdlk. Conn. ' Fisher Scientific Co., King of Prussia. Pa. 


Table I-Biochemical Parameters in 16% Burned versus Pair-Fed Control 
Rats. 


Parameters 
~ ~~ 


Control Burn 


Serum glutamic oxaloacetic transaminase, IU/L 
Serum glutamic pyruvic transaminase. IU/L 
y-Glutamyltransferase, IU/L 
Total Bilirubin, mg/dL 
Albumin, g(dL 
Total Protein, g/dL 
Blood urea nitrogen, mg/dL 
Creatinine, mg/dL 
Blood urea nitrogen-creatinine 


I75 f 30 
5 7 f 8  5 9 f  I I  
3.5 f 2 . 1  6 f 3  
0.59 f .25 0.52 f .25 
2.80 f .I0 1.96 f .06b 
6.0 f 0.3 4.8 f 0.2b 
13.7 f 0.6 14.6 f 1.1 
1.5 f 0.3 1.3 f 0.1 
9.1 f 0.4 11.2 f 1.2 


200 f 18 


(I Values are means f SD of six burned and six control animals compared a t  7 d 
postburn. b p  < 0.0005. 


tubes were placed in a shaking water bath at  37OC for 20 h to reach equilib- 
rium. Serum and buffer quinidine and lidocaine concentrations were deter- 
mined by the enzyme immunoassay method5, and the free drug percentage 
was calculated by: 


drug concentration in buffer X 100 
drug concentration in serum 


percent free drug = 


Matbematical Calculations-Pharmacokinetic parameters were calculated 
by utilizing the onecompartment open model which assume very rapid initial 
distribution of the drug (15). The plasma disappearance of all four drugs was 
considered to follow the exponential function C&t) = Ae-Ar,  where C,(t)  is 
the plasma concentration at time t, A is the zero-time intercept, and X is the 
elimination rate constant. The elimination half-life ( t 1 / 2 )  was calculated by 
t l / 2  = 0.693/A, the volume of distribution ( V d )  was calculated by Vd = 
dose/A, and the clearance ( C L )  was calculated by CL = Vd-A. The param- 
eters were calculated for each animal by linear regression analysis of a sem- 
ilogarthmic plot of drug concentration uersus time. All data were compared 
by the unpaired Student's t test, with p > 0.05 being statistically insignifi- 
cant. 


RESULTS 


Biochemical laboratory parameters for pair-fed control rats and 16% burned 
rats 7 d postburn are listed in Table 1. The serum albumin and total protein 
concentrations were significantly lower in the burned rats as  compared with 


l !  
0 30 60 90 120 150 180 
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Figure 1-Plasma disappearance curljes of pentobarbital after a 40-mglkg 
iu administration in 16% burned male rats at 7 d postburn (A) and pair-fed 
control rats (@). Values are mean f SE,  with n = 5 or ti at each point. 
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Figure 2-  Plasma disappearance curves of quinidine after 25 mg/kg vice 
base) iu administration in 16% burned male rats at 7 d postburn (A) and 
pair-fed control rats (a). Values are mean f SE. with n = 4 at each 
point. 


the control groups. There was no significant difference in the concentrations 
of the various liver enzymes measured between the two groups or in the con- 
centrations of total bilirubin, creatinine, or blood urea nitrogen. 


Figures 1-4 illustrate the respective average plasma disappearance curves 
for pentobarbital, quinidine, lidocaine, and theophylline for pair-fed controls 
and 16% burned rats 7 d postburn, and Table 11 shows the derived phar- 
macokinetic parameters and weight changes for these same animals. For each 
drug group tested. the burned rats gained a significantly lower amount of 
weight over the 7-d period than their corresponding controls, even though each 
control animal received the same amount of food daily as  its paired burned 
animal. Thermal injury produced a significant 69% prolongation in pento- 
barbital elimination half-life and a correspondingly significant 43% reduction 
in total pentobarbital clearance. There was no significant difference in the 
volume of distribution observed for pentobarbital. For quinidine, the burned 
animals exhibited a significant reduction (24%) i n  total clearance and a sig- 
nificant reduction (25%) in volume of distribution, with an unchanged elim- 
ination half-life. The burned rats receiving lidocaine demonstrated a significant 
decrease (27%) in volumeof distribution without significant changes in either 
total clearance or elimination half-life. For theophylline. thermal injury did 
not significantly alter total clearance, volume of distribution, or elimination 
half-life. 


10 -I 
7 h  
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Figure 3-Plasma disappearance curves of lidocaine after a IS-mglkg vree 
base) iu administration in 16% burned male rats at 7 d postburn (A) and 
pair-fed conrrol rats (e). Values are mean fSE,  with n = 5 at each point. 


1 2 3 4 5 6 
HOURS 


Figure 4-Plasma disappearance curves of theophylline after a IS-mgfkg 
iv administration in 16% burned male rats at 7 dpostburn (A) and pair-fed 
control rats (e). Values are mean f SE. with n = 4 at each point. 


To determine whether changes in drug protein binding contributed to the 
observed alterations in the volumes of distribution of quinidine and l idmine  
at  7 d postburn, equilibrium dialysis studies were performed with quinidine 
and lidocaine in 16% burned and pair-fed control ratsat 7 d p t b u r n  and also 
at  1 d postburn to serve as a comparison. At 7 d postburn, there was no sig- 
nificant difference in free drug percentages or total drug concentrations of 
either quinidine or lidocaine compared with controls (Table 111). However, 
a t  1 d postburn, there was a significant decrease (18%) in the free drug per- 
centage of quinidine and a significant decrease (27%) in the free drug per- 
centage of lidocaine, which resulted in a significant increase (209b) in total 
quinidine concentration and a significant increase (37%) in total lidocaine 
concentration. 


Table 11-Pharmacokinetic Parameters of Various Drugs in 16% Burned 
verslLs Pair-Fed Control Rats" 


Parameter Control Burn 


Pentobarbital (40 mg/kg ivIb 
I I 17.  min 102.9 f 27.8 173.9 f 4O.lc 
Vhi'L/ k 1.21 f 0.16 1.20 f 0.19 
CL, mlfjminlkg 8.59 f 2.39 4.94 f O.9Oc 
Percent weig t changed + I 7 3  f 2.6 +4.1 f 9.6< 


t i p h  2.63 f 0.48 


CL, mLfmin kg 20.5 f 3.3 15.5 f 2.88 
Percent weig x t changed +3.0 f 4 . u  


t 112, min f .  34.5 f 6.5 
Vd. L/k ;85; f :.;7 1.84 f 0.42c 


37.5 f 9.4 CL, mLfmin kg 
Percent weig x t changed + 1.8 f 6.28 


2.33 f 0.36 
$$':Lkg 0.50 f 0.05 0.57 f 0.10 


2.83 f 0.66 C L m  /min/kg 2.70 f 0.66 
Percent weight changed +14.0 f 5.1 -1.2 f 12.28 


Vd, L/k 4.58 f 0.47 3.45 f 0.24f 


+ 15.9 f 3.5 
Lidocaine ( 1  5 mg f kg iv) * 


46.7 f 9.1 + 10.4 f 3.7 


4 Mean f SD measured 7 d tburn. b n = 5 for the controls, 6 for the burn group. 
Significantly different from t rwntrols  at p < 0.01. Calculated by [(wt. at day 7 - wt. at day O)/wt. at day 01 X 100. ' n = 4 for both groups. /Significantly different 


from the controls at p < 0.005. 8 Significantly different from the controls at p < 0.05. 
n = 5 for both groups. 
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Table 111-Equilibrium Dialysis Results in 16% Burned versus Pair-Fed 
Control Rats * 


Control Dav 1 Postburn Dav 7 Postburn 


Percent Free Dru 
Ouinidine 29.9 f 5.1 24.4 f 2.3% 31.1 f 2.4 
iidocaine 52.5 f 6.0 38.1 f 1.8< 52.5 f 4.8 


Quinidine 4.13 f 0.71 4.96 f O.4sb 3.98 f 0.48 
Lidocaine 2.46 f 0.24 3.38 f 0.23‘ 2.48 f 0.18 


Total Drug Concentration, pg /mL 


Mean f SD; n = 6. Significantly different from the controls at p < 0.05. c Signi- 
ficantly different from the controls at p < 0.0005. 


DISCUSSION 


In this study, it has been demonstrated that thermal injury can alter 
pharmacokinetic parameters for various liver-metabolized drugs in rats. 
Previous studies in this laboratory have shown that third-degree burns can 
depress various components of the hepatic mixed-function oxidase system in 
rats (3-5) and D-ghCariC acid excretion in humans (6). A manifestation of 
this effect in uiuo would be a decrease in the total clearance of a drug. However, 
as stated previously, in addition to levels of hepatic drug-metabolizing en- 
zymes, total clearance can also be affected by changes in hepatic blood flow 
and free drug fraction (7) .  


The significant reduction (43%) in pentobarbital clearance can probably 
be attributed to a reduction in the level of liver enzymes that metabolize 
pentobarbital. Although a decrease in the free fraction of pentobarbital could 
also cause a decreased total clearance (7), this event was unlikely since albumin 
is the main serum protein that binds pentobarbital (16). and it has been shown 
that the serum albumin concentration is decreased in the burned rats (Table 
1). This decrease in  serum albumin should cause, if anything, an increased 
and not a decreased free drug concentration (7). Also, the observed total 
plasma pentobarbital clearance of 8.59 mL/min/kg in control rats is con- 
siderably less than the estimated literature values for hepatic plasma flow of 
-40 mL/min/kg in similar rats (17). Thus, it can be assumed that pento- 
barbital clearance is relatively independent of hepatic blood flow changes in 
the rat (7). 


For quinidine, there was a significant decrease (24%) in total clearance 0, 
< 0.05). and for lidocaine there was a 20% reduction in total clearance (p < 
0.1). Although these two drugs have total clearances in humans which are 
dependent on liver blood flow and drug-metabolizing enzyme activity (7). the 
relationship of total clearance to renal clearance, liver blood flow, and enzyme 
activity is unknown in rats. Thus, i t  is not possible to attribute the observed 
differences in total clearance for these drugs in the burned rats to any one 
particular factor. However, changes in drug protein binding did not play a 
part, as both drugs demonstrated unchanged freedrug fractions at 7 d postburn 
(Table 111). 


For theophylline, the unchanged total clearance may not be due to a lack 
of effect of thermal injury on drug-metabolizing enzymes, since the disposition 
of theophylline differs markedly in rats as compared with humans, in that 46% 
of the drug is excreted unchanged by the kidneys in rats (18), as compared 
with less than 10% in  humans (19). Thus, the renal route in rats may com- 
pensate for any reduction in hepatic clearance. 


Since the concentrations of quinidine, lidocaine, and theophylline were 
measured by enzyme immunoassay. thc possibility exists that certain me- 
tabolites in rat plasma may cross-react with the parent compounds in the assay 
and, thus, cause falsely higher values for intact quinidine, lidocaine, or theo- 
phylline to be reported. I f  such a situation were present, the values for drug 
concentrations and pharmacokinetic parameters in both burned and control 
rats would be altered slightly from their true values. However, any difference 
in these values would still be preserved. The only situation that could occur 
which would make the observed differences between burned and control rats 
artifactual would be that in which the burned rats metabolized the parent 
compound through a different metabolic pathway, producing different me- 
tabolites from the controls with a higher cross-reactivity for intact drug. Al- 
though such a situation cannot be completely ruled out. its Occurrence seems 
unlikely. 


For both the basic drugs, quinidine and lidocaine, there were significant 
decreases in volume of distribution in the burned animals at 7 d postburn 
(Table 11). Increased plasma protein binding of these drugs was not the 
causative factor for these changes (Table 111). A possible explanation is a 
displacement of drug from tissue-binding sites by substances released at  the 
burn site. For these same drugs, there was a significant decrease in the free 
drug fraction and a significant increase in total drug concentration when serum 
taken from rats 1 d postburn was used for equilibrium dialysis studies. 
Quinidine and lidocaine are examples of drugs that bind more strongly to a 


specific plasma protein, a!-acid glycoprotein, than to albumin (20). A number 
of inflammatory conditions, including burns, have been shown to elevate 
al-acid glycoprotein levels in humans (21) and to increase the plasma protein 
binding of various drugs (20). The results shown in Table I l l  are consistent 
with the observation of a rapid rise in al-acid glycoprotein levels 24 h postburn 
in the male rat and a fall to normal levels by 7 d postburn. 


In recent years, it has become increasingly apparent that various method- 
ological artifacts could cause errors in the interpretation of data from protein 
binding experiments with equilibrium dialysis (22). Of particular relevance 
to this study is the possibility that the free drug fractions reported here after 
an 18-h dialysis may be larger than those after a shorter dialysis period due 
to possible deterioration of al-acid glycoprotein with time or dilution of this 
protein by an osmotic influx of water during the dialysis. Although no dialysis 
experiments were done at  shorter time intervals, the control free drug fraction 
ofquinidine reported here (30%) compares favorably with a literature value 
of 31% in the rat done over a shorter dialysis interval (23). However, the 
control free fraction of lidocaine (53%) is higher than an estimated literature 
value of 44% in the rat based on saliva-plasma lidocaine levels (24) and, thus, 
may have been influenced by the aforementioned factors. 


Despite careful daily pair-feeding of burned animals with control animals, 
all of the burned rats in the four drug groups had a significantly slower rate 
of weight gain compared with the pair-fed controls (Table 11). This finding 
is consistent with the hypermetabolic response and increased basal metabolic 
rate found previously both in burn patients and experimental animals (25). 


The pathophysiological alterations caused by thermal injury can produce 
variable changes in the kinetic and dynamic behavior of drugs in humans. An 
increased elimination rate was found for the rcnally eliminated aminoglyco- 
sides gentamicin (26), tobramycin (27). and amikacin (28). This effect was 
probably due to a burn-induced increase in the glomerular filtration rate (27). 
For the nondepolarizing neuromuscular blocking agents tubocurarine (29) 
and metocurine (30), two- to fivefold increases in plasma drug concentrations 
were required to give normal muscle relaxation in burn patients. This effect 
could not be explained by increased drug protein binding and was probably 
related to a burn-related change in the neuromuscular junction receptors (31). 
The liver-metabolized drug diazepam has recently been shown to have a re- 
duced free clearance in burn patients (32); however, all patients in this study 
received cimetidine, a drug known to inhibit diazepamclearance (33). Thermal 
injury in humans has also been shown to lower plasma protein concentrations 
(34) and to alter the protein binding of a number of drugs (35). A phar- 
macokinetic study in 15% burned rats has shown that thermal injury can in- 
crease the free phenytoin fraction with a corresponding increase in total 
phenytoin clearance (36). However, no calculation of free phenytoin clearance 
was done. 


In conclusion, the results of this study and previous investigations suggest 
that the complex dynamic state of thermal injury can affect numerous aspects 
of drug disposition and action. Further pharmacokinetic studies with liver- 
metabolized drugs in burn patients are needed to determine whether altered 
hepatic drug metabolism plays a part in the disposition of drugs in human 
thermal injury. 
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Abstract 0 This investigation was designed to determine the cause of the 
changes in drug protein binding that occur in rat plasma, particularly in 
plasma from pregnant animals, during in uitro drug- protein binding mea- 
surements. In uiuo estimates of phenytoin binding in plasma were obtained 
from steady-state CSF-plasma concentration ratios in pregnant and non- 
pregnant rats. Immediate ultrafiltration of heparin- or EDTA-anticoagulated 
plasma yielded phenytoin free fraction values that were in good agreement 
with in uiuo estimates for nonpregnant rats but that were about one-third 
higher than in oioo estimates for pregnant animals. In oitro free fraction values 
tended to increase during incubation of plasma and/or during equilibrium 
dialysis. The concentrations of the four major endogenous free fatty acids were 
similar in plasma of pregnant and nonpregnant rats if determined immediately 
after blood collection. Six hours of incubation at 37OC caused fatty acid 
concentrations to increase about fivefold and twofold in  hcparin-anticoagu- 
lated plasma from pregnant and nonpregnant animals, respectively. The 
corresponding increases in EDTA-anticoagulated plasma were only about 
twofold and I .l4-fold, respectively. These changes were associated with de- 
creased plasma protein binding of phenytoin. The in oiuo differences between 
pregnant and nonpregnant rats with respect to phenytoin binding in plasma 
arc not due to differences in fatty acid concentrations, but the in uitro dif- 
ferences are due primarily to corresponding differences in free fatty acid 
concentrations if extensivc in uirro lipolysis occurs. 


Keyphrases 0 Phenytoin-plasma protein binding, lipolysis, pregnant and 
nonpregnant rats 0 Lipolysis-in uiiro and in uiuo comparisons, plasma 
protein binding, pregnant and nonpregnant rats 0 Anticoagulants-heparin, 
EDTA, plasma protein binding, in uitro and in uiuo comparisons, pregnant 
and nonpregnant rats 


Pregnancy is known to be associated with quantitative 
changes of drug biotransformation ( 1) and drug-protein 


binding in plasma or serum (2). Properly designed studies of 
the effect of pregnancy on the pharmacokinetics of drugs, 
therefore, require measurement of unbound drug in plasma, 
to differentiate between pharmacokinetic changes due solely 
to drug binding alterations and those due to altered intrinsic 
clearance or to a combination of both types of effects. Unfor- 
tunately, the drug-protein binding characteristics of plasma 
from pregnant rats and, to a lesser extent, from pregnant 
women are quite unstable (3,4). A lack of appreciation of this 
problem can lead to serious misinterpretations in phar- 
macokinetic studies, particularly in the assessment of intrinsic 
drug clearance and drug concentration-pharmacological ac- 
tivity relationships. 


This investigation was designed to determine the causes of 
in uitro alterations in protein binding of drugs in plasma from 
pregnant and nonpregnant rats and to assess the effects of the 
in uitro anticoagulant and of the methodology used for protein 
binding determinations. The study protocol also permitted a 
comparative determination of the effect of pregnancy on the 
total clearance and in uiuo plasma protein binding of phenytoin 
in rats. 


EXPERIMENTAL SECTION 


Pregnant (day 20 of gestation) and nonpregnant Lewis rats’ (the latter 9 
200 g) received a loading dose of phenytoin, 14.7 mg/kg, by rapid injection 


’ Charles River Breeding Laboratories. Wilmington, Mass. 
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Low assay values were a problem experienced by most manufacturers; this 
problem would not be recognized if  the assays were based only on the results 
from the USP method. Some tablet composite samples gave suitable assay 
values for total iodine by the USP method, but gave extremely low assays for 
sodium levothyroxine by HPLC. All samples which gave low assay values by 
HPLC gave suitable assays by the USP method. This fact indicates that the 
problems of low assays of marketed sodium levothyroxine are, in all proba- 
bility, attributable to sodium lcvothyroxine instability. 


I 
0 6 I2 


MINUTES 


Figure 2-Chromatogram ojsodium levothyroxine and sodium liothyronine. 
detector at 229 nm and 0.02 AUFS. Key: ( I )  sodium liothyronine: (2) sodium 
Ievoihproxine, each at a level of-4  pg/mL. 


The chromatographic system parameters were adequate to separate sodium 
levothyroxine from sodium liothyronine for testing the bulk drug substances 
for impurities; Fig. 2 shows a chromatogram of this separation. Liathyronine 
was found at levels of 0.04-0.96% in five sodium levothyroxine bulk drug 
samples analyzed by HPLC. 


Sample Analysis-Table 1 lists the results obtained from survey by the 
HPLC procedure. A comparison of results for composite samples, obtained 
with the HPLC and the USP XX methods. shows that the latter gave a higher 
result in practically every case. This is not surprising since the USP XX assay 
is nonspecific for levothyroxine and measures total iodine content. However, 
the difference in assay values could not be totally accounted for by a total area 
summation of HPLC peaks. The major impurities and degradation products 
probably are not eluted from the column with this mobile phase. 
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Abstract 0 An electron-capture gas chromatographic method for the deter- 
mination of isosorbidc 5-mononitrate in  human plasma using a capillary 
column is described. lsosorbide 5-mononitrate and the internal standard 
(isosorbide dinitrate) are extracted from the alkalinized plasma with ether. 
The lower limit of detection for isosorbide 5-mononitrate is 1 ng/mL of 
plasma. 


Keyphrases 0 Gas chromatography-isosorbide 5-mononitrate, human 
plasma 0 lsosorbidc 5-mononitrate-GC, human plasma 


lsosorbide 5-mononitrate [ 1,4:3,6-dianhydro-~-glucitol 
5-nitrate (I)] is the primary metabolite of isosorbide dinitrate 
[ I ,4:3,6-dianhydro-~-glucitol dinitrate (Il)] which has been 


used for many years in the treatment of angina pectoris and 
congestive heart failure. Recent studies of the hernodynamic 
effect of the mononitrate ( 1 )  indicate that, after acute ad- 
ministration, cardiac work load decreases at rest and during 
exercise. Pharmacokinetic studies (2-4) showed that the 
mononitrate is rapidly and completely absorbed from the G1 
tract without undergoing first-pass elimination. The maximum 
concentrations were reached within 1 h after oral adminis- 
tration, and the substance was eliminated with a half-life of 
-4 h .  Thus, the mononitrate has a half-life which is at least 
four times as long as the half-life of the dinitrate (5). Published 
gas chromatography (GC) assays (2,6, 7), using older column 
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Figure 1 -Chrornatopratm oJ I -mL hitman plasma extracts. Key; / A )  plasma 
spiked with 25 ng of isosorbide 5-mononitrare (1) and 20 ng of isosorhide 
dinitratr 1/11; (B /  plasma spihed with 50 ng o f /  and 20 ng of//. 


coating or packing (OV-17, QFI)  and complicated extraction 
proccdures, lack sufficient sensitivity and fail to give repro- 
ducible results. 


EXPERIMENTAL SECTION 


Apparatus--Thc analysis was performed on a G C '  wi th  a Grob-typc. 
nonvaporizing. specially cooled on-column injector and equipped with a 
nickel-63 electron-capture dctcctor. 


Column-A wall-coated open tubular (WCOT) capillary column (16 m 
X 0.33 mm i.d.). with immobilizcd stationary phaseSE-54:, was used. Acidic 
leaching, silylation. and static coaling, including immobilization, was carried 
out according to the mcthod of Grob and Grob (8.9) .  The film thickness was 
-0.8 pm. 


Reagents-The ethyl acetate" was pesticide grade, while the ether) and 
potassium carbonate4 were analytical grade. Compounds I and II were used 
a s  received5. 


Instrumental Conditions- The carrier gas was helium wi th  a flow rate of 
-4 mL/min. The dctcctor was opcratcd with argon gas and 5% methane (v/v) 
; i t 3  flow rateof-20mL/min.Thecolumnwas 160"C,theinjectorport was 
100OC. and the electron-capture dctcctor was 225°C. Dircct on-column in-  
jcction was used. 


Procedure-lsosorbidc dinitratc [the internal standard (20 ng in 50 p l .  of 
0.9% NaCI)], 1 niL of patient plasma, 2 ml. of saturated solution of potassium 
carbonate(pH 12.2) .andZmLofethcr  wereshaken i n a  10-niLglasstube, 
wi th  a polytef-lined screw cap. for 40 niin at low speed (-25 rpm). After 
ccntrifugation (10 min at 4000 rpm) thc organic phase was removed by as- 
piration in a conical tube. Thc solvent was evaporated todryness under a gentle 
stream of nitrogen at room teinpcraturc. The residue was redissolved in 10- 50 
PI. of ethql acetatc to gi-dc thc desired concentralion, and 0.4 p L  of the solution 
was injected. All glasswarc was cleaned in an ultrasonic bath but not silanizcd; 
no plastic material was used. 


Calibration- For calibration, human plasma ( I  ml.) was spiked with in-  
creasing concentrations of I (5-400ng in 50 pl. of 0.9% NaCI) and the internal 
standard, II (20 ng in 50 p L  of 0.9% NaCI). Two milliliters of a saturated 
solution of potassium carbonate and 2 mL of ethcr were added tocach solution. 
Extraction was performed as described above. The ratiosof the peak heights 


-~~ ~~ ~ ~~~ 


i t.ractovap 4160 series; Carlo Erba. Milano. I d y .  
Supelco. Bcllcfon~e. Pa. 
Merck. Darmstadt. Fedcral Kcpublic of Germany. 
Fluka. Buchs SG. Switzerland. 
A gift of the Schweizerische Sprengstoffabrik Dottikon. Switrcrland. 
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Figure 2--Chromatograms of I -mLpla.sma .sample extracts ohtained/rom 
a subject before (B) and 40 min after / A /  an infusion of 5 m g  of isosorhide 
5-mononitrate; 20 ng of isosorhide dinitrate was added as the internal 
standard (A ) .  


of the mononitrate to the internal standard were plotted w r w s  the concen- 
trations of the mononitrate. Values of unknown plasma drug concentrations 
were determined from this calibration curve. Calibration chromatograms are 
shown in  Fig. I .  


RESULTS AND DISC~!SSION 


This G C  assay provides a method for dctcrmining I in plasma following a 
single extraction. A linear calibration curve. determined daily. wasobtained 
for concentrations betwcen 5 and 200 ng/mL of plasma. The mean slope was 
0.058 f 0.001 (peak height ratio/ng*mL-' f SD) and the mean intercept 
was 0.077 f 0.09 (pcak height ratio f SD).  The reproducibility from day- 
to-day analyses gavc a coefficient of variation of 3.03% for 10 control plasma 
samples of 78 ng/mL of :he mononitrate (78.71 f 3.9). which were assayed 
on different days over 2 months. Within-day prccision was asscssed by analyses 
of five replicate plasma samples to which 10 and 50 ng/mL of I were added. 
The cocfficicnts of variation were I .6% for I0 ng ( 10.30 f 0.165) and 1.49% 
for 50 ng (49.61 f 0.793). 


The use ofa chemically similar drug as the internal standard. the quality 
of our column. and thcon-column injection technique are probably the main 
reasons for the good reproducibility of the results. The attempted use of 
glyceryl trinitrate as internal standard was a failurc bccausc of its insta- 
bility. 


The recoveries for I and I I  were similar. varying bctwccn 70 and 75%. The 
retention times were 5.2 min for the mononitrate ( m p  89OC) and 7.8 min for 
thcdinitrate (mp71"C). Thclowcr limit ofdctection was-l ng/ml.ofplasnia 
for the mononitrate and 0.5 ng/rnL for the dinitrate. In some cases, small 
amounts of the mononitrate (<5 ng) were difficult to determine due to a n  
unknown intcrfering pcak. The use of peak height ratios was sufficient because 
the calibration curve passed through thc origin and was linear up to 200 
ng/mL. The column was washed every month with d ich l~romethane~ and 
pentad, analytical grade. 


Two chromatograms of human plasma extracts are shown in Fig. 2: a blank 
plasma extract and a plasma extract from the same subject 40 min after an 
infusion of 5 mg of the mononitrate. The dinitrate was added as an internal 
standard before analysis. Apart from an unknown peak with the retention time 
of 4.3 rnin (which always occurrcd), there is a second pcak with about the same 
retention time as isosorbidc 2-mononitrate (3.2 min). This peak, due to a 
contaminant in the internal standard, was eliminated later by rwrystalli7ation 
of isosorbide dinitrate. 


Further investigations showed that this method could easily be adapted to 
determine the concentrations of the dinitrate and isosorbide 2-mononitrate 
by using the chemically similar substances isomannide dinitrate and isoidide 
dinitrate as internal standards. respectively. The use of pure solvents for ex- 
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traction and chromatography is essential for good results. The capillary column 
with an immobilized stationary phase and the possibility of solvcnt washing 
was also a big advantage in this assay. 
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Abstract 0 The binding of sulfadimethoxine to selected human blocd protein 
fractions and to fresh serum has been examined by means of a new equilibrium 
(Ji.  ‘I I qsis , . ’  technique which minimizes experimental error and permits the 
cviiluation of low-level binding. Certain a-globulin fractions. containing 
mixtures of proteins, were found to bind the drug. Scatchard analysis of the 
binding of sulfadimethoxine to fresh serum, calculated as though al l  of the 
binding is due to albumin, gives a different result from that obtained with 
isolated albumin. This may be a reflection of the contribution of the a-glo- 
bulins to the overall binding of sulfadimethoxine in fresh serum. Although 
sulfadimethoxine is amphoteric, i t  did not bind to the a,-acid glycoprotein. 
Thc drug behaves as an acidic compound when binding to the blood pro- 
teins. 


Keyphrases 0 Sulfadimethoxine blood fraction binding, equilibrium dialysis, 
humans 0 Blood fraction binding-humans. sulfadimcthoxinc, equilibrium 
dialysis 


Sulfadimethoxine is a long-acting sulfanilamide antibac- 
terial drug which is extensively bound to the proteins of the 
blood ( I ,  2). It has been shown that the antibacterial activity 
and rate of metabolic ,V-acctylation of sulfanilamide drugs 
depend on the concentration of free, unbound drug in the 
plasma (3.4). Nonlinearity in the pharmacokineticsof sulfa- 
dimethoxine has been associated with dosc-dependent changes 
in  the percentage of the drug bound to plasma proteins (5). 
Furthermore, the volume of distribution of sulfadimethoxine 
is altered significantly by small changes in  the concentration 
of plasma albumin (6). 


Albumin is the most important of the blood proteins in the 
binding of sulfanilamide drugs (2, 6-1 I ) ,  although the in- 
volvement of other plasma proteins has been implied (1 2). 
Sulfadimcthoxine is an amphoteric compound ( 1  3) with an 
acidic center a t  the sulfonamide (pK, 6.7) and a basic center 
at the aniline-like primary amino group (pKh 11.98). The 
isoelectric point is at pH 4.36. Albumin is effective in binding 
acidic drugs such as warfarin ( 14- I6), fenoprofen (1 7, 18) and 
phenylbutazone (19). Unlike these compounds, basic drugs 
such as imipramine (20), alprenolol (21), propranolol, (22) 
and lidocaine (23) bind significantly to nl-acid glycoprotein 


and lipoproteins in addition to albumin. The individual con- 
tributions of different proteins to the binding of drugs becomes 
significant in disease states which lead to changes in the con- 
centration of one or more of the blood proteins (24-27). The 
present study was undertaken to determine whether proteins 
other than albumin are involved in the overall binding of the 
amphoteric drug sulfadimethoxine. 


The binding of sulfadimethoxine to isolated human plasma 
protein fractions was measured by a newly developed cqui- 
librium dialysis technique (28). This method employs cali- 
bration and control procedures that minimize artifactual errors 
and permit statistical evaluation of control and test data. This 
stringent control technique also permits correction to be made 
for concentration-dependent binding to the dialysis membrane 
or other equipment; thus, it is possible to demonstrate statis- 
tically significant binding at low levels (< 10%). 


EXPERIMENTAL SECTION 


Equilibrium dialysis was performed using 20-cm strips of dialysis tubing’. 
I-cm diameter. 4.8-nm pore diameter. with a molecular weight cut-off of 
I2.000. These membranes werc immersed in  boiling w a w  and then stirred 
for 2 h a s  they cooled. The tubing was then stirred with 70% methanol for 30 
min, stored in 50% methanol overnight. rinsed with distilled water, and soaked 
in phosphate buffer (pH 7.4) for 2--3 h prior to use. The membranes were used 
immediately after preparation. The tubing was tied with a double knot at one 
end. and then filled with 2 mL of protein solution in phosphate buffer (pH 7.4) 
containing sulfadimethoxine. The protein solutions were as follows: Cohn 
Fraction I (fibrinogen)* 0.34% (w/v); Cohn Fraction II (a-globulin)’. 0.74% 
(w/v); Cohn Fraction IV-l (a-globulin)3.0.81% (w/v); Cohn Fraction IV-4 
( a - g l o b ~ l i n ) ~ ,  0.81% (w/v); Cohn Fraction V (albumin)), 4% (w/v); Cohn 
Fraction VI (a]-acid glycoprotein)’, 0.1% (w/v); lyophilized serum3, 7.3%; 
and fresh serum4, reduced to half volume by ultrafiltration. Except for the 
fresh serum, the protein solutions were prepared initially a t  double strength 
in buffer and then diluted with an equal volume of buffer containing sulfad- 
imethoxine. The fresh serum, concentrated to half volume, was diluted with 


I I’isher Scientific Co.. Toronto. Ontario. Canada. 
ICN Pharmaccuticals Inc.. Cleveland. Ohio. 
IJnitcd Statcs Biochemical Corp.. Cleveland. Ohio. 
Collected from a healthy young-adult male volunteer 
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BOOKS 


Animal Models for Oral Drug Delivery in MM: In Situ and In Vivo Approaches. 
Edited by WILLIAM CROUTHAMEL and ALLEN C. SARAPU. 
American Pharmaceutical Association, Academy of Pharmaceutical Sci- 
ences. 2215 Constitution Ave. N.W. Washington, DC 20037. 1983. 179 
pp. 15.5 X 23.5 cm. Price: $54.00. 
This book is based on the symposium "Animal Models for Drug Absorption 


in Man" held in  September 1980 at the APhA Academy of Pharmaceutical 
Sciences meeting in San Antonio, Texas. I t  contains texts from various rec- 
ognized authorities in the field. 


The book is divided into six chapters which discuss the mechanisms of drug 
absorption and techniques for studying them (Chapters I and 2), the use of 
the dog in new drug development, bioavailability testing and quality control 
(Chapters 3-5) and the regulatory viewpoint on the use of animals in NDA 
submissions (Chapter 6) .  In many respects. however, the most obvious division 
in  the book is between the academic and industrial approaches to studying 
absorption-a distinction entirely appropriate in a subject that is of intense 
interest to both sides of pharmaceutical research. The text is well-argued and 
very readable and the rather unfortunate misspelling of 'gavage' as 'garbage' 
(Chapter 6) in no way reflects the general high quality of the contents. 


The first two chapters (writtcn by G. L. Amidon and N. F. H. Ho el. 01.) 
are excellent and give a fairly comprehensive description of the theoretical 
and practical aspects of the subject. The analysis, in Chapter 2. of physiological 
factQrs controlling absorption is particularly effective. 


The subsequent chapters are in wme ways an anticlimax, although they 
do represent a useful account of industrial experiences with these models in  
new drug development. There arc a number of examples or 'case studies' which 
readily illustrate the points being made, although thedescription of compounds 
in vague terms such as 'anxiolytic-type,' without structures, tends to be a little 
frustrating. The main criticism of this part of the book is in what it omits rather 
than what it includes; this may be a result of its origins as a symposium, where 
time is limited and a subject cannot be covered comprehensively. However, 
there does seem to be an overriding emphasis on the use of blood level studies 
in dogs when discussion of other species, such as rat and monkey, would have 
been of benefit. Other important considerations such as the correlation be- 
tween in siru and in vivo absorption data and the crucial issue of interspecies 
variation in absorption also have not been given the coverage they deserve. 


Nevertheless, an authoritative text on this subject is long overdueand this 
book is both welcome and useful. It will be of particular value to those i n  the 
pharmaceutical industry who are involvcd in drug design and product devel- 
opment. The more interested readers will be stimulated to look into the liter- 
ature for some of the things the book omits and the excellent sets of references 
will be a useful guidc for this. 


Rei'ieued by David C. Taylor 
Pharmaceurical Deparrmenr 
ICI Pharmaceurimls Division 
Alderley Pork 
Macclesfield 
Cheshire 
U .K .  


Handbook of Powder Science and Technology. By M. E. FAYED and L. 
OTTEN, Van Nostrand Reinhold Company, Inc., I35 West 50th Street, 
New York. NY 10020. 1984.650 pp. 18 X 26 cm. Price: $79.50. 
This book is intended to be a guide for quick access to a wide range of i n -  


formation on powder science. Actually it is not a handbook. but is a compre- 
hensive text to which 26 authors have contributed their expertise. For a 
multiauthored book it is very readable. 


The book is divided into 19 chapters, which are entitled: "Particle Size 
Analysis: Theory and Statistical Methods"; "Particle Size Measurement: 
Experimental Techniques": "Particulate Characterization: Future A p  
proaches"; "Structural Properties of Packing Particles"; "Fundamental 
Properties of Powders"; "Vibration of Fine Powders and Its Application"; 


"Size Enlargement Methods and Equipment": "Mixing of Powders; Storage 
of Particulate Solids"; "Fluidimtion Phenomena and Fluidized Bed Tech- 
nology"; "Spouting of Particulate Solids"; "Transport of Solids in Pipelines"; 
"Size Reduction of Solids: Crushing and Grinding Equipment"; "Sedimen- 
tation"; "Filtration of Solids from Liquid Streams"~"Cyclones"~"Electr~tatic 
Precipitator Applications and Concepts"; "Granular Bed Filters": "Wet 
Scrubber Particulate Collection". 


Statistical discussion is supported by sample problems, and the validity of 
the calculations are discussed. Analytical instruments and processing equip 
ment are listed, and methods of selection for specific conditions are discussed 
in detail. The currentness of the book is exemplified by the modern chapter 
on morphologb of a particle and powder signature. The book contains a wealth 
of information on the technology of handling. measurement. separation, and 
use of powders. 


This excellent book has an abundance of information not only for those 
(graduate students) who have little expericnce in powder technology, but also 
for the pharmaceutical scientists in production, research and development, 
and academia. 


Reviewed by Eugene L. Parrott 
College of Pharmacy 
Universiry of Iowa 
Iowa City. I A  52242 


Nwleosides, Nucleotides and ' l M r  Bidogical Applications. Edited by JANET 
L. RIDEOUT, DAVID W. HENRY, AND LOWRIE M. BEACHAM 
111. Academic Press, I 1  1 Fifth Avenue, New York. NY 10003. 1983.327 
pp. 16 X 24 cm. Price: $29.50. 
The book presents the manuscripts of the I I plenary lectures given at the 


Fifth International Round Table on Nucleosides. Nucleotides. and Their 
Biological Applications. held in Research Triangle Park. North Carolina, 
October 20-22, 1982. Each lecture is given its own chapter, a list of which 
includes "Nucleosides with Antiviral Activity", "The Chemistry and Biology 
of Nucleasidcs of Purines and Ring Analogs". "Experimental and Clinical 
Studies on 2'-Fluoroarabinosyl Pyrimidines and Purine-Like C-Nucleosides". 
"2',5'-Oligoadenylates, Their Role in Interferon Action and Their Potential 
as Chemotherapeutic Agents", "Receptors for Adenosine and Adenine Nu- 
cleotides". "Analogs of 2',5'-Oligoadenylates: Biological Probes for the 
Antiviral/Antitumor Stale of Mammalian Cells". "Synthesis of Pyrr- 
olo[2.3-d]Pyrimidine Nucleosides by Phase Transfer Glycosylation and Their 
Function in Polynucleotides". "The Alkylsilyl Protccting Groups: in Particular, 
the r-Butyldimethylsilyl Group in  Nucleoside and Nucleotide Chemistry". 
"Unusual Nucleoside Synthons and Oligonucleotide Synthesis". "Selective 
Modification and Deoxygenation at C-2' of Nucleosides". and "Synthesis of 
Versitile c-Nucleoside Precursors and Certain C-Nucleosides". 


While no attempt is made to exhaustively review all the literature in each 
chapter, general references are provided wherein additional reviews can be 
found. Each chapter is generally well writtcn with very few typographical 
and/or structural errors, and all have substantial (albeit not extensive) bib- 
liographies. The index at the end of the volume is quite detailed. including page 
references for specificcompounds. Although the matcrial is now almost two 
years old, and much new literature has k e n  published, especially in the arcas 
of adenosine receptors and antagonists, novel C-nucleosides. and 2',5'-olig- 
onucleotide synthesis. this reference is nevertheless a valuable source of in- 
formation on methodology (both chemical and biological) and structural 
design of nucleoside/nucleotide analogues. 


Reciewed by Marvin C .  Pankaskie 
Deparrmenr of Biomedicinal Chemisrry 
College of Pharmacy 
Universirj of Nebrasku Medical Cenrer 
Omaha, A'E 68/05 
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Abstract 0 I n  this report a sensitive gas chromatographic assay for cetiedil, 
a candidate antisickling agent, in human plasma is described. After a triple 
cxlraclion procedure, cetiedil was analyzed without derivatization with a 
nitrogen-phosphorus detector (with papaverinc used as the internal standard.) 
Cetiedil was measured i n  plasma samples taken from human volunteers ad- 
ministered the drug intravenously. 


Keyphrases 0 Gas chromatography--cetiediI. human plasma, nitrogen- 
phosphorus detector 0 Antisickling agents-cetiedil, GC analysis in  human 
plasma. nitrogen-phosphorus detector 0 Cetiedil-antisickling agent, GC 
analysis in human plasma. nitrogen-phosphorus detector 


At present there is no pharmacological agent available to 
prevent or attenuate the sequelae of sickle cell crisis. For acute 
crisis, analgesics, hydration, and symptomatic care remain the 
standard therapy. In  1977, Cabannes reported on the clinical 
use of cetiedil citrate monohydrate for management of the 
painful thromboembolic crises characteristic of sickle cell 
disease ( I ) .  


n 


Cetiedil Ci t ra te  Monohydrate \S’ 


OCH3 


cH30)33 . HCI 
CH3O 


Papaverine Hydrochloride 


Cetiedil’ was first introduced for the treatment of peripheral 
and cerebral vascular disease (2). Subsequent studies have 
demonstrated that this vasoactive agent was also active in  
erythrocytes, in  that it could prevent or reverse sickling by 
altering the permeability characteristics of the erythrocyte 
membrane (3-5). Several of its pharmacological properties 
(vasodilation, anticoagulation, analgesia, and inhibition of 
platelet aggregation) would be favorable for management of 
the thromboembolic episodes associated with sicklc cell disease 


I n  this report, a reliable and sensitivc gas chromatographic 
( G C )  assay for cetiedil in human plasma, employing a triple 
extraction procedure and a nitrogen-phosphorus detector is 
described. The assay is similar to a prcviously reported method 
for analysis of papaverine in blood samples (9). 


(6-8). 


EXPERIMENTAL SECI‘ION 


Chemicals--Cetiedil citrate monohydrate* (white powder) and papaverhe 
hydrochloride3 were used without further purification. All solvents4 were either 
nanograde or organic residue-analysis grade. All other reagents were ccrtilicd 
ACS reagent grade. 


Chromatographic Conditions . The gas chromatographS was equipped 
with a nitrogen-phosphorus detector. A glass column (1.5 m X 2 mm i.d.) 
packed with 2% OV-101 on Chromosorb W HP 100- 120-mesh support6 was 
conditioned overnight (300°C). High-temperature septa5 and graphite fer- 
rules6 were used. Air, helium, and hydrogen of the highest purity available’ 


~ ~~~ ~~ ~~~ ~ ~ _ _ _ _ _ _ _ _  ~ ~ 


I Stratene; Laboratoire Innothera. Arcueil. France. 
Johnson and Johnson Baby Products Co.. Skillman, N.J.  
Sigma Chemical Co.. SI. Louis. Mo. 
American Scientific Products. tlnnrahan. La. 
Model Sigma 36; Perkin-Elmer. Piorwalk. Conn. 
Supelco, Bellefonte. Pa. ’ Air Products. Mobile. Ala. 
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were used. Operating conditions were as follows: isothermal column tem- 
perature, 252OC; injection port temperature. 300OC; detectot temperature, 
300OC; carrier gas (helium) flow, 20 mL/min; air flow, 54 mL/min; hydrogen 
flow, I .5 mL/min; range I; and attenuation. 2-8. Injections (0.5 2 pLR) were 
made directly on column. the chart9 speed was 1.3 cm/min. 


Glassware heparation- All glassware was washed in phosphate-free de- 
tergent"' and rinsed with glass-distilled acetone. Silanization was accomplished 
by treatment with a 5% solution of dirnethyldichlorosilan~~ in toluene, fol- 
lowed by rinsing in  methanol. (Due to the toxicity of the silanizing agent, i t  
is best handled with gloves and safety glasses in  a well-ventilated hood. Ad- 
dition of methanol produces fumes of hydrogen chloride gas if excess silanizing 
agent is present.) The glassware was then sonicated'z in dichloromethane. 


Internal Standard-Papaverine hydrochloride (55  f 1 mg) was accurately 
weighed and transferred to a 125-mL separatory funnel. Glass-distilled water 
(25 mL) was added to dissolve the powder; the free base was formed by the 
addition of 10 M KOH (2 mL) and extracted with dichloromethane (3 X 30 
mL). The combined extracts were filtered through anhydrous sodium sulfate 
( I  kg washed with 6 X 200 mL of methylenechloride) and brought to 100.0 
mL (stock solution I). A total of I mL of stock solution I was dilhted to 100.0 
mL with dichloromethane (stock solution 11). A total of 5 mL of stock solution 
I I was placed in a 1000-mL volumetric flask and evaporated under a nitrogen7 
stream. 2-PropjmoI(50 mL) was added to dissolve the residue, and the volume 
was brought to the mark with n-heptane (working internal standard soh- 
tion). 


Cetiedil Standard Solutions-Cetiedil citrate monohydrate ( 16.0 mg. 
equivalent to 10.0 mg of free base) was dissolved in water and diluted to 200.0 
mL (50 pg/mL). Serial dilutions with water gave working standard solutions 
of 10,20,40,80,  and 160 ng/mL. 


Buffer Solution-Boric acid ( I  2.4 g) and potassium chloride ( 1  4.9 g) were 
dissolved in water and diluted to I L. Of this solution, 50 mL was adjusted to 
pH 7.0 with 0.2 M KOH and diluted to 200 mL with water. 


Extraction Proced~re'~--Standards for Calibration Cuhoe- Buffer so- 
lution (pH 7.4 mL) and blank plasma14 (2.0 mL) were added to each of six 
35-mL centrifuge tubesI5. To  one tube was added 1 .O mL of water; to each 
of the remaining tubes was added a 1.0-mL aliquot of each of the cetiedil 
working standard solutions, respectively. After addition of working internal 
standard solution (20.0 mL) to each tube, the mixtures were shaken at  highest 
speedI6 (30 min) and centrifuged (30 min at  2500 rpm)". The top layer was 
transferred toanother tube containing I M HCI (3 mL)In. The mixtures were 
vortexed at highest speed ( I  min) and centrifuged, and the top layer was dis- 
carded. The acidic extract was washed with n-heptane (5  mL) by vortcxing 
for 30 s, centrifuging, and discarding the top layer. To  each tube was added 
10 M KOH ( 0 5  mL); after cooling to r.oom temperature, dichloromethane 
(4 mL) was added. The mixtures were vortexed ( I  min) and centrifuged. and 
the top layer was discarded. The organic layer was transferred directlyI9 to 
a 5-mL vial6. and the solutions were evaporatedZn to dryness under a nitrogen 
stream at  4OOC. After rinsing the vial walls with dichloromethane (100 pL)  
and evaporating, the residue was dissolved in 2-propanol(IO pL), and an al- 
iquot was injected. 


Subject Samples-The procedure described above was followed for subject 
samples, except that 2.0 mL of the plasma was used in place of the blank 
plasma. and I .O mL of water was used in  place of the cetiedil standard soh- 
tion. 


Calculations--The ratio of peak height of cetiedil to peak height of papa- 
verinc was determined for each of the calibration standards; linear regression 
analysis of these ratios uersus the known cetiedil congntrations gave a slope 
and intercept, from which the equation for a straight line was obtained. Cet- 
iedil concentrations in subject samples were obtained by substitution of the 4- 


Model 701-RNWG. IOpL; Hamilton. Decatur,Ga. 
Speedomax X L  Flatbed; Leeds and Northrup. North Wales, Pa.; or 3390A Re- 


porting Integrator; Hewlett-Packard, Avondale. Pa. 
l o  Liquinox; Alconox Products. New York, N.Y. 
I i  Kodak Laboratory Chemicals. Rochester, N.Y. 


I' Preliminary unpublished work on this procedure was conducted a t  Cooper Labc- 
ratories. Inc.; Analytical Testing Procedure No. 78-1 5 .  
" Both heparinized and citrated plasma from volunteers gave identical results. 
I 5  Bellco Glass Co.. Vineland, N.J. 
l 6  Wrist-Action Shaker (setting 10); Burrell, Pittsburgh. Pa. 


Branson Ultrasonic Cleaner; Fisher Scientific Co.. Atlanta, Ga. 


The long centrifugation time was needed for separation of an interface layer present 
after shaking. Small amounts of this layer may still be present after separation; great 
care must be taken to avoid any transfer since particulates may form on addition of 
HCI. 


l 9  Filtration through anhjdrous sodium sulfate (even after extensive washing with 
dichloromethane) is not recommended since this procedure consistently produced spurious 
peaks. 


2o N-Evap; Organomation Associates, Northborough. Mass. 


Washed wi th  3 X 100 mL of 5% isopropanyl alcohol-toluene. 


experimentally determined peak height ratio into thc equation for the standard 
curve prepared for analysis of every set of samples. 


Plasma Level Studies-Three adult male volunteers were admittedz1 to the 
study after signing informed-consent releasesZz. The subjects received a 
0. IS-mg/kg dose of cetiedil citrate monohydrate injectable* as a 30-mm in -  
travenous infusionZ3, followed by a 72-h observation period. Blood samples 
were obtained through a catheter placed in the arm contralateral to the 
infusion drip a t  0 (prior to infusion), 5, 10. 15.30, and 45 min and I ,  I S . 2 ,  
4, and 6 h postinfusion; the catheter was kept patent with heparinized saline. 
Before each blood collection, dead-space volume heparin solution was removed. 
After each collection, the catheter was refilled with heparinized saline (33 
U of heparin/mL). Samples were collected into heparinized tubesz4 and 
centrifuged; the plasma was separated and stored at - 15°C until assayed. 


RESULTS 


Standard Curve-In Fig. I is shown a typical chromatogram obtained for 
the analysis of unchanged cetiedil, with papaverinc as internal standard. There 
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RETENTION TIME, min. 
Figure 1 -Typical chromatograms of drug-free plasma carried rhrough the 
procedure: (A )  drug-free plasma to which 5 nglmL of cetiedil (al andpapa- 
oerine (b) were added; (B)  plasma from a subject receiving cetiedil; (C) with 
papaoerine as the internal standard: (0) ejjects offiltration through sodium 
sutjate with possible contributions from contaminated solvents or glasswure. 
The sudden jumps in the base line are due to programmed changes in recorder 
attenuation. 


~ ~ ~~~~~~~~ ~ ~~ 


Clinical Pharmacology Research Unit, University of South Alabama College of 
Medicine, Mobile. Ala. 


22 Both the consent form and thc study protocol were approved by the Committee for 
Protcction of Humah Subjects and the Scientific Review Committee. University of South 
Alabama College of Medicine. 


23 Intravenous Infusion Delivery Set; Travenol Laboratories. Deerfield. 111.. and Di- 
alaflo; Sorensen. Salt Lake City, Utah.  *' Vacutaincr; kcton. Dickinson and Co.. Ruthcrford. h.J. 
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Table I-Cetiedil Determination in Human Plasma 


Cetiedil Cetiedil 
Added, Determined, 
ng/mL w / m L  SD n 


~~~~~~ 


5 4.99 
10 4.87 


11.45 
20 19.54 


22.60b 
40 49.76 


200 181.35 


0.43 4 
0.x4 8 . .  


I .63 5 
2.66 5 
I .43 5 
4.05 5 


16.14 8 


Different concentrations of cetiedil were added to drug-free lama.  and samples 
were then analyzed by the procedure described in the text. d i n g  4 m L  of blank 
plasma. 


were no interfering peaks at the retention times for cetiedil or papaverine. The 
retention times for cetiedil and papaverine were 1.7 and 3.3 min. respectively. 
There wasa linear relationship between the ratias of the peak height ofcetiedil 
to the peak height of papaverine and the corresponding concentrations of 
cetiedil. The resulting general equation for the standard curve as described 
above (y = 0.1 19x - 0.0259) was linear ( r  = 0.984; n = 37) over thecon- 
centration range of 5-80 ng/mL, wherey was the peak height ratio, and x 
was cetiedil concentration. 


Precision---The precision of the method was determined by adding different 
concentrations of cetiedil and analyzing samples of each concentration by the 
described procedure (Table 1). The average coefficient of variation over the 
concentration range of 5-200 ng/mL was 1 1 % .  


Reproducibility-To determine the day-today reproducibility, five different 
cetiedil concentrations were added to drug-free plasma, and the samples were 
analyzed over a period of 3 months (Table 11). The average day-to-day coef- 
ficient of variation over the concentration range of 5-80 ng/mL was 16.3%. 
These results also indicate that cetiedil in  plasma samples was stable for at 
least 3 months when kept frozen. 


Recovery- -2-Propanol solutions of cetiedil citrate were prepared so that 
injection of I p L  would give a peak representing complete recovery of cetiedil 
from extracted plasma samples. The ratio of cetiedil peak height from the 
extracted samples to the standard solutions gave an average cetiedil recovery 
of 67.5 f 15.5%over a concentration range of 10-80 ng/mL. Papaverine re- 
covery was determined similarly (57.4 f 5.2%). 


Sensitivity -At an added cetiedil concentration of 0.5 ng/mL. the cetiedil 
peak was not routinely detected under optimal conditions (chromatograph 
attenuation, 2; injection volume, 2.0 pL) .  At  I ng/mL, celiedil peaks were 
detectable: however, the determined value was 2.56 f 0.09 ng/mL ( n  = 5 ) .  
This unacceptably large value may reflect nonlinearity of the standard curve 
at <5 ng/mL. When 2.0 mL of plasma was used, 5.0 ng/niL (average C'V, 
12.91; Table I )  was the sensitivity limit. From the general standard curve 
equation (JJ = 0.01 19x - 0.0259), the theoretical sensitivity limit of the 
procedure would be 2.18 ng/mL. This large value may indicate that the plasma 
background was producing a significant amount of signal. Alternatively, the 
tailing of the solvent peak under maximal detection conditions may contribute 
to the large amount of background signal. 


Plasma Level Studies-In Fig. 2 is shown the decline of unchanged cetiedil 
in human plasma after a 30-min intravenous infusion at a dose of 0.1 5 mg/kg 
in three subjects. The disposition of cetiedil is described by a twc-compartment 
model (10). 


DISCUSSION 


The described procedure is sensitive and reproducible over a 5-80 nanogram 
per milliliter range. Detector response was linear over a wide concentration 


Table 11-Reproducibility of Cetiedil Determination over Time 
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Figure 2-Plasma level decline of unchanged cetiedil after an intracenous 
infusion of 0.15 mglkg: n = 3 unless otherwise indicated by numbers in pa- 
rentheses. 


range. When kept in  the dark at - 1  5 ° C  thesamples remained stable for a t  
least 3 months without any added preservative. Standard solutions were kept 
in thedark at room temperature and remained stable for at least 2 weeks. All 
glassware were silanized to minimize drug losses. 


In summary, this report, along with many other recent studies, illustrates 
the utility of the nitrogen-phosphorus detector in measuring drug levels over 
a 5-80 nanogram per milliliter range. Although combined GC-MS may 
provide greater sensitivity and require less time for sample analysis, such in-  
strumentation is not universally available. Application of the nitrogen-sensitive 
detection technique to measurement of the candidate antisickling agent cetiedil 
has provided preliminary information regarding its plasma levels in  hu- 
mans. 
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Amount of 
Cetiedil Added, Concentration of Cetiedil Found, ng/mL 


ng/mL I d  3 d  5 d  7 d  30 d 90 d Mean f .yDb 


5 
10 
20 


7.1 
12.2 
22.3 


5.7 
11.2 
20.6 


5.4 
6.0 


18.4 


5.4 
9.2 


28.4 


5.6 
11.2 
24.8 


5.2 5.64 i 0.82 
8.6 9.75 i 2.25 


22.8 22.86 f 3.46 
40 49.2 42.3 36. I 46.0 57.4 42.4 45.58 * 7.26 
80 96.6 84.9 80.7 1 1  1.4 100.0 84.1 92.93 f 11.82 
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Radiopaque Liposomes: Effect of Formulation 
Conditions on Encapsulation Efficiency 
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Abstract 0 Liposomes containing sodium ioxitalamate were prepared by 
sonication. Suitable amounts of purified soybean phosphatidylcholine and 
cholesterol were used at various molar ratios. Stearylamine or dicetylphosphate 
were added to this lipid composition when charged liposomes were required. 
After sonication and removal of unencapsulated solute, this manufacturing 
process yielded small multilamellar vesicles as confirmed by electron mi- 
croscopy. These liposomes did not exhibit a narrow range of size distribution; 
the mean particle size varied from 135 to 145 nm. With respect to the effi- 
ciency of encapsulation, two parameters were distinguishable: the volume of 
encapsulated aqueous space per unit of lipid weight and the percentage of the 
contrast agent added that became encapsulated in the liposomes. Investigation 
of the preparative parameters revealed that increased molar ratios of cho- 
lesterol yielded higher aqueous volume and iodine contents in the liposomes, 
which were attributed to a reduction of the liposome permeability to the 
contrast agent. However, the inclusion of cholesterol into the bilayer liposomal 
membrane was limited, probably by solubility restrictions. Negatively and 
positively charged liposomes had higher rates of encapsulation than did neutral 
liposomes. This result was expected since efficient encapsulation of polar 
compounds requires formation of large aqueous spaces within the vesicles per 
mole of lipids. Increase of the lipid fractions a t  a constant ratio of phospha- 
tidylcholine-cholesterol, with all the other factors kept constant, reduced the 
aqueous volume entrapped per millimole of lipid and, consequently, the iodine 
content in the liposomes. However, an increase in the initial sodium ioxita- 
lamate concentration diminished the aqueous volume entrapped in the lipo- 
somes but increased the iodine content. 


Keyphrases 0 Liposomes-radiopaque, effect of formulation conditions on 
encapsulation efficiency 0 Formulations-radiopaque liposomes, effect on 
encapsulation efficiency 0 Encapsulation-radiopaque liposomes, effect of 
formulation conditions 


The possibility of utilizing liposomes as vehicles for thera- 
peutic agents had been widely considered over the last 16 years. 
The potential applications have been extensively reported and 
clearly summarized (1-3).  The ultimate goal has been the 
targeting of drugs and other biologically active ingredients to 
specific cells within the body. However, this cannot be easily 
accomplished since it has been shown in numerous reports that 
intravenously injected liposomes localize predominantly in the 
liver, spleen, and other organs rich in cells of the reticulo- 
endothelial system (4). 


The specific hepatic uptake can be exploited to design a 
seleetive delivery system based on liposomes containing sodium 


ioxitalamate, which is a water-soluble iodinated contrast agent 
characterized by its high iodine content (57%). The radiopaque 
agent, sodium ioxitalamate (I), is primarily used for urography 
because of its pharmacokinetic properties, ( 5 6 ) ;  however, side 


COONa 


I*’ 
CH,---CO-HN CO-NH-CH,--CH,OH 


I 
I 


effects, allergic reactions, and intolerance have been reported. 
The preparation of liposomes containing the radiopaque agent 
is, therefore, also aimed at  reducing or avoiding these adverse 
reactions since selective liver uptake enables administration 
of smaller amounts of radiopaque agent for a similar or even 
improved diagnostic result. The liposomal preparation will 
probably be able to produce a visible contrast enhancement 
of the liver, which will help improve the diagnostic accuracy 
of computerized tomography of this organ. Some attempts, 
including the preparation of brominated radiopaque liposomes 
(7) and the encapsulation of diatrizoic acid salts within lipo- 
somes (8), have already been performed, yielding preliminary 
results that are promising. However, this interesting approach 
is limited by the amount of contrast agent that can be en- 
trapped in the aqueous phase of liposomes and the potential 
release of the opaque ingredient from the liposomes. The ob- 
jective of this study, therefore, is to incorporate the contrast 
agent within liposomes and to investigate some of the physical 
and chemical factors which may control the efficiency of the 
encapsulation rate. The results of such an investigation offer 
the possibility of optimizing liposome formulation, enabling 
a high encapsulation rate and, consequently, an increase in the 
opacification of the liposomes caused by their high iodine 
con tent . 
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OPEN FORUM 


Area Under Blood Level versus Time Curves at  
Steady State for Daily Dosing at Unequal Dosing 
Intervals 


Most problems that deal with steady-state drug blood levels for multiple 
dosing assume that doses are administered at  equal intervals during a 24-h 
period, e.g., four tablets every 6 h or three tablets every 8 h. For the one- 
compartment model, for example, under these circumstances, it is well 
known that at steady state, the area under the blood level versus time 
curve (AUC) during a 24-h period is (Total Daily Dose)/&,, where k ,  is 
the first-order elimination rate constant. A question of interest is the value 
of the AUC at  steady state when the doses are not given at  equal intervals 
but where the dosage regimen is regular over some period, in particular, 24 
h. This is the more realistic situation, e.g., one tablet a t  8 a.m., noon, 4 
p.m. and 8 p.m. The following simple proof shows that for the above 
conditions. a t  a constant total daily dosage, the AUC at steady state is 
independent of the dosage time intervals for any input function. The 
following differential equation describes a one-compartment model, in 
general: 


dX,/dr =/IX(r)] - kJc 0%. 1) 


where/[X(r)] is in the input function (absorption) and kJ, represents 
first-order elimination. 


If x ( r )  is periodic, so isflX(r)]. (Note that the 24-h dosing schedule 
does not change.) At steady state, X, will be periodic with the same period. 
Here, the period is 24 h for a regular 24-h dosing regimen. Integrating Eq. 
1 from 10 to (0 t T: 


~o‘o+r(dXc/dr )dr  = S‘o+r/Ix(r)]dr ‘0 - k ,  Sfo+’X,dr 10 (Eq. 2) 


Xc(ro + T) - Xc(ro) = (Total dose from r o  to r o  + 7’) - k,(AUC) from r o  
to 10 + T. If T is the period (24 h in this example): Xc(ro + T )  = Xc(fo), 
and (Total 24-h dose) = x24 = k,(AUC)z,, or AUC = (X24)/kc. 
Therefore, the AUC over a 24-h period is dependent on the total dose 
given during the 24 h, and independent of how it is administered providing 
that the regimen is periodic. 


Using a similar argument, it can be shown that this conclusion holds 
also for higher-compartment models with any input function, if dosing is 
periodic during a specific interval. 


Sanford Bolron 


St. John’s University 
College of Pharmacy and Allied 


Health Professions 
Jamaica, NY 11439 
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Secret Formulations from the Industry’s 
Perspective 


As an individual who has worked in industry some 10 years now, I was 
most disturbed a t  some of the comments and implications in Dr. 
Feldmann’s editorial’ “Putting an End to Secret Formulations.” First of 
all, I take strong exception to his assertion that the reason for industry’s 
reluctance to disclose our formulations is simply to create an illusion of 
mystery. Those of us i n  the formulation development end of the business 
feel very strongly that protection of our formulations is indeed an 
important issue with respect to competition. While it may be true that 
another firm could “crack” our formulas if they were willing to invest 
enough analytical effort (although I question whether it is only a 
“moderate challenge” for the analyst to completely quantitate any given 
formula), the very fact that such an effort would have to be made presents 
a significant barrier to our cornpetition. We have no obligation or dcsire to 
give away the substantial investment we have made in developing our 
formulas without compelling justification. To do otherwise makes no more 
sense than for GM to provide blueprints of their latest design innovations 
to Ford and Chrysler on request. 


Dr. Feldmann alludes several times to the possibility that (perish the 
thought!) industry’s primary motivation might be to make a profit. 
Obviously, it is the goal of industry as well as the rest of the drug 
distribution system to make a profit (without which there would be no 
industry as  we know it in the free world, no viable private sector, no 
pharmaceutical research, and, very likely, no funding for APhA, APS, or 
this Journal) and we have nothing to apologize for this. A profit is not a t  
all necessarily inconsistent with high ethical standards and a genuine 
concern for mankind, both of which the U S .  pharmaceutical industry has 
repeatedly demonstrated. Dr. Feldmann provides no basis for his 
emotional accusation that somehow industry has been trading “human 
lives” for profits by not labeling our products with the entire listing of 
ingredients. Although I am pcrsonally unaware of any documented 
evidence that formulation excipients are causing significant medical 
problems, there may indeed be a persuasive justification for this 
information being made available due to substantive safety issues. 
However, such arguments should be factually presented and weighed 
against legitimate commercial concerns, not couched in emotional tirades 
based on highly questionable assumptions. 


Beyond these specific concerns, I am disturbed at  the hostile tone of this 
editorial towards industry. I would hope that the Association has matured 
beyond the simplistic big-business-always-wears-black-hats mentality that 
was so prevalent in our society in the late 60’s and early 70’s. The 
pharmaceutical industry is certainly not above criticism, but the 
consistently negative portrayals of industry practices and ethics in such 
editorials are  not only inaccurate in my opinion but can hardly be called 
objective. Such apparent bias and the inevitable polarimtion it encourages 
seems highly inappropriate for an organization which claims to represent 
all of pharmacy. 


Douglas W. Mendenhall 
Pharmaceutical Products Division 
Abbott Laboratories 
North Chicago, IL 60064 


Received July 27, 1984 


1E. G. Feldrnann. J .  Phorm. Sci., 73,577 (1984). 


Author’s Response 


I wish to assure Dr. Mendenhall, as well as all our readers, that no 
“hostile tone” toward industry was intended in my editorial that he cited. 
Certainly, we can disagree regarding specific policies and still maintain 
cordial working relationships and feelings of mutual respect. 


In fact, the matter of maintaining secrecy regarding drug product 
ingredients has been an issue of considerable difference of opinion wifhin 
the pharmaceutical industry. In my discussions with industry colleagues 
over the past several years, many of them have favored full ingredient 
disclosure for precisely the reasons mentioned in the editorial. And, a t  the 
same time, many other industry colleagues felt contrary-minded. 


not only among industry scientists, but also between various firms. This 
had prevented PMA as an organization from supporting the concept of 
complete ingredient disclosure. However, we were happy to learn that 2 
months following our editorial, a t  its meeting on July 9, the PMA Board of 
Directors voted that its member companies will voluntarily list inactive 
ingredients in product labeling. According to the PMA announcement, this 
action “is intended to provide added safety for persons sensitive to an 
inactive ingredient.” 


As to the two “specific concerns” voiced by Dr. Mendenhall: (a )  our 
readers can make their own judgments as to the relative difficulty that a 
qualified analytical laboratory would currently encounter in determining 
the qualitative composition of a typical drug product, and ( b )  each of us in 
his or her own conscience needs to reconcile the degree that our profit 
motives will be balanced against our humanitarian and societal concerns. 


Indeed, it is my understanding that such differences in viewpoint existed 


Edward G. Feldmann 
American Pharmaceutical Assoc. 
2215 Constitution Avenue, N.W. 
Washington, DC 20037 
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Abstract 0 This investigation was designed to determine the cause of the 
changes in drug protein binding that occur in rat plasma, particularly in 
plasma from pregnant animals, during in uitro drug- protein binding mea- 
surements. In uiuo estimates of phenytoin binding in plasma were obtained 
from steady-state CSF-plasma concentration ratios in pregnant and non- 
pregnant rats. Immediate ultrafiltration of heparin- or EDTA-anticoagulated 
plasma yielded phenytoin free fraction values that were in good agreement 
with in uiuo estimates for nonpregnant rats but that were about one-third 
higher than in oioo estimates for pregnant animals. In oitro free fraction values 
tended to increase during incubation of plasma and/or during equilibrium 
dialysis. The concentrations of the four major endogenous free fatty acids were 
similar in plasma of pregnant and nonpregnant rats if determined immediately 
after blood collection. Six hours of incubation at 37OC caused fatty acid 
concentrations to increase about fivefold and twofold in  hcparin-anticoagu- 
lated plasma from pregnant and nonpregnant animals, respectively. The 
corresponding increases in EDTA-anticoagulated plasma were only about 
twofold and I .l4-fold, respectively. These changes were associated with de- 
creased plasma protein binding of phenytoin. The in oiuo differences between 
pregnant and nonpregnant rats with respect to phenytoin binding in plasma 
arc not due to differences in fatty acid concentrations, but the in uitro dif- 
ferences are due primarily to corresponding differences in free fatty acid 
concentrations if extensivc in uirro lipolysis occurs. 


Keyphrases 0 Phenytoin-plasma protein binding, lipolysis, pregnant and 
nonpregnant rats 0 Lipolysis-in uiiro and in uiuo comparisons, plasma 
protein binding, pregnant and nonpregnant rats 0 Anticoagulants-heparin, 
EDTA, plasma protein binding, in uitro and in uiuo comparisons, pregnant 
and nonpregnant rats 


Pregnancy is known to be associated with quantitative 
changes of drug biotransformation ( 1) and drug-protein 


binding in plasma or serum (2). Properly designed studies of 
the effect of pregnancy on the pharmacokinetics of drugs, 
therefore, require measurement of unbound drug in plasma, 
to differentiate between pharmacokinetic changes due solely 
to drug binding alterations and those due to altered intrinsic 
clearance or to a combination of both types of effects. Unfor- 
tunately, the drug-protein binding characteristics of plasma 
from pregnant rats and, to a lesser extent, from pregnant 
women are quite unstable (3,4). A lack of appreciation of this 
problem can lead to serious misinterpretations in phar- 
macokinetic studies, particularly in the assessment of intrinsic 
drug clearance and drug concentration-pharmacological ac- 
tivity relationships. 


This investigation was designed to determine the causes of 
in uitro alterations in protein binding of drugs in plasma from 
pregnant and nonpregnant rats and to assess the effects of the 
in uitro anticoagulant and of the methodology used for protein 
binding determinations. The study protocol also permitted a 
comparative determination of the effect of pregnancy on the 
total clearance and in uiuo plasma protein binding of phenytoin 
in rats. 


EXPERIMENTAL SECTION 


Pregnant (day 20 of gestation) and nonpregnant Lewis rats’ (the latter 9 
200 g) received a loading dose of phenytoin, 14.7 mg/kg, by rapid injection 


’ Charles River Breeding Laboratories. Wilmington, Mass. 
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Table I-Plasma Protein Binding of Phenytoin in Pregnant and Nonpregnant Rats: Effect of Methodology and In Vitro Anticoagulant on Free Fraction 
Determination * 


Pregnant Rats 
EDTA Heparin 


Nonpregnant Rats 
EDTA Heparin 


Total phenytoin in plasma, pg/mL 15.8 f 1.7 16.9 f 3.6 12.3 f 4.7 12.4 f 3.0 
CSF-plasma conc. ratio X 100 19.1 f 2.3 17.0 f 0.9* 12.6 f 2.3 13.8 f 0.9b 
Free fraction X 100 


Immediate ultrafiltration 25.5 f 4.2 23.4 f 7.3e 12.4 f 1.5 13.7 f 1.8 
Ultrafiltration after 6 h 3 1.9 f 4.9d 39.4 f 1 2.9d9 12.5 f 1.8c 13.9 f 1.9c 
Equilibrium dialysis 26.2 f 3.2 28.5 f 7.3d,e 15.2 f 1.4d 17.5 f 1.9C*d 


a Mean fSD, n = 6 except pregnant-heparin group where n = 5. n = 4 sincc CSF could not be obtained from one or two animals. n = 5 due to loss of sample or inadequate 
plasma volume. The method of protein binding measurement had a significant effect on free fraction values, as determined by two-way ANOVA for pregnant and nonpregnant 
rats considered separately. The superscript indicates that the free fraction value differs significantly (p < 0.05 by Newman-Keuls test) from the CSF- lama concentration ratio 
X 100. One rat had only three fetuses and yielded unusually low free fraction values. Without that animal, the free fraction X 100values for immcdiatc ulrafiltration, ultrafiltration 
after 6 h, and equilibrium dialysis wcre 25.9 f 4.3. 44.4 f 4.5, and 3 1.3 f 2.6, respectively. 


Table 11-Concentrations of Free Fatty Acids in Plasma of Pregnant and Nonpregnant Rats: Effect of Ultrafiltration and In Vitro Anticoagulant * 


Pregnant Rats 
EDTA Hevarin 


Nonpregnant Rats 
EDTA Heparin 


Palmitic Acidb 
Oh 
6 h  
Ratio, 6 h/O h 


Oh 
6 h  
Ratio, 6 h /O  h 


Oh 
6 h  
Ratio 6 h/O h 


Stearic Acid 


Oleic Acid 


196 f 48 
371 f 119 
1.94 f 0.58 


58.8 f 26.8 
89.4 f 28.1 
I .65 f 0.50 


152 f 78 
321 f 137 


2.27 f 0.68 


179 f 38 
792 f 67 


4.54 f 0.79 


54.9 f 23.6 
156 f 27 


3.12 f 0.93 


130 f 53 
743 f 110 


6.25 f 1.76 


167 f 26 
183 f 29 
1.10 f 0.14 


51.0 f 14.3 
64.6 f 18.4 
1.42 f 0.73 


127 f 44 
127 f 28 


I .09 f 0.44 


152 f 19 
260 f 29 
1.75 f 0.37 


49.2 f 9.9 
95.6 f 24.5 
2.05 f 0.73 


118 f 37 
209 f 37 
1.97 f 0.81 


Linoleic Acid 
0 hr 77.5 f 45.4 65.7 f 27.0 67.7 f 26.0 66.1 f 23.1 
6 h  178 f 88 379 f 74 89.2 f 38.5 145 f 31 
Ratio 6 h/O h 2.49 f 0.91 6.28 f 1.84 1.37 f 0.49 2.45 & 0.99 


Oh 484 f 196 430 f 125 422 f 122 385 f 87 
6 h  960 f 364 2071 f 578 463 f 105 709 f 94 
Ratio 6 h/O h 2.08 f 0.62 5.10 f 1.20 1.14 f 0.32 1.95 f 0.62 


Total fatty acidsC 


Mean ASD,  n = 6 except pregnant-heparin group where n = 5. All concentrations are expressed as pM/L.  b Assayed immediately after blood collection (0 h) or after 6 h incubation 
Based on the sum of the concentrations of the four individual free fatty acids. of the plasma at 3 7 T ,  before ultrafiltration (6 h). 


and then a continuous infusion of phenytoin, 195 pg/min/kg, through a 
jugular vein cannula. Only saline solution without anticoagulant was used to 
maintain cannula patency before the experiment. CSF and blood (for plasma) 
from the abdominal aorta were obtained at  2 h after the beginning of the 
infusion and were assayed for phenytoin by HPLC. Details of these procedures 
have been described previously (5). The blood was collected in a plastic sy- 
ringeZ containing either heparin) or EDTA in amounts such that their con- 
centrations in the blood were -20 U/mL or 2 mg/mL, respectively. The sy- 
ringes had been dried overnight a t  37OC to remove the solvent from the anti- 
coagulant solutions. Plasma was separated immediately after blood collection 
by centrifuging at  15,600Xg for 1 min. Two microliters were ultrafiltered (3) 
immediately at 37OC to yield N 90 p L  of filtrate, and another portion of the 
plasma was similarly ultrafiltered after 6-h incubation (in a capped glass vial) 
in a waterbath at 37°C. A third portion of the plasma was used for equilibrium 
dialysis at 37°C for 6 h against an equal volume of isotonic sodium-potassium 
phosphate buffer, pH 7.4 (5). The cellophane membrane4 used for these 
procedures had a pore permeability cut-off of between 12,000 and 14,000 Da. 
Phenytoin concentrations in the protein binding experiments wcre measured 
by an HPLC method, with a detection limit of -1 pg/mL (5). 


One hundred-microliter portions of plasma were taken before and after 
incubation for analysis of free fatty acid concentrations. The “before incu- 
bation” sample was extracted into hcxane within 5 min after blood collection 
to minimize in uitro lipolysis. Fatty acid concentrations were determined by 
GC after extraction and derivatization as described by others (6) except that 
n-heptadecanoic acid was used as the internal standard and sample volumes 
were reduced. 


To determine the effect of in uitro addition of free fatty acids to serum on 
phenytoin protein binding, 200 pL of an ethanolic solution of fatty acids 
(palmitic, -40 mM; stearic, -8 mM; olcic, -60 mM; linoleic, -25 mM) 
was added to 20 mL of pooled rat serum (from 10 nonpregnant female ani- 


Plastipak; Becton. Dickinson and Co., Rutherford, N.J. 


Visking; Union Carbide Corp., Chicago, 111. 


’ Heparin from beef lungs. 1000 U/ml. solution; The Upjohn Co., Kalamazoo, 
Mich. 


mals) containing added phenytoin, 23 pg/mL. Another portion of that serum 
with only ethanol added was used as a control. Protein binding of phenytoin 
was determined by ultrafiltration at  37OC of seven aliquots of each pooled 
serum portion. 


RESULTS 
The results of the phenytoin infusion studies on pregnant and nonpregnant 


rats are summarized in Table 1. Based on the plasma concentrations, which 
should be at  steady state under the experimental conditions (5). the total 
clearance of phenytoin was significantly lower in the pregnant rats (12.2 f 
2.0 mL/min/kg; mean f S D )  than in the nonpregnant rats (17.1 f 4.9 
mL/min/kg;p < 0.01). This was also the case for the total clearance of free 
drug (70.0 f 14.9 uersus 136 f 35 mL/min/kg;p < 0.001) which was cal- 
culated on the basis of the in uiuo free fraction of phenytoin ( i .e. ,  C S F  con- 
centration-plasma concentration ratio). These results represent the combined 
data obtained from the EDTA and heparin experiments because of their ex- 
cellent replication and the identical in uiuo experimental conditions, and were 
analyzed statistically by the unpaired t test. 


The CSF-plasma concentration ratio of phenytoin was significantly higher 
in  pregnant than in  nonpregnant rats (p < 0.001 by t test for the combined 
EDTA and heparin data). There was excellent agreement between this ratio 
and the in uitro phenytoin free fraction in plasma from nonpregnant rats that 
was ultrafiltered within 5 min after blood collection (Table I). On the other 
hand, the in uifro free fraction of phenytoin in plasma from pregnant rats, 
determined under the same conditions, was about one-third higher than the 
CSF-plasma concentration ratio in these animals. Free fraction values of 
phenytoin determined by ultrafiltration after incubating plasma from pregnant 
rats for 6 h at 37OC were even higher. Equilibrium dialysis for 6 h at 37OC 
also yielded appreciably higher free fraction values than the in uiuo estimates 
(CSF-plasma concentration ratio), for both pregnant and nonpregnant rats. 
The statistical significance of these differences are indicated in Table I.  


Table I1  contains a summary of the results of the assays of the plasma 
samples for palmitic, stearic, oleic, and linoleic acids. The concentrations of 
these endogenous free fatty acids in  plasma assayed within 5 min after blood 
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RATIO OF FREE FATTY ACID CONCENTRATIONS 
Elpre I-Relationship between the ratios of the phenytoin free fraction 
values obtained by ultrajiltration (after 6 h incubation at 37°C immediately. 
without incubation) and the ratios of the total free fatty acid concentrations 
(measured concomitantly in plasma of rats at day 20 of gestation) when either 
EDTA (B) or heparin (a) was used as the in vitroanticoagulant (r = 0.90, 
p < 0.001). 


collection were similar in pregnant and nonpregnant animals, irrespective of 
the anticoagulant used. However, heparin-anticoagulated plasma underwent 
pronounced lipolysis during 6 h of incubation, particularly plasma from the 
pregnant rats. Total free fatty acid concentrations increased by an average of 
41 0% in plasma from pregnant rats and 95% in plasma from nonpregnant rats 
during incubation. These changes were much smaller in EDTA-anticoagulated 
plasma: 108% and 14%, respectively. The relative increase in fatty acid con- 
centrations was associated with a corresponding relative increase in the free 
fraction of phenytoin in  plasma from pregnant rats (Fig. I ) .  Addition of a 
mixture of the four free fatty acids, similar in proportion to that found in oiuo, 
to serum from nonpregnant rats caused an increase of phcnytoin free fraction 
values similar in relative magnitude to that found on lipolysis (Fig. 2). 


DISCUSSION 


The therapeutic management of pregnant patients with seizure disorders 
is difficult (7).  The most frequently used drug for this purpose is phenytoin. 
Pregnancy may be associated with alterations in the pharmacokinetics of 
phenytoin and in the phenytoin concentration-effect relatiomhip. Investi- 
gations of these possibilities in patients and in intact animals must be designed 
to distinguish between apparent effects referable to pregnancy-associated 


I 


a 
L 0.2 


260 000 1460 2obo 
CONCENTRATION OF TOTAL FREE FATTY ACIDS, pmol/L 


Figure 2-Relationship between free fraction oalues of phenytoin and con- 
centration of total free fat ty  acids in plasma. The lines were determined by 
bivariate linear regression. The two closed circles with the vertical bars (f SD) 
are the free fraction values obtained with serum from nonpregnant rats with 
and without addition of a physiological mixture of free fatty acids. Key: (-) 
relationship for pregnant rats at day 20 of gestation (r = 0.85, p < 0.001); 
( -  - -) relationship for both nonpregnant and pregnant rats after incubation 
of plasma for 6 h at 37°C (r = 0.86. p < 0.001); (Bs 0 )  plasma from pregnant 
rats with EDTA as anticoagulant: (a.0) plasma from pregnant rats with 
heparin as anticoagulant; (A. A) plasma from nonpregnant rats with EDTA 
as anticoagulant; (v,v) plasma from nonpregnant rats with heparin as 
anticoagulant. Closed symbols: before incubation; open symbols: after 6-h 
incubation at 37°C. 


decreased plasma protein binding of phenytoin and actual changes in intrinsic 
clearance of the drug and in the relationship between biophasic drug con- 
centration and pharmacological response. I t  became evident in the course of 
such an investigation (8) that the protein binding of phcnytoin in plasma from 
pregnant rats undergoes rapid and pronounced alterations in oitro during the 
time'between blood collection and plasma protein binding dctcrmination ( 3 ) .  
The present study was dcsigned to determine the cause of these alterations 
and to explore possibilities for minimizing them. 


An important, although incidental, result of this investigation is the dem- 
onstration of a decreased steady-state plasma clearance of phenytoin by 
pregnant as compared with nonpregnant rats. The clearance of free (unbound) 
phenytoin in nonpregnant (control) animals was about twice as high as that 
in pregnant rats when both groups of animals received infusions of the drug 
at the same rate per unit of body weight. Since phenytoin pharmacokinetics 
are nonlinear and subject to product inhibitory effects in rats (9, lo), quan- 
titatively different results may have been obtained if the clearance determi- 
nations had been made at  compardbk plasma concentrations rather than at 
comparable infusion rates. The results of more detailed and extensive studies 
of the effect of pregnancy on phenytoin elimination kinetics in rats will be 
presented in another report and a discussion of the subject will, therefore, be 
deferred. 


Unbound phenytoin in plasma equilibrates readily with phenytoin in CSF 
the CSF-plasma concentration ratio of the drug represents. therefore. its free 
fraction value in  plasma under in oioo conditions ( 5 ) .  It was found that the 
free fraction of phenytoin in rat plasma is substantially (350%) increased 
in late pregnancy. This result is not a consequence of the higher phcnytoin 
concentrations in the pregnant animals, since the protein binding of phenytoin 
in  rat serum is independent of concentration over a wide range ( 1  I ) .  Nor are 
these in vioo results subject to uncertainties due to the technical problems and 
possible artifacts associated with in oitro protein binding determinations. 


The ability of nonesterified (free) fatty acids to affect (usually decrcasc) 
the plasma protein binding of drugs is well established ( I  2). Recent rcsearch 
emphasis has been on the elevation of fatty acid concentrations in plasma after 
systemic administration of heparin; this elevation is now recognized to be 
largely an in vitro artifact due to continuing lipolysis in plasma during the time 
between blood collection and the determination of fatty acid concentrations 
(13, 14). While injected heparin mobilizes and activates lipases which then 
cause formation of free fatty acids from triglycerides in plasma, cven plasma 
from individuals (humans and rats) who have not received heparin contains 
appreciable lipolytic activity ( I  5-17). Consequently, the concentrations of 
free fatty acids increase in vitro even in plasma of individuals who have not 
been treated with heparin (4, 18-22), albeit at a much lower rate than in 
post-heparin plasma. 


The free fatty acids that accumulate in plasma in aitro derive from tri- 
glycerides as  well as from lecithin (19, 23, 24). The plasma concentrations 
of these sources of fatty acids increase substantially during pregnancy ( 2 5 ) .  
thereby increasing both the absolute rate and the extent of in uirro free fatty 
acid formation in pregnancy plasma. Such increase apparently does not occur 
to any signifitant extent in uioo, probably due to distribution of the formed 
free fatty acids from blood to extravascular sites and metabolic clearance. 
Neither distribution nor clearance occur in oitro so that accumulation of free 
fatty acids in plasma can be substantial under in citro conditions. 


The four fatty acid concentrations quantitatively detcrmined in  this in- 
vestigation (palmitic. stearic, oleic, and linoleic acids) account for most 
(-90%) of the fatty acids in human plasma (20, 26). and the sum of their 
concentrations is probably a reasonable estimate of total fatty acid concen- 
tration in rat plasma. It is desirable, however, to determine the concentrations 
of these fatty acids individually, because they may have quantitatively different 
displacing effects on drugs bound to plasma proteins. By the same token, 
confirmatory protein binding experiments involving in citro addition of free 
fatty acids to plasma should be carried out with Fatty acid mixtures with a 
composition and ratioof concentrations similar to that found incico. Theeffect 
of free fatty acids on the plasma protein binding of different drugs is a function 
of the capacity of the binding sites, the relative concentrations and affinity 
of the ligands, and other variables. Consequently, the rate and extent of protein 
binding alterations of phenytoin reported here apply to that drug only. 


The results of this investigation show that the concentrations of lree fatty 
acids in plasma from nonpregnant rats increase about twofold within 6 h at 
3 7 T ,  i .e.,  under conditions typical of equilibrium dialysis, if heparin is used 
as the in oitro anticoagulant. This lipolysis is almost prcvcntcd by usc of EDTA 
instead of heparin. Total free fatty acid concentrations in  heparinized plasma 
from pregnant rats increase about fivefold during 6 h at 37OC; use of EDTA 
instead of heparin reduces this increase to twofold. When EDTA and heparin 
are used together, the extent of lipolysis is similar to that in. heparinized 
plasma5. This is consistent with reports that EDTA is not a good lipoprotein 


Unpublished results 
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lipase inhibitor (14.27) and indicates that in uirro heparin increased lipolytic 
activity, particularly in pregnancy plasma, under our experimental conditions. 
According to the literature, heparin may activate or inhibit lipases, depending 
on its concentration (28,29). To significantly reduce the in uifro accumulation 
of free fatty acids in plasma, it will be necessary to inhibit not only the lipolysis 
of triglycerides but also the formation of fatty acids from phospholipids (23. 
24). 


The rapid and pronounced in uirro lipolysis in the plasma of pregnant rats 
can easily lead to artifactual overestimation of in uiuo free fatty acid con- 
centrations. One group of investigators reported total plasma free fatty acid 
concentrations of ~ 3 6 0 . 5 6 5 ,  and 848 p M  in heparinized plasma from non- 
pregnant rats, rats at day 19 of gestation. and rats at day  21 of gestation, w 
spectively (30). The control value is similar to that in this study (=400 pM). 
but the values for the pregnant rats are substantially higher than that for rats 
on day 20 of gestation determined in this study (-430 pM) under conditions 
that minimize in uirro lipolysis. When proper precautions are  taken to avoid 
artifacts, there appears to be no appreciable difference in plasma free fatty 
acid concentrations of pregnant and nonpregnant rats. This is also true for 
humans (26). 


While plasma free fatty acid concentrations are  of direct biochemical and 
physiological interest, their significance in pharmacology and pharmacoki- 
netics relates principally to their effect on the plasma protein binding of drugs 
(12,31). This effect is clearly evident in the strong correlation between the 
relative increase in the phenytoin free fraction and the relative increase of total 
free fatty acid concentrations in plasma found in the present investigation (Fig. 
I ) .  Moreover. direct addition of a physiological mixture of fatty acids to serum 
from nonpregnant rats, thereby duplicating the elevation of fatty acid con- 
centrations found in the plasma of pregnant rats after 6 h of incubation a t  
37OC, results in an increase of the phenytoin free fraction to a value similar 
to that of the incubated pregnancy plasma (Fig. 2). 


It is easy to come to the erroneous conclusion that pregnancy-associated 
changes of in uiuo plasma protein binding of phenytoin (or other drugs) are 
due to the displacing effect of increased concentrations of free fatty acids. The 
dashed regression line in Fig. 2 represents the relationship between phenytoin 
free fraction value and total free fatty acids concentration in plasma from both 
pregnant and nonpregnant rats when that plasma had been incubated for 6 
h at 37OC (i.e., under conditions typical of equilibrium dialysis). The corre- 
lation is strong ( r  = 0.86) and highly significant (p < 0.001). but the con- 
clusion is incorrect because it is based on inappropriate experimental condi- 
tions. 


The solid symbols in Fig. 2 demonstrate that, when in uifro lipolysis is 
minimiztd, the protein binding of phenytoin is much less pronounced in plasma 
of pregnant rats than in plasma of nonpregnant controls at comparable free 
fatty acid concentrations. Viewed from another perspective, in uiuo plasma 
protein binding of phenytoin is much less in pregnant than in nonpregnant 
rats (Table I), even though fatty acid concentrations are similar in the two 
groups when measured under conditions that minimize in uitro lipolysis (Table 
11). The notion that the diminished in uiuo plasma protein binding of drugs 
during pregnancy is due to elevated fatty acid concentrations is, therefore, 
untenable. Lower plasma albumin concentrations during pregnancy (2.32). 
possible accumulation of endogenous displacers other than fatty acids, and 
possible conformational changes of albumin are more likely causes of de- 
creased plasma protein binding of albumin-bound drugs during pregnancy 
( 1  I ) .  


The in virro lipolysis and corresponding changes in drug-protein binding 
demonstrated here with respect to plasma from rats in late pregnancy have 
also been investigated in humans (4, 33). The degree of in uirro lipolysis in 
plasma obtained from pregnant women during 6 h of equilibrium dialysis was, 
generally, somewhat less pronounced than in plasma from pregnant rats while 
the protein binding changes associated with the increased fatty acid concen- 
trations ranged from negligible (phenytoin), to modest (salicylate, ibuprofen), 
to pronounced (diazepam). Rapid in uirro lipolysis may also occur in plasma 
from other species and in other states of altered physiology. It will be necssary 
to identify or rule out these factors in investigations of drug kinetics and dy- 
namics in disease states. 


Unfortunately, an in uiuo estimation of plasma protein binding based on 
the steady-state CSF-plasma concentration ratio is not always feasible, be- 
cause not all drugs equilibrate to equal concentrations in C S F  and plasma 
water ( 5 ) .  Rapid separation of plasma after blood collection (which is facili- 
tated by use of a high speed centrifuge), use of EDTA (or other suitable 
compounds) rather than heparin as the in uirro anticoagulant (provided that 
EDTA does not interfere with the drug-protein binding), and rapid ultrafil- 


tration will minimize in uirro lipolysis and thereby reduce the likelihood of 
artifactual protein binding estimates. Particularly, if ultrafiltration is not 
feasible due to membrane binding or other technical problems and equilibrium 
dialysis must be used, determinations of fatty acid concentrations in plasma 
immediately after blood collection and again after dialysis (33) will provide 
an indication of the magnitude of in uirro lipolysis under the experimental 
conditions. 
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traction and chromatography is essential for good results. The capillary column 
with an immobilized stationary phase and the possibility of solvcnt washing 
was also a big advantage in this assay. 
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Abstract 0 The binding of sulfadimethoxine to selected human blocd protein 
fractions and to fresh serum has been examined by means of a new equilibrium 
(Ji.  ‘I I qsis , . ’  technique which minimizes experimental error and permits the 
cviiluation of low-level binding. Certain a-globulin fractions. containing 
mixtures of proteins, were found to bind the drug. Scatchard analysis of the 
binding of sulfadimethoxine to fresh serum, calculated as though al l  of the 
binding is due to albumin, gives a different result from that obtained with 
isolated albumin. This may be a reflection of the contribution of the a-glo- 
bulins to the overall binding of sulfadimethoxine in fresh serum. Although 
sulfadimethoxine is amphoteric, i t  did not bind to the a,-acid glycoprotein. 
Thc drug behaves as an acidic compound when binding to the blood pro- 
teins. 


Keyphrases 0 Sulfadimethoxine blood fraction binding, equilibrium dialysis, 
humans 0 Blood fraction binding-humans. sulfadimcthoxinc, equilibrium 
dialysis 


Sulfadimethoxine is a long-acting sulfanilamide antibac- 
terial drug which is extensively bound to the proteins of the 
blood ( I ,  2). It has been shown that the antibacterial activity 
and rate of metabolic ,V-acctylation of sulfanilamide drugs 
depend on the concentration of free, unbound drug in the 
plasma (3.4). Nonlinearity in the pharmacokineticsof sulfa- 
dimethoxine has been associated with dosc-dependent changes 
in  the percentage of the drug bound to plasma proteins (5). 
Furthermore, the volume of distribution of sulfadimethoxine 
is altered significantly by small changes in  the concentration 
of plasma albumin (6). 


Albumin is the most important of the blood proteins in the 
binding of sulfanilamide drugs (2, 6-1 I ) ,  although the in- 
volvement of other plasma proteins has been implied (1 2). 
Sulfadimcthoxine is an amphoteric compound ( 1  3) with an 
acidic center a t  the sulfonamide (pK, 6.7) and a basic center 
at the aniline-like primary amino group (pKh 11.98). The 
isoelectric point is at pH 4.36. Albumin is effective in binding 
acidic drugs such as warfarin ( 14- I6), fenoprofen (1 7, 18) and 
phenylbutazone (19). Unlike these compounds, basic drugs 
such as imipramine (20), alprenolol (21), propranolol, (22) 
and lidocaine (23) bind significantly to nl-acid glycoprotein 


and lipoproteins in addition to albumin. The individual con- 
tributions of different proteins to the binding of drugs becomes 
significant in disease states which lead to changes in the con- 
centration of one or more of the blood proteins (24-27). The 
present study was undertaken to determine whether proteins 
other than albumin are involved in the overall binding of the 
amphoteric drug sulfadimethoxine. 


The binding of sulfadimethoxine to isolated human plasma 
protein fractions was measured by a newly developed cqui- 
librium dialysis technique (28). This method employs cali- 
bration and control procedures that minimize artifactual errors 
and permit statistical evaluation of control and test data. This 
stringent control technique also permits correction to be made 
for concentration-dependent binding to the dialysis membrane 
or other equipment; thus, it is possible to demonstrate statis- 
tically significant binding at low levels (< 10%). 


EXPERIMENTAL SECTION 


Equilibrium dialysis was performed using 20-cm strips of dialysis tubing’. 
I-cm diameter. 4.8-nm pore diameter. with a molecular weight cut-off of 
I2.000. These membranes werc immersed in  boiling w a w  and then stirred 
for 2 h a s  they cooled. The tubing was then stirred with 70% methanol for 30 
min, stored in 50% methanol overnight. rinsed with distilled water, and soaked 
in phosphate buffer (pH 7.4) for 2--3 h prior to use. The membranes were used 
immediately after preparation. The tubing was tied with a double knot at one 
end. and then filled with 2 mL of protein solution in phosphate buffer (pH 7.4) 
containing sulfadimethoxine. The protein solutions were as follows: Cohn 
Fraction I (fibrinogen)* 0.34% (w/v); Cohn Fraction II (a-globulin)’. 0.74% 
(w/v); Cohn Fraction IV-l (a-globulin)3.0.81% (w/v); Cohn Fraction IV-4 
( a - g l o b ~ l i n ) ~ ,  0.81% (w/v); Cohn Fraction V (albumin)), 4% (w/v); Cohn 
Fraction VI (a]-acid glycoprotein)’, 0.1% (w/v); lyophilized serum3, 7.3%; 
and fresh serum4, reduced to half volume by ultrafiltration. Except for the 
fresh serum, the protein solutions were prepared initially a t  double strength 
in buffer and then diluted with an equal volume of buffer containing sulfad- 
imethoxine. The fresh serum, concentrated to half volume, was diluted with 


I I’isher Scientific Co.. Toronto. Ontario. Canada. 
ICN Pharmaccuticals Inc.. Cleveland. Ohio. 
IJnitcd Statcs Biochemical Corp.. Cleveland. Ohio. 
Collected from a healthy young-adult male volunteer 
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Table I-Sulfadimethoxine Binding 


Total Concentration of Sulfadimethoxine, nmol/mL 
322.6 45 I .6 580.6 806.5 I 096.8 


Fresh serum 
% bound 
nmole/mL bound 


Cohn Fraction V Albumin 
% bound 
nmol/mL bound 


Cohn Fraction IV-1 
% bound 
nmol/mL bound 


Cohn Fraction IV-4 
%bound 
nrnol/mL bound 


Lyophilized serlim 
% bound 
nmol/mL bound 


95.9 f 1.46 
309.3 f 4.4 


93.2 f 0.5 
300.7 f 1.6 


10.3 f 1.1 
33.2 f 3.5 


I 7.6 f 0.8 
56.7 f 2.4 


17.8 f 1 . 1 c  
57.4 f 3.5 


96.9 f 0.3 
437.4 f 1.4 


90.5 f O . I c  
408.4 f 0.6 


I 1.8 1.5 
53.1 f 6.9 


16.0 f 0.5 
72.4 f 2.3 


20.8 f 0.4 
93.7 f 1.9 


95.6 f 0.5 
555.4 f 2.1 


87.2 f 0.5 
506.4 f 2.9 


11.0 f 1.3" 
64.2 f 7.8 


15.3 f 1.1 
88.6 f 6.4 


18.6 f 0.8 
107.9 f 4.9 


92.1 f 0.3 
742.9 f 2.5 


71.5 f 0.3' 
625.1 f 2.2 


1 I .6 f 0.8 
93.3 f 6.5 


12.2 f 0.6 
98.6 f 4.6 


16.6 f 0.7 
133.7 f 5.5 


86.5 f 0.4 
948.7 f 4.7 


72.8 f 0.046 
798.8 f 1.8 


13.7 f 0.7 
150.3 f 7.1 


12.3 f 1.0 
135.4 f 11.1 


I 8.4 f 0.4 
201.8 f 4.2 


Unless otherwise noted each value is thc mean of five replicates. fSE: all values are significantly different from control values; p < 0.001. n = 3.  n = 4. d p  < 0.01 


an equal volume of buffer containing sulfadimethoxine. Albumin concen- 
trations in  fresh serum and lyophilized serum were measured by the method 
of Mancini ef al. (29). Thedrugconcentrations were 100. 140, 180, 250, and 
340 pg/mL. 


The following procedure was adopted for each of the solutions described 
above. The tubing was scaled and placed in a glass culture tube (I6 X 125 mm) 
with a plytetrafluorethylene cap. Four milliliters of phosphate buffer (pt i  
7.4) were placed in  each culture tube, and the solutions were dialyzed for 24 
h a t  37"C5. The tubes were rotated vertically through 360'. 12 times per 
minute using a rotary mixer6. The protein solution and dialysate were assayed 
for sulfadimethoxine using the Bratton-Marshall method (30), and absorb- 
ance was measured at 420 nm. Five replicates of each test concentration were 
dialyzed. A set of five controls was prepared for each sulfadimethoxinecon- 
centration studied and placed in the rotary mixer next to the test samples. 
Controls were identical to the test samples, except that the solution inside the 
dialysis membrane contained no protein. Glassware and buffer were auto- 
claved' prior to use. Preparation and transfer of solutions was carried out under 
asepticconditions in  a laminar airflow hood*. The dialysatc was tested for the 
absence of protein visually (absence of frothing) and by means of a semi- 
quantitative colorimetric indicator9. 


RESULTS AND DISCUSSION 


For each of the protein-mlfadimethoxine systems described above, mean 
optical density values ( n  = 5 )  were calculated for tests and controls after di- 
alysis. The percentage of binding was calculated for subtracting the mean test 
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Figure I-A Scarchard plor of the binding of sulfadimethoxine to Cohn 
Fraction V albumin. 


~~~~~~~~ ~ ~ ~ 


Thelco Model 4 Incubator: Fisher Scientific Co., Toronto, Ontario. Canada. 
Hematology/Chemistry Mixer Model 346; Fisher Scientifc Co., Toronto. Ontario. 


Castle Autoclave: Fisher Scientific Co.. Toronto. Ontario, Canada. 
Enviralab Sterility Module; Bio-Dynamics, Burlin ton, Ontario. Canada. 
Albustix: Amcs Co. Division, Miles Laboratories. kcxdale, Ontario, Canada. 


Canada. 


optical density from that of the control and expressing the result as a per- 
centage of control, as previously described (28). 


There was a negative linear correlation between the concentration of sul- 
fadimethoxine and the percentage binding to fresh serum (Table I; y = 
-0.01 3 I6x + 102.0; r = -0.9475, p < 0.02) and to isolated albumin (Table 
I ;  y = -0.02807~ + 102.5; r = 0.9863, p < 0.01). This give the impression 
that the "degree of protein binding decreases with increasing concentration 
of sulfonamide" (3). However, the number of moles of sulfadimethoxinc bound 
to fresh serum or to isolated albumin actually increased in  a linear manner 
with increasing concentrations of drug (Table I ;  fresh serum: y = 0 . 8 2 2 3 ~  + 62.97; r = 0.9978, p < 0.001 : albumin: y = 0.628 Ix + I 18.6; r = 0.9964, 
p < 0.001). It is also important to realize that the concentration of free, un- 
bound drug increased with total concentration of drug (fresh serum: y = 
0 . 1 7 7 8 ~  -62.96;r = 0 . 9 5 5 6 , ~  <0.02;albumin:y =0.3719x - I18.6;r = 


The results of the study of the binding of sulfadimethoxine to fresh serum 
(Table I )  are comparable to thox published by Walker ( I ) .  Scatchard analysis 
(3 I )  of the data was carried out in the same manner used by Walker who as- 
sumed that all of the binding was due to albumin (mol. wt. 69,000). I n  the 
present study, the concentration of albumin in the serum (44.25 mg/mL) was 
measured by radial immune diffusion (29). The five point linear regression 
equation (J = -34361~  + 6141 I ;  r = -0.8900.p < 0.05) gavean x-axis in- 
tercept value of 1.8. A double reciprocal plot (32) derived from the same data 
(y = 0.00002688~ + 0.7377; r = 0 .9893 ,~  < 0.001 ) gave a value of n = 2. I .  
This corresponds to the much quoted value of 2.0 binding sites for sulfadi- 
methoxide per mole of albumin ( I ) .  In the study by Walker. the concentration 
of albumin in the serum was estimated to be 0.63 mM (43.47 mg/mL). 
Working from the published data ( I ) ,  however, we obtained a value of 2.0 
binding sites per mole only if  we assumed the albumin concentration to be 
40.00 mg/mL ( n  = 2.1 by Scatchard analysis; n = 2.0 by double reciprocal 
plot analysis). 


In our studies on the binding of sulfadimethoxine to isolated albumin, the 
concentration of the protein was held constant a t  40.00 mg/ml., an albumin 
concentration which is commonly employed in  binding studies. The binding 
data cannot be compared directly because the isolated albumin was at a 
slightly different Concentration from that in the fresh serum. The intercept 
values of Scatchard or reciprocal plot analysis can be compared, however, 
because these techniques are concerned with the number of moles of ligand 
bound per mole of protein. Therefore, i f  all the binding in serum was attrib- 
utable to albumin, Scatchard plotsof the respective data should give thesame 
x-axis intercept value for serum as for isolated albumin. However, Scatchard 
analysis of the data (Table I ) ,  for the binding of sulfadimethoxine to isolated 
humanalbuminQ = -22357~ + 32829;r = 0.951 I , p  <O.OI),gavean.r-axis 
intercept value of I .5. A double reciprocal plot derived from the same data 
(JJ = 00002688~ + 0.7377; r = 0.9893, p < 0.001) gave a value of n = 1.4. 
There is a discrepancy between the corresponding values obtained with fresh 
serum, in the present study, and in the study by Walker ( I ) .  This suggests that 
( a )  isolation of albumin from other serum constituents may alter the binding 
characteristics from those which prevail in situ, and/or ( 6 )  proteins other than 
albumin may be involved in  the binding of the drug in serum. 


The Scatchard plot (Fig. I )  of the binding of sulfadirnethoxine to isolated 
albumin shows that the first four data points appear to fall on a straight line 
(y = -3 I258x + 39244; r = -0.9958, p < 0.001; x-axis intercept value I .26). 
while the fifth point deviates considerably from this line. The study was not 
designed to investigate the binding of sulfisoxazole to albumin at high satu- 
ration. but the Scatchard plot does suggest that more than one binding site 


0.9899, p < 0.01 ). 
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Figure 2--The binding of sulfadimethoxine expressed in nnrollmg. Key: (AJ 
Cohn Fraction Valbumin, y = 0.01570~ t 2.972; r = 0.9964, p < 0.001. (BJ  
Cohn FractionIV-l a-globulin. y = 0.01817~ - 2.1102; r = 0.9911. p < 0.01. 
(C) Cohn Fraction I V - 4  a-globulin. y = 0.09612~ + 27.69: r = 0.9883. p < 
0.01, (0) Fresh serum, with calculations hosed on a total protein concentration 
of 72.5 mg/mL. y = 0.01133~ t 0.8679; r = 0.9978, p < 0.001. ( E l  Fresh 
serum. calculated as if all the hinding were due to ulbumin at a concentration 
of44.25 mg/mL, y = 0 . 0 1 8 6 ~  + 1.422; r = 0.9978, p < 0.001. 


is involved. It is possible that at low saturation ( r  < I ) ,  thedrug binds primarily 
to a high affinity site, while at a higher saturation ( r  > I ) ,  a lower affinity site 
will also bind sulfadimethoxine. At high saturation, however, the binding of  
the drug in oiuo would be further complicated by the presence of other binding 
proteins. 


Sulfadimethoxine showed low-level. but statistically significant, binding 
to two Cohn Fractions (33) of human plasma-serum, as  shown in Table I. 
There were positive linear correlations between theconcentration of sulfadi- 
methoxinc and the number of moles of the drug bound to Cohn Fraction IV-1 
(a-globulin) (v = 0 . 1 4 7 2 ~  - 17.0846;r = 0 . 9 9 1 2 , ~  < 0.001)and toCohn 
Fraction IV-4 (a-globulin) (v = 0.09612~ + 27.69; r = 0.9883, p < 0.01). 
Unfortunately. i t  was not possible to carry out Scatchard analysis on these 
data because both a-globulin fractions are complicated mixtures of proteins 
(33). and there is no way of selecting a molecular weight with which to 
work. 


Figure 2 suggests, however, that when the binding of sulfadimethoxine is 
expressed in terms of nanomolcs bound per milligram of protein, the a-glo- 
bulins have a significant capacity to bind the drug. Consequently, their con- 
tribution to the overall binding of the drug may be augmented in discase states, 
where plasma concentrations are elevated relative to albumin. Similar con- 
clusions have been drawn about the role of lipoproteins in the overall binding 
ofquinidine (34). 


In Fig. 2, line E represents the binding of sulfadimethoxine to fresh serum, 
calculated as if all the binding were due to albumin alone. Line A represents 
the binding of the drug to isolated albumin. Note that the slopcs of lines A and 
E are different and that there are larger discrepancies between binding values 
as the concentration of the drug increases. This may be an indication of in- 
creasing contributions by the a-globulin fractions (lines Band C )  to the overall 
binding of the drug in serum as  the concentration of sulfadimethoxine i n -  
creases. Line D represents the binding of sulfadirnethoxine to fresh serum 
based on the total concentration of protein in  the serum (72.5 mg/mL). In  
this case. the values obtained are low because the binding proteins are diluted 
with protein materials which do not bind the drug. 


There was no significant difference between tests and controls for the 
binding of sulfadimethoxine to Cohn Fractions I (fibrinogen). I I  (a-globulin). 
or V I  (al-acid glycoprotein). These, and all of the other isolated protein 
fractions were comparabk to their natural concentration ranges in the blood 
(35). Unfortunately. Cohn Fractions I l l 3  (0-globulin), and 111-03 (0- l ip-  
protein) could not bc reconstituted at or near physiological concentration and 
were, therefore, not examined. 


Anomalous results were obtained when the binding of sulfadimethoxine 
to reconstituted lyophilized serum was examined. I t  was expected that the 
binding profile would be similar to that of fresh serum (Table I ) ,  but the values 
obtained experimentally were -2070 of those of fresh serum. This discrepancy 


was undoubtedly due to low albumin concentration (15.50 mg/mL) in the 
reconstituted lyophilized serum. Total protein concentration was only 42 


of total protein (35). 
In the experiment, care was taken to standardbe the manipulative prcce- 


dures in order to minimize experimental error. The use of tubes with poly- 
tetrafluoroethylene caps avoided the problem of plasticizers which can leach 
molecules from rubber or polyvinyl chloride-lined caps and cause displacement 
of drugs from protein binding sites (21. 36, 37). All solutions and glassware 
were sterilized before use, and solution transfers were made under aseptic 
conditions in a laminar airflow hood. This eliminated the possibility of mi- 
crobial growth during dialysis and permitted the experiment to be conducted 
for 24 h without the useof preservatives, which could have influenced binding 
characteristics. All dialysates were checked for the absence of protein, both 
visually (absence of frothing) and by the use of a semiquantitative colorimetric 
indicator. 


The concentration range of sulfadimethoxide was selected to include the 
reported plasma concentration obtained 4 h after an oral dose (38). Protein 
concentrations were held constant within normal physiological concentrations 
because binding parameters obtained with dilute albumin solutions have been 
shown to predict a higher degree of binding than those obtained by direct 


mg/mL (Biuret method), whereas normal fresh serum contains -70 mg/mL A 


B 


0 


i 


such as the a-globulins. 
The plasma protein binding profile of sulfadimethoxine resembles that of 


an acidic drug although i t  is amphoteric. It did not bind to al-acid glycopro- 
tein, which binds many basic drugs. This is presumably brought about by the 
predominance of the acidic center of sulfadimethoxinc (pK, 6.7) over the 
much weaker basic center (pKb 11.98). Basic drugs, such as imipramine and 
propranolol, which binds strongly to al-acid glycoprotein. appear to have pKb 
values which Fall roughly within the range of 4- 6. Presumably, the basic 
center of sulfadimethoxine is too weak to permit interaction with trl-acid 
glycoprotein. 


CONCI.USIONS 


Sulfadimethoxine is an amphoteric drug which behaves like an acidic 
compound in its serum protein binding profile. Albumin is the protein largely 
responsible for the binding of the drug in blood, although there is also a sig- 
nificant amount of a-globulin binding of sulfadimethoxine in fresh serum. 
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Abstract The products of the degradation of crystalline ergocalciferol were 
investigated. These studies showed that numerous acidic and neutral oxidation 
products were formed resulting i n  the complete destruction of the triene 
functionality. Separation of the neutral products by preparative TLC led to 
material identified as the Windaus ketone IIa, 2,3,3a.4,5,6,7,7ap-octahy- 
dro-7aa-methyl- I R-( I a. I R,4R,5-trimethyl-2E-hexenyl)-4H-inden-4-one. 


Keyphrases 0 Ergocalciferol-crystal degradation products, liquid chro- 
matography, identification of a Windaus ketone 0 Liquid chromatogra- 
phy-determination of the crystal degradation products of ergocalciferol 


The oxidative degradation of ergocalciferol has been known 
for over 40 years (7-1 1); however, the structures of the solid- 
state degradation products have not been elucidated. Thus, it 
is the aim of this study to isolate and unequivocally identify 
these products. Initially, the decomposition of ergocalciferol 
in  room fluorescent light and air was investigated, resulting 
in  the identification of the Windaus ketone (IIa). 


Solid-gas reactions are often catalyzed by heat and/or light; 
thus, these reactions are of importance when studying the 
mechanism of drug degradation (1 -6 ) .  This paper reports 
studies on a specific class of solid-gas reactions: solid-oxygen 
reactions. A review ( 1 )  reports our preliminary studies on the 
complex heat- and light-catalyzed solid-oxygen reactions of 
vitamin D2, ergocalciferol (Ia). This paper presents these 
studies in greater detail. 


H 


EXPERIMENTAL SECTION 


Reagents-Ergocalciferol' purchased in  sealed ampules was used in all 
experiments. All reagents employed were of either reagent, spectral, or ACS 
grade. Methanol used in recrystallization of compounds was purified by reflux 
with magnesium and iodine followed by distillation over molecular sieves. 


Apparatus-All melting points were obtained on a hot stage2 and are un- 
corrected. IR spectra3 were determined neat or as KBr pellets. NMR spectra 
were obtained using a 60-MHz instrument4 with either CDCI, or acetone-& 
as the solvent and 1% tetramethylsilane as  the internal standard.  LOW-^ and 


la, H = 0 
It), H = NNHCONH2 


1 Sigma Chemical Co., S[. Louis. Ma * Koflcr Hot Stage. 


4 Varian Anaspect tiM 360: Varian Aavociatcs. Palo Alto. Calif. 
5 Determined by Dr. 1. Jardine and associates usinga DuPont 21-4926 mass spec- 


Hcckman IR-33; Bcckman Instrumcrib. Irvinc. Calif. 


Ia, R = Ib, R = 
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BOOKS 


Animal Models for Oral Drug Delivery in MM: In Situ and In Vivo Approaches. 
Edited by WILLIAM CROUTHAMEL and ALLEN C. SARAPU. 
American Pharmaceutical Association, Academy of Pharmaceutical Sci- 
ences. 2215 Constitution Ave. N.W. Washington, DC 20037. 1983. 179 
pp. 15.5 X 23.5 cm. Price: $54.00. 
This book is based on the symposium "Animal Models for Drug Absorption 


in Man" held in  September 1980 at the APhA Academy of Pharmaceutical 
Sciences meeting in San Antonio, Texas. I t  contains texts from various rec- 
ognized authorities in the field. 


The book is divided into six chapters which discuss the mechanisms of drug 
absorption and techniques for studying them (Chapters I and 2), the use of 
the dog in new drug development, bioavailability testing and quality control 
(Chapters 3-5) and the regulatory viewpoint on the use of animals in NDA 
submissions (Chapter 6) .  In many respects. however, the most obvious division 
in  the book is between the academic and industrial approaches to studying 
absorption-a distinction entirely appropriate in a subject that is of intense 
interest to both sides of pharmaceutical research. The text is well-argued and 
very readable and the rather unfortunate misspelling of 'gavage' as 'garbage' 
(Chapter 6) in no way reflects the general high quality of the contents. 


The first two chapters (writtcn by G. L. Amidon and N. F. H. Ho el. 01.) 
are excellent and give a fairly comprehensive description of the theoretical 
and practical aspects of the subject. The analysis, in Chapter 2. of physiological 
factQrs controlling absorption is particularly effective. 


The subsequent chapters are in wme ways an anticlimax, although they 
do represent a useful account of industrial experiences with these models in  
new drug development. There arc a number of examples or 'case studies' which 
readily illustrate the points being made, although thedescription of compounds 
in vague terms such as 'anxiolytic-type,' without structures, tends to be a little 
frustrating. The main criticism of this part of the book is in what it omits rather 
than what it includes; this may be a result of its origins as a symposium, where 
time is limited and a subject cannot be covered comprehensively. However, 
there does seem to be an overriding emphasis on the use of blood level studies 
in dogs when discussion of other species, such as rat and monkey, would have 
been of benefit. Other important considerations such as the correlation be- 
tween in siru and in vivo absorption data and the crucial issue of interspecies 
variation in absorption also have not been given the coverage they deserve. 


Nevertheless, an authoritative text on this subject is long overdueand this 
book is both welcome and useful. It will be of particular value to those i n  the 
pharmaceutical industry who are involvcd in drug design and product devel- 
opment. The more interested readers will be stimulated to look into the liter- 
ature for some of the things the book omits and the excellent sets of references 
will be a useful guidc for this. 


Rei'ieued by David C. Taylor 
Pharmaceurical Deparrmenr 
ICI Pharmaceurimls Division 
Alderley Pork 
Macclesfield 
Cheshire 
U .K .  


Handbook of Powder Science and Technology. By M. E. FAYED and L. 
OTTEN, Van Nostrand Reinhold Company, Inc., I35 West 50th Street, 
New York. NY 10020. 1984.650 pp. 18 X 26 cm. Price: $79.50. 
This book is intended to be a guide for quick access to a wide range of i n -  


formation on powder science. Actually it is not a handbook. but is a compre- 
hensive text to which 26 authors have contributed their expertise. For a 
multiauthored book it is very readable. 


The book is divided into 19 chapters, which are entitled: "Particle Size 
Analysis: Theory and Statistical Methods"; "Particle Size Measurement: 
Experimental Techniques": "Particulate Characterization: Future A p  
proaches"; "Structural Properties of Packing Particles"; "Fundamental 
Properties of Powders"; "Vibration of Fine Powders and Its Application"; 


"Size Enlargement Methods and Equipment": "Mixing of Powders; Storage 
of Particulate Solids"; "Fluidimtion Phenomena and Fluidized Bed Tech- 
nology"; "Spouting of Particulate Solids"; "Transport of Solids in Pipelines"; 
"Size Reduction of Solids: Crushing and Grinding Equipment"; "Sedimen- 
tation"; "Filtration of Solids from Liquid Streams"~"Cyclones"~"Electr~tatic 
Precipitator Applications and Concepts"; "Granular Bed Filters": "Wet 
Scrubber Particulate Collection". 


Statistical discussion is supported by sample problems, and the validity of 
the calculations are discussed. Analytical instruments and processing equip 
ment are listed, and methods of selection for specific conditions are discussed 
in detail. The currentness of the book is exemplified by the modern chapter 
on morphologb of a particle and powder signature. The book contains a wealth 
of information on the technology of handling. measurement. separation, and 
use of powders. 


This excellent book has an abundance of information not only for those 
(graduate students) who have little expericnce in powder technology, but also 
for the pharmaceutical scientists in production, research and development, 
and academia. 


Reviewed by Eugene L. Parrott 
College of Pharmacy 
Universiry of Iowa 
Iowa City. I A  52242 


Nwleosides, Nucleotides and ' l M r  Bidogical Applications. Edited by JANET 
L. RIDEOUT, DAVID W. HENRY, AND LOWRIE M. BEACHAM 
111. Academic Press, I 1  1 Fifth Avenue, New York. NY 10003. 1983.327 
pp. 16 X 24 cm. Price: $29.50. 
The book presents the manuscripts of the I I plenary lectures given at the 


Fifth International Round Table on Nucleosides. Nucleotides. and Their 
Biological Applications. held in Research Triangle Park. North Carolina, 
October 20-22, 1982. Each lecture is given its own chapter, a list of which 
includes "Nucleosides with Antiviral Activity", "The Chemistry and Biology 
of Nucleasidcs of Purines and Ring Analogs". "Experimental and Clinical 
Studies on 2'-Fluoroarabinosyl Pyrimidines and Purine-Like C-Nucleosides". 
"2',5'-Oligoadenylates, Their Role in Interferon Action and Their Potential 
as Chemotherapeutic Agents", "Receptors for Adenosine and Adenine Nu- 
cleotides". "Analogs of 2',5'-Oligoadenylates: Biological Probes for the 
Antiviral/Antitumor Stale of Mammalian Cells". "Synthesis of Pyrr- 
olo[2.3-d]Pyrimidine Nucleosides by Phase Transfer Glycosylation and Their 
Function in Polynucleotides". "The Alkylsilyl Protccting Groups: in Particular, 
the r-Butyldimethylsilyl Group in  Nucleoside and Nucleotide Chemistry". 
"Unusual Nucleoside Synthons and Oligonucleotide Synthesis". "Selective 
Modification and Deoxygenation at C-2' of Nucleosides". and "Synthesis of 
Versitile c-Nucleoside Precursors and Certain C-Nucleosides". 


While no attempt is made to exhaustively review all the literature in each 
chapter, general references are provided wherein additional reviews can be 
found. Each chapter is generally well writtcn with very few typographical 
and/or structural errors, and all have substantial (albeit not extensive) bib- 
liographies. The index at the end of the volume is quite detailed. including page 
references for specificcompounds. Although the matcrial is now almost two 
years old, and much new literature has k e n  published, especially in the arcas 
of adenosine receptors and antagonists, novel C-nucleosides. and 2',5'-olig- 
onucleotide synthesis. this reference is nevertheless a valuable source of in- 
formation on methodology (both chemical and biological) and structural 
design of nucleoside/nucleotide analogues. 


Reciewed by Marvin C .  Pankaskie 
Deparrmenr of Biomedicinal Chemisrry 
College of Pharmacy 
Universirj of Nebrasku Medical Cenrer 
Omaha, A'E 68/05 
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Radiopaque Liposomes: Effect of Formulation 
Conditions on Encapsulation Efficiency 
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Abstract 0 Liposomes containing sodium ioxitalamate were prepared by 
sonication. Suitable amounts of purified soybean phosphatidylcholine and 
cholesterol were used at various molar ratios. Stearylamine or dicetylphosphate 
were added to this lipid composition when charged liposomes were required. 
After sonication and removal of unencapsulated solute, this manufacturing 
process yielded small multilamellar vesicles as confirmed by electron mi- 
croscopy. These liposomes did not exhibit a narrow range of size distribution; 
the mean particle size varied from 135 to 145 nm. With respect to the effi- 
ciency of encapsulation, two parameters were distinguishable: the volume of 
encapsulated aqueous space per unit of lipid weight and the percentage of the 
contrast agent added that became encapsulated in the liposomes. Investigation 
of the preparative parameters revealed that increased molar ratios of cho- 
lesterol yielded higher aqueous volume and iodine contents in the liposomes, 
which were attributed to a reduction of the liposome permeability to the 
contrast agent. However, the inclusion of cholesterol into the bilayer liposomal 
membrane was limited, probably by solubility restrictions. Negatively and 
positively charged liposomes had higher rates of encapsulation than did neutral 
liposomes. This result was expected since efficient encapsulation of polar 
compounds requires formation of large aqueous spaces within the vesicles per 
mole of lipids. Increase of the lipid fractions a t  a constant ratio of phospha- 
tidylcholine-cholesterol, with all the other factors kept constant, reduced the 
aqueous volume entrapped per millimole of lipid and, consequently, the iodine 
content in the liposomes. However, an increase in the initial sodium ioxita- 
lamate concentration diminished the aqueous volume entrapped in the lipo- 
somes but increased the iodine content. 


Keyphrases 0 Liposomes-radiopaque, effect of formulation conditions on 
encapsulation efficiency 0 Formulations-radiopaque liposomes, effect on 
encapsulation efficiency 0 Encapsulation-radiopaque liposomes, effect of 
formulation conditions 


The possibility of utilizing liposomes as vehicles for thera- 
peutic agents had been widely considered over the last 16 years. 
The potential applications have been extensively reported and 
clearly summarized (1-3).  The ultimate goal has been the 
targeting of drugs and other biologically active ingredients to 
specific cells within the body. However, this cannot be easily 
accomplished since it has been shown in numerous reports that 
intravenously injected liposomes localize predominantly in the 
liver, spleen, and other organs rich in cells of the reticulo- 
endothelial system (4). 


The specific hepatic uptake can be exploited to design a 
seleetive delivery system based on liposomes containing sodium 


ioxitalamate, which is a water-soluble iodinated contrast agent 
characterized by its high iodine content (57%). The radiopaque 
agent, sodium ioxitalamate (I), is primarily used for urography 
because of its pharmacokinetic properties, ( 5 6 ) ;  however, side 


COONa 


I*’ 
CH,---CO-HN CO-NH-CH,--CH,OH 


I 
I 


effects, allergic reactions, and intolerance have been reported. 
The preparation of liposomes containing the radiopaque agent 
is, therefore, also aimed at  reducing or avoiding these adverse 
reactions since selective liver uptake enables administration 
of smaller amounts of radiopaque agent for a similar or even 
improved diagnostic result. The liposomal preparation will 
probably be able to produce a visible contrast enhancement 
of the liver, which will help improve the diagnostic accuracy 
of computerized tomography of this organ. Some attempts, 
including the preparation of brominated radiopaque liposomes 
(7) and the encapsulation of diatrizoic acid salts within lipo- 
somes (8), have already been performed, yielding preliminary 
results that are promising. However, this interesting approach 
is limited by the amount of contrast agent that can be en- 
trapped in the aqueous phase of liposomes and the potential 
release of the opaque ingredient from the liposomes. The ob- 
jective of this study, therefore, is to incorporate the contrast 
agent within liposomes and to investigate some of the physical 
and chemical factors which may control the efficiency of the 
encapsulation rate. The results of such an investigation offer 
the possibility of optimizing liposome formulation, enabling 
a high encapsulation rate and, consequently, an increase in the 
opacification of the liposomes caused by their high iodine 
con tent . 
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EXPERIMENTAL SECTION 


Materials-Soybean phosphatidylcholine’ was purified by the method of 
Singleton et al. (9), and the purity was ascertained by.a T L C  analytical 
method (10). Stearylamine and dicetylphosphate were obtained commer- 
cially*. Cholesterol3 was purified by two recrystallizations. Sodium ioxitala- 
mate was used as  supplied4. 


Methods-Prepararion of Liposomes-Suitable amounts of purified 
phosphatidylcholine and cholesterol in various molar ratios were dissolved 
in 20 mL of chloroform to which stearylamine or dicetylphosphate was added 
when charged liposomes were required. The lipid mixture was deposited as 
a thin film on the walls of a round-bottomed flask by rotary evaporation under 
reduced pressure at 30OC. Twenty-five milliliters of an aqueous solution of 
sodium ioxitalamate at a given concentration was poured into the flask, shaken 
by continuous rotation for 30 min at 3OoC, and allowed to stand over a 2-h 
period. The liposomal dispersion obtained was then sonicated5 for 3 min under 
a nitrogen atmosphere at  O°C for homogenization. Sonication promoted 
conversion of the large multilamellar vesicles (MLV) into smaller liposomes 
which were separated from the excess of free sodium ioxitalamate by gel fil- 
tration on a coarse Sephadex G-50 column. The liposomes were mainly col- 
lected from fractions three to six after the void volume was eluted; they were 
identified by the presence of turbidity in the different samples collected. The 
liposome size was then measured6. 


Drug Encapsulation Efficiency-After vesicle preparation and removal 
of the unencapsulated solute, the amount of encapsulated compound could 
be determined. With respect to the efficiency of encapsulation, two parameters 
can be distinguished: first, the volume of encapsulated aqueous space per 
millimole of lipid and, second, the percentage of the compound added which 
becomes encapsulated in the liposomes. The latter, when expressed in percent 
iodine content of the liposomes, in fact represents a measure of the probable 
opacification ability of the liposomal preparation. The first parameter, which 
is defined as the encapsulation capacity (EC), is a function of liposome size 
and number of lamellae per particle. EC represents the fraction of aqueous 
volume entrapped per millimole of lipids and is calculated by (1 I ) :  


where CO is the initial sodium ioxitalamate concentration, Ce is the final 
concentration found, and CI is the lipid concentration in the liposomes. In 
contrast, the molar fractiori of drug entrapped per mole of lipid is calculated 
by the simple ratio of the qolar  concentration of sodium ioxitalamate to the 
molar concentration of lipids determined in the liposomes. Obviously, the 
second parameter, which is defined as the entrapment efficiency or drug 
content (DC), depends on EC, but in addition, it also depends on the lipid 
concentration in the vesicles. DC is expressed by (in percent): 


DC=- wc 100 wc + w1 
where W, is the amount of drug found in the liposomes, ahd W I  is the amount 
of lipids which form the bilayer membrane found experimentally in the lipo- 
somes. The sodium ioxitalamate amount entrapped was determined with a 
liquid chromatograph’ consisting of a pump7, an injector’, and a UV detector’ 
fixed at 254 nm. The stationary phase was Clss, and the eluant was metha- 
nol-water (70:30) containing I %  tetrabutylammonium phosphate, supplied 
at a flow rate of 1 mL/min. A portion of the liposomal preparation was diluted 
with water (1:lOO) before injection. The amount of contrast agent in the li- 
posomal preparation was calculated by using a calibration curve based on 
standard solutions determined under identical experimental conditions. No 
interference of the phospholipid fragments by the HPLC method was observed. 
The phospholipids in the liposomal preparation were assayed by using a 
phospholipid B testg based on a colorimetric reaction (12). No disturbance 
of the colorimetric reaction was detected as a result of the presence of sodium 
ioxitalamate, proving that the concentrations of the phospholipid found were 
correct. For stearylamine-, dicetylphosphate-, and cholesterol-incorporated 
liposomes which were eluted through the gel column, the original molar ratio 
to lecithin on mixing was assumed to be maintained (1 1). All the calculations 
on drug encapsulation efficiency were carried out on the basis of this as- 


’ Epikuron 200; Lecithos, Saint Maur, France. 
*Sigma Chemical Co., St. Louis, Mo. 


Rh6ne-Poulenc, Paris, France. 
Guerbet Aulnay-sous-Bois, France. 
Model B-30 sonifier; Branson. 
Nanosizer; Coulter. 


Waters Associates, Milford, Mass. 
p-Bondapak; Waters Associates. 
Wako Chemical, Osaka, Japan. 


’ 480-HPLC composed of a 6000A pump, a U6K injector, and a 480-UV detector; 


Figure 1-Blecrron micrograph of multilamellar liposomes produced by the 
method described in the text (initial conditions: phosphatidylcholine. 500 
mg; cholesrerol. 70 mg in 20 mL ofchloroform; 25 mL of sodium ioxiialamate 
aqueous solution equivalent to 100 mg ofiodinelmL). 


sumption. Each batch of liposomes was triplieated. The different values re- 
ported are the average of six experimental measurements since the property 
determinations of each liposome batch were duplicated. 


RESULTS AND DISCUS~ON 


Water-soluble compounds entrapped within liposomes are found in the 
internal aqueous compartments of these particles (1 3) owing to their low af- 
finity and solubility in the lipids which constitute the liposomal membrane. 
Thus, efficient encapsulation of polar compounds requires formation of large 
aqueous spaces within the MLV. The manufacturing process used in this study 
yielded, after sonication and removal of unencapsulated solute, small MLV, 
as confirmed by electron microscopic examinations (Fig. I). These liposomes 
did not exhibit a narrow range of size distribution, and their mean particle 
size varied from 135 to 145 nm6. Polydispersity index values were obtained 
during routine liposome size measurements and ranged from 3 to 5, which 
indicated, according to the manufacturer’s instructions, a distribution range, 
by diameter, of 2:l in the liposome samples. 


In preliminary studies, the influence of the phospholipid characteristics 
on liposome properties was investigated. The chemical purity of the phos- 
phatidylcholine source, which might slightly affect the chemical composition, 
had little effect on solute retention or particle size of the liposomes formed. 
The entrapped volume of the total internal aqueous phase remained practically 
constant, irrespective of the phosphatidylcholine used. In spite of these results, 
purified soybean phosphatidylcholine, as compared with commercial soybean 
phosphatidylcholine, was preferred for liposomes production since fewer ad- 
verse toxic reactions would be expected after parenteral administration of such 
liposomes in future animal experiments. 


Effect of Cholesterol Concentration-Increased initial molar ratios of 
cholesterol, with respect to the phosphatidylcholine concentration, yielded 
higher aqueous volumes and iodine contents in the liposomes (Table I). This 
was attributed to a reduction in the liposome permeability to the contrast agent 


Table I-influence of Initial Cholesterol Concentration on Liposome 
Properties a 


Soybean Phos- Molar Fraction 
phatidylcholine- Encapsulation Iodine of Drug 


Cholesterol, Capacity, Content, Entrapped/mol of 
Molar Ratio mL/mmol %b Lipid, X lo2 


8:O 0.78 9.5 20.42 
8:2 I .oo I 1.89 20.79 
8:4 1.41 15.97 29.05 
8:8 1.52 16.87 29.01 


Conditions: 500 mg of phosphatidylcholine, 4.325 g of sodium ioxitalamate. with 
various amounts of cholesterol. * Calculated according to Q. 2 by using only the molar 
fraction weight of iodinq contained in the sodium ioxitalamate molecule. C The ratio was 
calculated according to the experimental results by using the analytical methods described 
in  the text. 
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Table Il-Influence of a Positive Charge, Stearylamine, or Negative 
Charge, Dicetylphosphate, on the Liposome Properties" 


Molar 
Fraction 
of Drug 


Mean lation trapped/ 


L i posome Composition, Size, mL/ Content, of Lipid, 
Molar Ratio nmb mmol %C x 102 d 


Encapsu- En- 


Particle Capacity, Iodine mol 


Soybean phosphatidylcholine- I40 1.00 11.89 20.79 


Soybean phosphatidylcholine- 128 1.22 14.03 24.84 
cholesterol, 8:2 


cholesterol-stearylamine, 
8:2: I 


cholesterol-stearylamine, 
8:2:2 


cholesterol-dicetylphos- 
phate, 8:2:1 


cholesterol-dicetylphos- 
phate, 8:2:2 


a Conditions: 500 mg of phosphatidylcholine. 4.325 g of sodium, ioxitalamate, with 
various amounts of cholesterol. The polydispersity index in all the measurements 
performed was 4. Calculated according to Eq. 2 by using on1 the molar fraction weight 


according to experimental results by using the analytical methods described in the 
text. 


Soybean phosphatidylcholine- 145 1.33 15.25 29.87 


Soybean phosphatidylcholine- I38 1.19 13.87 25.29 


Soybean phosphatidylcholine- I44 1.43 16.25 27.16 


of iodine contained in the sodium ioxitalamate molecule. 1 The ratio was calculated 


(14). I n  addition to its barrier-controlling property, the incorporation of 
cholesterol was found to provide more physical stability against the ultrasonic 
vibration force as compared with that of the cholesterol-free liposomes ( I  I ) .  
This effect might reduce precocious sodium ioxitalamate release during 
liposome size homogenization by sonication. However, the concentration of 
radiopaque agent entrapped in the liposome augmented and reached a max- 
imum (i.e., a plateau) with increasing cholesterol molar ratio (Table 1). This 
phenomenon could be expected since the inclusion of cholesterol into the bi- 
layer liposomal membrane is limited, probably as a result of solubility re- 
strictions which were corroborated by the existence in the highest initial 
cholesterol concentration of a crystallization process, which is attributed to 
an excess of cholesterol after vesicle formation. 


Effect of Electric Charge on the Surface of the Bilayer Membranevarious 
concentrations of stearylamine (cationic substance) or dicetylphosphate 
(anionic substance) were included in the liposomal bilayer membranes, ren- 
dering the surface electrically charged. This resulted in a repulsion and, hence, 
an increase in the distance between the different bilayers, which appear to be 
very close to one another in neutral liposomes (Fig. I ) ;  consequently, more 
hydrophilic solute can be trapped in the aqueous compartments than in neutral 
liposomes. Negatively and positively charged liposomes gave larger amounts 
of radiopaque agent and higher rates of aqueous volume encapsulation than 
did neutral liposomes, confirming the previous hypothesis (Table 11). It should 
be noted that an increase in  the charge membrane concentration (i .e. ,  the 
stearylamine or dicetylphosphate concentration) while all the other factors 
were kept constant enhanced the sequestration volume capacity and iodine 
content of the liposomes, indicating that the interlamellar spacing within the 
vesicles depended on the extent of bilayer ionization. No significant difference 
with respect to the various properties (Table I I )  could be detected between 
negatively or positively charged liposomes at an ionic compound concentration 
of -I0 mol%. However, a distinct increase in the encapsulation capacity was 
observed in negatively charged liposomes, as compared with positively charged 
liposomes (Table I I ) ,  at an ionic compound concentration of -20 mol%. This 
effect could be attributed to a minimization of the leakage during liposome 
production due to electrostatic repulsion between the similar negative charges 
of the lipid membranes and the entrapped ioxitalamate ion (15). This elec- 
trostatic repulsion reduced the diffusion of the contrast agent through the 
bilayer membrane. It is interesting to note that in contrast with previous reports 
(16), the addition of charged lipid in excess of 10 mol% of the total lipid 
mixture increased volume entrapment (Table 11). Moreover, no marked 
particle size alteration (Table 11) was observed among the various species of 
liposomes, and enlargement of the space between the lamellae did not con- 
tribute to an increase in the final liposome size. 


Effect of Initial Phosphatidylcholine Concentration on Liposome Proper- 
ties-It is a well-accepted fact that MLV possess a low encapsulation capacity 
as compared with LUV (17). The preparation method previously described 
yielded mainly liposomes of the MLV type, which were characterized by a 
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Figure 2-Effect of initial phosphatidylcholine concentration on encapsu- 
lation capacity (0) and iodine content (0) of the liposomes prepared. 


large core lamella and adjacent bilayer membranes separated by small aqueous 
spaces. It could be considered that these resulting MLV have a similar en- 
capsulation ability to LUV since the main part of the sequestered solution 
volume should be stored inside of the core space. Therefore, any variable ex- 
perimental factor which could modify the physical characteristics of these 
MLV liposomes alters their encapsulation capacity. An increase in the 
phospholipid concentration at  a constant ratio of cholesterol-phosphatidyl- 
choline reduced the aqueous volume entrapped per millimole of lipid and, 
subsequently, the iodine content in the liposomes (Fig. 2). These results in- 
dicate that although all the other experimental factors were kept constant, 
larger phosphatidylcholine concentrations produced liposomes of the MLV 
type consisting of a larger number of lamellae per single vesicle, even if the 
sonication time was maintained constant during the preparation process in 
all the different liposome batches. It appeared that fewer liposomes were 
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Figure 3-Effect of initial iodine concentration (0 )  and initial phosphati- 
dylcholine concentration (0) on the sodium ioxitalamate encapsulation molar 
ratio. 
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Figure 4- Effect of initial iodine concentration on encapsulation capacity (O),  iodine content of liposomes (0). and viscosity of the aqueous ' solution f .I. 


formed in proportion to the initial amount used, but more membranes were 
produced per single particle by increasing the initial phosphatidylcholine 
concentration. Thus, the effective volume entrapped within these liposomes 
diminished, and since the radiopaque agent concentration remained un- 
changed, it resulted in a reduction in the iodine content, as seen in Fig. 2. It 
should be noted that an identical parallel decrease between the encapsulation 
volume capacity (Fig. 2) and the encapsulation molar ratio (Fig. 3) was ob- 
served. The plot obtained yielded a curved line that fell sharply at the beginning 
and moderately on approaching the highest phosphatidylcholine concentra- 
tions (Fig. 3), indicating probable formation of smaller interlamellar spaces 
within the liposomes and supporting the fact that the polar compound sodium 
ioxitalamate is found totally in the aqueous compartments of the MLV. No 
part of it was bound to the lipid membrane, as was reported for some other 
water-soluble drugs (13). 


Effect of Initial Sodium Ioxitalamate (or Iodine Equivalent) Concentra- 
tion-Dependence of the different liposome properties on the initial radi- 
opaque agent concentration was examined. A plot of the volume encapsulation 
capacity against the initial iodine concentration yielded a curved line that fell 
almost linearly initially and curved off at the highest iodine concentration (Fig. 
4). Obviously, the iodine content of these liposomes was enhanced, but the 
iodine encapsulation efficiency decreased with increasing initial contrast agent 
concentration (Fig. 4); no linear relationship was observed. Since fixed 
amounts of lipids were used, the decrease in EC was probably caused by other 
experimental factors which were affected by the initial sodium ioxitalamate 
concentration. Some of these factors, e.g., the ionic strength or the viscosity 
of the dispersion medium, might alter the physical characteristics of the ves- 
icles formed (i.e., the size and the number of bilayers per particle). However, 
in a previous report, it has been shown that no variation in trapped volume 
within neutral liposomes was observed over a full range of salt concentrations 
corresponding to an increase in the ionic strength of the aqueous phase (1 5 ) .  
Therefore, the explanation should be sought elsewhere. Apparently, the vis- 
cosity of the dispersion medium affected the encapsulation ability of the 
vesicles. Viscosity measurements of the different sodium ioxitalamate solutions 
were carried out with a viscometerlD according to the British Pharmacopoeia 
(18). The relationship of the sodium ioxitalamate concentration effects on 
encapsulation capacity, iodine content, and viscosity of the aqueous phase are 
more clearly evident when seen graphically (Fig. 4). The encapsulation ca- 
pacity function follows an inverse pattern to that of viscosity; it is clearly in- 
dicated that the sequestration ability falls off, whereas the viscosity increases 
drastically with increasing contrast agent concentration. I t  seems that the 
liposome entrapment process reflects fundamental changes arising from the 
viscosity variation of the dispersion medium. The reasons for this are not clear, 
but it might be due to any or all of the following factors. By raising the viscosity 
the shape of the vesicles formed is probably altered, thus increasing the pro- 


10 Ostwald 


portion of spheroids (oblate or prolate) to spheres. I f  it is assumed that the 
surface area of these vesicles remains almost constant, then the volume of these 
spheroids diminishes as compared with that of the spheres. Consequently, a 
reduction in volume encapsulation ability should be expected, as was observed 
experimentally (Fig. 4). This solution is in reasonable agreement with the 
electron microscopic observations. Other factors which should be considered 
that account for an encapsulation capacity decrease are the formation of a 
vesicle structure that is not tightly closed at higher viscosities, enhancement 
of permeation (i.e., loss) of the trapped ionic compound through the mem- 
brane, and a diminution in the hydration extent of the head groups which 
reduce the electrostatic interactions with increasing medium viscosity, leading 
to smaller distances between the lamellae within the liposomes. It is interesting 
to note that the sodium ioxitalamate encapsulation molar ratio increased 
linearly with the initial equivalent iodine concentration, whereas it declined 
nonlinearly with the initial phosphatidylcholine concentration (Fig. 3). These 
results indicate that the radiopaque agent incorporated within the liposomes 
was not influenced by the moderate lack of volume encapsulation-efficiency 
on approaching the maximal contrast agent concentrations. 


Finally, it can be concluded that any variable factor which can affect the 
vesicle volume encapsulation ability determines the properties of the radi- 
opaque liposomes formed. However, by choice of suitable experimental pa- 
rameters, full efficiency can be achieved without altering the fundamental 
characteristics of the liposomes. 


REFERENCES 


(1) D. Papahadjopoulos, Ann. N.Y. Acad. Sci., 308, 1 (1978). 
(2) G. Gregoriadis, N .  Engl. J .  Med., 295,704 (1976); G. Gregoriadis, 


(3) F. Puisieux and S. Benita, Biomedicine, 36,4 (1982). 
(4) F. Roerdink, J. Dijkstra, G. Hartman, B. Balscher, and G. Scherphof, 


( 5 )  D. Gardeur, J. Lautron, J. C. Millard, N. Berger, and J.  Metzger, 


(6) R. Nagel, W. Leistenschneider, V. Peck, and V. Claus, Aktuel Urol., 


(7) V. J. Caride, H. D. Sostman, J. Twickler, H. Zacharis, S. C. Orpha- 


(8) A. Havron, S. E. Seltzer, A. D. Michael, and P. Shulkin, Radiology, 


(9) W. S. Singleton, M. S. Gray, M. L. Brown, and J. L. White, J. Am. 


(10) A. Legrand, J. Delattre, F. Paolaggi, L. Michael, M. Tescher, and 


( 1  1) T. Yotsuvanani. M. Nonomura. and K. Ikeda. J .  Parent. Sci. Tech- 


N .  Engl. J .  Med., 295,765 (1976). 


Biochim. Biophys. Acta, 677,79 (1981). 


J .  Comput. Assif. Tomogr., 4, 178 (1980). 


8,207 (1977). 


noudakis, and C. C. Jaffe, Inuest. Rad., 17, 381 (1982). 


140,507 (1981). 


Oil Chem. Soc., 42,53 (1965). 


M. L. Girard, Pathol. Biol., 24, 160 (1976). 
- .  


n o i ,  35, 271 (1981). 


Acta, 19,93 (1 977). 
(12) M. Takayama, S. Ktoh, T. Nagasaki, and I. Tanimizu, Clin. Chim. 


1754 I Journal of Pharmaceutical Sciences 
Vol. 73, No. 12, December 1984 







(1 3)  R. L. Juliano and D. Stamp, Eiochim. Eiophys. Acra, 586, I37 


(14) J. DeGier, J. G .  Mandersloot, and L. L. M. Van Deeneen, Eiochim. 


( I  5) D. A. Tyrrell, T. D. Heath, C. M. Colley, and B. E. Ryman, Eiochim. 


(16) A. D. Bangham, J.  DeGier, and G .  D. Geville, Chim. Phys. Lipids, 


(17) FI. Hauser, I .  Trends Pharm. Sci., 7,274 (1982). 
( I  8) “The British Pharmacopoeia,” Her Majesty’s Stationary Office, (1 979). 


Biophys. Acta, 173,143 (1969). 


Biophys. Acta, 457,259 (1976). 


1,225 (1967). 


London, England, 1973. 


ACKNOWLEDGMENTS 


Part of this investigation was presented at the 3rd International Conference 
on Pharmaceutical Technology, Paris, 1983. 


Gastric and Intestinal Absorption of Captopril 
in Acutely and Chronically Treated Rats: 
Comparison with Salicylic Acid 


PETER J. WORLAND”, OLAF H. DRUMMER, and BEVYN JARROTT 
Received December 12, 1983, from the University of Melbourne, Department of Medicine, Clinical Pharmacology and Therapeutics Unit, Austin 
Hospital, Heidelberg, Victoria, 3084, Australia. Accepted for publication April 4, 1984. 


Abstract 0 The gastric and intestinal absorption of captopril, an orally active 
angiotensin-converting enzyme inhibitor was determined using rat in situ 
gastric pouch and intestinal loop techniques and compared with the absorption 
of another acidic drug, salicylic acid, whose absorption has been well estab- 
lished from both gastric and intestinal sites. Captopril absorption was deter- 
mined at two initial intraluminal concentrations in acute (untreated) rats and 
in rats that had been chronically treated with captopril. Salicylic acid ab- 
sorption was determined at one concentration in acute rats. During the 40-min 
experimental period, captopril absorption at the 4.6 mM dose from the gastric 
pouch was 17.0 f 1.8% and 17.9 f 5.4% in acute and chronically treated rats, 
respectively, and 33.6 f 9.2% and 23.7 f 7.6%, respectively, from the intestinal 
loop. At the 11.5 mM dose the captopril absorption in 40 min was 13.7 f 2.7% 
and 17.3 f 4.2% from the gastric pouch of acutely and chronically treated 
rats, respectively, and 17.8 f 4.2% and 22.9 f 3.3%, respectively, from the 
intestinal loop. As similar fractions of the different administered doses were 
absorbed from the respective gastric and intestinal sites in both acutely and 
chronically treated rats, the absorption process of captopril appears to be 
principally by passive diffusion and unaffected by chronic administration of 
captopril. In comparison, salicylic acid was absorbed more rapidly and to a 
greater extent from both the gastric and intestinal preparations. The percent 
of salicylic acid absorbed into the plasma at  the 1 1.5 mM dose was 44.8 f 4.4% 
and 65.3 f 5.3% from the gastric and intestinal preparations, respectively. 
It is concluded that gastric absorption of captopril does occur, but its relative 
importance to intestinal absorption is dependent on the transit time from the 
gastric to intestinal site. 


Keyphrases 0 Captopril-in situ absorption, comparison with salicylic acid, 
rats 0 Salicylic acid-in situ absorption, comparison with captopril, rats 


Captopril, 1 -[(2S)-3-mercapto-2-methylpropionyl]- 
pyrrolidine-2-carboxylic acid is the first orally effective, an- 
tihypertensive drug in a new class of angiotensin-converting 
enzyme inhibitors. This drug contains a reactive thiol group 
postulated to be necessary for its binding to the Zn2+ of the 
angiotensin-converting enzyme (1). However, this functional 
group also reacts to form low molecular weight disulfide 
conjugates of captopril in tissues such as liver and kidney (2, 
3). Captopril also forms covalent links with plasma proteins 
uia disulfide linkages with thiol-containing residues (4) and 
this may explain the extensive tissue binding of captopril(3). 
Possible significant alterations in the pharmacokinetics of 
captopril, particularly following chronic treatment, could result 
from tissue uptake saturation and binding processes. 


Several studies on the disposition of captopril in humans and 


laboratory animals (3,5-8) have found an early appearance 
of captopril in the plasma following oral administration with 
peak drug levels usually occurring within 1 h. As captopril is 
a structural derivative of the amino acid proline, there exists 
the possibility that it could be a substrate for an amino acid 
transport process that rapidly transports captopril across the 
gut wall. Additionally, the acidic nature of the drug would, 
according to the pH partition hypothesis (9), allow passive 
absorption from the highly acidic gastric site prior to entry into 
the intestinal absorptive sites. Recently, a clinical study with 
captopril observed much higher blood levels of the drug fol- 
lowing chronic treatment than acute captopril administration, 
suggesting an increase in the rate and extent of absorption and 
bioavailability ( 5 ) .  However, no studies to date have directly 
examined whether changes in the absorption rate occur during 
chronic therapy. 


The definition of the sites and processes involved in the 
absorption of captopril into the systemic circulation has an 
important place in the description of the disposition of capto- 
pril. In this study, the recently described in situ gastric pouch 
and in situ intestinal loop preparations (10, 11) have been 
utilized to investigate captopril absorption at these sites using 
acute (untreated) rats and rats chronically treated with cap- 
topril over 40 d. These techniques offer the advantage of al- 
lowing direct determination of drug traversing the gut wall and 
also enable the quantitation of any metabolites that may be 
produced that contribute to a “first pass” effect from either 
the gastric or intestinal sites. For comparison, we have included 
in the study the acidic drug salicylic acid, which is known to 
be readily absorbed from both sites (12). 


EXPERIMENTAL SECTION 


Materials-Captoprill, captopril disulfide dimer’, and salicylic acid2 were 
used in the experiments. For the measurement of captopril using a gas chro- 
matographic-mass spectrometric (GC-MS) assay, 3-(3-mercapto-2- 
methyl-propionyl)-4-thiazolidine carboxylic acid3 (YS-980) was used as an 
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BOOKS 


Total Syntbesis of Natural Products: The ‘Chiron’ Approach. (Organic 
Chemistry Series, Vol. 3). By STEPHEN HANESSIAN. Pergamon Press, 
Inc. Maxwell House, Fairview Park, Elmsford, N Y  10523. 1983.291 pp. 
15 X 23 cm. Price: $20.00. 
The present generation of organic chemists considers no total synthesis of 


a natural product to be truly satisfactory unless it also yields an optically pure 
product. One of the ways of achieving this objective is to begin the synthesis 
with a substrate drawn from the chiral pool so bountifully provided by nature: 
amino and hydroxy acids, terpenes, and carbohydrates, many of which are 
readily available and relatively cheap. In this book, Professor Hanessian, one 
of the leading practitioners of the art of using carbohydrates as precursors 
in asymmetric total synthesis, presents both a personal approach to this field 
and a thorough review, with much informative commentary, of successful 
syntheses employing carbohydrates as starting materials. 


Part 1 of the book describes those features of compounds from the chiral 
pool-variety in carbon framework, sense of chirality, number of asymmetric 
centers, functional group sequences-that make them versatile springboards 
from which to launch asymmetric syntheses. A11 important, of course, is the 
designer’s perception of the structural and stereochemical relationships be- 
tween these “chiral temp1ates”and the target structure. Parts 2 and 3 of the 
book, entitled “Design” and “Discovery” respectively, present guidelines on 
how to establish the appropriate “visual dialogue” (a functional, if not par- 
ticularly felicitous, phrase). The central feature of the approach is the iden- 
tification and selection of “chirons”-suitably functionalized, defunctional- 
ized, or otherwise modified versions of the chiral templates which, after ac- 
tivation, may be assembled to give the target product. 


The rest of the book, and by far the largest part, is devoted to “Execution,” 
a detailed discussion of selected carbohydrate-based asymmetric syntheses. 
These syntheses fall into three main groups: those in which the targets contain 
reasonably obvious carbohydrate-type symmetry; those in which such sym- 
metry is partially hidden; and those in which only the most hardened fans of 
the approach would have looked for a carbohydrate precursor in the first place. 
Each section is further subdivided into chapters according to the types of 
molecules being synthesized. The relatively straightforward chiral targets 
(acyclic compounds, tetrahydrofurans, tetrahydropyrans and the like) pre- 
dominate the earlier chapters and more complex products ( ix .  prostaglandins, 
heterocyclic antibiotics, macrolides, and ansa compounds) dominate the later 
sections. In  almost all cases, the syntheses chosen for illustration are of com- 
pounds with substantial pharmaceutical significance. The book ends with a 
brief discussion of a possible role for computers in the visual recognition of 
chiral templates within target structures. 


Not the least virtue of this book is the abundance of flow-sheets (more than 
150) for the syntheses discussed. In  most cases, the flow sheets show both’ a 
retrosynthetic analysis from target via chiron to chiral template, as  well as  
the forward steps, with reagents, of the completed synthesis. I t  appears that 
every reference of importance in the field has been included, and the index 
is reasonably comprehensive. There appear to be very few errors. Those whose 
chief fascination is the art and philosophy of organic synthesis will certainly 
read this book with avidity, even if they remain unconvinced that carbohy- 
drates necessarily provide the ideal solution to the problem of introducing 
asymmetry into a synthetic scheme. 


Reviewed by J. P. Michael 
Department of Chemistry 
University of the Witwatersrand 
Johannesburg, South Africa 


Molecular Aspects of Anti-Cancer Drug Action. (Topics in Molecular and 
Structural Biology. 3). Edited by STEPHEN NEIDLE and MICHAEL 
J. WARING. Verlag Chemie International Inc., 303 N.W. 12th Ave., 
Deerfield Beach, FL 33441. 1983.404 pp. 16 X 24 cm. Price: $97.50. 
This book, the third in a series on Topics in Molecular and Structural 


Biology, contains eleven chapters dealing largely with Drug-DNA interactions 
of a number of cancer chemotherapeutic agents currently of high interest. 
Literature is covered through 1981 with the occasional appearance of a few 
later citations. Based on a random survey, the book is remarkably free from 


typographical errors. The text is printed in small (but clear) type. In most cases 
chemical structures, figures, and tables are easily read; however, in some cases 
the codes to structural formulae were difficult to read. The selection of topics 
includes: acridines, three chapters on topics related to anthracycline drugs, 
quinoxaline antibiotics, bleomycin, platinum compounds, alkylating agents, 
and methotrexate and analogues. In addition, there are reviews of the chemical 
and biological damage by certain antitumor drugs. 


The chapter on acridines by Denny, Boyuley, Cain. and Waring is an ex- 
cellent review of the enormous work of the group that was headed by the late 
Bruce Cain. It culminates in amsacrine and describes the studies (largely by 
Polish workers) on nitracrine-an active but toxic I-nitreacridhe derivative- 
and of the bifunctional acridines. The interactions of daunomycin and adri- 
amycin with nucleic acids is covered in a brief but useful chapter by Neidle 
and Sanderson; however, this subject has been covered in greater detail in 
earlier reviews. J. R. Brown presents a timely chapter with much new material 
on synthetic anthracycline drugs that will be of particular interest to medicinal 
chemists seeking a rational basis for the synthesis of new agents in this 
class. 


Bifunctional intercalation is again reviewed by Waring and Fox in a chapter 
dealing with quinoxaline antibiotics. Although this group has not attained 
clinical significance, the techniques discussed in the study of molecular in- 
teractions may be of general use. Another review by Roberts and Pera dealing 
with the action of platinum antitumor drugs is presented in an authoritative 
manner. Lown briefly surveys the chemistry of DNA damage by a large 
number of antitumor agents. This chapter should be of particular value to 
medicinal chemists. 


Molecular Aspects ofAnti-Cancer Drug Action will be useful to medicinal 
chemists seeking rational approaches to the synthesis of antitumor agents. 
Unfortunately, the high cost of this volume ($97.50) may restrict purchases 
to technical libraries. 


ReGiewed by Monroe E. Wall 
Research Triangle Instit ute 
P.O. Box 12194 
Research Triangle Park, NC 27709 


A Guide to the Chemical Basis of Drug Design. By ALFRED BURGER. John 
Wiley & Sons, Inc., One Wiley Drive, Somerset, NJ  08873. 1983. 300 pp. 
16.5 X 23.5 cm. Price: $45.00. 
The contributions of Professor Alfred Burger to the discipline of medicinal 


chemistry, particularly the literature of medicinal chemistry, have long been 
noted and acknowledged. His current effort attempts to recount those expe- 
riences of the medicinal chemist which, in cooperation with biologists and 
pharmacologists, have resulted in the chemical design of therapeutically useful 
drug substances. It is the broad scope of this endeavor which accounts for both 
the success and failure of this latest effort. The success of this overview of drug 
design resides mainly in those areas in which Professor Burger provides per- 
sonal insight. This guide, afterall, recounts many ideas and examples which 
“are results of a lifetime in medicinal chemistry.’’ After a brief introduction 
in which he traces his early interest in  the chemistry of medicinally useful 
agents, and thus traces the development of medicinal chemistry, the book 
discusses drug design from three distinct, but oftentimes redundant, view- 
points. Chapter 1 begins as a fascinating discussion of the history of medicinal 
chemistry but develops into a chapter which lacks direction and depth. Chapter 
2 presents areas of research interest with particular emphasis on antihyper- 
tensive agents, anti-inflammatory agents, antiviral and antitumor agents, 
antihistaminics, analgctics and antihyperglycemic agents. It is in this chapter 
that general aspects of drug design, molecular modifications and quantitative 
structure-activity relationships are presented. The discussion in each of these 
areas represents a general overview of the subject and precludes any discussion 
in depth. For example, in  the discussion of recent research in the area of an- 
tihypertensive agents the role of presynaptic a2-adrencceptors in the action 
of newer agents such as clonidine is neglected. On the other hand, the dis- 
cussion of the development of analgetic research is particularly interesting. 
Chapter 3 is intended as a discussion of selected examples of drug design. 
Many aspects of drug design of analgctic, anti-inflammatory, anticholinergics 
and antihistaminic agents discussed in Chapter 2 are repeated in the early part 
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Abstract 0 Recently marketed glass vessels that arc uniform and pass USP 
specifications were compared with uniform plastic vessels that also pass USP 
specifications. Two lots of prednisone tablets, Tablet 1 and Tablet 2. were 
tested in both types of vessels. Tablet I gave higher results (t 12.790of label 
claim) in glass vessels at SO rpm but gave equivalent results in  either vessel 
at 75 rpm. Tablet 2 gave equivalent results in  either vessel at 50 rpm but gave 
higher results ( t 2 2 %  of label claim) in glass vessels at 75 rpm. The type of 
vessel used to obtain dissolution results for tablets should be specified. 


Keyphrases 0 USP Dissolution Apparatus 2-error associated with use of 
glass and plastic vessels Dissolution--systematic error associated with USP 
dissolution Apparatus 2, use of glass and plastic vessels 


In a previous report ( l ) ,  it has been shown that glass and 
plastic vessels may give different results when dissolution of 
prednisone tablets is measured with USP Apparatus 2. In the 
earlier work, the glass vessels’ used had nonuniform inside 
bottom curvatures and did not conform to the USP specifi- 
cation (2) of spherical curvature; the inside bottom curvatures 
of the plastic vessels2 were more uniform and approximated 
spherical curvature. It was thus concluded (1) that use of the 
plastic vessels would reduce systematic error in the USP Ap- 
paratus 2. 


Glass vessels3 advertised to meet USP specifications were 
recently introduced, and five were purchased for evaluation. 
To permit direct comparisons, the previously used techniques 
and tablet lots were employed to evaluate the suitability of the 
new glass vessels in the USP dissolution test for prednisone 
tablets (3),  and the results are reported here. 


EXPERIMENTAL SECTION 


Tablets-In this laboratory, two commercial lots of prednisone tablets that 
originally gave wide ranges in dissolution results with Apparatus 2 have been 
used extensively. The dissolution rates of Tablet I (S-mg prednisone tablets) 
and Tablet 2 (10-rng prednisone tablets) are affected to an unusual degree 
by minor variations in the test. In  this respect. they are not typical of predni- 
sone tablets currently available to the public but are very useful for mea- 
surement of apparatus variations. The dissolution rate of Tablet l responds 
to variations in the physical alignment of the equipment (4) and vessel cur- 
vature ( I ) .  Thedissolution rate of Tablet 2 is less affected by these variations 
but is increased considerably if gas concentrations in the dissolution medium 
exceed a critical value ( $ 6 ) .  Tablet 2 has been collabratively studied in 1 1 
laboratories (7). Both lots exhibit similar physical dissolution behavior; dis- 
integration takes place within 2 min, and the disintegrated tablet material stays 
on the bottom of the vessel. where i t  gathers into a dynamic conical mass. 
Undesirable changes in  test conditions alter the fluid flow in the vicinity of 
the conical mass; the conical mass is displaced or dispersed, and higher dis- 
solution results are obtained. In  this laboratory, thedissolution results from 
Tablet 2 are currently used as an indicator to dctermine whether thedissolution 
equipment and medium arc suitable Tor testing tablets by the procedure with 
the USP Apparatus 2. 


Apparatus-A six-spindle dissolution drive4 was used. The drive was 
~ ~~ 


I Model NO. 33730; Kimble, Div. of Owens-Illinois, Vineland, N.J. (currently 
available). 


Model NO. EQ1900: Eli Lilly and Co.. Indianapolis, Ind. 


Built by the Winchester Ennineerine and Analytical Center: Food and Drug Ad- 
’ Model NO. V1000A; Applied Analytical Industria, Wilmington, N.C. 


ministration. Winchester. Mass.- 
1 - 


mounted on an acrylic water bath quipped with levelers. A circulator-heater’. 
mounted externally to the bath, maintained the bath temperature at 37.5 f 
O.I°C. The base of the drive was leveled6, and the paddle shafts were aligned 
vertically6. A specially designed tool (8) was used to center the vesselsaround 
the paddle shafts’. Each vessel was held in place with three cam lugs. Each 
paddle was adjusted with a depth gauge8 to provide 25 mm of clearance above 
the bottom of the vessel. Paddle rotation was maintained within f I .7% of the 
nominal value. 


Procedure-A 20-L carboy was filled with dcionized water. To achieve the 
desired equilibrium of gases, air was drawn through the water for 15 min at 
145 mm Hg (6). The water was siphoned into 500-mL volumetric flasks9, 
which were placed in a water bath at 37.5OC until their contents had reached 
that temperature. The contents were then transferred to the dissolution vessels 
in a 37.5OC water bath. The tablets were dropped into the vessels with the 
paddles rotating. After 30 min, aliquots were taken and filtered. (The water 
temperatures were 37.0 and 36.5OC in the glass and plastic vessels, respec- 
tively.) The absorbance of each filtrate was measured at 242 nm in a I-cm 
cell. 


Reevaluation of Glass and Plastic Vessels-Dissolution data for Tablet I 
were obtained with the same six glass vessels’ previously evaluated (1). A 
different set of six plastic vessels was used, however, because the plastic vessels 
used in the previous evaluation were not available for this study. 


Evahtion of New Glass Vessels-The new glass vessels3 have graduations 
from 5 0 0  to lo00 mL in 50-mL increments. Inside diameters were measured 
with inside calipers. The bottom curvatures were measured with a mechanic’s 
depth gauge and plaster of Paris (1). The glass vessels were numbered I 
through 5 and placed in the dissolution drive with one plastic vessel. Two sets 
of six tablets each were subjected to the dissolution test. The vessels were then 
moved one position in a clockwise direction, 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 dissolution drive for a total of 72 
results. Twelve results were associated with each vessel, which were sequen- 
tially placed in all six positions. Likewise, 12 sets of results were associated 
with each position in which all six vessels had been sequentially placed. The 
experiment was conducted only with Tablet I .  


Plastic-Coatd Class Vessels-Ten grams of plastic from a broken plastic 
vessel was dissolved in 100 mL of chloroform. This solution was poured into 
a clean, dry. glass vessel3. The vessel was tilted and rotated until its inside 
surface was brought in contact with the solution. The solution was poured from 
the vessel, and the vessel was inverted and placed on a cork ring in a draft hood 
overnight. The inside of the glass vessel was coated with a thin layer of plastic. 
The vessels had to be recoated after each dissolution test because the plastic 
did not adhere to the glass. Tablet 1 and Tablet 2 were tested in these coated 
vessels. 


Glass Vessels with Different Bottom Curvatures-Dissolution results for 
Tablet I were taken from a glass vessel‘o, in which the bottom curvature came 
to a blunted point ( I ) ,  and from a flat-bottom glass vessel” that was positioned 
in the dissolution apparatus in a manner similar to that for the other ves- 
sels. 


Dissolution Results at  Different Stirring Rates -Three plastic vessels and 
three glass vessels3 were placed in  alternating positions in the dissolution ap- 
paratus. The dissolution test was conducted at stirring rates from 25 10 100 
rpm for Tablet 1 and Tablet 2. 


Dissolution Results from One or More Tablets Per Vessel-Three plastic 
vessels and three glass vessels3 were placed in alternating positions as before. 


Haake, Model E52; Fisher Scientific Co.. Pittsburgh. Pa. 


Hanson Research Corp.. Northridge. Calif. 
Van-Kel Industries. Chatham, N.J. 
Model No. 28045-500, Kimble. Div. of Owens-Illinois. 


6 Nine-inch (22.86 cm) torpedo level; Stanley Tools. New Britain. Conn 


lo Model No. 33730; Kimble, Div. of Owens-Illinois (discontinued in 1978). 
1 1  Model No. BSF-1000; Virtis Co.. Gardincr. N.Y. 
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Table I-Dissolution Dpta ' for Tablet I from Five Glass Vessels (Rearranged for Two-way ANOVA) 


Percent of Label Claim at Position: 
Vessel I 2 3 4 5 6 Mean f SDb 


53.1 51.6 54.4 52.5 53. I 53.8 53.3 f 1.76 


52.4 55.6 55.4 54. I 51.4 51.7 53.3 f 1.76 


51.8 52.5 52.2 51.6 52.0 52.0 52.0 f 1.15 


52.6 53.0 51.6 52.2 49.5 52.0 51.8 f 1.50 


52. I 53.6 54.3 50.3 53.8 54.8 52.9 f 2.09 


I 54.2 49.5 55.7 52.0 55.7 54.0 


2 55.0 51.0 53.2 55.7 51.8 52.6 


3 52.3 53.0 54.6 50.9 51.3 49.9 


4 52.5 55.0 51.5 51.3 49.5 50.9 


5 57.2 49.9 53. I 50.4 52.7 53.0 


Position Mean 53.3 52.5 53.6 52. I 52. I 52.5 
Position SD I .69 2.01 1.51 I .69 1.88 1.49 


a Percent of label claim dissolved at  30 min. Mean f SD of 12 individual tablets. 


Table 11-Dissolution Data' for Tablet 1 from One Plastic Vessel Carried 
Through ANOVA Experiment 


Percent of Label Claim at Position: 
I 2 3 4 5 6 M e a n f S D b  


~ 


39.0 41.2 45.1 40.4 41.1 38.9 
40.8 38.5 43.3 41.1 40.2 41.1 40.9 f 1.85 


~ ~- 


a Percenl of label claim dissolved at 30 min Mean f SD of 12 individual tablets. 


One or several tablets were dropped into each vessel. The test was conducted 
at 50 and 75 rpm for Tablet 1 and Tablet 2, respectively. 


RESULTS AND DISCUSSION 


Physical Dimensions-The five glass vessel3 had inside diameters that 
ranged from 103.0 to 103.5 mm. The bottom curvatures of the vessels corre- 
sponded to those of spheres of diameters from 102.4 to 105.2 mm. Plaster of 
Paris casts of the bottom curvatures revealed no irregularities. The depth of 
the vessels was 165 mm. The vessels thus met tiSP specifications. 


The dimensions of the glass vessels3 diffcr from those of the plastic vessels 
in two respects. For the glass and plastic vessels, the outside diameters of the 
flanges are -I 22 and 135 mm, respectively. The outer edge of the flange is 
lopsided with respect to the outer wall of the glass vessel, but is symmetrical 
with the outer wall of the plastic vessel. This difference in flange dimension 
required larger cam lugs on the dissolution apparatus to hold each glass vessel 
centered around its paddle axis. The flanges were marked so that they could 
always be oriented in  the same configuration before use. 


The glass vessels3 have parallel sides, but the plastic vessels are tapered 
toward the bottom. Both types of vessel have essentially the same inside di- 
ameter at the top (103 mm), but the plastic vessel has a diameter of 101 mm 
just above the start of its bottom curvature. This difference in internal di- 
mension causes the glass vessel to have a slightly flatter bottom curvature and 
to hold a slightly larger volume of liquid at a specified dcpth. 


Selectionof Tablets for Evaluation-With Tablet 1, significant differences 
among glass and plastic vessels ( I )  were revealed when the amount of dissolved 
drug, expressed as a percentage of the amount purported to be in the tablet, 
was measured at 30 min. The difference between mean results from the two 
types of vessels was dramatic for Tablet 1 but slight for Tablet 2. Tablet 1 was 
therefore selected to be used to detect differences among the five new glass 
vessels). 


Tablet I had not been testcd for 3 years. New dissolution results were col- 
lected from the six glassvessels' evaluated previously ( I )  and from six plastic 
vessels. The mean results obtained for I2 tablets were 54.7 and 4 I .2% of label 
claim in glass and plastic vcssels, respectively. Thc corresponding standard 
deviations were 1.68 and 2.23% of label claim. These results compare favorably 
with the results previously obtained from the four positions of the dissolution 
drive that had vertical shafts'*. Thus, Tablet 1 had not deteriorated, and direct 
comparisons could be made between the results collected 3 years ago and thosc 
from the new glass vessels3. 


Analysis of Variance-The data collected in the test of five glass vessels3 
and one plastic vessel were rearranged for an analysis of variance (Tables I 
and 11). The data in the rows are associated with the individual vessels, and 
the data in the columns are associated with the individual positions in the 
dissolution apparatus. 


~ ~~ 


The Hanson dissolution drive used in the previous study ( I )  had two paddle shafts 
that were nonparallel with the other four shafts; results from the two nonparallel (non- 
vcrtical) positions were considered to be anomalous. 


Table Ill shows the ANOVA. The F ratios indicate that at the 95%confi- 
dence level, there were no significant differences among the positions on the 
dissolution apparatus. However, the chance that Tablet 1 would give the same 
results in each of the glass3 vessels is only -1 in 40. The maximum range of 
the 12-tablet means associated with the glass vessels) is only 1.5% of label 
(Table 1). The maximum ranges obtained previously ( 1 )  were 4.1% of label 
for six glass vessels' and 4.9% of label for six plastic vessels. Therefore, the 
dissolution data from Tablet 1 indicate that the new glass vessels3 are more 
uniform than either type of vessel previously evaluated. 


The overall mean of dissolution results for Tablet 1 in the new glass vessels3 
(52.7% of label claim; Table 1) agrees w d  with the mean from the previously 
evaluated glass vessels' (54.7% of label claim). Neither of these means agree 
with the mean from plastic vessels (-41% of label claim; Table II) ,  yet both 
the glass' and plastic vessels met USP specifications. 


Results from Coated Vessels-It has been observed in this laboratory that 
at the beginning of the dissolution test, certain tablets seem to become more 
centered in glass vessels than in plastic vessels, which suggests that friction 
between a tablet and the wetted vessel surface may be greater for plastic than 
glass. Also, certain tablets become more centered in glass vessels cleaned with 
soap and water than in those rinsed with watef and 95% ethanol, which 
suggests that a tablet may interact with residual films on the glass surface. 
Thus, certain tablets may interact differently with wetted plastic and glass 
surfaces. 


The glass vessels3 were coated with the material from which the plastic 
vessels were made. Five tablets of Tablet 1 were individually tested in plas- 
ticcoated vessels. A mean of 55.1% of label claim with an SD of 1.05% of label 
claim was obtained. These results indicate that the plastic coating had little 
or no effect. 


Vessel Curvature-A correlation has been established between the disso- 
lution data obtained for Tablet I and theshape of the bottom curvature of glass 
vessels ( 1  ). A glass vessel with an oblate deformation produces a higher dis- 
solution result than one with a prolatedeformation. Tablet 1 was used toes- 
timate a maximum magnitude of this curvature effect; a single tablet was 
tested in a molded glass dissolution vessello that possessed a bottomcurvature 
that came to a blunted point. and a single tablet was tested in a flat-bottom 
glass vessel" similar to those used in the spinning-filter dissolution apparatus 
(9). Results were 38.9 and 70.3% of label claim, respectively. The extreme 
difference in vessel curvature gave a difference of -31% of label claim which 
supports the idea that the difference in curvature between the glass3 and the 
plastic vessels may have an effect. This supposition could not be further in- 
vestigated because of the lack of glass vessels that have exactly the same di- 
mensions as the plastic vessels. 


Different Stirring Rates-Unlike Tablet I ,  Tablet 2 does not give a large 
difference in dissolution results in glass and plastic vessels at 50 rpm. Results 
reported earlier (5) suggest that Tablet 2 would respond differently at 100 
rpm. Tablet 1 and Tablet 2 were tested in glass and plastic vessels at stirring 
rates from 25 to 100 rpm (Table 1V). For Tablet 1, the largest divergence in 
results between glass and plastic vessels occurred at 50 rpm, and the results 
converged at higher stirring rates. For Tablet 2 the dissolution results did not 
begin to divergeuntil stirring rates >50 rpm were attained. 


Individual tablets from Tablet 2 were tested simultaneously at  75 rpm in 
three plastic-coated glass vessels3 and three plastic vessels. The mean disso- 
lution results (fSD) as percentage of label claim were 55.4 (4.68) and 60.7 
(4.30) from plastic and plastic-coated glass vessels, respectively. Comparison 
of these results with those in Table IV (Tablet 2.75 rpm) indicates that the 
plastic surfacc does interact with Tablet 2. 


Volume of Disintegrated Tablet Material-The higher dissolution results 
obtained for Tablet 1 and Tablet 2 in glass vcssels suggest that these tablets 
are subjected to higher fluid flow rates in glass vessels. During the dissolution 
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Table Ill-ANOVA for Six Apparatus Positions and Five Glass Vessels 


Sum of Mean F F F 
Source Squares df” Square ratio (0.95) (0.975) 


Position means 20.40 5 4.08 2.15 2.53 - 
Vessel means 25.08 4 6.27 3.30 2.69 3.25 
Interaction 77.97 20 3.90 2.05 1.93 - 
Within means 56.97 30 I .90 
Total 180.42 59 3.06 - - - 


Degrees of freedom. 


- - - 


Table IV-Effect of Stirring Rate on Dissolution Data for Tablet 1 and Tablet 2 from Class and Plastic Vessels 


Percent of Label Claim Percent of Label Claim 
Stirring for Tablet 1 for Tablet 2 


Rate. rDm Glass Plastic DifferenceC Glass Plastic DifferenceC 
~ ~~ ~~~~~~ ~ ~ ~~ 


25 24.7 f 1.15 30.3 f 1.76 -5.6 14.6 f 0.17 17.0 f 2.57 -2.4 
35 35.3 f 1.66 31.4 f 1.44 3.9 
50 52.9 f 1.47 4 0 . 2 f  1.17 12.7 34.0 f 1.65 35.7 f 1.42 -1.7 
60 - - - 46.1 f 2.51 47.2 f 4.43 - 1 . 1  
70 - - - 66.4 f 6.70 54.2 f 2.14 12.2 
75 66.3 i 1.76 65.0 f 1.73 I . 3  8 I .5 f 4.76 59.5 f 5.36 22.0 


100 7 1.2 f 2.20 70.0 f 0.58 I .2  97.2 f 1.17 73.6 f 6.52 23.6 


- - - 


“ Percent of label claim dissolved at 30 min. Three individual tablets were tested in each type of vessel. Mean f SD. C Difference of mean valuesobtained using glass and mean 
valucs obtained using plastic. 


Table V-Dissolution Data a for Increasing I m d s  of Tablet 1 and Tablet 
2 in Glass and Plastic Vessels 


Percent of Label Claim 
for Tablet I 


Percent of Label Claim 
for Tablet 2( 


Tablets/Vessel Glass Plastic Glass Plastic 


53.3 41.0 87.2 55.2 
56.2 43.9 84.0 62.1 
54.5 45.0 66.6 66.9 
55.9 43.5 - - 


Percent of label claim per tablet at 30 min. At 50 rpm. At 75 rpm 


test of a single tablet, the volume of the conical mass of disintegrated tablet 
material on the bottom of the vessel from Tablet 2 is about three times that 
from Tablet I .  I t  was speculated that this difference in volume could cause 
Tablet 1 to be more sensitive to slight differences among vessels because there 
might be less tendency for the tablet material to pack together at a specified 
stirring rate, i.e., fewer particles would have greater freedom of movement 
in a given space. 


The data in Table V show that this speculation is false for Tablet I ,  but true 
for Tablet 2. For Tablet I at 50 rpm, theamount of drug dissolved per tablet 
remains relatively constant as the number of tablets per vessel is increased. 
For Tablet 2 at 75 rpm, the amount of drug dissolved per tablet decreases for 
the glass vessels3 and increases for the plastic vessels until the amounts con- 
verge at about four tablets per vessel. 


CONCLUSIONS 
The glass vessels3 are uniform and comply with USP specifications. At a 


given stirring rate, certain tablets may give higher dissolution rates in glass’ 
than in plastic vessels. Although the results from Tablet 1 indicate that the 
vessel material is not important, the results from Tablet 2 indicate that tablets 
may significantly interact with the plastic or glass surface. Tablet 1 and Tablet 
2 are affected to an unusual degree by minor changes in the test. However, 
if reproducible results are to be obtained for a wide range of products, it is 
important to specify which type of vessel was used in the dissolution test. 
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Abstract The products of the degradation of crystalline ergocalciferol were 
investigated. These studies showed that numerous acidic and neutral oxidation 
products were formed resulting i n  the complete destruction of the triene 
functionality. Separation of the neutral products by preparative TLC led to 
material identified as the Windaus ketone IIa, 2,3,3a.4,5,6,7,7ap-octahy- 
dro-7aa-methyl- I R-( I a. I R,4R,5-trimethyl-2E-hexenyl)-4H-inden-4-one. 


Keyphrases 0 Ergocalciferol-crystal degradation products, liquid chro- 
matography, identification of a Windaus ketone 0 Liquid chromatogra- 
phy-determination of the crystal degradation products of ergocalciferol 


The oxidative degradation of ergocalciferol has been known 
for over 40 years (7-1 1); however, the structures of the solid- 
state degradation products have not been elucidated. Thus, it 
is the aim of this study to isolate and unequivocally identify 
these products. Initially, the decomposition of ergocalciferol 
in  room fluorescent light and air was investigated, resulting 
in  the identification of the Windaus ketone (IIa). 


Solid-gas reactions are often catalyzed by heat and/or light; 
thus, these reactions are of importance when studying the 
mechanism of drug degradation (1 -6 ) .  This paper reports 
studies on a specific class of solid-gas reactions: solid-oxygen 
reactions. A review ( 1 )  reports our preliminary studies on the 
complex heat- and light-catalyzed solid-oxygen reactions of 
vitamin D2, ergocalciferol (Ia). This paper presents these 
studies in greater detail. 


H 


EXPERIMENTAL SECTION 


Reagents-Ergocalciferol' purchased in  sealed ampules was used in all 
experiments. All reagents employed were of either reagent, spectral, or ACS 
grade. Methanol used in recrystallization of compounds was purified by reflux 
with magnesium and iodine followed by distillation over molecular sieves. 


Apparatus-All melting points were obtained on a hot stage2 and are un- 
corrected. IR spectra3 were determined neat or as KBr pellets. NMR spectra 
were obtained using a 60-MHz instrument4 with either CDCI, or acetone-& 
as the solvent and 1% tetramethylsilane as  the internal standard.  LOW-^ and 


la, H = 0 
It), H = NNHCONH2 


1 Sigma Chemical Co., S[. Louis. Ma * Koflcr Hot Stage. 


4 Varian Anaspect tiM 360: Varian Aavociatcs. Palo Alto. Calif. 
5 Determined by Dr. 1. Jardine and associates usinga DuPont 21-4926 mass spec- 


Hcckman IR-33; Bcckman Instrumcrib. Irvinc. Calif. 


Ia, R = Ib, R = 
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high-resolution6 mass spectra were determined using mass spectrometers 
opcrdted in both the electron-impact and chemical-ionization modes. 


Chromatography-Thin-layer silica gel chromatography plates containing 
fluorescent indicator' were used. Mixtures wcrc applied to the preparative 
layer silica gel Chromatography platesR with an applicator9. 


Synthesis of 2,3,3a,4.5,6,7,7a@-octahydro-7aa-methyl-I R-( la, 1 R,4R,S- 
trimethyl-2E-hexenyl)-4H-inden-4-one (Ira) and Its Semicarbazone (11b)- 
Compounds Ila and Ilb were synthesized according to the procedure of 
Windaus and Grundman ( I  2). Compound Ilb was crystallized as a white solid, 
mp 222'C [lit. (12) mp 222"CI; IR (KBr): 3440. 3240, 3170 (NI iC=O 
amide), 1680 (primary amide), 1570 (secondary amide), and 960 cm-l (trans 
RHC=CHR); 'H-NMR (acetone-d6): 6 0.57 (s, 3, C-18 CH,), 0.80 (d, 6, 
C-26,27CH3),0.90(d,3.C-28CH,),l.l (d,3,C-2lCH3),1.1-2.9(m,15), 
5.2 (m, 2, 22-H, 23-H), 5.6 (d, 2, HzN-C=O), and 8.2 ppm (s, I ,  
HNC=O); MS: m/z 333 (M+, 58%). 


And-Calc. for CzoH,,N30: C, 72.03; H. 10.57; N, 12.60 0,4.80. Found: 
C. 71.91; H, 10.68; N, 12.801°. 


Degradation of Ergocalciferol in the Solid State-The experiments, per- 
formed in triplicate by different investigators at  different times of the year. 
led to similar results. Crystalline ergocalciferol from a newly opened refrig- 
erated ampule was spread in a petri dish and left exposed to artificial light and 
room air (with average humidity, room temperature, and atmosphcric pres- 
sure). The colorless needles gradually changed to an orange powder. The IR 
and N MR spectra of the degrading compound gradually changed for the first 
6 months and then remained unchanged after 6 months. 


A sample of ergocalciferol (0.81 9). which had been stored for 6 months 
at room temperature, chloroform (150 mL), and a 10% NaHCO, solution 
( I  SO mL) were stirred for 5 min at room temperature. The organic phase was 
rcmoved at reduced pressure. Thin-layer chromatography of the residue 
[cyclohexane-ethyl acetate-chloroform-acetic acid (5:2: I : 1 ) ]  indicated three 
fractions ( R j X  100: 0, 31, 53): 


1. Material A Rf (X 100) 0; 0.038 g; 46% of the recovered material was 
an amber oil that could not be crystallized. I R  (neat): 3400 (broad). 1700 
(C=O. broad), and 1620 cm-' (C=C); MS (C m/z 309 (5.7%). 219 
( l l . O ) ,  153(11.0). 143(!8.0),and91 (100.0). 


2. Material B Rj ( X  100) 3 I ; 0.023 g; 28% of the recovcred material was 
an amber oil that could not be crystallized. I R  (neat): 3400 (ROH), 1710 
(C=O, broad), and 1620 cm-' (C=C); MS (C.I.): m/z 309 (40.5%). 307 
(33.8). 294 (22.3), 293 (100.0). 292 (24.3), 291 (86.5), 279 (27.0), 275 (72.3), 
and 125 (21.6). 


3. Material C Rf ( X  100) 53; 0.021 g; 26%of the recovered material was 
an amber oil that could not be crystallized. IR (neat): 2490 (C--H), 1700 
(C=O), and 1630 cm-' (C=C); MS (C.I.): m/z 209 ( 1  I.%), 278 (22.6), 
and 277 (100). The exact mass of the 276 peak was determined to be 
276.247. 


Material C and Ila co-chromatographed on silica gel plates using a three 
solvent system: cyclohexane-ethyl acetate chloroform glacial acetic acid 
(5:2:1:l); chloroform--methanol (9:l); and ethanol. 


Preparation of the Sernicarbazone Derivative of Material C-A mixture 
of material C (0.04 9). semicarbazide hydrochloride (0.26 g, 0.002 mol), so- 
dium acetate (0.41 g, 0.01 mol), and methanol (10 mL) was heated to a reflux 
temperature in an 8OoC oil bath. Water (0.5 mL) was added dropwise over 
a 5 min period. The mixture was refluxed for 0.5 h,  then cooled. Recrystalli- 
zation of the material from methanol gave a white crystalline solid (0.005 g). 
mp 22OOC. the I R  spectrum (KBr) of which was identical to that of the 
aforementioned semicarbazone, Ilb. 


6 Determined by the Purdue University Spcctral S e r v i m  Department using a Hitachi 


'Silica Gel 60 F-254 platcs. 0.25 mm; E. Merck A. G., Darmstadt. West Ger- 


8 Silica Gel GF Prep Pre-Coat plates, 1.0 mm; Camag. Inc.. Milwaukee, Wis. 


l o  Microanalyses were pcrformed by Dr. C. S .  Yeh andassociatcs, Purdue Cniversity. 


RMV-6A mass spectrometer. 


many. 


Kontus Chromaflex Streakcr; Kontes Glass Co.. Vineland. N.J.  


West LaPdyette. Ind. 


RESULTS AND DISCUSSION 


Degradation of ergocalciferol in ordinary fluorescent light at average room 
temperature and humidity results in  the oxidation and fragmcntation of the 
triene functionality. The 'H-N MR spectrum or degraded ergocalciferol 
showcd that the peaks assigned to the vinyl protons of the triene system at 6 
4.5.5.0.5.94, and 6. I4  ppm had disappeared while the peaks assigncd to the 
vinyl protons of the C-22 to C-23 olefinic bond remained unchanged ( 1  3). In 
addition, carbonyl absorption appeared in the IR spectrum of t h c  degraded 
material. In the NMR spectrum the peak attributed to the C-18 CH3 ab- 
sorption had decreased in intensity and shifted downfield. A broad, DzO ex- 
changeable peak, appeared between 6 3.3 and 5.38 ppm. 


The degraded material C can be identified as I la based on co-chromatog- 
rdphy and the preparation of the semicarbazone derivative which had the same 
melting point and 1R spectrum as the semicarbazone derivative of authentic 
Ila. Material B appeared tocontain two components with structures similar 
to Ila. The high-resolution MS indicate that thcsc components correspond 
to I l a  with one or two hydrogen atoms replaced by hydroxyl groups. These 
two components have so far resisted complete characterization. 


These results are consistent with literature reports which indicate that in 
air and light crystalline ergocalcifcrol decomposes, while storage under vac- 
uum results in increased stability (7-9, I I ) .  The extcnsive oxidation observed 
in our studies does not rule out other nonoxidative pathways of degradation, 
but i t  does indicate that oxidation is the major pathway of ergocalciferol 
degradation. 


The nucleus of the ergocalciferol molecule undergoes extensive oxidation; 
however, the side chain appears to remain intact. This may be due to the lesser 
reactivity of the side-chain olefin and to the crystal packing which promotes 
oxidation of the ergocalciferol nucleus. Preliminary studies of cholecalciferol 
( I  b) degradation indicate this compound to be much morc stable, confirming 
earlier reports (14). The greater stability exhibited by cholecalciferol may 
be due to different crystal packing. Recently, studies of hydrocortisone tert- 
butyl acctate have shown that different crystal forms have different reactivity 
towards oxygen, presumably because of different crystal packing ( I  5) .  Crystals 
of cholecalciferol may also contain fewer defects or sites for potential nucle- 
ation, therefore being more stable. 


REFERENCES 


( I )  S. R. Byrn.J. Pharm.Sci.,65, l(1976). 
(2) I. C. Paul and D. Y.Curtin,Science, 187, 19 (1975). 
(3) S. R. Byrn and C. T. Lin, 1. Am. Chem. Soc., 98,4004 (1976). 
(4) C. T. Lin and S. R. Byrn, Mol. Crysf. Liq. Crystalogr., 50, 99 


( 5 )  R. J.  Clay, A. M. Knevel, and S. R. Byrn, J. Pharm. Sci., 71, 1289 


( 6 )  S. R. Byrn, "Solid State Chemistry of Drugs," Academic, New York, 


(7) W. Huber and 0. W. Barlow, J. Biol. Chem., 149, 125 (1943). 
(8) T. Kanzawa and S. Kolak, J .  Pharm. SOC. Jpn..  73, 1357 (1953). 
(9) L. Fuchs and J. Van Niekirk, Biochemistry 2.277,32 (1935). 


(10) V. A. Dovyatnin and V. 1. Koltanova. Tr. Vses. Nauch. Issled. Vi- 


( 1 1 )  M. M. Amcr, A. K. S. Ahmad, and S. P. Varda. ZetteSeijen An- 


(12) A. Windaus and W. Grundmann, Ann. Chemie, 524,295 (1936). 
(13) R. M. Wing, A. W. Okamura. A. Rego, M .  R. Pirio, and A. W. 


(14) L. T. Gradyand K .  D. Thakker,J. Pharm. Sci . ,69,  1099(1980). 
( 1  5 )  C. T. Lin,  P. Perrier G .  G.  Clay, P. A. Sutton, and S. R .  Byrn, J. Org. 


( I  979). 


(1982). 


N.Y., 1982. 


tamin Inst., 6, 128 (1959); Chem. Abstr., 55, 14829a (1961). 


strichm., s72, I040 ( 1  970). 


Norman, Science, 186,939 (1974). 


Chem., 47,2978 ( 1982). 


ACKNOWLEDGMENTS 


This research was supported by NIH Grant GM21 174. 


Journal of Pharmaceutical Sciences I 1323 
Vol. 73, No. 9, September 1984 












BOOKS 


Animal Models for Oral Drug Delivery in MM: In Situ and In Vivo Approaches. 
Edited by WILLIAM CROUTHAMEL and ALLEN C. SARAPU. 
American Pharmaceutical Association, Academy of Pharmaceutical Sci- 
ences. 2215 Constitution Ave. N.W. Washington, DC 20037. 1983. 179 
pp. 15.5 X 23.5 cm. Price: $54.00. 
This book is based on the symposium "Animal Models for Drug Absorption 


in Man" held in  September 1980 at the APhA Academy of Pharmaceutical 
Sciences meeting in San Antonio, Texas. I t  contains texts from various rec- 
ognized authorities in the field. 


The book is divided into six chapters which discuss the mechanisms of drug 
absorption and techniques for studying them (Chapters I and 2), the use of 
the dog in new drug development, bioavailability testing and quality control 
(Chapters 3-5) and the regulatory viewpoint on the use of animals in NDA 
submissions (Chapter 6) .  In many respects. however, the most obvious division 
in  the book is between the academic and industrial approaches to studying 
absorption-a distinction entirely appropriate in a subject that is of intense 
interest to both sides of pharmaceutical research. The text is well-argued and 
very readable and the rather unfortunate misspelling of 'gavage' as 'garbage' 
(Chapter 6) in no way reflects the general high quality of the contents. 


The first two chapters (writtcn by G. L. Amidon and N. F. H. Ho el. 01.) 
are excellent and give a fairly comprehensive description of the theoretical 
and practical aspects of the subject. The analysis, in Chapter 2. of physiological 
factQrs controlling absorption is particularly effective. 


The subsequent chapters are in wme ways an anticlimax, although they 
do represent a useful account of industrial experiences with these models in  
new drug development. There arc a number of examples or 'case studies' which 
readily illustrate the points being made, although thedescription of compounds 
in vague terms such as 'anxiolytic-type,' without structures, tends to be a little 
frustrating. The main criticism of this part of the book is in what it omits rather 
than what it includes; this may be a result of its origins as a symposium, where 
time is limited and a subject cannot be covered comprehensively. However, 
there does seem to be an overriding emphasis on the use of blood level studies 
in dogs when discussion of other species, such as rat and monkey, would have 
been of benefit. Other important considerations such as the correlation be- 
tween in siru and in vivo absorption data and the crucial issue of interspecies 
variation in absorption also have not been given the coverage they deserve. 


Nevertheless, an authoritative text on this subject is long overdueand this 
book is both welcome and useful. It will be of particular value to those i n  the 
pharmaceutical industry who are involvcd in drug design and product devel- 
opment. The more interested readers will be stimulated to look into the liter- 
ature for some of the things the book omits and the excellent sets of references 
will be a useful guidc for this. 


Rei'ieued by David C. Taylor 
Pharmaceurical Deparrmenr 
ICI Pharmaceurimls Division 
Alderley Pork 
Macclesfield 
Cheshire 
U .K .  


Handbook of Powder Science and Technology. By M. E. FAYED and L. 
OTTEN, Van Nostrand Reinhold Company, Inc., I35 West 50th Street, 
New York. NY 10020. 1984.650 pp. 18 X 26 cm. Price: $79.50. 
This book is intended to be a guide for quick access to a wide range of i n -  


formation on powder science. Actually it is not a handbook. but is a compre- 
hensive text to which 26 authors have contributed their expertise. For a 
multiauthored book it is very readable. 


The book is divided into 19 chapters, which are entitled: "Particle Size 
Analysis: Theory and Statistical Methods"; "Particle Size Measurement: 
Experimental Techniques": "Particulate Characterization: Future A p  
proaches"; "Structural Properties of Packing Particles"; "Fundamental 
Properties of Powders"; "Vibration of Fine Powders and Its Application"; 


"Size Enlargement Methods and Equipment": "Mixing of Powders; Storage 
of Particulate Solids"; "Fluidimtion Phenomena and Fluidized Bed Tech- 
nology"; "Spouting of Particulate Solids"; "Transport of Solids in Pipelines"; 
"Size Reduction of Solids: Crushing and Grinding Equipment"; "Sedimen- 
tation"; "Filtration of Solids from Liquid Streams"~"Cyclones"~"Electr~tatic 
Precipitator Applications and Concepts"; "Granular Bed Filters": "Wet 
Scrubber Particulate Collection". 


Statistical discussion is supported by sample problems, and the validity of 
the calculations are discussed. Analytical instruments and processing equip 
ment are listed, and methods of selection for specific conditions are discussed 
in detail. The currentness of the book is exemplified by the modern chapter 
on morphologb of a particle and powder signature. The book contains a wealth 
of information on the technology of handling. measurement. separation, and 
use of powders. 


This excellent book has an abundance of information not only for those 
(graduate students) who have little expericnce in powder technology, but also 
for the pharmaceutical scientists in production, research and development, 
and academia. 


Reviewed by Eugene L. Parrott 
College of Pharmacy 
Universiry of Iowa 
Iowa City. I A  52242 


Nwleosides, Nucleotides and ' l M r  Bidogical Applications. Edited by JANET 
L. RIDEOUT, DAVID W. HENRY, AND LOWRIE M. BEACHAM 
111. Academic Press, I 1  1 Fifth Avenue, New York. NY 10003. 1983.327 
pp. 16 X 24 cm. Price: $29.50. 
The book presents the manuscripts of the I I plenary lectures given at the 


Fifth International Round Table on Nucleosides. Nucleotides. and Their 
Biological Applications. held in Research Triangle Park. North Carolina, 
October 20-22, 1982. Each lecture is given its own chapter, a list of which 
includes "Nucleosides with Antiviral Activity", "The Chemistry and Biology 
of Nucleasidcs of Purines and Ring Analogs". "Experimental and Clinical 
Studies on 2'-Fluoroarabinosyl Pyrimidines and Purine-Like C-Nucleosides". 
"2',5'-Oligoadenylates, Their Role in Interferon Action and Their Potential 
as Chemotherapeutic Agents", "Receptors for Adenosine and Adenine Nu- 
cleotides". "Analogs of 2',5'-Oligoadenylates: Biological Probes for the 
Antiviral/Antitumor Stale of Mammalian Cells". "Synthesis of Pyrr- 
olo[2.3-d]Pyrimidine Nucleosides by Phase Transfer Glycosylation and Their 
Function in Polynucleotides". "The Alkylsilyl Protccting Groups: in Particular, 
the r-Butyldimethylsilyl Group in  Nucleoside and Nucleotide Chemistry". 
"Unusual Nucleoside Synthons and Oligonucleotide Synthesis". "Selective 
Modification and Deoxygenation at C-2' of Nucleosides". and "Synthesis of 
Versitile c-Nucleoside Precursors and Certain C-Nucleosides". 


While no attempt is made to exhaustively review all the literature in each 
chapter, general references are provided wherein additional reviews can be 
found. Each chapter is generally well writtcn with very few typographical 
and/or structural errors, and all have substantial (albeit not extensive) bib- 
liographies. The index at the end of the volume is quite detailed. including page 
references for specificcompounds. Although the matcrial is now almost two 
years old, and much new literature has k e n  published, especially in the arcas 
of adenosine receptors and antagonists, novel C-nucleosides. and 2',5'-olig- 
onucleotide synthesis. this reference is nevertheless a valuable source of in- 
formation on methodology (both chemical and biological) and structural 
design of nucleoside/nucleotide analogues. 


Reciewed by Marvin C .  Pankaskie 
Deparrmenr of Biomedicinal Chemisrry 
College of Pharmacy 
Universirj of Nebrasku Medical Cenrer 
Omaha, A'E 68/05 
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Abstract 0 The gastric and intestinal absorption of captopril, an orally active 
angiotensin-converting enzyme inhibitor was determined using rat in situ 
gastric pouch and intestinal loop techniques and compared with the absorption 
of another acidic drug, salicylic acid, whose absorption has been well estab- 
lished from both gastric and intestinal sites. Captopril absorption was deter- 
mined at two initial intraluminal concentrations in acute (untreated) rats and 
in rats that had been chronically treated with captopril. Salicylic acid ab- 
sorption was determined at one concentration in acute rats. During the 40-min 
experimental period, captopril absorption at the 4.6 mM dose from the gastric 
pouch was 17.0 f 1.8% and 17.9 f 5.4% in acute and chronically treated rats, 
respectively, and 33.6 f 9.2% and 23.7 f 7.6%, respectively, from the intestinal 
loop. At the 11.5 mM dose the captopril absorption in 40 min was 13.7 f 2.7% 
and 17.3 f 4.2% from the gastric pouch of acutely and chronically treated 
rats, respectively, and 17.8 f 4.2% and 22.9 f 3.3%, respectively, from the 
intestinal loop. As similar fractions of the different administered doses were 
absorbed from the respective gastric and intestinal sites in both acutely and 
chronically treated rats, the absorption process of captopril appears to be 
principally by passive diffusion and unaffected by chronic administration of 
captopril. In comparison, salicylic acid was absorbed more rapidly and to a 
greater extent from both the gastric and intestinal preparations. The percent 
of salicylic acid absorbed into the plasma at  the 1 1.5 mM dose was 44.8 f 4.4% 
and 65.3 f 5.3% from the gastric and intestinal preparations, respectively. 
It is concluded that gastric absorption of captopril does occur, but its relative 
importance to intestinal absorption is dependent on the transit time from the 
gastric to intestinal site. 


Keyphrases 0 Captopril-in situ absorption, comparison with salicylic acid, 
rats 0 Salicylic acid-in situ absorption, comparison with captopril, rats 


Captopril, 1 -[(2S)-3-mercapto-2-methylpropionyl]- 
pyrrolidine-2-carboxylic acid is the first orally effective, an- 
tihypertensive drug in a new class of angiotensin-converting 
enzyme inhibitors. This drug contains a reactive thiol group 
postulated to be necessary for its binding to the Zn2+ of the 
angiotensin-converting enzyme (1). However, this functional 
group also reacts to form low molecular weight disulfide 
conjugates of captopril in tissues such as liver and kidney (2, 
3). Captopril also forms covalent links with plasma proteins 
uia disulfide linkages with thiol-containing residues (4) and 
this may explain the extensive tissue binding of captopril(3). 
Possible significant alterations in the pharmacokinetics of 
captopril, particularly following chronic treatment, could result 
from tissue uptake saturation and binding processes. 


Several studies on the disposition of captopril in humans and 


laboratory animals (3,5-8) have found an early appearance 
of captopril in the plasma following oral administration with 
peak drug levels usually occurring within 1 h. As captopril is 
a structural derivative of the amino acid proline, there exists 
the possibility that it could be a substrate for an amino acid 
transport process that rapidly transports captopril across the 
gut wall. Additionally, the acidic nature of the drug would, 
according to the pH partition hypothesis (9), allow passive 
absorption from the highly acidic gastric site prior to entry into 
the intestinal absorptive sites. Recently, a clinical study with 
captopril observed much higher blood levels of the drug fol- 
lowing chronic treatment than acute captopril administration, 
suggesting an increase in the rate and extent of absorption and 
bioavailability ( 5 ) .  However, no studies to date have directly 
examined whether changes in the absorption rate occur during 
chronic therapy. 


The definition of the sites and processes involved in the 
absorption of captopril into the systemic circulation has an 
important place in the description of the disposition of capto- 
pril. In this study, the recently described in situ gastric pouch 
and in situ intestinal loop preparations (10, 11) have been 
utilized to investigate captopril absorption at these sites using 
acute (untreated) rats and rats chronically treated with cap- 
topril over 40 d. These techniques offer the advantage of al- 
lowing direct determination of drug traversing the gut wall and 
also enable the quantitation of any metabolites that may be 
produced that contribute to a “first pass” effect from either 
the gastric or intestinal sites. For comparison, we have included 
in the study the acidic drug salicylic acid, which is known to 
be readily absorbed from both sites (12). 


EXPERIMENTAL SECTION 


Materials-Captoprill, captopril disulfide dimer’, and salicylic acid2 were 
used in the experiments. For the measurement of captopril using a gas chro- 
matographic-mass spectrometric (GC-MS) assay, 3-(3-mercapto-2- 
methyl-propionyl)-4-thiazolidine carboxylic acid3 (YS-980) was used as an 


E. R. Squibb & Sons Pty. Ltd., N.J. 


Courtesy of Dr. J. Iwao, Santen Pharmaceutical, Osaka, Japan. 
2 Pharmacopoeia1 purity. 
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internal standard (3). Other chemicals required for the GC-MS assay were 
obtained as described previously (3) and all othcr chemicals were analytical 
reagent grade. 


InSitu Gut Preparations-Male Wistar-Kyoto rats (21 5-300 g) that had 
access to food and water ad libitum were used for both gastric and intestinal 
absorption experiments. The gastric pouches were prepared as previously 
described ( I  0). Briefly, following anesthetizing the animal with pentobarbital 
sodium (50 mg/kg ip), a jugular vein cannula was implanted for administering 
heparin (3000 IU/kg) and for whole blood replacement. A cannula for the 
collection of systemic blood samples was placed into the carotid artery. The 
esophagus. pylorus, pyloric blood vessels, and the branches of the gastroepi- 
ploic blood vessels were ligated. Gastric contents were removed via a small 
incision made in  the rat forestomach and the pouch was rinsed clean with 
saline. Remaining fluid was removed with an absorbent tissue. After trans- 
position of the stomach, and exposing the left gastric vein, a 21-gauge needle 
attached to a 15-cm length of polyethylene tubing (0.75-mm i.d., 1.45-mm 
0.d.) was inserted into the vein to allow collection of the venous blood draining 
the pouch. The drug was then administered via a syringe tied into the incision 
made earlier in the forestomach. 


A slight modification of the method previously described by Worland and 
llett ( 1  1)  was used for preparing the in situ intestinal loops. Slightly larger 
sections (length. 8-10 cm) of jejunum were selected and the same size needle 
(21 gauge) and cannula length (15 cm) employed for the gastric pouches were 
used to cannulate the vein leading away from the in situ loop. Blood samples 
were collected from the in situ gut preparation over 4-min intervals for a total 
of 40 min for all experiments. 


To  maintain blood flow through the in situ gut preparations, heparinized 
whole blood replacement was given via the jugular vein at 0.7 mL/min using 
a peristaltic pump4. The blood collected immediately prior to the experiment 
from donor rats was continually mixed during the replacement by a gently 
oscillating reservoir. 


The stomach and intestine were able to adjust the pH of the administered 
drug in  saline solutions to the physiological relevant values (--I .O and 6.3, 
respectively) within a 5-min period. 


Captopril was prepared at concentrations of 4.6 or I 1 .5 mM in normal saline 
(0.9% NaCI) within 2 min of being administered in a 0.5-mL volume to the 
isolated gut preparations. These Concentrations of captopril were chosen as 
they approximate doses of 2 mg/kg and 5 mg/kg which are known to be 
pharmacologically active when given orally to rats ( I ) .  Salicylic acid was given 
in a 0.5-mL volume in normal saline only at a concentration of 11.5 mM. 


Rat Treatment-Rats were treated with 1 mg/kg of captopril by gavage 
twice daily for 40 d prior to the absorption experiment; the last dose was given 
14 h prior to the experiment. The male Wistar-Kyoto rats used in  the study 
were 250-300 g a t  the time of the experiment. 


Determination of Captopril and Salicylic Acid Levels-For the assay of free 
captopril using GC-MS, an aliquot of the blood sample (200 pL) was taken 
immediately after sample collection and added to glass extraction tubes 
containing 2 mg of N-ethylmaleimide (20 mg/mL solution in water). Internal 
standard (4 jtg of 1 -mg/mL solution in acetone) was included. The determi- 
nation of total captopril (free captopril and disulfide conjugates) was obtained 
following reduction of disulfide bonds using the reducing agent dithiothreitol 
(3). Samples were also assayed for the S-methyl metabolite of captopril (3, 
13). At the completion of the experiment, the gut tissue used for either the 
gastric pouch or the intestinal loop was rinsed with saline, blotted, and then 
finely minced in 5 volumes of phosphate buffer (0.05 M ,  pH 7.4). It was then 
homogenized with a homogenizer5 for 45 s and an aliquot was taken to assay 
total captopril. Salicylic acid levels were determined from plasma collected 
from the in situ gut preparations using HPLC as described (10). 


Data Analysis-The BMDP statistical software package (14) was used for 
the analysis of variance (ANOVA, one- and two-way). A significant difference 
was assumed at t h e p  < 0.05 level in all statistical tests. The results are ex- 
pressed as the mean f S E M  of four experiments. 


RESULTS AND DISCUSSION 


Captopril has previously been observed to be rapidly absorbed into the 
systemic circulation following oral administration (3 ,  5-8 ) .  and the gastric 
absorption of captopril, an acidic drug (pK, = 3.7)6 could be expected to 
contribute to its early appearance in systemic blood samples. I n  addition to 
passive absorption of captopril from either the gastric or intestinal regions, 
there is the possibility of an active absorption process in the small intestine 
principally intended for amino acids, but capable of transporting captopril 


Manostat, N.Y. 
5 Polytron PT- 10; Kinematica, Lucernc, Swilierland. 
6 E. R. Squibb & Sons Pty. Ltd. represenlative, personal communicalion 


Table I-Percent of Administered Captopril Dose in Effluent Venous Blood 
from In Situ Gut Preparations a 


Gastric Pouch Intestinal Loop 
Initial lntraluminal Total Disulfide Total Disulfide 
Concentration, mM Captopril Conjugates Captopril Conjugates 


4.6 
Acute 17.0 f 1.8 5.4 f 2.7 33.6 f 9.2 3.1 f 1.8 
Chronic 17.9 f 5.4 1.7 f 1.4 23.7 f 7.6 0.4 f 0.2 


11.5 
Acute 13.7 f 2.7 1.5 f 1.0 17.8 f 4.2 1.9 f 1.4 
Chronic 1 7 . 3 f 4 . 2  6 . 7 f 4 . 9  2 2 . 9 f 3 . 3  l . l f l . O  


Taken over 40 min. Results presented as mean percent f SEM ( n  = 4) 


as it is a structural derivative of the amino acid proline. The experiments re- 
ported herein have utilized in situ gastric pouch and intestinal loop prepara- 
tions to directly determine the absorption of captopril from both the gastric 
and intestinal sites as represented by these in situ gut preparations. Although 
these preparations can only approximate the real situation, as the animal is 
anesthetized and the absorption site is necessarily restricted to either the 
stomach or a section of jejunum, they do allow a direct comparative mea- 
surement of drug absorption and drug metabolism across the gut wall from 
the respective regions. 


The percentages of captopril doses absorbed into the blood draining the in 
siru gut preparations are shown in Table I .  No significant differences between 
the acutely and chronically treated rats were observed in either the gastric 
or intestinal preparations at either initial intraluminal concentrations of 4.6 
or 1 I .5 mM. Also, the extent of disulfide conjugates appearing as metabolites 
from the gastric or intestinal sites at either initial concentration of captopril 
were not different. Captopril (detection limit, 1 ng) was not detected in sys- 
temic blood samples obtained at the completion of the experiment (40 min) 
indicating that the collected blood from the in situ gut preparation contained 
only absorbed drug and its metabolite produced during the absorption from 
the tissue or within the blood draining the tissue. A similar percentage of 
administered dose, to either the gastric or the intestinal preparation, was ab- 
sorbed at the twoconcentrations; this suggests that the predoininant absorption 
mechanism is a passive process at these doses. The significant absorption from 
the gastric preparation suggests that gastric absorption contributes to the early 
appearance of captopril in the plasma observed after oral administration of 
the drug (3 .5-8) .  


The extent of disulfide formation was small and variable. Earlier work on 
the biotransformation of captopril in  blood by Wong et a / .  (15) has shown 
that, following the addition of captopril to whole rat blood and immediately 
attempting to stabilize the free drug with N-ethylmaleimide, -I 7% of added 
captopril was covalently bound to whole blood components. Similar results 
were obtained by Park et al. (4). In our experiments the sample collection 
period from the gastric pouch and intestinal loop was 4 min and it would seem 
plausible that the extent ofdisulfide formation observed has occurred entirely 
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Figure I-Bloodflowfrom in situ gut sections of rats receivinga single dose 
ofcaptopril and the cumulative absorption of captopril at 4.6 tnM (a) and 
11.5 m M  ( w )  initial intraluminal concentration for the intestinal (A, C) and 
gastric regions (B,  D) .  Results are mean f SEM (n = 4); error bars are not 
shown if less than symbol size. 
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Figure 2-BloodJ7ow from in situ gut sections of rats chronically treated with 
captopril and rhe cumulative absorption ofcaptopril at 4.6 mM (0 )  and 11.5 
mM (m) initial intraluminal concentrationsfor the intestinal (A, C) and the 
gastric regions (B. 0). Results are mean f SEM (n = 4); error bars are not 
shown if less than symbol size. 


within the blood and not the gut wall. The S-methyl metabolite of captopril 
was not detected in the blood draining from either the gastric or intestinal 
preparation. This metabolite has been detected in human and animal studies 
following oral administration of captopril (3, 13, 16). but does not appear to 
be produced from either the gastric or intestinal site during the absorption 
process. 


Blood flow through the intestinal tissue has been demonstrated to be an 
important factor in the absorption of drugs (17-20) particularly when 
movement of the drug acruss lipoidal barriers is not the rate-limiting step. I n  
order to eliminate possible changes in the absorption rate that may have re- 
sulted from variable blood flow. replacement blood was delivered at a constant 
rate throughout the experiment. The blood flow rates from the gastric pouch 
and intestinal loop preparations that had been given captopril are shown in  
the upper panels of Figs. I and 2. The blood flow rates did not vary significantly 
during the experiments and werc not affected by either the dose of captopril 
or the chronic treatment with captopril. On the standardized basis of blood 
flow per.gram of wet weight tissue. the blood flow from intestinal loops was 
two- to threefold greater than that of the gastric pouches. The weights of the 
intestinal segments used for the captopril (and salicylic acid) experiments were 
not significantly different b e t h n  groups (overall mean weight, 0.74 g). 
Similarly, the weights of the gastric pouches (overall mean weight I .59 g for 
the captopril and salicylic acid experiments) were not significantly different 
between groups as tested by an ANOVA (one-way). 


The lower panels of Figs. I and 2 show the cumulative absorption of cap- 
topril during the experiments using the acutely and chronically treated rats 
at the two doses. The graphs are plotted on a standardized basis of per unit 
wet tissue weight to show differences in the capacity for absorption between 
the gastric and intestinal tissue. On this Standardized basis, the intestinal tissue 
absorbed a significantly greater amount of captopril than the gastric tissue 
(ANOVA. two-way, b < 0.001) and the magnitude of the difference in the 
amount of captopril absorbed was similar to the differencc observed in blood 
flow from the two sites. The back extrapolation of the terminal phase of the 
intestinal absorption pldts from the acutely treated rats suggests a lag phase 
for absorption in the early period of the experiment. This phase was not as 


Table 11-Gut Tissw Concentrations of Total Captopril a 


Initial Intraluminal 
Concentration, mM Gastric Pouch Intestinal ~ o o p  


4.6 
Acute 381.3 f 78.0 (24.59’q)b 1515.6 i 199.6 (49.3%) 
Chronic 278.5 f 46.8 (23.3%) 1390.0 f 278.6 (42.7%) 


11.5 
Acute 389.2 f 78.0 (10.9%) I 192.8 f 238.4 ( I  5.0%) 
Chronic 597.0 f 194.5 (16.7%) 1374.6 f 382.4 (17.2%) 


In  nmol/g of tissue wet weight. determined at the completion of the absorption ex- 
Valucs in parenthacs reDreSent perirncnts. Resulu prcscntcd as mean f SEM ( n  = 4). 


the amount i n  the  tissue as a percentage of the dose administered. 


d z  o J  
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Figure 3-Blood/lowjrom the in situ gastric (0) and intestinal (.I prepa- 
rations and the cumulative absorption of salicylic acid at 11.5 m M  initial 
intraluminal concentration into the plasma. Results are mean f SEM (n = 
4) ;  error bars are not shown if less than symbol size. 


prominent in the corresponding gastric absorption and intestinal absorption 
plots obtained from the chronically treated rats. 


Gut tissue concentrations of total captopril were determined at the com- 
pletion of the experiment. The total captopril concentrations In the gut walls 
from either the gastric or the intestinal tissue were not different after different 
doses. This suggests a saturation of tissue uptake of captopril and is pcrhaps 
more clearly shown as  a percentage of administered dose. At the higher ad- 
ministered dose a lower percentage of the dose is found within the gut wall 
(Table 11). 


The results of this study demonstrate that in rats the rate of captopril ab- 
sorption from both the gastric and intestinal sites is unchanged after chronic 
captopril treatment. supporting a previous report that indicated pretreatment 
of mice for a minimum of 14 d did not affect the extent of absorption or bio- 
availability of captopril as assessed by urinary excretion (21). However, these 
rodent studies do not conform with a report of captopril kinetics in hypcrtensive 
patients ( 5 )  in which greater plasma levels of tBe drug were achieved after 
chronic usage, suggesting a possible increase in the bioavailability of capto- 
pril. 


As captopril is an acidic drug, it was of intcreft to compare the absorption 
characteristics as dctermided by these in situ gut pre#arations with salicylic 
acid, a drug whose absorption has been welltstudied (12. 17). The cumulative 
absorption of salicylic acid on the standardized basis of unit weight from the 
gastric and intestinal in situ ireparations is shown in the lower p h e l  of Fig. 
3 with the respective blood flows shown in the u p p r  panel. Significant, but 
small differences blood flow were found by an ANOVA (two-way) when 
comparing blood L w  from the intestinal loop after receiving either captopril 
at the two doses (acutely and chrohically treated rats) or salicylit acid at the 
1 I 5-mM dose. This was also true for blood flow from the gastric buch.  Blood 
flow through the intestine was less following salicylic acid administration 
relativeto captopril (p < 0.001) but greater from the gastric pouch after 
salicylic.acid than captopril (p C 0.OOOl). During the 40-min experimental 
period, 44.7 f 4 . 4 1  and 65.3 f 5.Woof the salicylic acid added to the lumen 
was absorbed into the plasma draining through the in situ stomach and in- 
testinal preparations, respectively. The majority of this was absorbed in the 
first 12 min of the experiment and a lag phase for salicylic acid absorption was 
not evident from the absorption profiles with the collection times shown in 
Fig. 3. The Salicylic acid abforption profiles differ markedly from those o b  
served with captopril. This difference resulted from a greater absorption rate 
for salicylic acid from the gastric 2nd intistinal loop. Twelvt‘ minutes after 
administration of salicylic acid -25 and -46% of the admihistered dose to 
the gastric and intestinal sites, respectively. had been a h s o r k j  into the plasma. 
In comparison, captopril absorptio! was only 3.3 and 2.3% of the same molar 
dose from the in situ gastric and intestinal loop preparations in 12 min. Thus 
for salicylic acid, the large changes in the amounts and the concentration 
within the gut lumen would result in  a decrease in the driving force for ab- 
sorption across the gut wall. For captopril. although the,absorption process 
a t  the doses given suggests passive absorption. the absorption rate was not 
observed to decrease during the experiment. This can be expected as the in- 
traluminal captopril concentrations would not be altering as rapidly nor to 
the same extent as salicylic acid within the time of the experimcnt. 
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In summary, our results have shown that the gastric absorption of captopril 
would contribute to thc early appearancc of captopril in the blood, but the 
intestine has a gra te r  capacity than the stomach for theabsorption ofcaptopril 
and the relative magnitude of captopril absorption from the gastric site will 
depend on the transit rate through the stomach. Furthermore, it has been 
shown that chronic treatment of captopril in the rat does not increase the rate 
of captopril absorption from either the stomach or intestine. In comparison 
to salicylic acid, captopril is not as rapidly absorbed from either the stomach 
or intcstine. 
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Abstract 0 The bioavailability and pharmacokinetic behavior of 10 mg/kg 
of [‘4C]probucol in an oil-water cmulsion was determined after oral and in-  
travenous administration to rats. The bioavailability of the oral formulation 
was -6%. For the first 12-h interkal after the intravcnous bolus, plasma pro- 
bucol concentrations increased after an initial decrease. This effect may be 
attributed to the formulation or precipitation of the drug in the vasculaturc. 
The terminal plasma half-life was 6 d. By 7 d, 45 and 4.65% of the labeled 
intravenous bolus was excreted in the feces and in  the urine, respectively. 
Although most of the labeled dose was excreted in the bile, any entcrohepatic 
recirculation that did occur did not contribute to the atypical plasma con- 
centration uersus time profile. The tissue distribution of the label and climi- 
nation rates in  the bile differed between the two routes of administration. 
Either the total body burden, precipitation of the drug, or the emulsion vehicle 
may be responsible for the nonlinear distribution and clearance of the intra- 
venous dose. 
Key phrases 0 Bioavailability-oil-in-water emulsion, tissue distribution, 
probucol, biliary elimination, rats 0 Probucol-bioavailability, oil-in-water 
emulsion, tissue distribution, biliary elimination 


Probucol ([)I, 4,4’- [ ( 1 -methylethylidene)bis(thio)]- 
bis[2,6-bis( 1,l-dimethylethyl)]phenol, is an orally effective 
hypocholesterolemic drug. Its efficacy has been demonstrated 
in mice, rats, monkeys, and humans ( l ) ,  and its chemical 
structure is unlike that of other hypocholesterolemic agents. 
There are no published pharrnacokinetic studies of probucol 


I Merrell Dow Research Institute-Cincinnati Center. Available in the U.S. under 
the trademark Lorelco. 


in rats to characterize the dose-response of the drug (2) and 
only recently have aspects of the pharmacokinetic behavior 
of probucol in humans been presented (3 ) .  


The present pharmacokinetic studies were conducted in rats. 
Long-term toxicity and efficacy studies have been conducted 
in rats and other rodent and nonrodent species, and the identity 
of pharmacokinetic parameters that might assist interpretation 
of the outcome of the dose-response studies was sought. 


EXPERIMENTAL SECTION 


Probucol Formulatiom-[ Ring(U)-14C]probuco12 with a specific activity 
of 7.58 or 34.1 pCi/mg was used for distribution and excretion studies. The 
compound is labeled with statistical uniformity in all positions of each ring. 
A radiochemical purity of >98% was dctcrmined with TLC, autoradiography, 
and liquid scintillation counting (LSC) techniques. Two TLC systems were 
used: hexane-benzene (8020) and hexane-ether (955) on silica gel (0.25 mm) 
plates3. Uniformly ring-labeled [14C]probucol with a specific activity of 34. I 
pCi/mg and a radiochemical purity of 99.5% by HPLC and LSC techniques 
was used for the biliary excretion studies. Labeled probucol was mixed with 
nonlabeled probucol which had a chemical purity of >99.5% to provide the 
intended regimens of oral and intravenous probucol. The specific activities 
of the resultant mixtures rangcd from 1.57 to 8.74 pCi/mg. 


Both oral and intravenous formulations of probucol were prepared as oil- 


* Synthesized by D. F. Gransden and G. A. Roth, The Dow Chemical Co.. Midland, 
Mich. 


Silica Gel, F-2S4: MCB Manufacturing Chemists, Inc.. Cincinnati, Ohio. 
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BOOKS 


Total Syntbesis of Natural Products: The ‘Chiron’ Approach. (Organic 
Chemistry Series, Vol. 3). By STEPHEN HANESSIAN. Pergamon Press, 
Inc. Maxwell House, Fairview Park, Elmsford, N Y  10523. 1983.291 pp. 
15 X 23 cm. Price: $20.00. 
The present generation of organic chemists considers no total synthesis of 


a natural product to be truly satisfactory unless it also yields an optically pure 
product. One of the ways of achieving this objective is to begin the synthesis 
with a substrate drawn from the chiral pool so bountifully provided by nature: 
amino and hydroxy acids, terpenes, and carbohydrates, many of which are 
readily available and relatively cheap. In this book, Professor Hanessian, one 
of the leading practitioners of the art of using carbohydrates as precursors 
in asymmetric total synthesis, presents both a personal approach to this field 
and a thorough review, with much informative commentary, of successful 
syntheses employing carbohydrates as starting materials. 


Part 1 of the book describes those features of compounds from the chiral 
pool-variety in carbon framework, sense of chirality, number of asymmetric 
centers, functional group sequences-that make them versatile springboards 
from which to launch asymmetric syntheses. A11 important, of course, is the 
designer’s perception of the structural and stereochemical relationships be- 
tween these “chiral temp1ates”and the target structure. Parts 2 and 3 of the 
book, entitled “Design” and “Discovery” respectively, present guidelines on 
how to establish the appropriate “visual dialogue” (a functional, if not par- 
ticularly felicitous, phrase). The central feature of the approach is the iden- 
tification and selection of “chirons”-suitably functionalized, defunctional- 
ized, or otherwise modified versions of the chiral templates which, after ac- 
tivation, may be assembled to give the target product. 


The rest of the book, and by far the largest part, is devoted to “Execution,” 
a detailed discussion of selected carbohydrate-based asymmetric syntheses. 
These syntheses fall into three main groups: those in which the targets contain 
reasonably obvious carbohydrate-type symmetry; those in which such sym- 
metry is partially hidden; and those in which only the most hardened fans of 
the approach would have looked for a carbohydrate precursor in the first place. 
Each section is further subdivided into chapters according to the types of 
molecules being synthesized. The relatively straightforward chiral targets 
(acyclic compounds, tetrahydrofurans, tetrahydropyrans and the like) pre- 
dominate the earlier chapters and more complex products ( ix .  prostaglandins, 
heterocyclic antibiotics, macrolides, and ansa compounds) dominate the later 
sections. In  almost all cases, the syntheses chosen for illustration are of com- 
pounds with substantial pharmaceutical significance. The book ends with a 
brief discussion of a possible role for computers in the visual recognition of 
chiral templates within target structures. 


Not the least virtue of this book is the abundance of flow-sheets (more than 
150) for the syntheses discussed. In  most cases, the flow sheets show both’ a 
retrosynthetic analysis from target via chiron to chiral template, as  well as  
the forward steps, with reagents, of the completed synthesis. I t  appears that 
every reference of importance in the field has been included, and the index 
is reasonably comprehensive. There appear to be very few errors. Those whose 
chief fascination is the art and philosophy of organic synthesis will certainly 
read this book with avidity, even if they remain unconvinced that carbohy- 
drates necessarily provide the ideal solution to the problem of introducing 
asymmetry into a synthetic scheme. 


Reviewed by J. P. Michael 
Department of Chemistry 
University of the Witwatersrand 
Johannesburg, South Africa 


Molecular Aspects of Anti-Cancer Drug Action. (Topics in Molecular and 
Structural Biology. 3). Edited by STEPHEN NEIDLE and MICHAEL 
J. WARING. Verlag Chemie International Inc., 303 N.W. 12th Ave., 
Deerfield Beach, FL 33441. 1983.404 pp. 16 X 24 cm. Price: $97.50. 
This book, the third in a series on Topics in Molecular and Structural 


Biology, contains eleven chapters dealing largely with Drug-DNA interactions 
of a number of cancer chemotherapeutic agents currently of high interest. 
Literature is covered through 1981 with the occasional appearance of a few 
later citations. Based on a random survey, the book is remarkably free from 


typographical errors. The text is printed in small (but clear) type. In most cases 
chemical structures, figures, and tables are easily read; however, in some cases 
the codes to structural formulae were difficult to read. The selection of topics 
includes: acridines, three chapters on topics related to anthracycline drugs, 
quinoxaline antibiotics, bleomycin, platinum compounds, alkylating agents, 
and methotrexate and analogues. In addition, there are reviews of the chemical 
and biological damage by certain antitumor drugs. 


The chapter on acridines by Denny, Boyuley, Cain. and Waring is an ex- 
cellent review of the enormous work of the group that was headed by the late 
Bruce Cain. It culminates in amsacrine and describes the studies (largely by 
Polish workers) on nitracrine-an active but toxic I-nitreacridhe derivative- 
and of the bifunctional acridines. The interactions of daunomycin and adri- 
amycin with nucleic acids is covered in a brief but useful chapter by Neidle 
and Sanderson; however, this subject has been covered in greater detail in 
earlier reviews. J. R. Brown presents a timely chapter with much new material 
on synthetic anthracycline drugs that will be of particular interest to medicinal 
chemists seeking a rational basis for the synthesis of new agents in this 
class. 


Bifunctional intercalation is again reviewed by Waring and Fox in a chapter 
dealing with quinoxaline antibiotics. Although this group has not attained 
clinical significance, the techniques discussed in the study of molecular in- 
teractions may be of general use. Another review by Roberts and Pera dealing 
with the action of platinum antitumor drugs is presented in an authoritative 
manner. Lown briefly surveys the chemistry of DNA damage by a large 
number of antitumor agents. This chapter should be of particular value to 
medicinal chemists. 


Molecular Aspects ofAnti-Cancer Drug Action will be useful to medicinal 
chemists seeking rational approaches to the synthesis of antitumor agents. 
Unfortunately, the high cost of this volume ($97.50) may restrict purchases 
to technical libraries. 


ReGiewed by Monroe E. Wall 
Research Triangle Instit ute 
P.O. Box 12194 
Research Triangle Park, NC 27709 


A Guide to the Chemical Basis of Drug Design. By ALFRED BURGER. John 
Wiley & Sons, Inc., One Wiley Drive, Somerset, NJ  08873. 1983. 300 pp. 
16.5 X 23.5 cm. Price: $45.00. 
The contributions of Professor Alfred Burger to the discipline of medicinal 


chemistry, particularly the literature of medicinal chemistry, have long been 
noted and acknowledged. His current effort attempts to recount those expe- 
riences of the medicinal chemist which, in cooperation with biologists and 
pharmacologists, have resulted in the chemical design of therapeutically useful 
drug substances. It is the broad scope of this endeavor which accounts for both 
the success and failure of this latest effort. The success of this overview of drug 
design resides mainly in those areas in which Professor Burger provides per- 
sonal insight. This guide, afterall, recounts many ideas and examples which 
“are results of a lifetime in medicinal chemistry.’’ After a brief introduction 
in which he traces his early interest in  the chemistry of medicinally useful 
agents, and thus traces the development of medicinal chemistry, the book 
discusses drug design from three distinct, but oftentimes redundant, view- 
points. Chapter 1 begins as a fascinating discussion of the history of medicinal 
chemistry but develops into a chapter which lacks direction and depth. Chapter 
2 presents areas of research interest with particular emphasis on antihyper- 
tensive agents, anti-inflammatory agents, antiviral and antitumor agents, 
antihistaminics, analgctics and antihyperglycemic agents. It is in this chapter 
that general aspects of drug design, molecular modifications and quantitative 
structure-activity relationships are presented. The discussion in each of these 
areas represents a general overview of the subject and precludes any discussion 
in depth. For example, in  the discussion of recent research in the area of an- 
tihypertensive agents the role of presynaptic a2-adrencceptors in the action 
of newer agents such as clonidine is neglected. On the other hand, the dis- 
cussion of the development of analgetic research is particularly interesting. 
Chapter 3 is intended as a discussion of selected examples of drug design. 
Many aspects of drug design of analgctic, anti-inflammatory, anticholinergics 
and antihistaminic agents discussed in Chapter 2 are repeated in the early part 
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Abstract 0 Pharmacokinetics of the disinhibitory psychotropic agent sulpiride 
was invcstigated in 9 healthy male subjects after intramuscular administrations 
of 50, 100, and 200 mg in a 3 X 3 Latin square design. Plasma and urine 
concentrations were measured by HPLC for 36 and 48 h. respcctively. The 
lowest detectable concentration was 10 ng/mL. Plasma concentration cersus 
time and urinary excretion rate oersus time curves were consistent with an 
open two-compartment body model, where mean fSD apparent half-lives 
of the absorption from muscle, XI distribution, and A2 elimination phases were 
6.96 f 2.64 min, 0.220 f 0.120 h, and 6.74 f 2.67 h, respectively. The initial 
volume of distribution was 0.145 f 0.063 L/kg, the steady-state volume of 
distribution was 0.639 f 0. I84 L/kg. and the total clearance was 89.8 f 22.3 
mL/min. The microscopic rate constants were kl2 = 2.53 f I .  I3 h-I, kzl = 
0.674 f 0.197 h-l.and k l o  = 0.635 f 0.298 h- l .  Comparison of total clear- 
ance (89.8 mL/min), renal clearance (83.0 mL/min). and renal clearance 
of unbound drug (97.6 mL/min , j=  0.1 5) indicated that sulpiride is mainly 
excreted unchanged by the renal route, 93.1 f 6.6% of the administered dose 
being recovered unchanged in urine. Statistical evaluation of all the above 
parameters, determined at the three dosage levels, did not show any variations 
rclatcd to dose; the pharmacokinetics of sulpiride, over the dose range tested. 
was therefore linear and independent of dose. The two-compartment body 
model proposed wasvalidated by digital computer simulation on a small digital 
computer (32K). 


Keyphrases 0 Sulpiride-intramuscular administration, pharmacokinetics, 
humans 0 Pharmacokinetics-intramuscular sulpiride, humans, HPLC 


Sulpiride,5-(aminosuIfonyl)-N-[ ( 1 -ethyl-2-pyrrolidinyI)- 
methyl]-2-methoxybenzamide, a disinhibitory psychotropic 
drug belonging to the o-anisamide or substituted benzamide 
class of antipsychotic agents, is rapidly becoming an important 
psychotherapeutic agent in many parts of the world. Sulpiride 
is indicated mainly for the treatment of psychiatric disorders, 
peptic ulcers, and vertigo. At high dosage levels, i t  is a major 
nonsedative neuroleptic for use in acute psychosis, obsessional 
neurosis, and behavioral disorders. Sulpiride is characterized 
by its low incidence of extrapyramidal side effects, although 
it can induce endocrine effects, amenorrhea, or galactorrhea, 
probably as a result of direct interaction with prolactin cells. 
Benakis el al. ( I )  and Stefan et al. (2) demonstrated that the 
drug is specifically distributed into the pituitary. 


Optimization of treatment with sulpiride requires knowledge 
of its bioavailability, pharmacokinetics, and metabolism in 
humans. The pharmacokinetic parameters determined after 
a single dose can then be used for adjustment of the dosage 
regimen and individualization of therapy. 


The model which best describes the pharmacokinetics of a 
drug is that determined after intravenous administration or, 
when this is not possible, after administration by another route 
if absorption by this route is known to be rapid and total. Only 
then will the pharmacokinetic parameters determined be rel- 
evant. Sulpiride pharmacokinetics was investigated in humans 
after intravenous administration by Wiesel et al. (3, 4) and 
after intramuscular administration by Bres et al. (5-7) in order 
to choose the most appropriate model to describe the fate of 
sulpiride in humans and to determine the absolute bioavail- 
ability of several sulpiride preparations for oral administration. 


In  bioavailability studies ( 5 , 6 ) ,  the intramuscular route was 
selected as the reference, following demonstration by the au- 
thors of bioequivalence between the intravenous and the in- 
tramuscular routes in the dog (8). All of these studies were 
conducted at one dose level only [ 1.5 mg/kg (3,4),  6 mg/kg 
( 5 ,  6), or 2.6 mg/kg (6)] and the linearity of the kinetics in 
humans was never truly demonstrated, as it had been in the dog 
(8). In  the study presented here, the pharmacokinetics of in- 
tramuscularly administered sulpiride was evaluated at three 
dose levels (50, 100, and 200 mg) in nine healthy volunteers 
to determine the relationships between plasma levels, areas 
under the curve, rate constants, volumes of distribution, 
clearances, amounts of sulpiride recovered unchanged in urine, 
and the administered doses, and to ascertain whether all data 
deduced from sulpiride plasma levels and urinary excretion 
rate data were consistent with the two-compartment model 
with first-order transfer among compartments and first-order 
elimination. 


Plasma and urine concentrations of sulpiride were deter- 
mined by an original HPLC technique (7),  since it has been 
shown that HPLC is a valid method for assay of benzamides 
in biological fluids (3,4, 9-1 1). This technique has an increase 
in  specificity compared with the spectrofluorometric deter- 
mination of Kleimola et al. ( 1  2- 14) and an increase in sensi- 
tivity compared with the quantitative TLC method developed 
for our earlier studies (5,6,8,  15-17). 


EXPERIMENTAL SECTION 


Drug Products and Materials-Sulpiridel. sulpiride ampules2 for intra- 
muscular injection (100 mg/2 mL) wcre furnished. Nicotinamide3 (used as 
an internal standard) was purchased. All chemicals and solvents were of an- 
alytical grade. Methanol and chloroform were twice-distilled in  an all-glass 
apparatus before use. These solvents and distilled water were filtered through 
a 0.45-pm filter4 before use. 


Subjects-The study was conducted with nine male Caucasian subjects 
(25.6 f 3.2 years) in good health as determined by screening, laboratory tests 
including hematology, urinalysis, blood chemistry (SMA-I 2). electrocar- 
diogram, history. physical examination, and creatinine clearance. They were 
within the normal range for height (179 f 6 cm) and weight (68.7 f 5.0 kg) 
and had no history of recent drug intake or allergy. All laboratory parameters 
werc monitored before and once during the study. The subjects were fully 
informed of study design and were givcn all available data on sulpiride clinical 
and toxicological studies. 


Study Design-Each subject received three different treatments, randomly 
allocated according to three series of 3 X 3 Latin squares (Table I ) :  at least 
7 d were allowed between treatments. Each person received no medication 
for at least 4X h before thcdrug administration. They fasted for I2 h prior to 
and 4 h after each drug administration. Food and water were then taken as 
usual. Water (300 mL) was taken before each dosage administration. 


Each subject received a single dose of 50, 100. or 200 mg irn of sulpiride 
into the upper outer quadrant of the gluteus muscle. A catheter was placed 
in  a forearm vein and a continuous drip was maintained for the first 6 h after 


' Dclagrange. f'aris. France. * Lhgmatil: I)clogrange. Purir. Fransc. 
J Nicotin.~midc. hiacinamidc: Sigma Chcmical Co., St. Louis. Mo. 


Millipore Corp.. Redford. Mass. 
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Table I-Subiect Data and Treatment Schedule 


Creatinine 
Age, Weight, Height. Clearance. 


Subject years kg m ml./min 


1 26 74.0 1.87 104 
2 24 71.0 1.80 110 
3 28 64.5 1.74 223 
4 23 72.0 1.81 113 
5 29 63.5 1.85 I45 
6 31 69.0 1.76 I43 
7 21 60.0 1.68 128 
8 24 74.5 1.80 1 I5 
9 24 69.5 1.83 292 


Order of Administered 
Doses’ 


50mg 100mg 200mg 


1 2 3 


3 1 2 
3 I 2 
1 2 3 
2 3 1 


Randomized with a 3 X 3 Latin square design. 


drug administration, during which time the subjects were nonambulatory. 
Blood samples were obtained by venipuncture immediately before and 5. 


10,15,20,25,30,35,40,45,60.90min,2,3.4,5,6,8,10,12,16.24,30and 
36 h after each injection. Urine specimens were collected before drug ad- 
ministration and for the following intervals after the injection: 0-1, 1-2,2-3, 
3 4. 4-5, 5-6, 6-8. 8-10. 10-12, 12-16, 16-24, 24 28, 28-32. 32-36,and 


Sample Collection-Blood samples were collected in heparinized tubes and 
immediately centrifuged; the plasma was removed and immediately frozen. 
The voided urine was collected, the total volume recorded, and an aliquot was 
placcd in vials and stored frozen until analysis. 


Assay Method-Insfrumenfarion-The chromatograph’ was connected 
to a 10-pL automatic loop injection system, a multiple-wavelength detector6, 
and a computing integrator’. Chromatography was performed on a reverse- 
phase columnE (filled in-house) with a precolumnY, to extend column life. 


The mobile phase contained 30 parts of methanol and 70 parts of 0.1 M 
ammonium acetate. The temperature was ambient, and the flow rate was 1 .O 
mL/min. The detector was set at 0.002 AUFS (197 nm), and the chart speed 
was 0.25 cm/min. 


Sample Preparation- Plasma or urine (1-4 mL) was treated with 0.5 M 
NaOH (0.2 mL) and the pH was adjusted to 10. After extraction with 15 mL 
of chloroform for 20 min and centrifugation, a 15-mL aliquot of the organic 
phase was retained. After further extraction with 5 mL of chloroform, an 
additional 5 mL of the organic phase was retained. An internal standard was 
added (0.4 mL of nicotinamide at 1 mg/L in methanol for plasma and I .O mL 
of nicotinamide at 10 mg/L in  methanol for urine) to the combined organic 
phases, and the extracts were evaporated to dryness. Before HPLC analysis, 
0.3 mL of the mobile phase was added. After ultrasonic mixingI0, 10 pL of 
this solution was injected into the column by the automatic loop injection 
system. 


The peak area ratio of sulpiride to nicotinamide (internal standard) was 
used as the assay parameter. Calibrations curves in control plasma ( 4  mL) 
were prepared for each two experiments from spiked pooled plasma samples 
of two subjects at concentrations of 20,40,  50, 100, and I50 ng/mL. Cali- 
bration curves in control urine (2 mL) were prepared for each experiment from 
spiked urine samplcs of each subject at the concentrations of 0.5. 1.25.6.25, 
12.5, and 25 pg/mL. They were processed in the same manner as the in oioo 
samples. 


Data Analysis-The plasma concentration of sulpiride for each subject was 
modeled using a two-compartment open model (Scheme I )  with first-order 
absorption after intramuscular administration. The structural model de- 
scribing the serum concentration C ,  at  time r is given by (18, 19): 


36-48 h. 


k FD (k2l - Al)e-Alf 
Vdl I ( k ,  - XI)(X2 - XI) 


cp = a 


where Vdl is volume of distribution in the ccntral compartment, F is fraction 


w Scheme I 


Liquid chromatograph S P  8000; Spectra Physics. Orsay. France. 
Spectrollow monitor SI: 770; Schocffcl Instrumcnts. Cunow. Clichy, Irance. ’ Computing integrator S P  4000; Spectra Physics, Orsay. France. ” Column Hypersil ODS 5 pm. 2 . 5 0  X 4.6 mm id. 
Precolumn Hypcrsil ODS 5pm. 50 X I .5 mm i.d. 


I ”  Bandelin Snorex TK 52. Chrompack. Orsay, France. 


of dose D absorbed, XI and A2 are first-order disposition rate constants in the 
distribution and elimination phases, k2l is the first-order transfer rate constant 
from the tissuecompartment to the central compartment, and k ,  is the first- 
order absorption rate constant from the muscle. Equation 1 is equivalent 
to: 


C, = -C’le-kd +- Cle-.LIl -+ C 2 e - h  (Eq. 2) 


The coefficients and exponents of the exponential terms were determined by 
an extended least-squares method.. 


The dispersion error on the measured concentrations was not known, so we 
decided to estimate the structural model parameters minimizing the log- 
likelihood function: 


+In  V, cv, - CpiY L = Z  
i-1 Vi 


(Eq. 3) 


where V,  is the error variance of the ith observation C,,. Note that usually 
weighted least squares are appropriately used when it is assumed that the error 
variance is known up to a proportional factor. In our case the error variance 
is not known, so according to Sheiner (20) the following variance model was 
assumed: 


vi = a x c!, (Eq. 4) 


where u and b are  variance model parameters. This is a reasonable model 
because it generalizes the usual weighting scheme applied to the weighted 
regression analysis, e.g., for u = I and b = 1 the variance model becomes V, 
= Ci, and the weight is 1 /y2. The exponential parameters as well as the error 
model parameters were estimated using the AUTOMOD I I  program (21-23) 
using a computer”. 


The microscopic rate constants k 12 (first-order transfer rate constant from 
the central compartment to the tissue compartment), k2l (as previously de- 
termined), and k l o  (first-order elimination rate constant from the central 
compartment) were determined from the coefficients and exponents of Eq. 
2 (20). The total area under the plasma drug concentration-time curve 
(AUC,) was calculated from AUC36 h + C3g h / & ;  AUC36 h was calculated 
by the trapezoidal rule. Total body clearance, CL,,,, of sulpiride was calculated 
from the ratio of the dose of sulpiride and AUC,. The renal clearance, C L ,  
of sulpiride was estimated either from the ratio of the amount of sulpiride 
eliminated unchanged in urine and the total area under the curve or from the 
slope of the plot of excretion rate versus plasma drug concentration at the 
midpoint of the drug excretion intervals. 


The volume of distribution in the central Compartment was evaluated by 
Vdl  = D X k,/[C2 X ( k .  - X2)] + [Cl X ( k a  - XI)]; the volume of distrt- 
bution in equilibrated tissues was evaluated by Vd = CL1,,/X2, and the 
steady-state volume of distribution was evaluated by Vd, = Vdl X ( 1  t 
k 12/k21) .  A pharmacokinetic analysis of the urinary excretion rate of sulpiride 
ocrsus time curves (rate plot) and of amount of sulpiride remaining to be ex- 
creted oersus time curves (6- plot) was undertaken for each subject using the 
GPHARM (24) computer programi2. In some subjects three rate constants 
could then be determined for the absorption from muscle (phase I ) ,  distri- 
bution (phase 2). and elimination (phase 3) processes, but in most of the 
subjects only the two latter phases could be measured with accuracy. 


Digital Computer SimulaHolrs-Multicompartmental simulations on a small 
digital computer (32K)I2 was performed employing the GPHARM computer 
program ( 1  8,24) .  The dose is introduced into an absorption compartment ( A  
= 5). It then reaches the central compartment (B  = I ) ,  isdistributed between 
the central and tissue compartments (T  = 2). and is eliminated in urine (V 
= 3) or by another route of elimination (E = 4) (Scheme 11). 


The experimentally obtained sulpiride concentrations (in pg/mL) in plasma 
were expressed as  percent of administered dose per milliliter of plasma and 
multiplied, for the three doses studied, by the mean initial volume of distri- + u.3 


Scheme I I  
~~ ~~~ ~~ ~~~ 


Model H P  IOOO: tlewlett-Packard. Orsay, France. 
Computing graphic system model 4051 with interactivc digital ploltcr model 4662;  


Tektronix. Orsay. France. 
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a 


20ng/mL 40nqhnL 100ng/ml 
Figure 1-Typical chromatograms obtained after injection on a Hypersil ODs column of 10-pL aliquols of the chloroform extracts of 4 mL of plasma spiked 
with sulpiride (20, 40, and 100 nglmL) or takenJrom subject 3 before (b)  and afier (a) intramuscular administration 0$96 mg of sulpiride. 


bution Vdl in order to obtain sulpiride amounts in the central compartment 
in  terms of percent of administered dose (with the assumption that F = 1) .  
For each subject, and for the three doses studied, these values and the cxper- 
imentally obtained amounts of sulpiride excreted in urine as percent of ad- 
ministered dose were plotted against time. To account for the elimination of 
the remaining dose, another route of elimination from the central compartment 
was introduced into the model, so that a t  all times the mass balance was 100% 
of the dose. 


For each subject, the mean microscopic rate constants obtained after 


E l  A B 


3 .  
v) 


'E 


* .  


I 


~. . - 


- .  
3 


_ _  . 
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Figure 2-Sulpiride plasma levels in two subjects following intramuscular 
administration of 50.100, and 200 mg of sulpiride. The lines were obtained 
when the experimental data were fitted to a two-compartment model. Key: 
(A) subject 6: (+) 52.24 mg; (V) 94.53 mg; (0) 195.60 mg; (B) subject5: (+) 
52.00 mg; (v) 94.55 mg; (0) 196.15 mg. 


pharmacokinetic analyses at the threedosage levels were taken as a first es- 
timate for the simulations. They were then slightly modified toobtain the best 
fit between the curves generated with these values for plasma and urine and 
the experimentally obtained sulpiride amounts in plasma and urine at all times 
for the three doses. 


Statistical Analysis-An analysis of variance on a randomized 3 X 3 Latin 
square design was performed on all the pharmacokinetic parameters deter- 
mined to test variability between sequence of administrations, between doses, 
and between subjects. 


RESULTS 


Sensitivity and Reliability of the Analytical Method-Retention times were 
12 min for sulpiride and 6.8 min for the internal standard nicotinamide. There 
were no major interfering peaks in control plasma and urine samples at the 
retention times of the aforementioned compounds (Fig. I ) .  To improve the 
reliability of the assay, each sample was injected in triplicate. Detection limits, 
evaluated by the amounts of samples yielding a detector response equal to twice 
the detector noise, was 10 ng/mL. Recovery after extraction from the plasma 
and urine was 98%. A five-point calibration curve was run with every set of 
50 samples, and the method was validated with spiked samples every 10 
samples throughout the duration. 


I n  plasma, the peak area ratio ( R )  of sulpiride over the internal standard 
varied linearly with concentration over the range used. These calibration curves 
passed through the origin with a slope f S D  of 146.4 f 0.54 X ng-I mL 
and a coefficient of the linear regression analysis of 0.9998 f O.OOO1 ( n  = 10) 
(Fig. I ) .  The intercept was not significantly different from zero (13.8 f 4.48 
X For the urine samples the reliability of the assay was of the same 
magnitude, with a slope of 579 f 1.9 X lo-) ng-I mL, an intercept of 12.7 
f 10.1 X lo-), and a correlation coefficient of 0.999979 f 0.00001 3 ( n  = 
10). 


A stability study of plasma and urine samples stored at - 2 O O C  showed that 
sulpiride was stable over 3 months. Storage of samples during the present 
studies did not exceed 3 months. 


Pharmacokinetic Analysis-After the maximum, sulpiride plasma con- 
centration follows a biexponential decay. For each subject, the three curves 
obtained after 50-, 100-, and 200-mg im administrations were parallel when 
concentration units were pg/mL (Fig. 2). and superimposable when con- 
centrations are expressed as  percent of administered dose per milliliter of 
plasma (Fig. 3). These results are consistent with a two-compartment body 
model with first-order transfers among compartments and first-order elimi- 
nation (Scheme I) .  All the pharmacokinetic parameters included in this model 
were first evaluated by the residual method or "exponential stripping" using 
the CPHARM program (24). and their values have been reported by Blanchin 
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Figure 3--Sulpiride plasma levels expressed as percent of the administered 
dose per milliliter in plasma. in two subjects. following intramuscular ad- 
ministrations of 50. 100. and 200 mg of sulpiride. Key as in Fig. 2. 


(7) .  The parameters so estimated were used as starting values for the more 
refined extended least-squares maximum-likelihood method to obtain the best 
possible evaluation (20-23) (Table 11). 


Absorption from muscle is fast and complete, but an important inter- and 
intrasubject variability was observed. The lag time determined in each case 
with the program used was always negligible. The mean half-lives of the XI 
distribution and A2 disposition phases were 0.220 f 0.1 20 and 6.74 f 2.67 
h. respcctively; these values arc in good agreement with those reported by 
lmondi et al. (25) and Wiescl et al. (3). but they differ from those we reported 
previously (5 .6) .  


Distribution in  peripheral tissues was rapid (kl2 = 2.53 f 1. I3 h-l), with 
a ratc of transfer from tissue to plasma of the same order of magnitude (k21 
= 0.674 f 0.197 h-l) as theelimination rateconstant ( k l o  = 0.635 f 0.298 
h- ' ) .  The apparent volume of distribution of the central compartment, Vdl 
= 0.145 f 0.063 L/kg, wasvery close to the extracellular water volume (from 
0. I5 to 0.20 L/kg in humans), while the apparent volume of distribution at 
steady state. V d ,  = 0.639 k 0.1 84 L/kg, seemed tocorrespond to total water, 
which varies i n  humans from 0.45 to 0.65 L/kg. Total plasma clearance was 
89.8 f 22.3 mL/min. For each subject the cumulative urinary excretion curves 
as percent of administered dose were superimposable: the rate and extent of 
sulpiride elimination in  urine in the form of unchanged drug docs not, there- 
fore, seem to depend on the dose administered (Table 11). 


Elimination of sulpiride after intramuscular administration was mainly 
cia the renal route, since 93. I f 6.6% was recovered unchanged in the urine. 
Renal clearance, evaluated from total amount of sulpiride eliminated un- 
changed in urinedividcd by AUC,, was 83.0 f 19.8 mL/min. while the renal 
clcarancc evaluated from the slope of the plot of urinary excretion ratc oersus 
plasma concentration at the midpoint of the drug excretion interval was 62.3 
f 22.3 mL/min. Sulpiriderenal clearance was 83.0 mL/min when total sul- 
piridc (free and bound) was assayed in plasma. I f  the fraction bound to plasma 
protein was f = 0.1 5 (26). free sulpiride clearance would be 97.6 mL/min. 


The apparent rate contants of the absorption, distribution, and elimination 
phases, determined from the variations with time of the urinary excretion rate 
(rate method) or from the variations with time of the amount remaining to 
be excreted (u- method), were close to those determined from plasma data 
(Fig. 4, Table 11). Mean elimination half-lives determined by these two 
methods were 5.58 f 1.41 and 5.68 f I .52 h, respectively. 


Linearity-To test the linearity of sulpiride pharmacokinetics all the in-  
dividual data were normalized by the dose administered and fitted to the full 
n ide l  of data (structural and error model). Using 3 X 3 Latin-yuare analysis 
of variance, the following parameters were then compared: time to peak and 
peak plasma levels, area under the time concentration curve, amount of drug 
excrctcd unchanged in the urine, X I ,  A2, k,. k l 2 ,  k lo ,  total clcarancc, and renal 
clcarancc. The analyses did not show a n y  sequence nor dose effects. While 


10 20 30 40 
W S  


Figure 4-Sulpiride urinary excretion rate (open symbols) and amount re- 
maining to be excreted in form of unchanged sulpiride (closed symbols) 
following intramuscular administrations of 50, 100. and 200 mg of sulpiride 
to subject 6 .  Key: ( 0  I 4)  52.24 mg; (V. V) 94.53 mg; (0. 0 )  195.60 mg. 


the interindividual variations with dose of all parameters are small, large 
variations are observed between suGects (Table 111). Of all the parameters 
tested, clearance was the most variable within subjects and for a same subject 
within administration (Fig. 5). The system is linear and time invariant. because 
all the pharmacokinetic parameters are independent of drug concentration 
and time. It would appear that distribution and elimination kinetics of sulpiride 
in humans are linear over the dose range tested. 


Validation of the Proposed Model by Digital Simulation-The two-com- 
partment model was validated by digital simulation employing the mean 
microscopic rate constants determined for each subject after intramuscular 
administration at  the three dosage levels. The good fit obtained between the 
simulated curves (percent of dose in the central compartment) and the ex- 
perimental points after the maximum, at  the three dosage levels, allowed a 
single value. for each parameter to be given for each subject. 


These values were for all subjects in  the study (Table IV): k, = 9.36 f I .84 


= 0.18 f 0.02 L/kg. and Vd, = 0.57 f 0.08 L/kg. Simulated curves for the 
peripheral compartment showed that marked distribution in tissues did not 
occur. At the maximum tissue level, 40-60% of the administered dose was 
present in tissues (Fig. 6); after this maximum and up to 10 h, the total amount 
of sulpiride in the tissues was -1.5-2 times higher than that in the central 


h-',k12= 1.36f0.47h-'.k2l =0.61 f 0 . 1 5 h - ' , k ~ o = 0 . 5 3 f 0 . 1 3 h - ' ,  Ydl 


7; Olt p ,/ 
t 


/ 


0.5 1 


pg. ml-' 


Figure 5-Renal clearance ojsulpiride in one subject for  dgferent admin- 
istered doses ( A )  and for  a same dose and for  three dgferent subjects (B) ,  
illustrating the large variations. Key: (A)  subject 1: (+ )  47.55 mg; (V) 97.90 
mg: (e) 182.95 mg; (B)  (0) subject I ;  (U) subject 3; ( 0 )  subject 5 .  Rates: (a) 
99 mllmin; (b)  77 mLlmin; (c) 47 mL/min; (d)  99 mllmin; (e)  69.5 mL/min; 
I / )  43 mL/min. 
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Figure 6-Digit01 computer-fitting of sulpiride plosmo (B) and urine W) doio following intromusculor administration of sulpiride. 50 ( 4 ,  0 ) .  100 (v, V/. 
200 mg (e. 0). to subjects 6 (A) ond 5 (B).  The curves Iobeled Tore computer-generored omounts of sulpiride in the tissues in occordonce with on open two- 
comportment model with first-order rates of transfer and eliminotion. 


compartment. The good fit obtained between the experimental points for urine 
and the curves generated from plasma data, at the three dosage levels, validates 
the proposed model. 


plasma sulpiride levels follow a biexponential decay in most of the subjects. 
Two apparent rate constants can be determined for the A1 distribution and 
A2 elimination phases (Table V), since after intramuscular administration, 
absorption from the muscle is rapid and total. These results are consistent with 
a two-compartment open model with first-order transfer between compart- 
ments and first-order elim.ination from the central compartment, I n  four 
subjects (one male and three female), Bres et 01. (5.6) reported that only one 
phase of elimination was apparent since the distribution was too rapid to be 
detectable and the data were consistent with a OnC-ComPartmCnt MY model. 
Wiesel et 01. (31 reoorted for two subiects. after intravenous administration, 


DISCUSSION 


Distribution in peripheral ~ i ~ ~ - ~ i ~ ~ ~ i b ~ ~ i ~ ~  i n  the peripheral tissues 
can be estimated from the pharmacokinetic model consistent with sulpiride 
fate i n  humans. After intravenous (3) or intramuscu]ar administration (5-7). 


Table Ill-Results of Statistical Analyses using a Replicated Latin Square 
Design a 


Parameter Period Subjects Dose 


C,,/Do. mg/L/kg F = 1.575 F = 5.282 F = 1.077 


F = 1.706 
(W 


tmam h F = 2.284 


F = 0.776 
(NS) 


t i  17 L,. h F = 1.842 


(p < 0.01) (NS) 
F = 4.208 
(p < 0.01) (W 
F = 5.369 . , _.,. , . 


INS) In < 0.01) ( N 9  
F o i 3 2  F= 13.086 F = I%O 


0 < 0.001) (NS) 
F = 9.236 F = 0.793 


(W 
F = 1.945 


(p < 0.001) (NS) 
F = 4.270 F = 0.41 3 


(W 
F = 2.872 


CL, mL/min 
Renal 
Total 


u,. ?h 


F 1 n.553 % = 8.203 F = 1.788 - 0, <o.OOi) (Ns) 
F = 6.942 
(p < 0.01) (W 
F = 1.387 


F = 1.958 


F = 0.363 


(NS) 
F = 0.696 


(NS) 
F = 0.700 


a triexponentialdkay consistent witha three-compartment body model. The 
terminal log-linear phase had half-lives of 1 I and 13.9 h for the two subjects, 
respectively. The deep compartment added to fit the data in  these cases did 
not modify the distribution rate constants between the central Compartment 
and the shallow Compartment ( k l z  and k21). 


There is no accumulation of sulpiridc in tissues since plasma levels reported 
after repeated dosing were of the same magnitude as after a single adminis- 
tration ( I  3, 14). No study has been conducted to determine predicted values 
from a singledose pharmacokinetic study and by comparing experimental 
points on repeated dosing to confirm this accumulation, as was the case with 
sultopride ( I  6). 


Rate Constants of Transfer Between Compartments-The microscopic rate 
constant of transfer from the central compartment to the peripheral tissues 
( k l z ) ,  which regulates the amount going to tissues, had a values of 2.19 h-' 
(5,6), 2.29 h-l (3). and 2.53 h-' (Table V ) .  The rates of transfer from tissues 
to plasma ( k z l ) ,  which regulates output from tissues, were I .24 h-l  ( 5 ,  6). 
0.703 h-' (3), and 0.674 h-I (in this study). These values were of the same 
magnitude as the elimination microscopic rate constant, klo.  The valucs found 
in this study were consistent with those found in  our earlier study and the 
values reported by Wiesel el al. (3) with different routes of administration 
and final sampling times. 


In our earlier studies (5.6).  the large number of samples taken up to 10 h 
allowed good determination of k 10, even if the value of X2 was overestimated. 
The differences for k 10 reported in these three studies. 0.73,0.686, or 0.635 
(mean) h-I, were smaller than the differences reported for A 2  (0.22.0.103. 
or 0.103 (mean) h-l; Table V). 


1134 I Journal of pylarmeceutical Sciences 
Vol. 73, No. 8, August 1984 







Table IV-Individual Pharmacokinetic Parameters Obtained from Digital Computer Simulations and Fitting of Plasma and Urine Data Wben Sulpiride was 
Administered at Three Dose Levels 


Subject 
Parameter 1 2 3 4 5 6 7 8 9 Mean f SD 
Weight, kg 74.0 69.0 61.0 71.0 62.0 69.5 60.0 75.0 69.5 67.89 f 5.57 
V d i ,  L/kg 0.17 0.17 0.16 0.16 0.16 0.19 0.20 0.16 0.23 0.18 f 0.024 
Vd.. . Ltke  0.66 0.64 0.65 0.58 0.43 0.53 0.6 I 0.48 0.54 0.57 f 0.08 
ki2:’h-: I .6l 1.20 1.63 2.36 1 .oo 0.90 I .50 1 .oo 1 .OO 1.36 i 0.47 
k21. h- 0.56 0.43 0.53 0.90 0.60 0.50 0.73 0.50 0.74 0.61 f 0.15 
kin. h-’ 0.45 0.60 0.59 0.73 0.30 0.58 0.64 0.47 0.41 0.53 f 0.13 
k,; h-1 10.9 6.0 11.0 10.5 9.3 10.0 6.5 10.0 10.0 9.36 i 1.84 


92.0 93.6 93.18 f 3.42 u,, % 89.7 90.8 93.3 89.6 97.0 100.0 92.7 


Table V-Sulpiride Distribution 


Route of Dose, Dose, ! I / ~ , A ~ ,   tip.^^, x 2 .  Vdi.  V d w  k 1 2 ,  k21 ,  h-I h-I k l o  
L/kg L/kg h-’ Administration mg m d k g  h h h-1 


Intramusculara 300-500 6-7 0.17 3.11 0.223 220 190 0.30 1.06 2.19 1.24 0.73 
(0.05) (0.21) (0.016) (63) (63) (0.11) (0.11) (1.05) (0.30) (0.34) 


Intravenous * 100 1.3-1.7 6.75 415 310 0.53 2.72 2.29 0.703 0.686 
( I  .78) (84) (91) (0.10) (0.66) (0.91) (0.213) (0.197) 


IntramuscularC 50 0.78 0.158 6.20 0.116 96.8 88.7 0.157 0.651 2.64 0.707 0.662 
(0.063) (1.47) (0.0203) (23.2) (19.0) (0.0822) (0.171) (1.08) (0.141) (0.302) 


100 1.38 0.232 6.94 0.113 85.2 80.0 0.136 0.609 2.41 0.663 0.644 
(0.130) (3.39) (0.0307) (21.5) (18.5) (0.0494) (0.207) (1.02) (0.246) (0.377) 


200 2.74 0.240 7.09 0.108 87.3 80.4 0.141 0.655 2.53 0.652 0.600 
(0.147) (2.98) (0.0290) (22.9) (22.7) (0.0577) (0.192) (1.37) (0.209) (0.231) 


Mean 0.220 6.74 0.112 89.8 83.0 0.145 0.639 2.53 0.674 0.635 
(0.120) (2.67) (0.0262) (22.3) (19.8) (0.063) (0.184) (1.13) (0.197) (0.298) 


Blood (0-10 h )  and urine (0-24 h) were collected from 1 male and 1 1  female subjects; the amount of drug was determined by quantitative TLC with  U V  detection (plasma). 
The data were fit to a one- or twmmpartment model (5,6). B l e d  and urine were collected for C-36 h from three male and three female subjects; the amount of dru was determined 
by HPLC with fluorometric detection (serum). The data were fit to a two- or three-compartment model (3). Blood (0-30 h) and urine (0-48 h) were collectef from nine male 
subjects; the amount of drug was determined by HPLC with UV detection (plasma). The data were fit to a two-compartment model (this research). 


Volumes of Distribution- Large variations were apparent in the values 
reported by the authors for the volume of distribution of the central com- 
partment and for the volume of distribution at steady state (Table V). The 
apparent volume of distribution of the central compartment ( V d l )  was very 
close to extracellular water (0. I5  to 0.20 L/kg) in humans; the apparent 
volumes of distribution at steady state (Vd,) of 1.06 and 0.639 L/kg seemed 
to correspond with total body water, which ranges from 0.45 to 0.65 L/kg in 
humans. The slightly higher value reported by lmondi er a/.  (25), 1.8 L/kg, 
is overestimated. Since sulpiride was administered orally, the calculated 
volume of distribution (Vd/F) ,  would give a value of 0.6 L/kg for Vd i f  the 
absorption coefficient F were 0.30. 


These results are in accordance with the very low lipophilic properties of 
sulpiride, which should lead to a poor distribution in tissues and thus to a 
volume of distribution close to total body water volume. The high value of Vdl 
(0.53 L/kg) and Vd,  (2.7 L/kg) found by Wiesel er a / .  (3) are related to the 
low plasma levels found either after oral or intravenous administration by these 
authors. It could be that within-subject variations of the distribution param- 
eters gave rise to these differences between the populations studied. I n  our 
earlier study (5,6), all the subjects but one were females and the volume of 
distribution was significantly higher than in  the recent study conducted ex- 
clusively in male subjects. In three female and one male subject, the distri- 
bution phase was not apparent after intramuscular administration (5,6). There 
could be sex-related variations in the distribution pattern of sulpiride in hu-  
mans. 


Total Elimination from Plasma-Half-Lge of Elimination-The half-life 
of sulpiride elimination from the body was evaluated either from plasma data 
by the slope of the log-linear terminal part of the plasma concentration uersus 
time curve (Table V), from the urinary excretion rate uersus time curve plot 
(rate plot), and the amount remaining to be. excreted uersus time plot (u- plot) 
(Table VI).  The mean values obtained by these three methods were very close 
and ranged from 6 to 8 h. 


Wiesel et a/.  (3) obtained elimination half-lives of 6.75 h ( X 2 )  and 7. I5 h 
(dU/dr) after intravenous administration. I n  this study, we report elimination 
half-lives after intramuscular administration of 6.87 h ( X 2 ) .  5.58 h (dU/dt) ,  
and 5.68 h (U, - U ) .  These values, obtained either after intramuscular or 
intravenous administration, with a sample collection lasting up to 36 h, should 
be the closest values to the true ones. When plasma and urine samples were 
collected for a shorter period than in these studies, the terminal log-linear part 
of the curves was not reached and the half-life was underestimated (the rate 
constant was overestimated). Bres et a/. (5 .6)  reported elimination half-lives 
after intramuscular administration of 3.1 I h ( A d .  3.73 h (dU/dt) ,  and 3.33 
h (U, - U), while after oral administration these values were 3.0, 3.6, and 
3.0 h, respectively (Table V1). 


Total Clearance-Total plasma clearances, estimated from thc ratio of 
dose/AUC were 415 mL/min after intravenous administration (3) and 220 
mL/min (5, 6) or 89.8 mL/min (this study) after intramuscular adminis- 
tration. The large differences observed in these three studies were related to 
variations in the volumes of distribution at  steady state (Table V). 


Excretion in Urine in the Form of Unchanged Sulpiride-Extent of Sul- 
piride Elimination in Urine-Sulpiride is mainly eliminated from plasma by 
the renal route. After intravenous administration of the drug, Wiesel el a/.  
(3) found 72.3 f 8.9% of the administered dose in urine over a 36-h period. 
After intramuscular administration, Bres el a/. (5,6) found 82.9 f 7.4% of 
administered dose in urine (24-h collection). In this study, 93.1 f 6.6% was 
found in urine, almost all the administered dose (48-h collection; Table 
VI). 


Rare Constant ofEliminution-The rate of elimination of sulpiride in urine 
was identical to the rate of disappearance of sulpiride from the plasma. The 
fraction of administered dose eliminated unchanged in urine is close to 1 .O; 
nevertheless, another route of elimination had to be introduced for the simu- 
lations (Scheme 11, with klo = k13 + k14). 


Renal Clearance-The renal clearanccs of sulpiride were 3 10 mL/min after 
intravenous administration (3) and 190 mL/min (5,6) or 83.0 mL/min (this 
study) after intramuscular administration. The large variations observed in  
these studies and the interindividual variations, estimated from the standard 
deviations, are mainly related to changes in the sulpiride apparent volume of 
distribution within subjects. The renal clearance of sulpiride, while slightly 
lower than the total clearance, is a good reflection of the sulpiride total 


Table VI-Sulpiride Elimination ’ 
Route of 
Adminis- Dose, Dose, k,, h-l 1 1  2 h U-. 


tration me melke dUldt U, - U & 96 


Intramus- 300-500 6 to 7 0.186 0.208 3.73 3.33 82.9 f 7.4 


Intrave- 100 1.3 for 0.097 7.15 72.3 f 8.9 
cular 


nous men 
1.7 for 


women 
Intramus- 50 0.78 0.144 0.143 4.95 5.21 92.3 f 6.8 


ciilar 
I 0 0  1.38 0.122 0.124 6.09 5.95 94 .1 f6 .2  
200 2.74 0.111 0.124 5.77 5.92 91 .8 f7 .5  


Mean 0.131 0.157 5.58 5.68 93.1 f 6.6 


See Table V for collection procedures. 
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clearance from plasma. Since renal clearances of sulpiride and creatinine were 
simultaneously evaluated in all subjects in this study (Table I), we attempted 
to correlate these two values. With the large intraindividual variability (Table 
II, Fig. 5 )  i n  sulpiride renal clearance, it was not possible to find a positive 
correlation with creatinine clearance, but subjexts 3 and 9 who had the highest 
sulpiride clearances also had the highest creatinine clearances. 
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Abstract 0 Kinetic equations were derived that describe the plasma con- 
centration of an inhaled compound during and following single or repeated 
regular and irregular pulmonary exposures. The equations are based on a 
diffusional type of input function and assume a linear disposition with a 
biexponential unit-impulse response. The use of linear system analysis avoids 
the complexity of modeling the disposition proccsses; yet, thc effect of these 
processes is still accounted for mathematically. The approach, therefore, 
appears to be more general and rational than approaches based on linear 
compartmental modeling. The ways in which the kinetic equations can be 
readily applied in pharmacokinetic or toxicokinetic analyses to obtain valuable 
parameters that enable kinetic predictions of the cumulation during prolonged 
exposure are discussed. The toxicokinetic problem of comparing the effect 


of different work schedules in occupational environments with air contami- 
nants is discussed. Formulas derived from considerations of the blood plasma 
kinetics are presented for the calculation of an adjustment factor for the ad- 
justment of the contaminant threshold limit value for abnormal work weeks. 
The use of these formulas appears to be more rational than that of similar 
formulas that have been proposcd. 


Keyphrases 0 Absorption-pulmonary. excretion, theoretical pharmacoki- 
netic and toxicokinetic analyses 0 Pharmacokinetics-pulmonary absorption 
and excretion. toxicokinetin 0 Toxicokinetics-pulmonary absorption and 
excretion. pharmacokinetics 


Little attention has been given to the pharmacokinetic- 
toxicokinetic characterization of the pulmonary absorption 
and excretion of compounds in the gas phase. The kinetic in- 
vestigations of the volatile drugs used in general anesthetics 
has been limited mainly to empirical quantitative analysis of 
uptake, metabolism, and pulmonary excretion ( 1  -3), without 


a formal mathematical, pharmacokinetic analysis of the 
plasma level-time profile (4, 5 ) .  


The study of pulmonary absorption kinetics is also of par- 
ticular interest in environmental toxicology (6-9). Special 
attention has been given to the risk assessment of work place 
exposures to vaporous air contaminants. Of particular concern 
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TABLET 
BREAK 
SIGNAL 


Abstract 0 The instrumentation ofa  tablet breaking-strength tester, for the 
automatic recording of hardness values, is described. A comparison is made 
between a computerized hardness tester and another identical model hardness 
tester from the same manufacturer (“standard”). Three lots of placebo tablets 
a t  different hardness values were compared. No significant difference was 
observed between the computerized un i t  compared with the “standard” 
unit. 


Keyphrases 0 Tablet-hardness tester-computerized uersus unaltered models 
0 Breaking strength-tablets, computerized oersus unaltered hardness 
values 


The measurement and recording of tablet-hardness values 
is an important and necessary measurement during the pro- 
cessing of tablets. This project was initiated with the purpose 
of automating the measurement process in order to allow more 
measurements to be taken in a given period of time, to elimi- 
nate the chances of operator error and bias, and to incorporate 
the data automatically in a data base for long term storage and 
st at istical t Tea t men t. 


ENCODER 
PULSES 


EXPERIMENTAL SECTION 


The hardness tester’ (Fig. I ) ,  consists of the following: a rotary shaft en- 
coder*, a tablet-break signal, filters and a gate, and a microcomputer3. A table 
of values was programmed into the computer relating input counts to hardness 
values. The test button on the hardness tester was pushed to start the hardness 
measurement cycle. This opened a gate which allowed pulses from the rotary 
shaft encoder attached to the counterweight shaft, toenter the microcomputer. 
When the tablet broke, the signal generated by the hardness tester was to turn 
off the shaft encoder gate. The hardness value of the tablet was then locally 
displayed and sent to a terminal or computer. 


Placebo tablet hardness values obtained over the working range of the in- 
strument were: 5 kiloponds (kp) for round tablets, 10 kp for oval tablets, and 
15 kp for capsule-shaped tablets. These tablets were used to validate the 


Computerized tablet-hardness tester. Prior to these tests, each hardness tester 
had been modified and calibrated according to procedures previously described 
( 1 ) .  


Twenty-five tablets of each hardness value were tested on both the com- 
puterized tablet-hardness tester and another identical model tablet-hardness 
tester, from the same manufacturer (“standard”). The scale reading and 
digital reading were taken from the computerized instrument after each of 
the 25 tablets were tested. Also, the scale reading was recorded from the 
“standard” tablet-hardness tester after another 25 tablets were tested. Tablets 


Table I-Tablet-Hardness Values, 5 kp 


“Standard” Tester Computerized Tester 
CI c2 c3 
5.40 
5.20 
5.50 
5.30 
5.80 
5.60 
5.80 
5.20 
5.60 
5.60 
5.60 
5.70 
5.60 
5.50 
5.70 
5.60 
5.70 
5.60 
5.70 
5.40 
5.40 
5.40 
5.00 
5.80 
5.40 


5.20 
6.60 
5.20 
5.50 
5.45 
6.05 
5.65 
5.50 
5.30 
5.30 
5.85 
5.80 
5.20 
5.90 
4.90 
6.05 
5.50 
5.30 
5.40 
5.50 
5.30 
5.00 
5.35 
5.40 
5.50 


5.10 
6.36 
5.38 
5.60 
5.47 
6.10 
5.38 
5.75 
5.38 
5.38 
5.99 
6.10 
5.38 
6.10 
5.00 
5.99 
5.75 
5.47 
5.38 
5.60 
5.47 
5.10 
5.47 
5.47 
5.85 


Table 11-Tablet-Hardness Values. 10 ko 


“Standard” Tester 
CI  


Computeri7.ed Tester 
c2 c3 


10.40 
10.80 
9.50 


10.10 
9.20 
9.00 


10.00 
9.50 
9.20 
9.70 


10.00 
9.60 


10.20 
9.20 


10.40 
10.00 
9.70 
9.80 
9.80 
9.90 
9.90 


10.10 
10.30 
9.80 


10.40 


10.00 
9.80 
9.80 


10.60 
9.40 
9.40 
9.20 


10.60 
10.20 
10.00 
10.20 
9.40 
9.05 


10.40 
9.00 
8.90 


10.20 
9.80 
9.60 
9.30 


8.90 
9.40 
9.85 


10.40 


8.80 


10.31 
9.90 


10.05 
10.70 
9.52 
9.52 
9.23 


10.70 
10.05 
10.20 
10.42 
9.39 
9.00 


10.55 
9.23 
8.90 


10.42 
9.90 
9.77 
9.39 
8.90 
8.90 
9.39 
9.90 


10.42 
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Table Ill-Tablet-Hardness Values, 15 kp 


“Standard” Tester Computerized Tester 
CI c2 c 3  


14.90 
15.70 
14.80 
14.90 
15.60 
17.50 
15.80 
16.00 
15.10 
15.00 
14.10 
14.20 
15.30 


14.55 
14.70 
15.40 
15.50 
14.20 
16.00 
15.10 
15.50 
14.20 
14.10 
16.50 
15.95 
14.70 


14.38 
14.61 
15.60 
15.42 


15.90 
15.32 
15.72 
14.21 
14.21 
16.70 
15.90 
14.95 


14.38 


16.00 14.50 14.38 
14.20 
15.20 
16.60 
14.50 
16.40 


13.30 
15.50 
14.50 
15.20 
14.45 


13.25 
15.60 
14.50 
15.18 
14.50 


13.50 14.85 15.04 
15.30 14.05 14.21 
15.40 14.20 14.38 
15.40 15.75 15.72 
15.30 14.90 14.76 
15.10 15.80 16.00 


tested on both tablet-hardness instruments, for each hardness group, were from 
the same lot of tablets. One operator ran the tablets on the computerized tablet- 
hardness tester and recorded the scale readings; the digital results were re- 
corded on a digital printer. Tablets for the “standard” unit were tested. and 
scale readings were recorded by a second operator. 


RESULTS AND DlSCUSSfON 


Tables I ,  11, and Ill show the results of the approximate 5, 10, and 15 kp 
placebo tablets tested on both the computerized and the “standard” tablet- 
hardness testers. Column CI contains the analog data from the “standard” 
tcster, while columns C2 and C3 contain data from the computerized unit. 
Column C2 data are the analog readings and column C3 data are the readings 
from the printer. The data were analyzed by the AOVONEWAY, program 
for the one-way analysis of variance. To compare the means of these popula- 
tions. a random sample with a normal and independent distribution and equal 
variance was assumed for each population. The analyses of data from Tables 
I .  1 1 ,  and Ill, by the MINITAB R program (2) are listed in the Appendix. 


Therefore, we questioned whether all of the populations had the same mean. 
To  answer this question, a null hypothesis, that the variation between the tablet- 
hardness testers is not greater than the variation due to random error, was 
established. 


The F ratio is a useful statistic whcn determining whether the variation 
between the computerized tablet-hardness tester and the “standard” tablet- 
hardness tester is greater than the variation due to random error (3). The 
corresponding value from an F table for all sets of data for the F ratio to be 
checked against is 3. I. The F ratios were 0.74. 0.66, and 1.25 for placebo 
tablets of 5. 10. and I5 kp. respcctively. Since all of the F ratio values are <3.1. 
wc accept the nul l  hypothesis and conclude that there is no significant dif- 
fcrcnce between the tablct-hardness testers. 


APPENDIX 


AOVONEWAY Analysis of 5 kp Data: 
All 


I>a t a 
I 


6.4 + I 


5 
5 
9 


5.60 + 10 
26 


6 
8 
4 


- 


- 
- 
- 
- 


- 
- 
- 
- 


CI c2 c3 


1 


2 3 
2 3 
I 2 
1 2 
8 I I  
5 
3 2 
2 1 


I 


9.90 


16.0 


Analysis and Variance 
Due to DF ss 
Factor 2 0. I50 
Error 72 7.337 
Total 74 7.487 
I.evel N Mean 
CI 25 5.504 
c2 25 5.508 
c3 25 5.601 


Pooled SD = 0.3 19 


AOVONEWAV Analysis of 10 kp Data: 
All 


Data 
10.80 + 1 


5 
8 
7 
9 + 6 
9 
6 
8 
6 


9.00 t 4 
6 


- 
- 
- 
- 
- 
- 
- 
- 


- 
Analysis of Variance 


Ducto DF ss 
Factor 2 0.372 
Error 72 20.329 
Total 74 20.702 
Level N Mean 
CI 25 9.860 
c2 25 9.688 
c3 25 9.786 


Pooled SD = 0.53 I 
AOVONEWAV Analysis of 15 kp Data: 


All 
Data 


I 


2 
2 + 9 


14 
12 
10 
19 


14.0 + 3 
I 
2 


- 
- 
- 
- 


- 
- 
- 
- 


- 
- 


Analysis of Variance 
Dueto DF ss 
Factor 2 1.617 
Error 72 46.426 
Total 74 48.043 
Level N Mean 
CI 25 15.272 
c2 25 14.936 
c 3  25 14.993 


Pooled SD = 0.803 


MS = SS/DF F-Ratio 
0.075 0.74 
0.102 


SD 
0.21 I 
0.370 
0.352 


CI c 2  
1 


2 
3 2 
2 3 
5 2 
2 1 
5 3 
3 1 


5 
3 1 
1 2 


3 


MS = SS/DF 
0.186 
0.282 


c3 


3 
3 
2 
2 
3 
1 
2 
3 
2 
1 
3 


F-Ratio 
0.66 


S D 
0.442 
0.554 
0.588 


c1 c 2  c 3  
1 


1 
1 
3 3 
5 5 
2 3 
4 3 
7 9 
2 


1 1 


M S  = SS/DF F-Ratio 
0.809 I .25 
0.645 


SD 
0.859 
0.762 
0.784 


REFERENCES 


( I )  F. W .  Goodhart, J. R. Draper, M. J. Killccn. and F. C. Ninger, J .  


(2) T. A. Ryan, B. L. Joiner, and B. 1:. Ryan, “MINITAB B student 


(3) J .  S. Hunter, “Design of Experiments Course.” Westinghouse. 


Pharm. Sci., 65, 1072 (1976). 


Handbook,” Wadswoth Publishing Co., 1976. 


1968. 


ACKNOWLEDGMENTS 


The statistical assistance of Robert Dillard is gratefully acknowledged. 


Journal of Pharmaceutical Sciences 1 1325 
Vol. 73, No. 9, September 1984 












A publlcatlon of the 
Amerlcan Pharmaceutical Associatlm- 
the Natlonal Professlonal Soclety 
of Pharmaclsts 


JOURNAL OF 
PHARMACEUTICAL 


SCIENCES @ 
Volume 73, 1984 


JPMSAE73(1-12) 1-1910 (1984) 
ISSN 0022-3549 


Sue A. Kruger 
Production Editor 


Sharon G. Boots 
Editor 


Edward G. Feldmann 
Contributing Editor 


Margaret M. Madeleine Samuel W. Goldstein 
Assistant Production Editor Contributing Editor 


Karen A. Blakney 
Copy Editor 


Patricia A. Evich 
Editorial Secretary 


Editorial Advisory Board 


Jordan L. Cohen 
Kenneth A. Connors 
Louis Diamond 
Ho-Leung Fung 
Milo Gibaldi 
Everett N .  Hiestand 


W. Homer Lawrence 
Ian W. Mathison 
Carl M. Metzler 
Robert E. Notari 
Paul L. Schiff, Jr. 
Jane E. Shaw 


Published monthly under the supervision of the Board of Trustees 












In summary, our results have shown that the gastric absorption of captopril 
would contribute to thc early appearancc of captopril in the blood, but the 
intestine has a gra te r  capacity than the stomach for theabsorption ofcaptopril 
and the relative magnitude of captopril absorption from the gastric site will 
depend on the transit rate through the stomach. Furthermore, it has been 
shown that chronic treatment of captopril in the rat does not increase the rate 
of captopril absorption from either the stomach or intestine. In comparison 
to salicylic acid, captopril is not as rapidly absorbed from either the stomach 
or intcstine. 


REFERENCES 


( I )  M. J .  Antonaccio, Ann. Keu. Pharmacol. 7oxicol.. 22, 57 (1982). 


(2) T. Komai. T. Ikeda, K. Kawai, E. Kameyama, and H. Shindo, J. 


(3) 0. H. Drummer, P. J .  Worland, and B. Jarrott, Biochem. Pharmacol., 


(4) 8.  K. Park, P. S. Grabowski, J .  H. K. Yeung, and A. M. Brcckenridge, 


(5) B. Jarrott. 0. Drummcr, R. Hooper. A. E. I. Anderson, P. J. Miach, 


(6) S. M. Singhvi. D. N. McKinstry, J .  M. Shaw, D. A. Willard, and B. 


( 7 )  A. I .  Cohen. R. G. Devlin. E. Ivashkiv. P. T. Funke, and T.  McCor- 


(8) K.  I . .  Duchin,S. M. Singhvi, D. A. Willard. B. H. Migdalof,and D. 


(9) 1.. S. Schanker, J. Med. Pharm. Chem., 2,343 (1960). 


and refercnces therein. 


Pharm. Dyn.,4,677 (1981). 


32, 1563 ( I  983). 


Biochem. Pharmacol., 31, I755 (1982). 


and W. J. Louis, Am. J .  Cardiol., 49, 1547 (1982). 


H. Migdalof. J .  Clin. Pharmacol., 22, 135 (1982). 


mick, J. Pharm. Sci., 71, 1251 (1982). 


N. McKinstry, Clin. Pharmacol. Ther., 31,452 (1982). 


(10) P. J. Worland, 0. H. Drummer, and B. Jarrott. J. Pharmacol. 
Methods. 10, 215 (1983). 


( I  I )  P. J .  Worland and K. F. Ilett. J. Pharm. Pharmacol., 35, 636 
(1983). 


(12) J. T.  Doluisio, N.  F. Billups, L. W .  Dittert, E. T. Sugita, and J. V .  
Swintosky, J. Pharm. Sci., 58, 1 196 (1969). 


( 1  3) 0. t I .  Drummer, B. Jarrott, and W. J . Louis, Clin. Exp. Pharmacol. 
Physiol., Suppl7,8 1 ( 1982). 


(14) W. J. Dixon, M. B. Brown, L. Engclman, J .  W. Franc. M. A. Hill, 
R. 1. Jennrich, and J . D. Toporek, “BMDP Statistical Software,” University 
of California Press, Rerkeley, Calif.. 1981, pp. 237-345. 


(15) K. K. Wong, S.-J. Lan, and B. H. Migdalof, Biochem. Pharmacol., 
30,2643 (19x1). 


(16) T. Ikeda, T. Komai, K. Kawai. and H. Shindo, Chem. Pharm. Bull., 
29, 1416 (1981). 


(17) H. Ochsenfarht, N.S. Arch. Pharmacol., 306, 105 (1979). 
(1 8) D. Winne, Pharmacology, 21, I ( 1  980). 
(19) W. H. Barr and S. Riegelman, J. Pharm. Sci.. 59, 154 (1970). 
(20) W. G. Crouthamel, 1.. Diamond, L. W. Dittert, and J .  T. Doluisio, 


J. Pharnr. Sci., 64,664 (1975). 
(21) S. M. Singhvi, K. J. Kripalani, A. V. Dean, G. R. Keim, J. S. Kulesia, 


F. S. Meeker. Jr.. J. J. Ross, Jr.. J. M. Shaw.and B. H. Migdalof,J. Pharm. 
Sci., 70, 885 (1981). 


ACKNOWLEDGMENTS 


The authors thank the National Health and Medical Research Council of 
Australia for their financial assistance. 


Pharmacokinetics of Probucol in Male Rats 


JOEL F. HEEGx, MICHAEL F. HISER, 
DARLENE K. SATONIN, and JAMES Q. ROSE 
Received July 15. 1983, from the Department of Pharmacokinetics and Drug Metabolism, and the Department of Bioanalytical Chemistry. Merrell Dow 
Research Institute-Indianapolis Center, Indianapolis, IN 46268-0470. Accepted for publication April 5, 1984. 


Abstract 0 The bioavailability and pharmacokinetic behavior of 10 mg/kg 
of [‘4C]probucol in an oil-water cmulsion was determined after oral and in-  
travenous administration to rats. The bioavailability of the oral formulation 
was -6%. For the first 12-h interkal after the intravcnous bolus, plasma pro- 
bucol concentrations increased after an initial decrease. This effect may be 
attributed to the formulation or precipitation of the drug in the vasculaturc. 
The terminal plasma half-life was 6 d. By 7 d, 45 and 4.65% of the labeled 
intravenous bolus was excreted in the feces and in  the urine, respectively. 
Although most of the labeled dose was excreted in the bile, any entcrohepatic 
recirculation that did occur did not contribute to the atypical plasma con- 
centration uersus time profile. The tissue distribution of the label and climi- 
nation rates in  the bile differed between the two routes of administration. 
Either the total body burden, precipitation of the drug, or the emulsion vehicle 
may be responsible for the nonlinear distribution and clearance of the intra- 
venous dose. 
Key phrases 0 Bioavailability-oil-in-water emulsion, tissue distribution, 
probucol, biliary elimination, rats 0 Probucol-bioavailability, oil-in-water 
emulsion, tissue distribution, biliary elimination 


Probucol ([)I, 4,4’- [ ( 1 -methylethylidene)bis(thio)]- 
bis[2,6-bis( 1,l-dimethylethyl)]phenol, is an orally effective 
hypocholesterolemic drug. Its efficacy has been demonstrated 
in mice, rats, monkeys, and humans ( l ) ,  and its chemical 
structure is unlike that of other hypocholesterolemic agents. 
There are no published pharrnacokinetic studies of probucol 


I Merrell Dow Research Institute-Cincinnati Center. Available in the U.S. under 
the trademark Lorelco. 


in rats to characterize the dose-response of the drug (2) and 
only recently have aspects of the pharmacokinetic behavior 
of probucol in humans been presented (3 ) .  


The present pharmacokinetic studies were conducted in rats. 
Long-term toxicity and efficacy studies have been conducted 
in rats and other rodent and nonrodent species, and the identity 
of pharmacokinetic parameters that might assist interpretation 
of the outcome of the dose-response studies was sought. 


EXPERIMENTAL SECTION 


Probucol Formulatiom-[ Ring(U)-14C]probuco12 with a specific activity 
of 7.58 or 34.1 pCi/mg was used for distribution and excretion studies. The 
compound is labeled with statistical uniformity in all positions of each ring. 
A radiochemical purity of >98% was dctcrmined with TLC, autoradiography, 
and liquid scintillation counting (LSC) techniques. Two TLC systems were 
used: hexane-benzene (8020) and hexane-ether (955) on silica gel (0.25 mm) 
plates3. Uniformly ring-labeled [14C]probucol with a specific activity of 34. I 
pCi/mg and a radiochemical purity of 99.5% by HPLC and LSC techniques 
was used for the biliary excretion studies. Labeled probucol was mixed with 
nonlabeled probucol which had a chemical purity of >99.5% to provide the 
intended regimens of oral and intravenous probucol. The specific activities 
of the resultant mixtures rangcd from 1.57 to 8.74 pCi/mg. 


Both oral and intravenous formulations of probucol were prepared as oil- 


* Synthesized by D. F. Gransden and G. A. Roth, The Dow Chemical Co.. Midland, 
Mich. 


Silica Gel, F-2S4: MCB Manufacturing Chemists, Inc.. Cincinnati, Ohio. 
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water emulsions. Probucol was dissolved i n  a saturated triglyceridc from co- 
conut oil4. The oil-water emulsion, like the physiologically compatible hy- 
peralimentation emulsions, was then formulated to contain 4% glucose, 1.2% 
vegetable lecithin, 0.3% nonionic surfactants, and 15% of the saturated tri- 
glyceride containing the probucol. The mixture was sonicatcd6 to form the 
emulsion. Because of the poor aqueous solubility of probucol, coconut oil or 
the above emulsion was used in previous pharmacological, toxicological, and 
clinical studies and in  the studies reported here. All dose solutions were stored 
under nitrogen gas to prevent autoxidation. 


Animal Maintenance and Posology-Adult male Sprague-Dawley rats were 
individually housed in  modified, Roth-type glass metabolism chambers' for 
the separate collection of urine, feces, and expired air, or were housed in  
stainless-steel cages prior to sacrifice. Room air was drawn through the 
chambers (500-600 mL/min) and then scrubbed with a solution of ethanol- 
aminc-2-methoxyethanol (3:7) to trap any 14C02 as the carbamate. The 
rooms were temperature- and humidity-controlled and operated 0n.a 12-h 
light/dark cycle. Water was provided a d  libitum and food was withheld from 
the animals 4 h prior to and 4 h after dosage. 


Two groups of four male rats were given a single IO-mg/kg dose of 
[ 14C]probucol as an emulsion to determine the tissue distribution and the rates 
and routes of excretion. One group was given -1.4 mL of the emulsion orally 
through stainless-steel feeding needles. The other group of rats was given 4 . 3  
mL iv of the emulsion over a 30-s period. The intravenous emulsion was in- 
jected into a jugular vein cannula implanted 48 h earlier. After the dose was 
injected, the cannula was flushed with 0.2 mL of saline. 


The plasma distribution and clearanceof 10 mg/kg of probucol or [I4C]- 
probucol was determined in two groups of male Sprague-Dawley rats. One 
group of 102 rats was given a IO-mg/kg iv  dose of an 8.33-mg/mL emulsion 
(0.12 mL/100 g body weight) by way of a jugular cannula and a second group 
of 75 rats was given a single oral dose of a 1.67-mg/mL emulsion (0.6 mL/ 100 
g body weight). 


Biliary excretion studies were conducted with 1 I adult male Sprague- 
Dawley rats. A cannula of polyethylene tubing8 was inserted into the common 
bile duct, anterior to the pancreatic junction, passed subcutaneously, and 
exteriorized dorsally. Bile was allowed to flow continuously over a 3-d recovery 
period. On the second day after surgery, a jugular vein cannula was placed 
in  six of the animals. On the third day a lO-mg/kg dose of [t4C]probucol 
emulsion was given by intravenous infusion, as  described previously, to six 
of the rats and by oral gavage to the remaining five rats. 


Sample Collection-To collect an adequate volume of blood for probucol 
analysis, rats were decapitated and exsanguinated at predetermined times. 
Following oral administration blood was collected at 0.25.0.5.0.75. I ,  2.4, 
6, 8. 12. 18. 24, 30. 36,42,48,60,72, 96, 120, 144, 192,240. 288, 336, 384, 
432, and 480 h postdose. Blood taken following intravenous dosing was similar 
except no samples were taken at 30 and 480 h and additional samples were 
taken at 168 h. Blood was taken from the jugular cannula or by decapitation 
for the biliary excretion studies. All samples were collected in heparinized 
containers, and the plasma fraction was stored frozen until analysis. Probucol 
had bccn shown to be stable for > I6 months in frozen plasma. All analyses 
were completed within that time. 


Urine was collected in dry ice traps. and both urine and feces were obtained 
every 6, 12, or 24 h and stored frozen until label analysis. The C02 trapping 
solution was changed frequently over the first 48-h tcst period. Tissues were 
harvested immediately after exsanguination and analyzed for concentra!ions 
of label activity or probucol. Bile was collected at  6-h intervals for 24 h after 
administration. 


Sample Preparation for Probucol Analysis---Plasmo ~ Plasma samples for 
the determination of probucol concentrations from 0.25 to 100 pg/mL were 
assayed by EC/GC or by IlPLC and conmntrations from 0.005 to 1.0 pg/mL 
were determined by GC/MS. All samples were fortified with aliquots of a 
methanolic solution containing the internal standard, 4.4'-[( I-methylbutyl- 
idene)bis(thio)]bis(2,6-bis( I ,I-dimethylethyl)phenol], and the plasma protein 
was precipitated with methanol-acetone (3:2, v/v). After centrifugation, the 


Noebcc M-5; PVO International Inc.. Boonton. N.J. 
Pluronic F-68; BASF Wyandotte, Wyandotte. Mich. 


PE-I0 Intramedic. Clay-Adams. Div. of Recton. Dickinson and Co., Parsipanny. 


f Sonifier, Ultrasonic Cell Disruptor; Bronson Instruments, Inc., Danbury. Conn. ' Wyse Glass Specialties, Freeland. Mich. 


N.J. 


liquid phase was extracted with hexanc. Hexane extracts destined for HPLC 
were evaporated with nitrogen gas and reconstituted in methanol. 


The hexane extracts destined for GC/MS were evaporated to dryness under 
nitrogen, reconstituted with benzene. and passed through a silica column9. 
The benzene eluant containing the probucol Has evaporated to dryness under 
nitrogen, and the sample was reconstituted in methanol. Standard curves were 
prepared for all plasma samples by fortifying blank plasma with appropriate 
amounts of methanolic solutions of probucol prior to the above extraction 
schemes. 


Tissue Samples-Tissues were homogenizedlO in ethanol-acetone (3:2, 
v/v) and diluted to 10 mL with ethanol-acetone. A I-mL aliquot was trans- 
ferred to a screw-cap test tubc, and the internal standard was added along with 
I mL of hexane and 0.5 mL of water. After mixing and centrifugation, the 
hexane layer was evaporated to dryness with a nitrogen gas stream and the 
residue was reconstituted in methanol. Standard curves were prepared for 
tissue samples as  describcd for plasma samples. 


Irrptrumentation-Electron-Capture Gas Chromatography--The hexane 
extract of plasma destined for EC/GC" was injected directly onto a coiled 
glass GC column1*. Operating conditions were as follows: carrier gas, 5% 
methane in argon; flow rate, 40 mL/min; injection port, 300OC; detector, 
300OC; column, 270OC. 


Gas Chromatography/Mass Spectrometry- . The methanol extract of 
plasma destined for GC/MSI3 was injected onto a glass GC column'4. Helium 
carrier gas at a flow rate of 20 mL/min was used. Tcmperaturcs were set as 
follows: injection port, 250OC; column, 280OC. The mass spectrometer was 
operated in the electron-impact mode. The fragment ions at  m/z 278 (pro- 
bucol) and m/z 306 (internal standard) were recorded by selective-ion mon- 
itoring. 


Liquid Chromatography-A modular liquid chromatographic system was 
used in the analysis of probucol in plasma or tissue. The mcthanolic extracts 
were injected onto a reverse-phase column15. The HPLC system consisted 
of an autosampler16, a high-pressure pump", and a fixed-wavelength LV (254 
nm) detector18. The mobile phase consisted of acetonitrile, hexane, and 0. I 
M ammonium acetate (900:35:65). The flow rate was 0.9 mL/min. 


Analytical Recovery and Precision-The EC/GC procedure had a relative 
recovery of 98.4% and a relative precision at the 95% confidence level (C.L.) 
of 14.1%. The relative recovery of the HPLC assay was 97.2% and the relative 
precision was 9.6% (95% C.L.). For the lower concentrations of probucol 
determined by GC/MS, the relative recovery was 105.5% with a relative 
precision of 24% at  the 95% C.L. 


Sample Preparation for Radioactivity Analysis-The label activity in most 
of the samples was determined by direct LSC techniqucs. Plasma samples were 
prepared by the addition of 0.03.- I .O g of plasma to 0- I mL of water; urine 
samples and cage washings were prepared by the addition of 0.5 mL of sample 
to I mL of water; and bile was prepared by the addition of 50 mg of bile to 1 
mL of water. Ten milliliters of scintillation r e a g e n ~ l ~ - ~ ~  was then added to each 
sample. Exhaled I4CO2 was trapped as  the carbamate. Fivc milliliters of the 
trapping solution was then combined with 5 mL of a scintillation cocktail 
consisting of 120 mL of scintillation rcagent21. 220 mL of 2-methoxyethanol, 
and 660 mL of toluene. 


Tissues were frozen in liquid nitrogen and pulverized by an electromagnetic, 
cryogenic impact grinding apparatus22 (4). Samples (30-100 mg) of the 
pulverized tissues were added in triplicate to LSC vials containing 12 mL of 
scintillation fluid. A fine suspension was formed by the addition of 3 mL of 
water and shaking to form a sol--gel. The label activity in  the samples was 
determined in the liquid scintillation counter23. External standardization was 
used to determine quench correction. 


Aqueous fecal homogenates. equivalent to I50 mg of fecal solids, were 
oxidized by combustion24 to C02 and trapped as the carbamate in 8 mL of 
a 30% solution of ethanolamine in  2-methoxyethanol. This solution was 
combined with 10 ml. of the scintillation cocktail described earlier. S k i n  


Florisil; Fisher Scientific Co., Pittsburgh. Pa. 
l o  Polytron Homogenizer; Brinkmann Insthments, Westbury, N . Y .  


Model 5702A equipped with a 63Ni electron-capture detector. Hcwlctr-Packnrd. 


l 2  32SP-2100on 100/120Supelcoport. 1.2 m X 4  mm i.d.:Supelco. Inc.. Bcllefonte. 


I 4  3%SP-2100on 100/l20Supelcoport, 0.9 m X 2 mm id.: Supclco. Inc. 
I s  Hypersil ODs, 5-9m particle size. 250 X 4.6 mm i.d.: Shanden Southern Instru- 


l 6  WISP 710; Waters Associates, Inc.. Milford. Mass. 
I' Beckman I IOA; Beckman Instruments, Inc., Fullerton. Calif. 
I n  Model 440; Waters Associates 
l 9  A ~ a s o l ;  New England Nuclear, Boston. Mass. 
2o A S, Amersham Corp.. Arlington Heights. 111. 
21 Concifluor; Mallinekrodt Chemical Works, St. Louis, Mo 
22 Spx Freezer/Mill. No. 6700, Spex Industries. Inc.. Mctuchcn. N . Y .  


Avmdale. Pa. 


Pa. 
Finnigan 4023 GC/MS; Finnigan MAT, San Jose, Calif. 


ments. Inc., Sewickly. Pa. 


Mark 111,6880 Tracor Analytic Inc.. Elk Grove Village. 111. 
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samples (150 mg) were processed similarly without prior homogenization. 
The label activity from feces and skin was then counted with a liquidscintil- 
lation counter. 


Pharmcokinetic Analysis-since the choice of a definitive model was 
considered premature, model-independent techniques were used to describe 
the pharmacokinetic behavior of probucol. Over the sampling interval the area 
under the concentration-time curve (AUC) was determined by the trapezoidal 
rule ( 5 ) .  The first moment of the plasma concentration-time profile (AUMC) 
was determined similarly, after multiplying each concentration by its time 
(6). The AUC beyond the last plasma concentration value (AUC;) and the 
AUMC beyond that point (AUMC;) were calculated by Eqs. 1 and 2, re- 
spectively. The terminal slope (8). the last plasma concentration (Cp), and 
the time ( t )  when Cp, occurred were used in that calculation: 


The apparent oral (aCL,) or systemic (CL,) plasma clearance, the mean 
residence time of the drug in the plasma (MRT), and the apparent steady-state 
volume of distribution (Vd,) were calculated via Eqs. 3-6:After oral ad- 
ministration: 


F * DO= 
AUC 


aCL, = - 
where F was the fraction of the dose absorbed and: 


where k,  was the absorption rate constant. After intravenous administra- 
tion: 


Dose CL, = - 
AUC 


AUMC 
AUC 


MRTi, = - (Eq. 6)  


The apparent steady-state volume of distribution (Vd,) was the product of 
CL, and MRTi,. The qbsorption was presumed to be a first-order rate phe- 
nomenon. An estimate of the absorption rate constant (k,) was determined 
from a nonlinear least-squares parameter optimiza'tion computer program 
(NONLIN)  (7)  that assumed the plasma concentration-time profileof oral 
drug.could be described by a first-order rate of absorption and biphasic 
first-order rates of eliminhtion, such that C P ( ~ I )  = Ae-af + Be-8' + Me-k*'. 
The half-life was caloulated by dividing the In 2 by the terminal sio 


A prediction of the mean plasma concentrat/on at steady-state (G) was 
obtained from Eq. 7 which employs the accumulation ratio (8), MRT/7, the 
dosage interval (T), and the mean plasma concentration, C, = (AUC/MRT), 
after a single oral dose: 


(8). 


RESULTS 


The Pharmacokinetics of Probucol in Blood Plasma-After the 10-mg/kg 
intravenous dose, plasma probucol concentrations decreased over the first 
20-min period and then increased fourfold such that concentrations of probucol 
over the next I2 h were greater than concentrations observed just after ad- 
ministration. I n  a separate group of rats the concentrations of label activity 
in  plasma (expressed as microgram equivalents of probucol per milliliter) 
mimicked the decrease and subsequent increase in probucol concentrations 
(Fig. IA). Peak concentrations of probucol were observed 8-1 2 h after the 
intravenous dose and a biexponpntial first-order rate of elimination of probucol 
from plasma then occurred. The half-life of !he terminal eliminqtion phase 
was 6. I d, and the apparenf systemic clearance of probucol was 21 mL/h/kg 
(Table I). Only I I-23% otthe label concentration in plasma after the labeled 
intravenous dose was attributed to labeled metabolites of probdcol. 


After the IO-mg/kg oral dose of probucol, peak plasma concentrations of 
drug occurred within 2 h of administration (Fig. IA).  Initially, during the 
absorption phase, concentrations of probucol were greater than concentrations 
of label activity. This phenomenon was attributed to the fact that a different 


24 Biological Materials Oxidizer: R. J. Harvey Instrument Corp.. Hillsdale. N.J. 
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Figure I-Plasma concentrations of probucol (a) and /14C/probucol 
equiualent(s) (0) o/er a single 10-mglkg oil-water emulsion dose of probucol 
to male Sprague-Dawley rats. Inset A shows the initial I 2  h of the graph in 
greoter detail. 
group of rats was used to define the label and probucol plasma curves. The 
elimination of probucol from plasma consisted of two phases, and the half-life 
of the terminal phase was -5.6 d. The mean residence time (MRT) of probucol 
was 2.36 d and the apparent oral plasma clearance was 25.0 mL/h/kg (Table 
I) .  The plasma concentration-time curve of probucol and the curve suggested 
by the corresponding plasma concentrations of label activity were parallel. 
The difference between the AUC values of the two profiles during the first 
8 d indicated that 25-48% of the label activity in plasma wasassociated with 
metabolites of probucol. 


Tissue Distribution-One hour after intravenous administration, 72% of 
the dose was found as probucol in the liver; the concentration in liver was 
130-200 times the concentration in plasma (Fig. 2). After 7 d, the liver still 
contained more of the radioactivity (8.2%) than any other tissue studied (Table 
I I ) .  On day 8,5.6%of the dose was found in the liver as unchanged drug. The 
half-life during the terminal phase of probucol elimination from liver was 5.5 
d. 


In contrast to the distribution of intravenous probucol, 7 d after the 10- 
mg/kg oral dose of ['4C]probucol, the highest concentrationsof radioactivity 
were found in the adrenals and in brown and body fat (Table 11). Concen- 
trations in the liver after 7 d were <lo% of those observed in brown fat. The 
largest fraction of the oral labeled dose was detected in muscle and body fat 
when the study was terminated (day 7). Based on reported values for body 
fat and muscle mass for the rat (9), these two tissues on day 7 contained 0.44 
and 0.58% of the labeled dose, respectively. 


Excretion-After intravenous administration, only 19% of the labeled dose 
was excreted in feces within the first 48 h, but after oral administration, 92% 
of the labeled dose was detected in feces within 48 h (Table 1 1 1 ) .  By the seventh 
day, 94% of the labeled oral dose was recovered in the feces. in contrast to only 
45% of the intravenous dose. Most of the remaining label activity from the 
intravenous dose was found in tissues (42.5%) (Table 11). Less than 5% of the 
labeled intravenous dose was recovered in  urine over the 7-d test period, and 
negligible amounts of the labeled dose were detected in CO2. 


To determine the degree to which the labeled dose was excreted in the bile. 
the bile duct was cannulated and animals were given ['4C]probucol 3 d after 
cannulation. After intravenous administration. 5% of the labeled dose was 
cxcreted in bile in the first 24 h, a value comparable to the 6% cxcretcd in the 
feces of noncannulated rats given the intravenous dose (Table I l l ) .  The rate 
of elimination of label in  bile over thc first 24-h interval after intravenous 
dosing appeared to be a zero-order process since -I .3% of the labeled dose 
was excreted in  bile during each of the 6-h collection intervals for the first 24 
h (Fig. 3). Plasma drug concentrations of the bile duct-cannulated rats I2 and 
24 h after intravenous dosing were comparable to the concentration of probucol 
in noncannulated rats (Table IV) .  


1700 I Journal of Pharmaceutical Sciences 
Vol. 73, No. 12, December 1984 







Table I-Parameters Describing the Pharmacokinetic Behavior of Probucol and Label Activitv in Plasma of Male Swanw-Dawlev Rats 


Parameter 


Oral 


Probucol Equivalents 
[ I4C] Probucol 


Intravenous 
[ " T I  Probucol 


Probucol Equivalents 


where t = d 
AUC,". Ccg/mL.d 
MRT, d 
Terminal t I l 2 .  d 
F (Fraction absorbed) 


aCLu* C L , m L /  mLXh'kg /kg 
Vds.9 L/kR 


1.82 f 0 . 1 3  
2.00 f 0.10 
0.0236 0.15 


0.122 f 0.204 
13.3 f 1.0 


I .01 
(12) 
I .07 
2.36 
5.6 
0.064 


25.0 
- 


- 
1.65 f 0.06 


0.162 f 0.107 


1.61 


- 


- 


(12) 
1.41 
2.20 
5.9 
0.064 


18.2 


19.9 
6.7 
6.1 


(18) 


- 
- 


21.0 
3.38 


- 
19.2 


Given a single oral or intravenous dose of 10 mg/kg of a probucol emulsion. Data exprsscd as mean f SD. Terminal slope (8) of intravenous probucol was employed to obtain 
these cstimates. 


For the first 24 h after oral administration 4 . 8 %  of the labeled dose was 
recovcrcd in the bile of bile duct-cannulated rats (Table I II), and the apparent 
first-order label elimination half-life during the interval was -6 h (Fig. 3). 
Approximately 93.6% of the labeled dose was recovered in the feces of orally 
dosed noncannulated rats by day 7. and 92% of the dose was fecally excreted 
in  the first 48 h. In  the 0-24-h bile collection, only 0.8% of the labeled dose 
was recovered. During the 24-48-h interval, bile was not collected but must 
have contained <0.8% recovered in the 0- 24-h interval because biliary label 
excretion declined in a first-order Fashion during the0-24-h interval; only 0.79  
of the labeled dose was excreted in the feces during the 48-72-h collection 
interval (Table I l l ) .  Thus, the sum of the amount of labeled dose recovered 
in  the 0-168-h urine samples (0.3%), the amount in tissucs at 168 h (3.1%). 
the amount excreted in the 0- 24-h bile (0.8%). the amount cxpectcd to be 
excreted in bileduring the 24-48-h interval (0-0.7%). and the amount excreted 
in  feces during the subsequent 48--168-h interval (1.5%). provided an ap- 
proximation of the absorbed labeled dose (5.7-6.4%). 


DISCUSSION 


Probucol is highly lipophilic (10). and tablet dosage forms arc made with 
micronized drug. Clinical pharmacokinctic studies in  healthy volunteers and 
in hypercholesterolemic patients after single and repeated oral doses of pro- 


bucol have demonstrated aspect? of the steady-state distribution and clearance 
of probucol (3). Although extensive studies have been conducted in the rat 
and monkey to elucidate the pharmacodynamic features of probucol. little 
is known of the bioavailability and pharmacokinetic disposition of probucol 
and its metabolites in  these test species. 


In  this rat study, &%of the administered ('4C]probucol was absorbed from 
the oil-water emulsion. As described earlier, this approximation was the sun1 
of all the label excreted in urine (0-168 h), bile (0-24 h), the biliaryexcretion 
estimate (24-48 h), feces (48-1 68 h). and residual radioactivity in tissues and 
carcass 7 d after dosage. Another estimate of absorption (5.3%) was obtained 
from a comparison of the oral and intravenous AUC values, but the apparent 
nonlinear distribution and/or elimination of probucol over the 0-6-d interval 
make this estimate less reliable (Fig. I ) .  Comparisons of the radioactivity in 
the urine and in various tissues 7 d after the oral and intravenous regimens 
suggest that the bioavailability of this probucol formulation was poor. A recent 
study suggests that the drug is selectively absorbed into the lymph rather than 
the portal circulation and that some oleaginous vehicles enhance its absorption 
( 1  1 ) .  


Although the terminal slopes of the plasma concentration-time curves after 
the oral and intravenous regimens were similar, a comparison of the preter- 
minal phase of elimination after oral and intravenous administration of pro- 
bucol suggests that the disposition of the intravenous probucol is nonlinear 


Table 11-Radioactivity in Tissues and Excreta 7 d after the Administration of ('4C]Probucol to Male Sprague-Dawley Rats. 


intravenous Study Oral Study 
Pi? e q / g  Percent of Dose Ccg eq/g Percent of Dose 


Tissue 
Adrenal glands 98.1 f 36.7 0.24 f 0.052 3.22 f 1.19 0.010 f 0.005 
Brown fat 29.7 f 12.8 0.26 f 0.064 2. I9 f 0.64 0.031 f 0.01 1 
Liver 19.5 f 1.6 8.21 f 0.95 0.17 f 0.08 0.078 f 0.037 
Body fat6 8.4 f 1.9 4.98 f 1.37c 0.69 f 0.36 0.44 f 0.22c 
Lung 7.3 f 2.3 0.45 f 0.15 0.08 f 0.07 0.004 f 0.003 
Kidney 5.0 f 0.41 0.38 f 0.030 0.26 f 0.10 0.021 f 0.0064 
Thymus 4.6 f 1.2 0. I 3  f 0.045 0.34 f 0.19 0.008 f 0.0044 


0.58 f 0.36c Muscle 2.1 f 0.35 7.95 f 1.76c 
5.88 f I .67 I I .32 f 2.08 0.511 f 0.133 1.02 f 0.13 


Tissues + carcass - 42.43 f 3.90 .- 3.08 f 0.45 
Skin  


Excrcta 
Urine - 4.65 f 0.8 I - 0.28 f 0.09 
Feces - 45.26 f 5.28 - 93.6 f 1.0 


Label recovery -. 92.8 f 3.9 - 97.1 f 0.9 


7. I %  or muscle IS 45.5% of live body weight (9). 


Table Ill-The Cumulative Percent of the Radioactive Dose Excreted in the Urine and Feces of Male Rats and Biliary Excretion in Bile Duct-Cannulated 
Male Rats. 


0. I3 f 0.08 


A IO-mg/k& single oral or intravenous dose. Data expressed as mean f S D  of four rats. Abdominal and perirenal fat. C Percent dose calculated. assuming weight of cat is 


Intravenous Oral 
na V I Jrine Feces Bile Urine Feces Bile 


I .06 f 0.15 6.00 f 1.12 5.04 f 0.90 0.095 f 0.027 - 0.78 f 0.20 
- 92.12 f 1.26 


92.82 f 1.12 
93.60 f 0.96 


-_ 
2.33  f 0.41 19.14 f 2.89 - 0.190 f 0.070 


- 0.228 f 0.083 


1 
2 


27.32 f 2.58 3 3.48 f 1.14 
7 4.65 f 0.81 45.26 f 5.28 - 0.28 f 0.09 - 


a A IO-mg/kg [14C]probucol dose. Data exprcssed as mean f SD; n = 4 for urine and feces data: n = 5-6 for bile data. 
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Figure 2-Concentrations of probucol in plasma (0). h e r  tissue (O), or 
percent of dose in liver tissue (8)  ajer  a single intravenous dose of 10 mg/kg 
to male Sprague-Dawley rats. 


(Fig. I ) .  Also, the unusual decline and recurrence of probucol concentrations 
seen shortly after intravenous administration, but not after oral administration 
(Fig. IA). suggest that the disposition of the intravenous dose may be non- 
linear. Differences in the initial (0-24-h) elimination rates of radioactivity 
in bile and differences in the relative tissue distribution of the oral and intra- 
venous regimens also indicate that the disposition of the intravenous [I4C]- 
probucol dose is concentration dependent. 


The apparent zero-order rate of elimination of label activity in  bile is seen 
only after intravenous administration. This may be a consequence of con- 
centration-dependent elimination of the higher concentrations associated with 
the intravenous dose or the zero-order dissolution of microprecipitated drug. 
Since oral regimens of 100-1000 mg/kg/d in  Sprague-Dawley rats did not 
elevate serum bilirubin (IZ), cholestasis is not responsible for this apparent 
zeroorder elimination. Subsequent first-order rates of elimination of probucol 
and label activity from the plasma and liver tissue indicatc that the zero-order 
rate of elimination is short-lived. 


Both oral and intravenous studies indicate that an absorbed dose of probucol 
is excreted primarily in the feces; the elimination of label in bile duct-cannu- 
lated rats (Table I l l )  suggests that most of the label body burden is secreted 
in the bile. Also, since the amount of radioactivity excrctcd into bile (0-24 
h) is comparable to the amount of labeled doseexcreted in feces after intra- 
venous administration (0-24 h). little enterohepatic cycling may occur. The 
similar plasma concentrations 12 and 24 h after intravenous administration 
in bile duct-cannulated and noncannulated rats also indicate that enterohepatic 
cycling would have little effect on circulating plasma probucol concentra- 
tions. 


The unusual pharmacokinetic behavior of probucol and radioactivity in 
plasma during the first 12 h after intravenous administration is difficult to 
explain (Fig. I A). This effect (the valley in plasma concentration shortly after 
administration as well as concentrations of the drug from 4 to I2 h that su- 
perseded the concentration directly after injection) may be seen with drugs 
that undergo enterohepatic circulation; but in this study the effect may occur 
too fast (0-30 min) for such an explanation. Moreover, the radioactivity ex- 
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Figure 3-Biliary excretion rates of /14C/probucol equicalents from rats 
given a single oral (n = 5 )  or intravenous (n = 6 )  IO-mglkg dose o J / ' ~ C / -  
probucol. 


Table IV-Plasma Probucol Concentrations Following Intravenous 
Administration of Probucol to Rats 


Hour No Cannula Bile Duct Cannula 


12 4.5 f 0.3 (3) 3.8 f 1.7 (6) 
24 3.5 f 0.9 (3) 3.7 f 0.8 (4) 


Dose, 10 mg/kg. Expressed as mean (fig,lmL) f SD; numben in parcnthcses indicate 
number of animals. 


creted in bile is similar to that recovered in feces over a 24-h collection period, 
and plasma concentrations in bile duct-cannulated rats are comparable to those 
of noncannulated rats. Consequently, significant recycling is unlikely. 


Alternatively, fat and fat-containing emulsions given intravenously tend 
to accumulate in hepatic tissue ( I  3) and, subsequently, are cleared in a manner 
comparable to the clearance of chylomicrons. In the present study, the oil from 
the oil -water emulsion of probucol may accumulate in the hepatic tissue, 
create a partilitoning depot in  the liver (since in this study 72%of the intra- 
venous dose was found in the liver at 1 h), and then govern the release of 
probucol into the systemic circulation. The unusual behavior of the plasma 
concentration-time curve of carbamazapine, another compound with low 
aqueous solubility, during intravenous infusion is similar (14). In  that study. 
carbamazapine was solubilized in vehicles containing high concentrations of 
propylene glycol and given as an infusion. A precipitous fall in  plasma con- 
centrations of carbamazapine began shortly after the infusion was initiated. 
Although Levy er al. (14) conducted several experiments to characterize the 
effect, no definitive explanation was found. Precipitation of the drug in plasma 
and subsequent redissolution was proposed. 


Since the mean residence time of probucol in plasma was 2.4 d after the 
IO-mg/kg oral dose, with a regimen of 10 mg/kg/d less than a twofold increase 
in the mean plasma concentration is expected before steady-state Cps is 
achieved (nonlinear distribution and/or clearance is not operative in  this 
concentration range). The pharmacokinetic behavior of larger oral doses or 
an increased number of doses per day, however, may become concentration 
dependent (indicated by the nonlinear distribution and clearance of the in-  
travenous plasma probucol concentrations) and exhibit another steady-state 
profile. Dietary and/or formulation factors may also modify the bioavail- 
ability, and hence the anticipated effects, of long-term exposure to the 
drug. 


Although the total body clearance is known, the metabolic clearance of 
probucol is not. Differences betwecn the probucol concentrations and the 
radiolabelcd microgram equivalent concentrations of probucol in plasma in- 
dicate the presence of labeled metabolites. Studies of the metabolites of pro- 
bucol, however, are limited to the characterization of I'C- and I4C-labeled 
products in the liver and adipose tissueof the rhesus monkey. In both tissues 
most of the I4C-labeled material was probucol. Six metabolites were also 
identified in  the fat and liver of the monkeyzs. 


The pharmacokinetic behavior of this formulation of probucol demonstrates 
not only the poor availability of such a dosage form but also the nonlinear 
distribution that may be a consequence of the formulation and/or the dose 
of probucol. This study illustrates the fate of probucol in rats and the potential 
for accumulation associated with repeated oral regimens of probucol. The need 
for further investigation of oleaginous vehicles used in preclinical studies is 
apparent. 
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Abstract 0 A series of 2-(c~-hydroxyacetyl)pyridine thiosemicarbazones was 
synthesized as potential antimalarial and antibacterial agents. Their synthesis 
was achieved by the condensation of N4-mono- or N4.N4-disubstituted 
thiosemicarbazides with 2-(c~-hydroxyacetyI)pyridine. The latter was prepared 
by selective bromine oxidation of (2-pyridinyl)-1,2-ethanediol. The new 
compounds show potent inhibitory activity against penicillin-sensitive as well 
as penicillin-resistant Neisseria gonorrhoeae (MIC. 0.5-0.004 pg/mL), 
against Neisseria meningitidis (MIC, 0.5-0.032 pg/mL), and Staphylococcus 
aureus (MIC, 0.5-2 pg/mL). Good in vitro antimalarial effects against 
Plasmodium falciparum (Smith strain; IDSO, 6.7-38 ng/mL) were observed 
in most of these new agents, but only 3 of 12 compounds exhibit moderate in 
vivo activity against Plasmodium berghei. These new agents appear to be less 
toxic to the host and more water soluble than the corresponding 2-acetylpy- 
ridine thiosemicarbazones. 


Keyphrases 0 Thiosemicarbazone derivatives-2-(cu-hydroxyacetyl)pyridine 
thiosemicarbazones, antimalarial and antibacterial activity 0 Antimalarial 
agents-potential, 2-(~-hydroxyacetyl)pyridine thiosemicarbazones 0 An- 
tibacterial agents-potential, 2-(c~-hydroxyacetyl)pyridine thiosemicarba- 
zones 


Members of a series of N4-monor and N4,N4-disubstituted 
2-acetylpyridine thiosemicarbazones ( I )  have been reported 
by us to possess antimalarial (1, 2), antibacterial (3), and 
antiviral (4) properties. Based on these studies, the struc- 
ture-activity relationship of this class of compounds has been 
defined. Thus, N4,N4-disubstitution of the thiosemicarbazone 
moiety appears to be essential for optimal activity against 
Plasmodium berghei in the mouse (2) and several bacterial 
genera (3). Replacement of the sulfur atom with oxygen leads 
to inactive compounds. Furthermore, biological activity is 
limited to those compounds in which the ethylidene group is 
attached to the 2-position, rather than the 3- or 4-position, of 
the pyridine ring. The effects resulting from placement of a 
functional group on the ethylidene function, however, have not 
been studied. N4,N4-Disubstituted 2-acetylpyridine thiose- 
micarbazones, in particular, exhibit potent antimalarial 


properties in uitro as well as in uiuo. Against P. berghei in mice, 
the 4-(2-~yridinyl)piperazine and 3-azabicyclo[3.2.2]nonane 
analogues produced cures of all infected test animals at a 
dosage of 80 and 160 mg/kg, respectively (2). Although potent 
inhibitory activity against Plasmodium falciparum (Smith) 
in uitro (IDSO = 3.6 ng/mL) was observed, 2-acetylpyridine 
4,4-dimethyl-3-thiosemicarbazone shows no significant in uiuo 
activity against P .  berghei in mice due to its high host tox- 
icity. 


As antibacterial agents, 2-acetylpyridine thiosemicarba- 
zones show excellent activity against both penicillin-sensitive 
and -resistant strains of Neisseria gonorrhoeae with MIC 
(minimum inhibitory concentration) values in the range of 
0.002-0.062 pg/mL. These agents were also found to inhibit 
the growth of Neisseria meningitidis as well as Staphylococcus 
aureus, with the MIC in the range of 0.016-0.062 pg/mL and 
0.125-0.5 pg/mL, respectively. 2-Acetylpyridine 4,4-di- 
methyl-3-thiosemicarbazone [I, R2 = N(CH&] is by far the 
most potent compound against N. gonorrhoeae among the 
analogues tested, with an MIC of 0.002-0.008 pg/mL. 
However, the substantial toxicity observed in  mice (2) has 
limited its potential as a clinical agent. 


In the search for agents with lower toxicity, increased 
water-solubility, and improved structure-activity relationship, 
the synthesis of a new series of 2-(a-hydroxyacetyl)pyridine 
thiosemicarbazones (11) was undertaken. These compounds 
were screened for their antimalarial properties as well as their 
antibacterial activity. 
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BOOKS 


Total Syntbesis of Natural Products: The ‘Chiron’ Approach. (Organic 
Chemistry Series, Vol. 3). By STEPHEN HANESSIAN. Pergamon Press, 
Inc. Maxwell House, Fairview Park, Elmsford, N Y  10523. 1983.291 pp. 
15 X 23 cm. Price: $20.00. 
The present generation of organic chemists considers no total synthesis of 


a natural product to be truly satisfactory unless it also yields an optically pure 
product. One of the ways of achieving this objective is to begin the synthesis 
with a substrate drawn from the chiral pool so bountifully provided by nature: 
amino and hydroxy acids, terpenes, and carbohydrates, many of which are 
readily available and relatively cheap. In this book, Professor Hanessian, one 
of the leading practitioners of the art of using carbohydrates as precursors 
in asymmetric total synthesis, presents both a personal approach to this field 
and a thorough review, with much informative commentary, of successful 
syntheses employing carbohydrates as starting materials. 


Part 1 of the book describes those features of compounds from the chiral 
pool-variety in carbon framework, sense of chirality, number of asymmetric 
centers, functional group sequences-that make them versatile springboards 
from which to launch asymmetric syntheses. A11 important, of course, is the 
designer’s perception of the structural and stereochemical relationships be- 
tween these “chiral temp1ates”and the target structure. Parts 2 and 3 of the 
book, entitled “Design” and “Discovery” respectively, present guidelines on 
how to establish the appropriate “visual dialogue” (a functional, if not par- 
ticularly felicitous, phrase). The central feature of the approach is the iden- 
tification and selection of “chirons”-suitably functionalized, defunctional- 
ized, or otherwise modified versions of the chiral templates which, after ac- 
tivation, may be assembled to give the target product. 


The rest of the book, and by far the largest part, is devoted to “Execution,” 
a detailed discussion of selected carbohydrate-based asymmetric syntheses. 
These syntheses fall into three main groups: those in which the targets contain 
reasonably obvious carbohydrate-type symmetry; those in which such sym- 
metry is partially hidden; and those in which only the most hardened fans of 
the approach would have looked for a carbohydrate precursor in the first place. 
Each section is further subdivided into chapters according to the types of 
molecules being synthesized. The relatively straightforward chiral targets 
(acyclic compounds, tetrahydrofurans, tetrahydropyrans and the like) pre- 
dominate the earlier chapters and more complex products ( ix .  prostaglandins, 
heterocyclic antibiotics, macrolides, and ansa compounds) dominate the later 
sections. In  almost all cases, the syntheses chosen for illustration are of com- 
pounds with substantial pharmaceutical significance. The book ends with a 
brief discussion of a possible role for computers in the visual recognition of 
chiral templates within target structures. 


Not the least virtue of this book is the abundance of flow-sheets (more than 
150) for the syntheses discussed. In  most cases, the flow sheets show both’ a 
retrosynthetic analysis from target via chiron to chiral template, as  well as  
the forward steps, with reagents, of the completed synthesis. I t  appears that 
every reference of importance in the field has been included, and the index 
is reasonably comprehensive. There appear to be very few errors. Those whose 
chief fascination is the art and philosophy of organic synthesis will certainly 
read this book with avidity, even if they remain unconvinced that carbohy- 
drates necessarily provide the ideal solution to the problem of introducing 
asymmetry into a synthetic scheme. 


Reviewed by J. P. Michael 
Department of Chemistry 
University of the Witwatersrand 
Johannesburg, South Africa 


Molecular Aspects of Anti-Cancer Drug Action. (Topics in Molecular and 
Structural Biology. 3). Edited by STEPHEN NEIDLE and MICHAEL 
J. WARING. Verlag Chemie International Inc., 303 N.W. 12th Ave., 
Deerfield Beach, FL 33441. 1983.404 pp. 16 X 24 cm. Price: $97.50. 
This book, the third in a series on Topics in Molecular and Structural 


Biology, contains eleven chapters dealing largely with Drug-DNA interactions 
of a number of cancer chemotherapeutic agents currently of high interest. 
Literature is covered through 1981 with the occasional appearance of a few 
later citations. Based on a random survey, the book is remarkably free from 


typographical errors. The text is printed in small (but clear) type. In most cases 
chemical structures, figures, and tables are easily read; however, in some cases 
the codes to structural formulae were difficult to read. The selection of topics 
includes: acridines, three chapters on topics related to anthracycline drugs, 
quinoxaline antibiotics, bleomycin, platinum compounds, alkylating agents, 
and methotrexate and analogues. In addition, there are reviews of the chemical 
and biological damage by certain antitumor drugs. 


The chapter on acridines by Denny, Boyuley, Cain. and Waring is an ex- 
cellent review of the enormous work of the group that was headed by the late 
Bruce Cain. It culminates in amsacrine and describes the studies (largely by 
Polish workers) on nitracrine-an active but toxic I-nitreacridhe derivative- 
and of the bifunctional acridines. The interactions of daunomycin and adri- 
amycin with nucleic acids is covered in a brief but useful chapter by Neidle 
and Sanderson; however, this subject has been covered in greater detail in 
earlier reviews. J. R. Brown presents a timely chapter with much new material 
on synthetic anthracycline drugs that will be of particular interest to medicinal 
chemists seeking a rational basis for the synthesis of new agents in this 
class. 


Bifunctional intercalation is again reviewed by Waring and Fox in a chapter 
dealing with quinoxaline antibiotics. Although this group has not attained 
clinical significance, the techniques discussed in the study of molecular in- 
teractions may be of general use. Another review by Roberts and Pera dealing 
with the action of platinum antitumor drugs is presented in an authoritative 
manner. Lown briefly surveys the chemistry of DNA damage by a large 
number of antitumor agents. This chapter should be of particular value to 
medicinal chemists. 


Molecular Aspects ofAnti-Cancer Drug Action will be useful to medicinal 
chemists seeking rational approaches to the synthesis of antitumor agents. 
Unfortunately, the high cost of this volume ($97.50) may restrict purchases 
to technical libraries. 


ReGiewed by Monroe E. Wall 
Research Triangle Instit ute 
P.O. Box 12194 
Research Triangle Park, NC 27709 


A Guide to the Chemical Basis of Drug Design. By ALFRED BURGER. John 
Wiley & Sons, Inc., One Wiley Drive, Somerset, NJ  08873. 1983. 300 pp. 
16.5 X 23.5 cm. Price: $45.00. 
The contributions of Professor Alfred Burger to the discipline of medicinal 


chemistry, particularly the literature of medicinal chemistry, have long been 
noted and acknowledged. His current effort attempts to recount those expe- 
riences of the medicinal chemist which, in cooperation with biologists and 
pharmacologists, have resulted in the chemical design of therapeutically useful 
drug substances. It is the broad scope of this endeavor which accounts for both 
the success and failure of this latest effort. The success of this overview of drug 
design resides mainly in those areas in which Professor Burger provides per- 
sonal insight. This guide, afterall, recounts many ideas and examples which 
“are results of a lifetime in medicinal chemistry.’’ After a brief introduction 
in which he traces his early interest in  the chemistry of medicinally useful 
agents, and thus traces the development of medicinal chemistry, the book 
discusses drug design from three distinct, but oftentimes redundant, view- 
points. Chapter 1 begins as a fascinating discussion of the history of medicinal 
chemistry but develops into a chapter which lacks direction and depth. Chapter 
2 presents areas of research interest with particular emphasis on antihyper- 
tensive agents, anti-inflammatory agents, antiviral and antitumor agents, 
antihistaminics, analgctics and antihyperglycemic agents. It is in this chapter 
that general aspects of drug design, molecular modifications and quantitative 
structure-activity relationships are presented. The discussion in each of these 
areas represents a general overview of the subject and precludes any discussion 
in depth. For example, in  the discussion of recent research in the area of an- 
tihypertensive agents the role of presynaptic a2-adrencceptors in the action 
of newer agents such as clonidine is neglected. On the other hand, the dis- 
cussion of the development of analgetic research is particularly interesting. 
Chapter 3 is intended as a discussion of selected examples of drug design. 
Many aspects of drug design of analgctic, anti-inflammatory, anticholinergics 
and antihistaminic agents discussed in Chapter 2 are repeated in the early part 
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of this chapter. The bulk of the chapter is devoted to a discussion of the de- 
velopment and design of chemotherapeutic agents. Again, the major drawback 
to this chapter, for the most part, is a lack of in-depth discussion of many key 
areas as  exemplified by the brief discussion of antitumor agents. 


To offset the problems associated with attempts to cover these broad areas 
in 300 pages, Professor Burger has extensively documented this coverage by 
citing 1512 references. Most of these are up to 1980, but several kcy past-I980 
references are included. Unfortunately, several errors appear. For example, 
isoproterenol is described as the N-isopropyl homologue of epinephrine pos- 
sessing “maximal a-adrenergic properties” (p. 20). Several structures are 
incorrectly drawn and other seemingly minor, but important, errors occur. 
For example, chlorisondamine is described as a drug lacking quaternary 
ammonium groups when, in fact, the opposite is true (p. 33). 


Overall, while this project may have been somewhat too ambitious, it does 
represent another important contribution to the literature of medicinal 
chemistry by Professor Burger. The book should be of particular interest as 
background preparation for the organic chemist preparing for a research 
career in medicinal chemistry. 


Reviewed by Ronald F. Borne 
School of Pharmacy 
The University of Mississippi 
University, MS 38677 
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clearance from plasma. Since renal clearances of sulpiride and creatinine were 
simultaneously evaluated in all subjects in this study (Table I), we attempted 
to correlate these two values. With the large intraindividual variability (Table 
II, Fig. 5 )  i n  sulpiride renal clearance, it was not possible to find a positive 
correlation with creatinine clearance, but subjexts 3 and 9 who had the highest 
sulpiride clearances also had the highest creatinine clearances. 
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Abstract 0 Kinetic equations were derived that describe the plasma con- 
centration of an inhaled compound during and following single or repeated 
regular and irregular pulmonary exposures. The equations are based on a 
diffusional type of input function and assume a linear disposition with a 
biexponential unit-impulse response. The use of linear system analysis avoids 
the complexity of modeling the disposition proccsses; yet, thc effect of these 
processes is still accounted for mathematically. The approach, therefore, 
appears to be more general and rational than approaches based on linear 
compartmental modeling. The ways in which the kinetic equations can be 
readily applied in pharmacokinetic or toxicokinetic analyses to obtain valuable 
parameters that enable kinetic predictions of the cumulation during prolonged 
exposure are discussed. The toxicokinetic problem of comparing the effect 


of different work schedules in occupational environments with air contami- 
nants is discussed. Formulas derived from considerations of the blood plasma 
kinetics are presented for the calculation of an adjustment factor for the ad- 
justment of the contaminant threshold limit value for abnormal work weeks. 
The use of these formulas appears to be more rational than that of similar 
formulas that have been proposcd. 


Keyphrases 0 Absorption-pulmonary. excretion, theoretical pharmacoki- 
netic and toxicokinetic analyses 0 Pharmacokinetics-pulmonary absorption 
and excretion. toxicokinetin 0 Toxicokinetics-pulmonary absorption and 
excretion. pharmacokinetics 


Little attention has been given to the pharmacokinetic- 
toxicokinetic characterization of the pulmonary absorption 
and excretion of compounds in the gas phase. The kinetic in- 
vestigations of the volatile drugs used in general anesthetics 
has been limited mainly to empirical quantitative analysis of 
uptake, metabolism, and pulmonary excretion ( 1  -3), without 


a formal mathematical, pharmacokinetic analysis of the 
plasma level-time profile (4, 5 ) .  


The study of pulmonary absorption kinetics is also of par- 
ticular interest in environmental toxicology (6-9). Special 
attention has been given to the risk assessment of work place 
exposures to vaporous air contaminants. Of particular concern 
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has been the effect of thc work schedule on the toxicokinctic 
effect (10-1 5 ) .  I t  is rccognized that an assessment of thc toxic 
effect cannot simply bc dctermincd on the basis of exposurc 
level and total cxposure time. Two different work schcdules 
with the same cxposure level and the same total hours of ex- 
posure may give substantially different plasma and tissue levels 
resulting in different toxic effects. Thercfore, attempts have 
been made to predict and compare the biological effect of 
different work schedules by using the exposure limits estab- 
lished by the U.S. government, since thesc limits are based on 
exposures of a normal work week schedulc ( 16,17). However, 
the formulas that have been proposed are based on a one- 
compartment kinetic model, despite the fact that most gases 
show definite biphasic kinetics (10- 14). The shortcomings of 
conceiving the body as exhibiting properties of a single com- 
partment are well recognized ( I  8) .  The formulas that have 
been proposed inappropriately deal with "thc body burden" 
(the total amount of substancc in the body) instead of plasma 
concentration (10, I 1). Not only is it virtually impossible to 
experimentally determine "thc body burden," but it is also 
misleading and inaccurate to conceive the body as a "homo- 
geneous box," ignoring the pronounced tissue distribution of 
volatile lipophilic substances. The formulas presented are es- 
sentially "one-point comparisons" that only consider the peak 
"body burdens" (10, 1 I ) .  No attempts have been madc to 
describe the complete kinetics (10, 1 1 ) .  


The work presented here should overcome the shortcomings 
of previous analyses through a rigorous pharmacokinetic 
analysis that is based on more realistic and rational kinetic 
assumptions. A linear system-analysis approach is used to 
account for thc disposition kinetics. This model-independent 
system approach requires fewer assumptions and is more 
general than conventional classical compartmcntal approaches 
and, therefore, should provide a more rational toxicokinetic 
basis for the development of exposure guidelines. By giving a 
complete pharmacokinetic description of the plasma levcl-time 
profile during and following multiple daily or weekly expo- 
sures, the analysis allows criteria other than peak plasma levels 
to be considered in a toxicokinetic assessment. By using this 
analysis, the daily and wcckly accumulation effects are isolated 
and considered, thereby facilitating the assessment of pro- 
longed exposures. 


THEORETICAI. SECTION 


Single-Exposure Kinetics-The mass transfer ratef(t) of a gas into the 
blood plasma from inhaled air containing a gas a t  a concentration c', can be 
described by: 


(Eq. 1 )  = KI [Cg - K2 * c ( 0 l  (0  2 I > 7') 


during the exposure period and: 


/ ( I )  = 0 ( t  1 T) (Eq. 2)  


in the postexposure period. 
K I  is a positive constant, and Kz is the air/plasma partition coefficient of 


the gas. The plasma concentration of the gas [ c ( r ) ]  depends on the input rate 
f(t), as well as the disposition (distribution, metabolism, and excretion) of 
thegas in the body. I t  is assumed that thedisposition processes result in a linear 
kinetic system in the sense that the superposition principle holds, so that the 
plasma response c ( t )  is related to the systemic input rate,f(t), by1: 


where ca(t) is the unit impulse response. 


' S e e  references 19-22 for a discussion of linear system analysis in pharmacoki. 
netics. 


The pulmonary excretion of gases appcars to be well characterized by a 
biexponential decay, indicating that the unit-impulse response can be described 
by a biexponential expression: 


(Eq. 4)  


The choice of Eq. 4 is also supported by the fact that most volatile drugs show 
a biexponential response to a bolus input. 


cn( l )  = Ae-"' + Be-0' (A. B, u, P > 0 )  


Insertion of Eqs. I and 4 into Eq. 3 yields: 


Equation 5 is recognized as a Volterra integral equation of the second kind 
with a convolution-type kernel and can therefore be solved by Laplace 
transforms giving. 


( I  < T )  (Eq. 6) c ( t )  = KlC' , [A' ( I  - e-fl'f) + B'(a - e-o")] 


where -a' and -p' are the roots of the polynomial: 


P ( s )  = (S + n ) ( s  + 8) t KIK~[A(.T + 8) + B(S + a)] (Eq. 7)  


[P(-a') = P(-p')  = 01, and A'  and B' arc given by: 


A ( $  - u') + B ( a  - a') 
ayp' - a') 


A' = 


A(6 - p') + B ( u  - p') b' = 
p'(d - f ' )  


Equation 6 describes the plasma level of the gas during the exposure period 
only. The plasma level in the postexposure period is subsequently obtained 
from the following: 


c ( t )  = JTKl[Cg - K2c.(u)][Ae-O('-") t Be-p('-")]du ( l  I T) 


(Eq. 10) 


where the c ( u )  term is given by Eq. 6 by substituting with the dummy inte- 
gration variable u .  


Equation 10 then gives: 


KiK2B' . e(m-m'lT + -. e(0-8')7 
a - 0' 


(Eq. 1 I )  


where t I T. The exposure solution (Eq. 6, r < T) and the postexposure so- 
lution (Eq. l l ,  t 2 7) can be combined to yield the following final equation, 
which describes the plasma concentration of the gas at any time during or after 
a single pulmonary exposure: 


C ( t )  = A 7 ( 1 ) * e - ~ ( ' - ~ ) +  BT(f) *e-'('-')+ (Eq. 12) 


whcrc: 


and 


1' = r ( for t  < T) (Eq. 15) 


t ' = T ( f o r t ? T )  (Eq. 16) 


( I  - T)+ = 0 (for t < T) (Eq. 17) 


( t  - 7')+ = f - T(for t 2 T) (Eq. 18) 


A r ( t )  and B 7 ( t )  are constants [Ar(T) ,  &(7')] in the postexposure phase 
( r  2 T);  thus, Eq. I2  predicts a simple biexponential decay in this phase. The 
time coefficients in the decay are cqual to thasc of the unit-impulse-response 
function (Eq. 4). 


I f  the unit-impulse-response function is described by a single-exponential 
expression, Ae-"', then Eq. 12 simplifies to: 


c ( t )  = A,'([) . e - a ( ' - T ) +  (Eq. 19) 
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where: 


Multiple-Exposure Kinetics-Regular Dosing Cycle-Consider a repeated 
exposure cycle consisting of an exposure period of length T followed by a 
postexposure period of length H .  The plasma kinetics during the first cycle 
are described by Eq. 12. At the start of the second cycle, there is a residual 
concentration of gas in  the plasma equal to: 


~ ( 0 )  = A T ( T ) . ~ - ~ ~ + E T ( T ) . ~ - B ~  ( 1 , = 0 )  (Eq.21)  


The notation c,(f,) IS introduced here to denote the plasma concentration of 
the gas in the nth exposure cycle at a time t,, measured relative to the start 
of the cycle ( i .e. ,  relative to the start of the most recent exposure period). 


Due to the superposition principle of linear systems, the plasma concen- 
tration of the gas i n  the second cycle is given by: 


c z ( f , )  = AT(  T )  . e - u ( " + r r )  + B T (  T )  . e - B ( H + f r )  


t A 7 ( t r )  - e-u('r-T)+ + Er(f,) -e-fl([r-T)+ (Eq. 22) 
Thus, the residual plasma concentration at the start of the third exposure cycle 
is: 


~ ( 0 )  = A T ( T )  - e-a(H+L)  + ET(T) - e-fl(H+L) 
+ A T (  T )  . e-a" + B T (  T )  - e -bH (Eq. 23) 


L = T + H  (Eq. 24) 


where L is the length of the exposure cycle: 


By deduction from Eqs. 21 -23, it is concluded that: 


cn(tr)  = A ~ ( T ) .  e - d H + f r )  e - ~ L a  + B T ( r ) .  e-B(H+rr) e - J L B  
n - 2  n - 2  


1 -0  J'o 
+ A T ( f r )  . e-a(fr-T)+ + B T ( f r )  . e-B(r,-T)+ (Eq. 25) 


Equation 25 simplifies to the following final equation that describes the plasma 
concentration of thegas at any time ( I , )  in any exposurecycle ( n )  during (or 
any time after) a regular repeated pulmonary exposure: 


, e - ~ ( ~ + f r )  + A T ( f r )  . e - a ( r r - ~ ) +  + ~ ~ ( l , ) .  e-o(f,-r)+ 


To simplify the notation and better conceptualize the cumulative effect of 
multiple exposures, i t  is convenient to introduce and define the function: 


( E ~ ,  26) 


I - e - ' x  , - I  


1 - e - x  J -o  
& ( x )  = - = e - J X  


It can be seen in Eq. 26 that the first two terms of this equation represent the 
cumulation from the previous ( n  - I )  exposure cycles. Therefore, it appears 
to be more descriptive to present Eq. 26 in the following simplified form: 


cn( l r )  = Ar( f r )  * e-n(ri-r)+ + E T ( I , )  -e-B('r-n+ + P,,-l(fr) (Eq. 28) 


P,- l ( tr) ,  the cumulation from the previous exposure cycles can, according 
to Eqs. 26 and 27, be simplified as: 


P,,-I(t ,)  = Q,-I(L(Y).AT(T).~-~("+'I)+ $,- t (L/3)  . BT( T )  . e-fl(H+Ir) m. 29) 


Irregular Dosing Cycle C a w -  In the context of occupational exposure 
to toxic substances, Eq. 28 is limited to a description of the kinetics during and 
following exposure to a gas for a single work week (or any fraction thereof). 
If there is a significant residual concentration left after the exposure-free 
weekend, then Eq. 28 should not be used for the second or subsequent work 
weeks. The following derivation includes cumulations from previous work 
weeks. 


Consider a work schedule consisting of N working days (ix., N exposure 
cycles) and M nonworking days (N t M = 7).  On each working day, the 
subject is exposed for T hours to a constant concentration (C,) of a gas in the 
air. There are H hours between the exposure periods ( T  + H = L = 24), except 
for the period of nonworking days where there are (H + M-L)  hours without 
exposure. According to the superposition principle of linear systems, the 
plasma gasconcentration at time f ,  in the nth exposure cycle2 in the mth work 
week is: 


c n . m ( t r )  = cn(fr) t Q m - t ( I r )  (Eq. 30) 


Vote that  t h e  nlh uorking dab usuall) conidins part ofcxposurc c)clc (n - 1 1  a n d  
qcle n.  so I t  u o d d  be misleading in general todefinen as the nth workingdaj 


wherec,(r,) isgiven by Eq. 28, and Q m - l ( I r )  isgiven by Eq. 38. The function 
Q m - l ( I r )  i n  Eq. 30, which is given by: 


m- I 


i - 1  
Qm-l(ir)= z c ~ [ ( M t  I ) L + ( m - i -  1 ) 7 L + ( n -  l ) L + i r ]  


(Eq. 31) 


represents the cumulations from the ( m  - 1) previous weeks. The residue from 
the exposure in week i (i = I , .  . . , m - I )  is derived as follows. The concen- 
tration left from this exposure is c ~ ( f , ) ,  where f i  is the time elapsed since the 
start of the last exposure cycle of the ith work week, and cx( ) is given by 
Eq. 28 substituting n with N where N is the total number of exposure cycles 
in the work week. The time span f ,  can be considered to consist of the following 
three components: 


1. (M + l )L  is the time from the start of the last exposure cycle of week 
i to the start of the first exposure cycle of week ( i  + I ) .  
2. ( m  - i - 1)7L is the time from the start of the first exposure cycle of 


week (i + 1) to the start of the first exposure cycle of week m. 
3. ( n  - I )L + I ,  is the time from the start of the first exposure cycle of week 


m to the current time I , ,  where I ,  as previously defined is measured relative 
to the start of the current exposure cycle, i .e.,  cyclc n.  Thus: 


ti = ( M +  I ) L +  ( m - i -  l ) 7 L +  ( n  - I ) L + f r  (Eq.32) 


The time span r i  stretches beyond thc last cxposure period of week i. Thus, 


cN(f,) = &(T)  -e- ' ( f i -T)  + Br(T) *e-o( f l -T)  + & - l ( L a )  - A T ( T )  


which is in agreement with Eq. 31. 


according to Eqs. 28.29. and 16, c&) becomes: 


(Eq. 33) , e - a ( H + r r )  .+ G ~ - ~ ( L P ) .  B ~ ( T ) .  e - B ( H + I t )  


According to L = T + H, Eq. 33 can be written: 


c N ( r i )  = [ I  + e-L".$N-~(La)JAT(T).ePT.e-af/ 
t [ I  +e-LB.  $N-I(LP)]ET(T).~~~.~-~'~ (Eq. 34) 


This equation can be further simplified? 


c N ( l i )  = $ N ( L ( Y )  A T ( T )  e-O(r1-r) + @ N ( L P )  . B T ( T )  * e - B ( r i - T )  


(Eq. 35) 


To simplify the expression for the cumulation function Q m - l ( r r ) ,  it is con- 
venient to rewrite the summation in Eq. 31 so that the formula in %. 27 can 
be employed: 


where: 


xi = (M - n ) L  + ( m  - 2)7L - i7L t f ,  (Eq. 37) 


When ti is substituted by xi in Q. 35 and this equation is subsequently inserted 
in  EQ. 36, the following final expression for the cumulation term in Eq. 30 is 
obtained: 


Qm- I(f , )  = $ J ~ ( L ~ )  . @ ~ , , , - ~ ( 7 L a )  - e-('+n)Lu - AT( T )  . e-a(rr-T) 
+ @ N ( L B )  - &,-1(7L@). e-(M+n)Lo - E T ( T ) .  e -@(rr-T)  (Eq. 38) 


I n  deriving Eq. 37, the following property of the $ function was used: 


e - ( i - l ) x .  $ i ( - x )  = $i(x) (Eq. 39) 


RESULTS AND DISCUSSION 


The analysis described above is based on certain kinetic assumptions. It is 
assumed that the compound is present in the inhaled air at a constant con- 
centration during the exposure. It is also assumed that the transport of the 
agent into the pulmonary blood plasma is proportional to the difference be- 
tween the partial pressures of the agent in the inhaled air and in the blood 
plasma. It is assumed that the compound shows a linear disposition in the body 
in the sense that the linear superposition principle holds, so that input and 
plasma level response are functionally related through a convolution. Fur- 
thermore, it is assumed that the system is time invariant with a unit-impulse 
response that is well approximated by a biexponential expression. These as- 
sumptions that form the basis for the fundamental Eqs. 1-4 appear fairly well 
justified. The kinetics of gas diffusion is well understood, and many drugs and 
compounds have been shown to exhibit a linear disposition. In  fact, a linear 
disposition is expected most often for compounds that are only slightly me- 


3 Note tha t  the @ function has the simple progression formula e-x@j-i(x) = 
d l b )  - 1 .  
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tabolized, such as the volatile, lipophilic compounds used in general anes- 
thetics. The choice of a biexponential expression to represent the unit-impulse 
response appears to be appropriate, since this leads to kinetic equations that 
agree with the typical biexponential pulmonary excretion decay that is often 
observed. A biexponential expression also agrccs with the elimination behavior 
most frequently seen in pharmacokinetic studies. The very distinct advantages 
of using a linear system approach instead of a classical compartmental ap- 
proach have been discussed preivously (19 22). 


Three main equations have been derived that describe the plasma concen- 
tration of a gas at any time during or after ( a )  a single pulmonary exposure 
(Eq. 12), (b) a series of regular, constant exposures (Eq. 28). and (c) 1 or more 
weeks of exposures to a gas during the working days of the week (Eq. 30). 


Single-Exposure Kinetics-The kinetic equation for a single pulmonary 
exposure (Eq. 12) is of particular pharmacokinetic interest, as  it deals with 
the type of drug exposure found in general anesthetics. The equation also forms 
the basis for the multiexposure equations (Eqs. 28 and 30) that are of special 
toxicokinetic interest. An important use of the equation is in nonlinear re- 
gression analysis of single exposure data to obtain useful pharmacokinetic 
parameters. The data can be obtained either from a blood gas analysis or from 
excretion data obtained from the postexposure phase by analyzing the expired 
air for the gas. 


Kinetic Analysis Based on Sampling of Expired Air-Pulmonary excretion 
data are typically in  the form of the cumulative amount of gas excreted at 
various times, M ( r ) .  According to Eq. 1 ,  the rate of pulmonary excretion in 
the postexposure phase is K ~ K y c ( t ) .  Integration of Eq. 12 gives: 


In its simplest form, this equation is uniquely defined by only four quantities 
[a, 0, KIKTAT(T),.and KIK~-BT(T)] .  Therefore. it is not possible todeter- 
mine all of the six basic parameters (Appendix) from pulmonary excretion 
data alone. However, Eq. 40 allows the two important parameters, a and f l ,  
to be accurately determined. 


Although general kinetic predictions require that all six basic parameters 
(see Appendix) be determined, a closer analysis of Eq. 40 reveals that some 
important predictions can still be made from pulmonary excretion data alone. 
For example. it can be predicted how much the plasma concentration in the 
postexposure phase increases in multiple exposures relative to that resulting 
from a single exposure, i .e . ,  the ratio c, , ( t , ) /c( t , ) ,  where I ,  > T, can be pre- 
dicted. To prove this. it is convenient to rewrite Eq. 28 in the following 
form): 


en([,) = @,(La) - A T ( T )  e-cr(fr-T) + @,(LP) * B T ( T )  * e -@(rr -T)  


( I ,  I T) (Eq. 41) 


By multiplying this equation and Eq. 12 ( I  1 T )  by K I K ~ .  the following ratio 
is obtained: 


( I ,  2 T )  (Eq. 42) 


Fitting Eq. 40 to pulmonary excretion data yields values for a. 0, KIK~-AT(  T), 
and KIK~-BT(T) ,  so that Eq. 42 can be calculated at any time I ,  > T for any 
values of n and L.  Thus, excretion data from a single exposure provide quite 
extensive and valuable information about the plasma accumulation of the 
compound. In particular, such data allow a comparison of the maximum 
plasma concentration by letting I ,  = T i n  Eq. 42: 


max cn(lr) cn(T) - 
max c(r , )  c ( T )  
-=-- 


A comparison of the minimum values is achieved by letting 1 ,  = L = ( T  t H )  
in Eq. 42, noting that min cn+l ( t , )  = c,+1(0) = c,(L): 


min cn+I(lr) 


4) 
&,(La) - [ K I K ~ . A T ( T ) ]  -caH t @ , ( L p ) .  [ K I K ~ - B T ( T ) ]  -e -BH 


[ K I K ~ . A T ( T ) ] + ~ - " " +  [ K ! K ~ - B T ( T ) ] . ~ - ~ ~  
(Eq. 44) 


Although the above analyses (Eqs. 42 and 43) are limited to the postex- 
posure phase ( I  L T ) ,  the characterization is complete enough to get an ad- 
equate assessment of the accumulation tendency of the compound. I t  is par- 
ticularly valuable to be able todeterminc the relativechange in the maximum 
(Eq. 43) and minimum (Eq. 44) plasma level concentrations. 


Kineric Analysis Based on Blood Sampling-Plasma level data in  the ex- 
posure phase provide a more comprehensive kinetic characterization than 
pulmonary excretion data. All six basic kinetic parameters are determined 
by fitting Eq. 6 to the plasma level data4. Thus, once these parameters are 
determined by a suitable nonlinear regression technique, then predictions can 
be made as to which plasma-time profiles or accumulations can be reasonably 
expected from other single or multiple exposures (Eqs. 12, 28, and 30). 


I f  the plasma level data are obtained only in the postexposure phase ( I  2 
T ) ,  then it is not possible to determine more than two (a and 8) of the six basic 
parameters. However, despite this, some useful predictions can still be 
made. 


The postexposure phase, according to Eq. 12, is described by: 
c ( t )  = A ~ ( T ) .  e - d ' - T )  + B.,(T). C-A( ' -T )  ( I  2 T) (Eq. 45) 


By fitting this equation to the data, values for a, @, AT(  T), and BT( T) are 
obtained which, according to Eqs. 42 and 43, permit the following predictions 
to be made from the single exposure response, c ( t ) :  


cn(tr) = 
~ , ( L ~ ) . A T ( T ) . ~ - " ( ' ~ - ~ )  + @,,(/J3)- BT(T) .e-@(fr-' 


A T ( T ) .  e-n(rr-7) + B T ( T ) .  e-!%tr-T) 4 1 )  


( 1  I T )  (Eq.46)  


(Eq. 47) 


1 c ( L )  (Eq. 48) 


Thus, although pulmonary excretion data in the postexposure phase allow only 
relative comparisons (Eqs. 42-44). plasma data obtained in the same phase 
permit absolute predictions (Eqs. 46-48). In  both cases, the predictions can 
only be made for exposure duration(s) of the same length, T ,  as in  the sin- 
gle-exposure experiment. This limitation is not found when data are obtained 
during the exposure. Equations analogous to Eqs. 42-48 are readily obtained 
from Eq. 30 to extend the analysis to irregular exposures. 


The single-expure equation (Eq. 12) shows an interesting, unusual kinetic 
behavior. The exponential timc coefficients in the exposure phase (a 'and @') 
are different from those in the postexposure phase (a and 8). This is in contrast 
to the equations of classical linear compartmental modeling, which have 
constant time coefficients (the eigenvalues). The different kinetic behavior 
is due to the use in pharmacokinetics of input functions that do not depend 
on the concentration or the amount of drug in the blood. Such input functions 
are likely to be encountered during oral absorption, because the GI concen- 
tration is much greater than the plasma concentration. However, in pulmonary 
absorption, the plasma concentration cannot be ignored in defining the input 
function. The concentration (partial pressure) gradient in the absorption path 
is considerably smaller because of an often very low concentration of the gas, 
a slow nonpulmonary elimination, and a rapid tissue cquilibration. 


The simple diffusional pulmonary absorption and excretion of a gas is in- 
trinsically very regular and much less erratic and complex than the GI a b  
sorption and metabolism and renal excretion of regular drugs. A much smaller 
intra- and intersubject variability is expected. Kinetic predictions and esti- 
mations such as those described above should, therefore, be considerably more 
accurate than those made in general pharmacokinetic practice. 


Multiple-Exposure Kinetics with Regular Dosing Cycle-Similar to the 
above (Eq. 40). the cumulative amount of gas excreted in the postexposure 
phase can be determined by integration of Eq. 41: 


min en+ ~ ( t , )  = 


@ , , ( L ~ ) - A T ( T ) . ~ - ~ ~ +  @,,(LP). B ~ ( T ) . e - f i  
AT( T) - e-nH + BT( T) - e-p" 


' Quation 6 is the explicit c(r )  function obtained directly from the implicit relationship 
in Fy. 5 which contains all six basic parameters. Equation 6. therefore. contains the exact 
same basic parameters as 7. 5. The basic parameters are related to the macroparameters 
A', a'. B', j3' (introduced or simplification) through Eqs. 7 - 9 .  Determination of the 
macroparameters and their basic parameters by least-squares regression of FA. 6 poses 
no real problem. The procedure is completely analogous to the determination of ma- 
croparameters and micro-rate constants in classical linear compartmental modeling, 
which is routinely done with well-establishcd computer programs. 
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By fitting this expression to pulmonary excretion data, the same quantities 
[a, 0, K l K 2  - Ar(  T ) ,  and K I K r B r (  T ) ]  as in the single-exposure case (Eq. 
40) can be determined. Thus, the same predictions (Eqs. 42-44) can be made 
as before. Similarly, if plasma level data are obtained in the postexposure phase 
( I ,  L T), then by fitting Eq. 41. the quantitites a, /3, A T ( T ) ,  and Br(  T) are  
obtained and predictions can be made as before (Eqs. 46-48). 


Irregular Dosing Cycle-By combining Eqs. 30,41, and 38, the following 
expression for the plasma level in the postexposure phase is obtained: 


cn,,,,(rr) = [&(La)  + o , ~ ( L a )  - $m-1(7La) - e - ( M + n ) L a ] A ~ ( T )  
+ e-u(rr-T)  + [ & ( L B )  + $N(L/3)  - &,-1(7@) - e--(M+n)LB]Br(T) 


. e-@(1r-7’) (rrz T )  (Eq. 50) 


By integrating this equation, the cumulative amount of gas excreted in the 
postexposure phase can be described as: 


Mn.m(fr)  = [&(La)  + $ N ( L ~ )  *&-1(7La)  


( r r  2 T )  (Eq. 51) 


In  analogy to the regular dosing cycle case, the quantities a, /.3, KIK2-Ar(T),  
and K I K ~ - B T (  T) can be determined by fitting E.q. 51 to pulmonary excretion 
data. Similarly a. p, A r ( T ) ,  and &(T)  are obtained from plasma level data 
by Eq. 50. 


Thus, a kinetic analysis of data in the postexposure phase(s) of multiple 
exposures provides the same basic kinetic information as  an analysis of post- 
exposure data from a single exposure. 


Occupational Exposure Limit Adjlrstment in Unlrsual Work Schedules-The 
regulatory threshold limit values (TLV) for exposure in air contaminants 
administered by the Occupational Safety and Health Administration are based 
on exposure during a normal work week of five 8-h days ( 1  6). If a person with 
a non-normal work week is not going to be exposed to a greater toxic burden 
than allowed, if may be appropriate to consider a different TLV. There is no 
general consensus of how to best compare the toxic burden from different 
exposure schemes. One approach that seems to have received particular in- 
terest is based on a comparison of the predicted maximum amount of the 
contaminant in the body (10). Such an approach appears to be unsatisfactory 
because of the experimental difficulties of estimating such a quantity and 
because of the kinetic misconception of treating the body as  a homogeneous 
“boX.” 


A more appropriate approach would be based on a comparison of peak 
plasma levels predicted from kinetic equations based on rational assumptions. 
In the comparison of twoexposure schemes (denoted with superscripts I and 
I I ) ,  it is of interest to determine a TLV adjustment factor, F, defined as follows. 
The maximum plasma level of the contaminant predicted for exposure scheme 
11 with contamination level C: is the same as that predicted for scheme I with 
contamination level C: when: 


C:F * CL (Eq. 52) 


An analysis of Eq. 30 reveals that c,,,,,, is directly proportional to the con- 
tamination level C,. The adjustment factor F can therefore be calculated from 
the relationship: 


max cn,,,I F=- 
max cn,,.,I1 


(Eq. 53) 


where 


max cn.m = C N . m ( T )  (Eq. 54) 


The predicted maximum plasma level, max c,,.,,,. can be calculated by Eq. 
50: 


max cnem = $ N ( L a )  - [ 1 + &,-1(7La) e--(M+n)La] - A T ( T )  
+ aiy(LP) [ I  + am-1(7f.fl) .e-(M+n)LB] - B T ( T )  (Eq. 5 5 )  


If there is no more than one work week exposure ( m  = I ) ,  Eq. 55  reduces to 
the regular dosing cycle case: 


max cn,l = o ~ ( L a )  - A d T )  + @ J N ( L B )  B A T )  (Eq. 56) 


Although the above equations used to calculate the adjustment factor may 
appear complex and demanding in kinetic terms, F can be determined most 
simply from two sets of pulmonary excretion data; one set can be determined 
from a single or multiple exposure with an exposure period TI, and another 


set can be determined with an exposure period TIi. By fitting a simple biex- 
ponential expression to the two sets of data, values for a, 8, K I K ~ A ~ ( T ) ’ ,  
K I K ~ . A T ( T ) ~ I ,  KlK&-(T)’, and KIKZ.BT(T)”  can then be determined as 
previously discussed. In calculating F, it is important to realize that it is not 
necessary to know A T ( T )  and Br(T).  I t  is sufficient to know the products 
K I K ~ A T ( T )  and K I K T B ~ ( T ) .  since in forming the ratio in Eq. 53, it makes 
no difference if AT( T )  and LIT( T )  are replaced with the products. 


The above analysis of the pulmonary kinetics is for the non-steady-state 
case. The steady-state cases are easily considered by letting n or m = and 
by noting that: 


(Eq. 57) 


For most practical purposes, it is adequate to approximate the unit-impulse 
response by a biexponential equation (Eq. 4). However, the analysis can be 
readily extended to consider any number of exponential terms in the a p  
proximation. 


APPENDIX: GLOSSARY 


Basic Kinetic Parameters: 
K I  


K2 


Mass transfer constant for transport of the inhaled gas into 
the blood plasma (Eq. 1) 
Partition coefficient between air and blood plasma for the 
inhaled gas; K 2 c ( f )  is the partial pressure of the gas in plasma 
(Eq. I )  
Parameters defining the unit-impulse response of the gas in 
the subject, i .e..  the parameters describing the plasma con- 
centration-time profile if a unit amount of the gas was in- 
troduced momentarily into the plasma (Eq. 4) 


A,B,a, @ 


Parameters Defining the Exposure: 
Concentration of gas in the inhaled air (Eq. 1) 
Duration of single or multiple exposures (Eq. 1) 
Duration between regular exposures ( T )  (Eq. 22) 
Time elapsed since thestart of the most recent exposure for 
multiple exposures (Eq. 21) 
Number of the current exposure cycle ( n  runs from 1 to N 
each week for exposure for multiple weeks) (Eq. 25) 
Number of the current week (m = I for exposure for the first 
week) (Eq. 30) 
Total number of exposure periods in each week for exposure 
for multiple weeks (Eq. 31) 
Number of exposure-free periods in each week for exposure 
for multiple weeks (Eq. 32) 


CTI 
H 
lr 


n 


m 


N 


M 


L T + H  


Auxilliary Functions and Parameters: 
Parameters calculated from the fundamental parameters K I ,  
K 2 ,  A ,  B, a, and p according to Eq. 7 
Parameters calculated from the fundamental parameters K I ,  
K2, A, B, a, and 8; A’ and B’ are calculated according to Eqs. 
8 and 9 after a’ and p’ are calculated 
Truncation function equal to x for x 1 0 and 0 for x < 0 
(Eqs. 17 and 18) 
Functions introduced to simplify the mathematical notation 
[note that these functions are constant (Ar (T) ,Br (T) )  for 
I ,  2 T(Eqs. 13-16)] 
min (r,T) (Eqs. 15 and 16) 
Function introduced to simplify the mathematical notation 


Function describing the plasma accumulation of gas at time 
f r  resulting from the previous ( n  - 1) exposure periods (Eq. 


Function describing the plasma accumulation of the gas at 
time 1, resulting from the previous ( m  - I )  weeks of exposure 


(ES. 27) 


29) 


0 3 . 3 8 )  
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Synthesis of 4-Substituted Aminoquinoline- 
3-carboxylates as Potential Antimicrobial Agents 
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Abstract 0 A series of Csubstituted aminoquinoline-3-carboxylates was 
prepared and evaluated for antimicrobial activity. Four of the compounds 
(V111, X111, XV, and XXIII) exhibited low activity against Staphylococcus 
aureus. 


Keyphrases 0 4-Substituted aminoquinoline-3-carboxylates-synthesis, 
antimicrobial activity 0 Antimicrobial agents-potential, 4-substituted 
aminoquinoline-3-carboxyla tes 


The structural similarity between the coccidiostat buqui- 
nolate (I) (1) and the antimalarial 4-aminoquinolines (e.g., 
chloroquin; 11) (2) raised the question as to whether combi- 
nation of the major functional groups of each class might lead 
to useful agents. This work sought to determine if the quino- 
line-3-carboxylate moiety of the coccidiostats could be suc- 
cessfully combined with 4-amino substituents, some of which 
have shown promise in antimalarial quinolines. A series of 
4-aminoquinoline-3-carboxylates (111) was necessary, and a 
search of the literature revealed that these compounds had not 
previously been synthesized. To determine if antibacterial 
properties were associated with this new substituent pattern, 
the synthesis of several examples was undertaken. 


CH 3 
I 


HNCH -(CH,.)SNEt, 


L ~ ~ ~ ~ ~ 2 ~ 5  cld 
I II 


-To 


mc02R3 
I l l  


R I .  RZ = H. alkyl. aralkyl 
R3 = K, C2Hs 


RESULTS A N D  DISCUSSION 


Ethyl 4-chloroquinoline-3-carboxylate, IV (3), was the key intermediate 
from which the target compounds were prepared (Scheme J ) .  The immediate 
precursor to IV, ethyl 4-hydroxyquinoline-3-carboxylate V, was prepared in 
satisfactory yield by the method of Could and Jacobs (4) as modified by Price 
and Roberts ( 5 )  and by Riegel et al. (6). The importance of short reaction 
times in the preparation of V was noted (7); yields of V decrease for reaction 
times exceeding 30 min. Reaction of V with phosphorus oxychloride smoothly 
led to IV (3). 


Nucleophilic displacement of the k h l o r o  substituent occurred in high yield 
after a few hours in refluxing toluene; several cases were noted where the re- 
action started while still at room temperature. The relative ease of displace- 


0 


V I - X X I  


X X V l l  -XL I I  
Scheme I 


SR 


X L l l l  
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The Effects of Salicylate on the Rectal Absorption of 
Phenylalanine and Some Peptides, and the Effects of 
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Abstract 0 The disappearance of phenylalanine and phenylalanylglycine from 
a perfusate circulated across rat rectal tissue was enhanced significantly in 
the presence of salicylate or 5-methoxysalicylate at pH 4.5,7.4, and 8.5. The 
disappearance of di-, tri-, and tetraphenylalanine from a perfusate at pH 7.4, 
although facilitated by the presence of salicylate and 5-methoxysalicylate, 
was also fairly substantial when no adjuvant was present. These peptide an- 
alogues of phenylalanine also enhanced the rectal absorption of cefoxitin and 
cefmetazolc, two highly water soluble antibiotics. Phenylalanine and phenyl- 
alanylglycine, both poorly absorbed across the rectal membrane when ad- 
ministered alone, did not enhance the rectal absorption of either antibiotic. 


Keyphrases 0 Rectal absorption-phenylalanine and peptide analogues 0 
Adjuvant action-salicylate, 5-methoxysalicylate. and peptides Absorption 
study-in situ perfusion method. in vioo experiments using a microenema 
technique 


Many peptide drugs have been developed for clinical ther- 
apy. However, their administration is generally limited to in- 
tramuscular, subcutaneous, or intravenous injection. Paren- 
teral administration has inherent disadvantages for some pa- 
tients such as small children, elderly persons, or those receiving 
frequent drug administration (e .g . ,  insulin). 


Recently, there have been reports of attcmpts to develop new 
dosage forms which do not involve parenteral administration, 
e.g., insulin suppositories (1-3). Our laboratory has been 
studying several novel nonsurfactant adjuvants that enhance 
rectal or small intestinal absorption of water-soluble drugs (4, 
5 )  as well as high molecular weight drugs such as insulin, 
heparin ( 6 ,  7), and gastrin (8). 


The rectal absorption of phenylalanine and di-, tri-, and 
tetraphenylalanine has been studied and the effects of adju- 
vants on their absorption have been examined and are reported 
here. In addition, these peptides were found to exert an en- 
hancing effect of their own. 


EXPERIMENTAL SECTION 


Materials -Cefmcta701ei. cefoxitin2, phenylalanine', and di-, tri-, and 
tetraphenylalaninej were used as obtained from the manufacturer. All other 
chemicals used were at least reagent grade. 


Animals--Sprague-Dawley male rats, 224 250g. were fasted for I6 h prior 
to the experiments. During the experiments, rats were anesthetized with so- 
dium pentobarbital (60 mg/kg) and kept on a 38OC surface. 


InSitu Perfusion of Rat Rectum The perfusion experiments were carried 
out by a method similar to one described prcviously (4) .  The rectum was ex- 
posed by an abdominal incision and a glass cannula was inserted in the distal 
direction and tied firmly to keep it in position. A second cannula was inserted 
through the anus and secured by ligation, thus exposing -5 cm of the rectal 
compartment (rectum and lower colon) to the perfusate. The perfusate ( 5  mL) 
consisting of a phosphate buffer (0.067 M) was circulated at  a rate of I 


I Sankyo Co.. Tokyo, Japan. 


' Sigma Chemical Co., 9. Louis, Mo. 
Merck. Rahway. N.J. 


mL/min at 38OC; 0.1 M HCI was employed to maintain the perfusate pH at 
5.0. The ionic strength was maintained at 0.45 with sodium chloride. 


In Situ Loop Technique of Rectal and Jejunal Compartments-For this 
study, a 5-em section of the rectal compartment, described above. or the upper 
jejunum were used by ligating at both ends. A 3.0-mL microenema prepared 
with a 0.067 M phosphate buffer solution was administered. At a designated 
time following administration, the rectal and jejunal loops were removed from 
the body and the amount of compound remaining was measured. 


In Vitro Rectal Everted Sac Studies-In these studies about 4 cm of the 
rectum, including the lower colon, were removed from the body and everted. 
Following the addition of 0.5 mL of buffer solution into the everted sac, the 
sac was ligated at both ends. The sac was then immersed in 5 mL of a buffer 
solution containing the test compounds and maintained for I h a t  3 7 O C  while 
bubbling a mixture of 95% 0 2  and 5% C02 through the solution. The con- 
centration of the test compound inside the everted sac was measured, and the 
permeation percent was calculated from the ratio of the test compound in the 
inside solution to the initial concentration in the outside solution, i.e.: 


I 


I (concentration inside after I h) X 100 
initial concentration outside 


= o/c permeation 


In Vivo Absorption Studies - A  microenema ( I  .O mL/kg) was administered 
into the anus through a polyethylene tube inserted at a depth of I cm. The anus 
was ligated wi th  thread to prevent leakage of the drug solution. After ad- 
ministration, blood samples werc collected from the jugular vein as a function 
of time. 


Assay Method-Cefoxitin and cefmetazole concentrations in the plasma 
or in the perfusate were measured by HPLC (9). Phenylalanine and its pep- 
tides were assayed by IIPLC undcr the following conditions: RP-18 column 
material with a column length of 15 cm (4.6 mm i.d.); the mobile phase for 
phenylalanine ( I )  consisted of methanol and 0.05 M citrate phosphate buffer 
at pH 3.4 (15:85): the mobile phase for diphenylalanine (11) consisted of 
methanol-acetonitrile-0.05 M ammonium acetate (28:12:60); the mobile 
phase for triphenylalanine ( I l l )  consisted of methanol-acetonitrile-0.05 M 
ammonium acetate (25:20:55); and the mobile phase for tetraphenylalanine 
(IV) consisted of methanol-acetonitrile-0.05 M ammonium acetate (25: 
25:SO) .  The flow rate was I .O mL/min, and a spectrophotometric detector 
at 254 nm was used. 


RFSULTS AND DISCUSSION 


The absorption of amino acids from the upper digestive tract usually occurs 
by active transprt. In fact, absorption of L-phenylalanine ( I )  from the jejunum 
using the in s i r i r  loop technique was significantly greater than that from the 
rectal compartment. I n  the absence of sodium salicylate, 10 f I %  of a 15- 
mg/ml. dose of phenylalanine disappeared from a rectal loop compared with 
79 f 6% from a jejunal loop after 60 min. I n  the presence of 60 mg/mL of 
sodium salicylate. 62 f 9% of the phenylalanine was lost from the rectal loop 
while 84 f 5% was lost from the jejunal loop. As shown in Table 1, there was 
no absorption of phenylalanine from the rectal perfusate at pH 4.8 and only 
slight absorption at pH 7.4 and 8.5 in the absence of salicylate. 


I n  previous papers (4-6), it has been reported that salicylate and 5- 
mcthoxysalicylate enhanced the absorption of many kinds of water-soluble 
drugs from the rat rectum. The present study indicates that the rectal ab- 
sorption of amino acids is also facilitated by the presence of salicylate and 
5-methoxysalicylate. The presence of I .O% sodium salicylate or sodium 5- 
inethoxysalicylate in the rat rectal perfusate caused asignificant disappearance 
of I from the perfusate (Table I ) .  


As described above, studies using the i n  siru loop technique also showed 
that coadministration of 60-mg sodium salicylate/kg significantly enhanced 
the absorption of I from the rectal conipartment and slightly facilitated the 
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Table I-Disappearance of Phenylalanine or Its Peptides from the Rat Rectal Perfusate a t  30 min after Circulation * 


15 


$ cn 
a 


Amount Lost from Perfusate with Additives, % 
1 % Sodium pH in 0.4% Sodium I %  Sodium 


- 


A 


Compound Pcrfusate Chloride 


Phenylalanine 


Diphenylalanine 


Triphenylalanine 


Tetraphenylalanine 


4.8 


7.4 


8.5 


7.4 


7.4 


7.4 


~~ 


<1.0 
( n  = 6) 


4.8 f 0.7 
( n  = 10) 
2.8 f 0.5 
( n  = 10) 


23.5 f 2.2 
( n  = 6) 


14.8 f 1.3 
( n  = 6)  


20.4 f 3.2 
( n  = 4)  


Salicylate 5-Methoxysalicylate 
12.4 f OXb - 


( n  = 6)  
18.6 f 0.bb 


( n =  10) 
23.1 f l . O b  


( n  = 10) 
39.5 f 1.7b 


( n  = 6) 
39.4 f 3.0h 


( n  = 6) 
44.6 f 3.2h 


( n  = 4)  


28.3 f 2.0b 
( n  = - 10) 


43.6 f 2.5b 
( n  = 6) 


36.8 f 2Xb 
( n  = 6) 


39.1 f 4.4b 
( n  = 4) 


Uncertainties are expressed as SEM. b p  < 0.001 compared with the control not containing adjuvant (using a Student's t test). 


absorption of I from the jejunum. The significant enhancement of the rectal 
absorption of peptides with nonsurfactant adjuvants has had limited exami- 
nation, except for reports by Nishihata et al. (4-7. 10-14) on facilitated rectal 
and intestinal absorption of insulin in the presence of adjuvants. 


TO further study facilitated peptide absorption, I I ,  111, and IV were ex- 
amined. As seen in Table I, the disappearance of these peptidcs from rat recL?l 
perfusate a t  pH 7.4 was significantly facilitated by the presence of salicylate 
and 5-methoxysalicylate. This result indicates that rectal administration can 
offer an effective alternative route for peptide drug delivery. 


Matthews ( I  5 )  has reported that uptake of dipeptides from the small in- 
testine is more rapid than that of comparable equimolar concentrations of the 
constituent amino acids. The present study shows that absorption of I 1  is faster 
than that of I even from the rectum. Shoof et al. (16) have reported that the 
uptake of II into the brush-border membrane prepared from the small intestine 
occurred significantly, and hydrolysis of I I  occurs at a point on the cytosol side 
of a diffusion barrier located in the membrane. It has been demonstrated (I 7) 
that salicylate at pH 7.4 was taken up into the brush-border membrane vesicles 
prepared from the rat rectal compartment, including the rectum and lower 
colon. These findings may explain why I I  is substantially absorbed from the 
perfusate even when no adjuvant is present. That IS. rectal absorption of I I  
by itself occurs uia the microvillus membrane in the rectal compartment as 
well as in the small intestine. 


I n  the study using the in uitro rat rectal everted sac technique described 
above, the percents of the compounds permeating the everted sac membrane 
after 1 h were 12.4 f 3.5.29.6 f 4.3, 18.3 f 4.6. and 16.7 f 3.1% for L-phe- 


a a 


0 1 3 
HOUR 


nylalanine, 1 1 ,  I l l ,  and IV,  respectively. Whcn the outside solution initially 
contained I%sodium salicylatealong with SOOpg/mLofthe test compound 
( I ,  1 1 ,  I l l ,  or IV) ,  the percents of drug permeating the sac increased to 34.6 
f 6.2 (p  < 0.001 comparcd with thc solution of the drug without salicylate, 
n = 4 ) , 4 1 . 7 f 6 . 4 ( / , < 0 . 0 1 . n = 3 ) , 3 6 . 7 f 5 . 8 ( p < 0 . 0 0 l . t 1 = 4 ) . a n d 3 0 . 6  
f 5.4% (p  < 0.001, n = 3). for I ,  11, I l l ,  and IV.  respectively. These results 
are an additional indication that the losses of phenylalanine, 11, I l l ,  and IV 
from the perfusion studies described earlier involved permeation through the 
rectal membrane. 


Nishihata and Higuchi (17) reported that the enhancing action ofsalicylatc 
on the absorption of cefoxitin and I into the brush-border membrane vesicles 
appeared to involve the simultaneous uptake of salicylate into the vesicles. 
This observation raised the qucstion as to whether 11. also significantly ab- 
sorbed by itself, may act as an adjuvant. Subsequent experiments indicated 
that the presence of 500 pg of Il/mL. in a perfusate containing 500 pg of' 
ceroxitin at pH 7.4. did in fact facilitate the disappearance of cefoxitin, raising 
the drug bioavailability to 27 f 2% @ < 0.001, Student's I test, n = 6), 
compared with 4 f 1 %  ( n  = 6) in the absence of 11. 


The adjuvant effects of I l l  and IV were also studied. The disappearance 
ofcefoxitin from rat rectal pcrfusatc was slightly facilitated by the presence 
of I l l  ( 1 6 f  3%atadoscof 50Opgof Ill/mL) or IV (I5 f 2%,n = 6 at a dose 
of 200pg of IV/mL). This rcsult appears to indicate that the adjuvant effect 
of the peptidcs [ I ,  Ill.or IV on rectal drugabsorption iscontingent upon the 
simultaneous absorption of the peptides themselves. Their uptake into the 
microvillus membrane may alter the nature of the rncmbrane barrier. The 


& 2 


e. 
/ 


HOUR 
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enhancingeffect of I t  was further studied in inuiuo experiments using a mi- 
croenema technique. Plasma cefoxitln levels in the, rat after rectal adminis- 
tration of a microenema containing 20 mg of cefoxitin and 1-5 mg of I I  in-  
creased significantly over drug levels obtained in the absence of I 1  (Fig. I ) .  
The higher thc concentration of I I  in the microenema, the Higher the plasma 
cefoxitin level. Increasing the ionic strength with NaCl resulted in an even 
greater increase in the plasma drug levels. These results seem to indicate that 
rectal absorption ofcefoxitin by itself, and ehhanced by I I ,  shows some Na+ 
dependency. As shown in Fig. I ,  rectal absorption of cefmetazole was also 
enhanced by the presence of I I  in the microenema. 


A s  shown above and in earlier reports (5.8). the promotion of the absorption 
of these antibiotics appears to require the simultaneous absorption of the 
adjuvant, which alters the nature of the membrane barrier, increasing its 
permeability. 
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EDITORIAL 


The Industry-University Interface 


In terms of history, i t  was not so very long ago-less than a cen- 
tury-that scientists and inventors worked in virtual isolation in their 
laboratories. Along with a colleague or two at  most, they conducted 
studies and experiments that led to some of mankind’s greatest 
achievements and discoveries. 


Thanks to the motion picture industry, many of us have had an 
opportunity to view top quality films with star performers who por- 
trayed the lives and major accomplishments of Madame Curie, Paul 
Ehrlich, Thomas Edison, Wilbur and Orville Wright, Louis Pasteur. 
Alexander Graham Bell, and various other such notables. 


But times have changed, and dramatically so. 
Today, the overwhelming proportion of research is conducted by 


big scientific or technical teams, a t  big industrial firms, or at big 
universities, or at big government institutions. And as the complexity 
of contemporary research continues to grow, even those big operations 
apparently are not large enough to capably handle the kind of research 
job that sometimes needs to be done. 


Antitrust legislation often presents a hurdle for companies that 
might otherwise contemplate banding together in  joint efforts. 
However, joint efforts between industry and academia do not present 
these same legal difficulties. This is not to say that there are no legal 
problems. By no means. We are aware that there are many legal 
considerations involved in academia-industry joint ventures that often 
require significant paperwork, much justification, and what usually 
seems to be an inordinate amount of time. But as severe as these 
constraints may be, they are not as severe as thosc presented by the 
antitrust laws. 


Early this year, in  the February issue, we already commented on 
this overall subject under the heading “Universities for Hire.” At that 
time, we termed the issue of jointly sponsored Academe/lndustry 
Research as the current “great debate” within university and some 
industq circles. Our conclusion then was that if all involved exercised 
good will, pragmatic approaches, and honest attitudes, the big concern 
regarding erosion of ethics and academic freedom could be a- 
verted. 


Nothing dramatically new has happened since then by way of a 
solution to the issues and concerns that were then prevalent. However, 
there is growing interest in the subject as research-especially in the 
fields of bioengineering and biotcchnology--has become increasingly 
complex and expensive. 


Indeed, in late August of this year, the National Science Foun- 
dation released a study that it had commissioned the consulting firm 
of Arthur D. Little. Inc.. to conduct on its behalf. The resulting report, 
entitled “Study of Federal Biotechnology Policy Issues,” identified 
two top biotechnology issues meriting federal attention. One of these 
was the subject of university-industry relationships. 


Just a few weeks earlier, the incoming President of the American 
Association of Colleges of Pharmacy, Robert D. Gibson of the Uni- 
versity of California School of Pharmacy, concluded his presidential 
address by calling attention to the issue as one that is emerging for 
schools of pharmacy. He correctly noted that, for some time, it has 
already been a concern for other disciplines and particularly bioen- 


tdrrori N m  Dr teldmann’rcdiiorials arcan crpr~~ionolpcrsonalopinicmnnddonot necwri ly  
reflect views or p l ic ies  of APhA Thc cdiiorialr arc inicndcd to k provocaiivc and to riirnulate 
thinking Kcadcrr having rcaciionr. ciihcr pro or con. are invited to submit ihcm for publication 
in thc Opri torum seclion 


gineering. Now, he stated, it is developing as an issue i n  pharmacy 
schools, and he urged giving it appropriate attention before it became 
a problem, rather than after. 


In  considering the subject, Dr. Gibson listed four areas in which 
industry/academia joint research ventures or partnerships might 
impinge: 


Suppress the free transfer of information, thereby inhibiting 
the advancement of the science related to pharmacy. 


Undermine the development of the basic sciences by diverting 
faculty interests to problems of immediate commercial interest. 


Negatively affect the quality of instruction in our schools. 
Distort traditional academic cjalues and goals. 


He plans to take certain positive steps during his presidential term 
to face these issues and, hopefully, to develop some guidelines that 
might provide helpful direction to schools of pharmacy. 


In the meantime, the need to work out some suitable, mutually 
acceptable arrangement is definitely there. Just this past March, an 
editorial in Science was entitled “Graduate Education: Signs of 
Trouble.” The author, John Brademas, called attention to the growing 
problems of financing graduate education and suggested industry 
support as a key solution. In turn, industry has a vested interest be- 
cause its future research and technical talent will come from today’s 
graduate schools. 


Finally, a group of five clinical pharmacologists from Pfizer 
Pharmaceuticals coauthored a “commentary” article that was pub- 
lished in the April 1984 issue of Clinical Pharmacology and Thera- 
peutics. Appropriately, their article was titled “University and 
Pharmaceutical Industry Cooperation: The Need to Plan for the 
Future.” 


Their article was refreshingly candid. I n  the opening paragraph, 
they began by noting the “history of mutual mistrust” and went on 
to state that: “It has been said by way of hyperbole that industry wants 
only to pick academia’s brains, whereas universities are mostly in- 
terested in picking industry’s pockets. Yet the potential for gains by 
both sides encourages the bridging of what once seemed a wide psy- 
chologic and programmatic gap.” 


Proceeding then with a very balanced view of the issue, they ana- 
lyzed in significant depth the specific area of joint or cooperative 
research projects in the area of clinical pharmacology relating to drug 
development. Although their emphasis was particularly directed at 
pharmaceutical industry relations with medical schools, their ideas 
and views all apply equally to pharmacy schools. 


After noting a series of specific benefits deriving from collabora- 
tion-some to the university, others to industry--they concluded that, 
although the idea of cooperatively conducted research is far from 
k i n g  a new development, the need for such arrangements has recently 
become far more important to both “camps.” Moreover, going beyond 
the need for such arrangements merely for survival, they see these 
carefully developed relationships as presenting a potentially signifi- 
cant new benefit for the entire health care community. 


This is a view in which we fully share! 


- EDWARD G. FELDMANN 
American Pharmaccutical Association 


2215 Constitution Avenue, NW 
Washington, DC 20037 
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Abstract 0 A series of 2-(c~-hydroxyacetyl)pyridine thiosemicarbazones was 
synthesized as potential antimalarial and antibacterial agents. Their synthesis 
was achieved by the condensation of N4-mono- or N4.N4-disubstituted 
thiosemicarbazides with 2-(c~-hydroxyacetyI)pyridine. The latter was prepared 
by selective bromine oxidation of (2-pyridinyl)-1,2-ethanediol. The new 
compounds show potent inhibitory activity against penicillin-sensitive as well 
as penicillin-resistant Neisseria gonorrhoeae (MIC. 0.5-0.004 pg/mL), 
against Neisseria meningitidis (MIC, 0.5-0.032 pg/mL), and Staphylococcus 
aureus (MIC, 0.5-2 pg/mL). Good in vitro antimalarial effects against 
Plasmodium falciparum (Smith strain; IDSO, 6.7-38 ng/mL) were observed 
in most of these new agents, but only 3 of 12 compounds exhibit moderate in 
vivo activity against Plasmodium berghei. These new agents appear to be less 
toxic to the host and more water soluble than the corresponding 2-acetylpy- 
ridine thiosemicarbazones. 


Keyphrases 0 Thiosemicarbazone derivatives-2-(cu-hydroxyacetyl)pyridine 
thiosemicarbazones, antimalarial and antibacterial activity 0 Antimalarial 
agents-potential, 2-(~-hydroxyacetyl)pyridine thiosemicarbazones 0 An- 
tibacterial agents-potential, 2-(c~-hydroxyacetyl)pyridine thiosemicarba- 
zones 


Members of a series of N4-monor and N4,N4-disubstituted 
2-acetylpyridine thiosemicarbazones ( I )  have been reported 
by us to possess antimalarial (1, 2), antibacterial (3), and 
antiviral (4) properties. Based on these studies, the struc- 
ture-activity relationship of this class of compounds has been 
defined. Thus, N4,N4-disubstitution of the thiosemicarbazone 
moiety appears to be essential for optimal activity against 
Plasmodium berghei in the mouse (2) and several bacterial 
genera (3). Replacement of the sulfur atom with oxygen leads 
to inactive compounds. Furthermore, biological activity is 
limited to those compounds in which the ethylidene group is 
attached to the 2-position, rather than the 3- or 4-position, of 
the pyridine ring. The effects resulting from placement of a 
functional group on the ethylidene function, however, have not 
been studied. N4,N4-Disubstituted 2-acetylpyridine thiose- 
micarbazones, in particular, exhibit potent antimalarial 


properties in uitro as well as in uiuo. Against P. berghei in mice, 
the 4-(2-~yridinyl)piperazine and 3-azabicyclo[3.2.2]nonane 
analogues produced cures of all infected test animals at a 
dosage of 80 and 160 mg/kg, respectively (2). Although potent 
inhibitory activity against Plasmodium falciparum (Smith) 
in uitro (IDSO = 3.6 ng/mL) was observed, 2-acetylpyridine 
4,4-dimethyl-3-thiosemicarbazone shows no significant in uiuo 
activity against P .  berghei in mice due to its high host tox- 
icity. 


As antibacterial agents, 2-acetylpyridine thiosemicarba- 
zones show excellent activity against both penicillin-sensitive 
and -resistant strains of Neisseria gonorrhoeae with MIC 
(minimum inhibitory concentration) values in the range of 
0.002-0.062 pg/mL. These agents were also found to inhibit 
the growth of Neisseria meningitidis as well as Staphylococcus 
aureus, with the MIC in the range of 0.016-0.062 pg/mL and 
0.125-0.5 pg/mL, respectively. 2-Acetylpyridine 4,4-di- 
methyl-3-thiosemicarbazone [I, R2 = N(CH&] is by far the 
most potent compound against N. gonorrhoeae among the 
analogues tested, with an MIC of 0.002-0.008 pg/mL. 
However, the substantial toxicity observed in  mice (2) has 
limited its potential as a clinical agent. 


In the search for agents with lower toxicity, increased 
water-solubility, and improved structure-activity relationship, 
the synthesis of a new series of 2-(a-hydroxyacetyl)pyridine 
thiosemicarbazones (11) was undertaken. These compounds 
were screened for their antimalarial properties as well as their 
antibacterial activity. 
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BACKGROUND 


The preparation of the target compounds involved the synthesis of the u n -  
known key intermediate, 2-(a-hydroxyacetyl)pyridine ( I l l ) ,  followed by its 
condensation with an appropriately substituted thiosemicarbazide. The 
method used to convert 2.6-diacetylpyridine to 2,6-bis(a-hydroxyacetyl)- 
pyridine was applied to 2-acetylpyridine ( I V )  (Scheme I ) .  I n  the procedure 
reported by Moriarty et a/. (5), 2.6-diacetylpyridine was treated with iodo- 
sobenzene diacetate under KOH-MeOH catalysis to give a moderate yield 
of the corresponding dimethyl ketal. The latter was hydrolyzed to 2,6-bis(w 
hydroxyacety1)pyridine by the action of p-toluenesulfonic acid in acetone. 


I n  our case, IV was readily converted to the Corresponding ketal (V); however. 
the recommended technique for hydrolysis to I l l  gave unchanged material. 
The use of acetic, hydrochloric. or hydriodic acids under a variety of conditions 
also gave either starting material or decomposition products. 


An alternate avenue which was investigated involved the oxidation of 2- 
vinylpyridine ( V I )  to (2-pyridinyl)-l,2-ethanediol ( V I I )  by potassium per- 
manganatc according to a procedure of turuyama el a/. (6). Further oxidation 
of VII to I l l  was achieved in  35% yield using Brz NaHCO3 with hexa- 
methylphosphoramide serving as the coreactant. This method had been re- 
ported ( 7 )  to selectively oxidize secondary alcohols to their corresponding 
ketones in the presence of a primary hydroxy group. The product ( I l l ) ,  a 
low-melting solid, was found to be best purified on a silica gel flash 


CbH~llOAcl? column. 
Condensation of I I I with the appropriate thiosemicarbazides gave the de- 


sired thiosemicarbazones (I1a.d-k) in moderate yield (cf Table I ) .  Three of 
the thiosemicarbazides, precursors of I lc ,  f. and k, had not been reported 


nyl-3-thiosemicarbazide [ V I I I  ( X ) ]  is heated under reflux with a secondary 
amine (Scheme 1 1 ) .  This transamination reaction gave better yields of 
N4,N4-disubstituted thiosemicarbazides ( I X )  than the older method involving 
an amine displacement reaction of methyl hydrazinecarbodithioate (9). 


The hydrazone of 1 1 1 ,  i.e., X. reacted with methyl and phenyl isothiocy- 


- 
V previously and were prepared by a new procedure in  which 4-methyl-4-phe- IV 


: f 0- CH-CH? E% H2NNHCN(CH3)C,H5 + R2R3NH - H2NNHCNR2R3 + HN(CH3)C6H5 


VI VII 


Scheme I 
Vl l l  IXe.1.m. 


Schenre I1 


Table I-2-(a-Hydroxyacetyl)pyridine Thiosemicarbazones 


Yield, 
Compound R mp. 'C 70 Formula 


Ila NHz 01-83" A 55 CgHloN4OS 
CsHlzN4OS Ilb NHCH, 165 166d B 30 


Ilc NHC6Hs 140- I41 B 30 C I 4H I 4N4OS 
lid N ( C H h  132- I34f A 90 C IOH I 4N4OS 


Ile 147- I49C C 43 c I ~ H z o N ~ O S  


I l h  


Ili 


I l l  


I l k  


.3 
A 
Nuo 


n 
N NC02C2H5 


185- l8d A 


128- 1298 


163- 165h 


C 


A 


134 1368 A 


122- 124' C 


60 


50 


33 


a Key ( A )  reaction of I l l  with a thiosemicarbazide prepared by [he reaction of methyl hydrazinecarbodith~ote with an amine: (B) reaction of 2-(n-hydroxyaceryl)pyridine hydraione 
'H-KMR (CDCI,): I l a - c .  UZ-H (-14.5 pm) -CHz- (d. -4.6 p m). I l d  k N 2  - t i  (-15.3 ' with an ~sothiocyanate: (C) reaction of I l l  with thiosemicarbazides IXe.  h. k. 


ppm). Cti2 (s. -4.7 ppm), C EtOAc. Dlmethylformamide CHCl, EtOAc-MeOH. /D imethy l formamidc-MeO~ I C'HlCh. * CHCI,-EtJH.' 
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1lb.C 


CH2OH 5 
I 11 + HNR2R' + 1 1  


C- N-WCSCH, 


XI 


Schenic IV 


anates to give the corresponding N4-monosubstituted thiosemicarbazones 
(Ilb,c) (Scheme I l l ) .  


Another route for the preparation of 11 which was considered was the dis- 
placement of the --SCHj function of XI with either primary or secondary 
amines. Although this method ( I ,  2) proved to be useful for the synthesis of 
2-acetylpyridine thiosemicarbazones. in  the case of the tr-hydroxy analogue, 
the yeaction of carbodithioate (XI)  wi th  amines gave little or no product 
(Scheme IV) .  


A determination and comparison of the water solubility a t  37°C of a - h y -  
droxylated 2-acetylpyridine thiosemicarbazones with analogues lacking the 
hydroxy group revealed that appreciable hydrophilic enhancement occurred. 
For example, Ild and f increased water solubility 1.3-fold and 7.5-fold, re- 
spectively, by having the n-tlydroxy group present in the molecule. 


I t  isof interest to note that while the N4,N4-disubstituted 2-acetylpyridine 
thiosemicarbazones exist i n  tkree tautomeric forms in CDCI,, as indicated 
by NMR spectral data ( lo),  only a single tautomer was observed for both 
N4-mono- and N4.N4-disubstituted 2-(n-hydroxyacetyl)pyridine thiosemi- 
carbazones. The C-methyl protons of 2-acetylpyridine N4,N4-dimethyl- 
thiosemicarbazone [ I .  RZ = N(Ct13)2] areseen asan unequal triplet centered 
at d 2.5 ppm (CDCI)) and the thiosemicarbaione NH proton appears as three 
peaks, i .e. ,  at d 15, 14.5, and 8 ppm. These data suggest that the N4, N4-di- 
substituted 2-acetylpyridine thiosemicarbazones form three tautomers in  
CDCI). Houever,the N4-monosubstituted 2-acetylpyridine thiosemicarbd- 
zones exist solely as a single E-isomer, with N2 proton resonance at  6 -8 ppm. 
The methylene protons of the N4,K4-disubstituted 2-(n-hydroxyacetyl)- 
pyridine thiosemicarbazones and those of the unsubstituted ( I la )  and mo- 
nosubstituted (I1b.c) analogues resonate as a singlet and as doublets. re- 
spectively, a t  d -4.7 ppni. The NH proton on N 2  appears in all analogues as 
a singlet a t  6 - I 5  ppm. The S M R  data suggest that the 2-(tr-hydroxy- 
acety1)pyridine thiosemicarbarones exist primarily as the Z-isomer with NH 
forming an internal hydrogen bond with the pyridine ring nitrogen, as shown 
in  XII. Furthermore. the lack ofcoupling between the methylene protons and 


H N ........ H 
'N' 


5 =  C- NR'R" 


XI1 


the hydroxyl on thc N4.iV4-disubstituted thiosemicarbaiones suggests that 
the hydroxyl function formsanother internal hydrogen bond wi th  the N' ni- 
trogen atom of the thiosemicarbazone function. The Pact that a coupling be- 
tween inethylene protons and the hydroxyl exists in Ila c indicates that the 
hydroxyl function of unsubstituted and monosubstituted analogues is'not i n -  
volved in hydrogen bond forqation ns seen in the N4.NJ-disubstituted 
thicxemicarba7ones I Id--k. .A substantial downfield chemical shift of the proton 
on N2 of thiosemicarbazones as a result of internal hydrogen bonding has been 
reported ( I  I - I  3). 


EXPERIMF.NTA1, SECTION' 


(2-Pyridinyl~l.Z-ethanediol (VII)-2-Vinylpyridine (V  I .  75.6 g. 0.72 mol) 
w:ts dissolved in 900 ml. ofacetone. and the solution was cooled in an ice bath 


I Mclting points wcrc taken  on a 'Thomas-Hoovcr capilhry melting point iippitratus 
.ind iirc uncorrected. Microannlyaes were performed by Spang Microanalytical L a b -  
riitory. Englc Harbor. Micii. Analytical rcsulh wcrc f0.3% of rhc c;tlcul,itcd VJ~UCF.  I R  
~pcclr;i of solid samplcs wcrc obtitincd in K D r  disks on a Pcrkin-I3mcr M d c l  283 
qxctrophotoniclcr. I l i -N,WR spcctra were r u n  on a JL:OL-FX')OQapeclronictcr uaiiig 
McdSi ;IF ;in internal btandard. 


to 0- 5°C. A chilled solution of KMn04 (75.9 g. 0.48 mol) and MgSO4 (28.8 
g. 0.24 mol) i n  I .5 I. of 1 1 2 0  was added slowly with agitation2 to the 2-vinyl- 
pyridine solution at such a rate as to maintain the temperature of the mixture 
at -5OC. After addition of all the KMnO4 solution (1.5 h). the mixture was 
stirred at 5°C for I h and then at  ambient temperature overnight. 


A small amount of hydroquinone was added to the resulting thick, dark- 
brown slurry which was then filtered through diatomaceous earth). The filtrate 
was concentrated to -200 ml.. and 750 m L  of 95% EtOtl was added. The 
filter cake was extracted with 500 m l .  of 95% EtOH, and the filtrate and ex- 
tract were combined and stored overnight a t  5°C. The mixture was filtered 
to remove K 2 S 0 4 ,  and the filtrate was then concentrated under reduced 
pressure to a volume of 250 ml.. The crude VII (37. I g. 37% yield) was col- 
lected and recr)stallized from MeOti-CH3CN to give light-brown crystals, 
m p  93-96"C. Further recrystalliration from EtOH-Cti3CN gave colorless 
crystals of (2-pyridinyl)-l.2-ethanediol. mp 94--96"C [lit. (14) mp 97OCj. 


2-(a-Hydroxyacetyl)pyridine (111) -(2-Pyridinyl)- I ,2-ethanediol ( I  0.8 g, 
77.7 mmol) was suspended in  600 m L  of CH2C12. To the suspension was added 
3.8 g of hexamethylphosphoramide and 132 m L  of 16% aqueous NaHCO) 
solution. The mixture was cooled to 0-5°C with an ice bath and tq the mixture 
Br2 (I8 g. I 12.5 mmol) in 60 ml. of CH2C12 was added in a dropwise manner 
with vigorous stirring. The mixture was stirred at  room temperature until the 
Br2 was consumed (8- I2 h). The organic layer was separated, and the aqueous 
laycr was extracted twice with CHzC12. The organic layer and extracts were 
combined, dried over Na2S04, and evaporated to dryness under reduced 
pressure. The oil was purified on a silica gel flash column. usingCH3CN as 
eluant to give 3.8 g (36% yield) of 111. Recrystallization of I l l  from ben- 
zene-cyclohexane gave colorless needles. mp 68 70°C. which gradually turned 
brown on standing. IR (KBr): 3280, 1710. 1585, 1438, 1222, 1005,975,776, 
and 625 cm-I; IH-NMR (CDCI3): 17 3.40 (br s. I ,  OH), 5.09 (s, 2, CH2). 7.45 
and 8.12 (m, 3, ,ArH), and 8.68 ppm (d, I .  Ar l i ) .  


Condensation of 111 with N4,N4-Disubstituted Thiosemicarbazides-2- 
(a-Hydroxyacety1)pyridine ( I l l )  (2.2 g. 16 mmol) and 16 mmol of an N4. 
N4-disubstituted thiosemicarbaride were heated under reflux in 60 mL of 
MeOH, with two drops of glacial HOAc as catalyst, for I .5 h. Thesolvent was 
evaporated to dryness under reduced pressure. and the crude product was 
recrystallized. 


24a-Hydroxyacety1)pyridine Hydrazone (X) -2-(a- ti ydroxyacetyl)pyridine 
(2 g. 14.6 mmol) and 8 5 8  hydrazine hydrate (2  mL, 53.8 mmol) in 30 mL 
of UeOt I were heated under reflux for 3.5 h .  The solvent was evaporated to 
dryness under reduced pressure, and the resulting oil was extracted several 
times with hot ChHh. The C6l l6 extracts were combined, dried over Na2SOd. 
and evaporated to a small volume. The crystals of X which formed were col- 
lected ( I  .2 g. 54% yield) and recrystallized from CbHh to give light-straw 
needles, mp 113- I 15°C; IH-NMR (CDCI,): d 3.60 (br s. I ,  OH) ,  4.57 (s. 
2. Ct l20) .  7.18-7.87 (m, 3, pyridiny1.H). 8.41 (brs .  2. NH2). and 8.65 ppm 
(d. I .  pyridinyl H). 


2-(a-Hydroxyacety1)pyridine 4-Methylthioscmicarbazone (Ilb) - -2-(a-  
tlydroxyacety1)pyridine hydrazone (X)  (1.5 g. 10 mmol) and 0.75 g (10 
mmol) of methyl isothiocyanate were hcated in ClH3CS under reflux for 2 
h. The solvent was evaporated t o  dryness under reduced pressure, and the 
residue was recrystallixd. 2-(cr-Hydroxyncetyl)pyridine 4-phenylthiosemi- 
carbaione (I lc)  wits made in a similar manner using phenyl isothiocya- 
nate. 


3-Aribicyclo(3.2.2Jnonane-3-1hiocarhoxylic Acid Hydrazide (1x0-A 
solution of 5 g (27.6 mmd) of 4-methyl-4-phenylthiosemicarbazide (8) in 10 
ml. of EtOH wttscombincd wi th  3.43 g (27.6 nimol) of 3-ambicyclo[3.2.2]- 
nonane. and the solution was heated under reflux for 5 h. The mixture was 
chilled; the crystals which separated were collected and recrystallized from 
EtOH. This afforded 3.36 g (61% yield) of colorless rods of 3- 
a/abicyclo[3.2.2]nonane-3-thiocarboxylic acid hydraride. mp 164- 165OC 
dec.; IR (KBr): 3244. 2930, 2860, 1604. 151 5 .  1343, I21 6. 1009. and 975 
cm-I. 


I -(2-Pyridinyl)pipcrarine-4-thiocarboxylic acid hydrazide (IXe) was 
prepared by the method described above in 47"h yield. mp 184 - 18S°C (from 
EtOtl). I - < ~ ; t r b c t h o x y p i p e r a i i n e - 4 - t h i ~ ~ i r ~ ~ y l i c  acid hydraride (IXk) was 
prepared by the method described above in  6370 yield, mp 158.- I59OC (from 
EtOti) .  


Methyl 3-1 1 -(Z-pyridinyl~-Z-hydroxyethylidenelhydra~inecarb~dithioate 
(XI)- Compound I l l  (0.25 g. 1.8 mmol) and methyl h~drazinecarbodithioate 
( I ) (0.23 g. I .8 mmol) in 25 mL of MeOtf containing onc drop of IlOAc was 
heatcd on a steam bath for I .5 h .  The solvent was evaporated under reduced 
pressure and the yellow solid obtained was recryst;tlli/ed from C ~ H L  to give 
0.36 g (857~  yield) of XI as ycllow needles. mp 1 2 2  124°C. 


Solubility Determination---/\ saturated solution of the thiosemicarbazone. 


A "Vibro-mixer" wiis found tu be thc 111oa1 cfl'icicnl. 
J CClltC. 
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prepared by suspending an excess quantity of the compound in distillcd H20, 
was shaken in a constant-temperature bath at  37OC for 24 h. and then a 5-mL 
portion of the supernatant was lyophilizcd to constant weight. Solubilities 
were as follows: 2-acetylpyridine 4.4-dimethylthiosemicarbazone, 0.96 
mg/mL; N,N-hexamethylene-2-[I-(2-pyridinyl)ethylidene]hydrazinecar- 
bothioamide. 0.04 mgjml.; Ild, 1.28 mg/mL; Ilh, 0.30 nig/mL. 


Antimalarial Studies-In Vifro-Antimalarial activity of the new com- 
pounds was evaluated in uitro against a chloroquine-resistant P. fakiparum 
(Smith) by assessing the inhibition of uptake of [G-'H] hypxanthine by the 
parasites. A detailed proccdurc was given in  a previous report from this lab- 
oratory ( 1  5). 


In Vim-The compounds described herein were tested4 against a drug- 
sensitive strain of P. berghei (strain KBG 173) in mice. Five mice per dose 
level were infected by the intraperitoneal administration of parasitized 
erythrocytes. Untreated infected animals, which served as controls, died (on 
the average) after 6.2 d. A candidate drug was given 72 h after the mice wcrc 
infected and was judged to be toxic if the infected mice died before day 6, 
inactive if they died between day 6 and day 12, active if the mean survival time 
of 6.2 d was at least doubled, and curative if the mice survived 60 d postin- 
fection. Compounds which were active or curative at  a dose of 40 mg/kg were 
retested at several lower dosc Ievels. but results are not reported unless ex- 
tension of mouse survival time was observed. Details of the test procedure were 
given in  the first paper in  this serics and by Osdene ef al. (16). 


Five clinical isolates of S.  airreus were 
obtained from the Clinical Microbiology Laboratory. Walter Reed Army 
Medical Center. Five N. meningifidis and 25 N. gonorrhoeae isolates were 
obtained from the collections of the Department of Bacterial Diseases, Walter 
Reed Army Institute of Kescarch. and the Centers for Disease Control, At- 
lanta, Georgia. 


Testing Procedure- The standard agar plate dilution method using Mueller 
Hinton agar, as described by Washington and Sutter (17). was utilized to 
determine the MIC values of the test compounds against the S. aureus and 
N. meningitidis isolates tested. The N. gonorrhoeae isolates were similarly 
tested, but with GC agar plus I %  of a modified defined supplement ( 1  8). This 
supplement consisted of 81 mL of aqueous solution A (containing 40.5 g of 
dextrose and 0.002 g of cocarboxylase) which was mixed with 19 ml.  of 


Antibacterial Studies--Organisms 


~~ 


Tests performed at  the Dr Leo Rdnc Laboratory, Lnivercity of Miami, Miami. 
Fla. 


aqueous solution B (83 mgof F e ( N O ~ ) ~ . 9 H 2 0  and I g of ~-glutamine]. I t  was 
then filter-sterilized and kept frozen until used. 


'The S .  aureus inoculum was standardized after a I 2-h incubation in 
Mueller Hinton broth by adjusting the turbidity to that of a 0.5 MacFarland 
standard (17) representing lo7 Ion colony-forming units (CFU)/mL, and 
then further diluted 20-fold in  Muellcr Iiinton broth. The inocula of  the two 
Neisseria species were standardized by suspending agar plate colonies of 
overnight growth in  Mueller Hinton broth for N. meningitidis and GC broth 
plus I %  modified defined supplement for N. gonorrhoeae i n  order to ap- 
proximate the turbidity of an overnight broth culture. The inocula were then 
further diluted 200-fold i n  the appropriate broth. 


Because of the poor water solubility of the test compounds, it was necessary 
to dissolve them initially in dimethyl sulfoxide. The control plates also con- 
tained the highest concentration of Me2SO present in each particular dilution 
series. Further dilutions were done with Muellcr Hinton broth or, in the case 
of N. gonorrhoeae testing, with GC broth plus modified defined supplement 
(19). The concentrations of thc test compounds were twofold dilutions from 
32 to 0.25 pg/mL for S. aureus and from 1 to 0.002 pg/mL for the two 
Neisseria species. 


The standardized bacterial inocula were applied to the thioscmicarba- 
zone-containing agar plates and the controls using a Lidwell apparatus (20). 
Cultures were incubated under appropriate atmospheric conditions for 24 h 
at 37OC and read. The MIC for each compound was the lowest concentration 
of that compound which still inhibitcd all visiblc bacterial growth on the agar 
surface. 


RESULTS AND DISCUSSION 


Antimalarial Activity -The in t i f r o  antimalarial studies (Table 11) of the 
2-(a-hydroxyacetyl)pyridine thiosemicarbazones and the 2-acetylpyridine 
thiosemicarbazones indicated that, except for Ile. f, and j, the latter com- 
pounds had greater inhibitory properties against P. fakiparum. The lower 
toxicity of the 2-(a-hydroxyacetyl)pyridine thiosemicarbazones to mice was 
evident in  the in oioo antimalarial screen (Table 11). Similarly, these com- 
pounds, in  general, were less efficacious as antimalarials than their corre- 
sponding 2-acetylpyridine thiosemicarbazones. Compound 1lj showed low 
levels of activity. whereas the best compound of the series was Ilf, which 
showed two of five cures and no toxicity at a dose of 320 mg/kg. However, 
the corresponding cornpound with identical N4,N4-substitution showed three 
of five mouse cures at a dose of 40 mg/kg. I t  appcars that a-hydroxylation 


Table 11-Antimalarial Activities In Vitro and In Vivo of 2-(a-llydroxyacetyl)pyridine Thiosemicarbazones (11) 


Increase in Mean Survival Time, d h  
IDw. ne/mL 40 no I60 3 20 640 


I Id 6.7 0.0 0.0 T(5/5) 
Ile 13.0 0.2 0.8 0 


23.0 -0.2 0.6 3.8 5.2,T( I / 5 )  0.4,T( 2/5) 
Ilh 8.4 I .o I .6 3.8 4.O,T( I / 5 )  2.0,T(2/5) 
1 k 


0.6.T( 2/ 5) I l i  34.0 0.0 T(I / 5 )  
I I j  4. I 1.6 3.4 
I l k  23.0 0.0 T(3/5) T(3/5) T(  I / 5 )  T(4!5) 


l l f  15.0 I .2 0.6 4.4 C(2/5) ~ 5 )  


I .6.T( I / 5 )  I .6,T( 1 / 5 )  
I .8.T( I / 5 )  I .4.T(2/5) C(1/5).T(3/5) 


a Determined in semiautomated test described in Ref. 15. Test performed in Swiss mice infected with P. berghei. (T) toxic. (C) cure: see Exprrimrnrd Srcrion for details. 


Table Ill-Antibacterial Properties In Vitro of 2-(a-Hydroxyacetyl) (11) and 2-Acetylpyridine Thiosemicarbazones (I)  


N. gonorrhoeae 
MIC, pg/mL 


Commund I 1  I' 


N. meningitidis 
MIC, pg/mL 


II I' 


S .  uureus 


I l a  
Ilb 
I Ic 
I Id 
I le 
I I f  


I 
Ili 
Ilj 
I l k  


> I  
0.125-1 
0.032-0.25 
0.004-0.016 


0.008-0.016 
0.004-0.0 I6 
0.004-0.016 
0.032-0. I25 
0.004-0.0 I6 


0.016 0.062 


0.062 0.5 


0.25-0.5 
0.5 
0.032 0.25 
0.002 0.008 
0.004 0.031 
o 008-0.03 I 
0.008-0.062 
0.016 0.062 


0.016-0.062 
. b  


0.004-0.03 I 


> I  > I  >32 >I6 . .  


> I  
0.5.1 
0.062-0. I25 


0.5- I >j2 > I 6  


0.062 0.125 4 > I 6  
0.25-> I >32 n 


0.125-0.25 0.062 -0.25 2 2- 4 
0 062 0.03 1-0. I25 0.5- I 0.25 
0.062-0. I25 0.016 0.03 I 1-4 0.5 
0.032-0.062 0.03 I -0.123 0.5 I 
0.5 > I  b >32 
0.032 0.062 0.03 1-0.062 0.5- I 0.5 


2h - 


> I  0.062 0.25 8-32 > I6 


a (f Ref. 3.  Not tested in earlier study 
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of the acetyl group had an overall negative effect on the antimalarial potency 
of this series of thiosemicarbazones. 


Antibacterial Activity-In the assessment of the antibacterial activity of 
the 2-(a-hydroxyacetyl)pyridine thiosemicarbazones (Table I l l ) ,  the strong 
inhibitory effect of the 2-acetylpyridine thiosemicarbazones seen against N. 
gonorrhoeae and N. meningiiidis (3) was also observed here. Most of the 
2-(a-hydroxyacetyl)pyridine compounds had MIC values of <O. 1 pg/mL 
against these bacterial species, and in a few instances the degree of inhibition 
Has slightly superior to that observed with the 2-acetylpyridine thiosemicar- 
bazones. 


Against S. aureus, several of the 2-(~-hydroxyacetyl)pyridine thiosemi- 
carbazones, i.e., llf, h, and j, had MIC values of 0.5- I Fg/mL. Again, there 
were several instances in which inhibitory activity superior to the 2-acetyl- 
pyridine thiosemicarbaiones ( i . e . ,  in Ild, e, h, and k) was seen. 


CONCLUSIONS 


The biological data for the newly synthesized 2-(a-hydroxyacetyl)pyridine 
thiosemicarba7ones indicates that N4,N4-disubstitution provides optimal in 
uiuo and in uiiro antimalarial and antibacterial activities. The introduction 
of a hydroxy function into the a-position of 2-acetylpyridine thiosemicarba- 
zones results in compounds with increased solubility, decreased host toxicity. 
and in some instances. improvement ofantimalarial and antibacterial activity 
in oirro. Howcvcr, this is offset by the concomitant decrease in in uiuo anti- 
malarial effects. These results suggest that pharmacological parameters, such 
as tissue distribution and the rate of  metabolism, play an essential role in de- 
termining the in ciuo antimalarial activity. as well as host toxicity, of this series 
of compounds. 
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Abstract 0 The kinetics of hydrolysis of maleimide was carried out within 
the [OH-] range of 2.46 X to 2.0 M at 30’C. The observed pseudo- 
first-order rate constants, kobs. follow the empirical equation: k o b  = 
(A1 lOH-1 + A2[OH-I2)/( I + A,[OH-1). Both ionized and un-ionized forms 
of maleimide have been suggested to be involved in hydrolysis. The nucleophilic 
attacks by hydroxide ion at the carbonyl carbon of both ionized and un-ionized 
maleimide and by water at thc carbonyl carbon of ionized maleimide to form 
tetrahedral intermediates arc considered to be the rate-dctermining steps. The 
observed results obtained at different I ,4-dioxane-water compositions have 
revealed an increase in k o b  with a decrease in  1.4-dioxanecontent which could 
be attributed to the higher polarity of the transition state compared with the 
reactant state. 


Keyphrases 0 Maleimide-kinetics, mechanism of hydrolysis 0 Hydroly- 
sis maleimide, effect of temperature 


Many compounds containing an imide group act as drugs 
( 1  ). N-Ethylmaleimidc is of interest bccausc of its rapid and 


Michael-type reaction with the sulfhydryl group of proteins 
(2, 3). Usually, the alkaline hydrolysis of amides and imides 
have been found to occur by a stepwise mechanism involving 
the tetrahedral intermediate ( I )  (4). Biechler and Taft ( 5 )  were 
the first to propose an additional oxydianionic tetrahedral 
intermediate (11) in the alkalinc hydrolysis of trifluo- 
roacetanilide. Later, I1  was found to exist in many acyl transfer 
reactions where the acyl substrates contained elect ron-w it h- 
drawing substituents and hydrolytic conditions covered a 
reasonable range of [OH-] ( 6 ) .  Recently, we have observed 
I 1  in the alkaline hydrolysis of methyl-o-methoxybenzoate (7). 
In the continuation of our work on mechanistic studies on 
aqueous cleavage of amides (8)  and imides (9) in a highly al- 
kaline medium, we initiated this study to determine if an in- 
termediate (11) exists and to study the nature of the rate-de- 
termining step. 
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of this chapter. The bulk of the chapter is devoted to a discussion of the de- 
velopment and design of chemotherapeutic agents. Again, the major drawback 
to this chapter, for the most part, is a lack of in-depth discussion of many key 
areas as  exemplified by the brief discussion of antitumor agents. 


To offset the problems associated with attempts to cover these broad areas 
in 300 pages, Professor Burger has extensively documented this coverage by 
citing 1512 references. Most of these are up to 1980, but several kcy past-I980 
references are included. Unfortunately, several errors appear. For example, 
isoproterenol is described as the N-isopropyl homologue of epinephrine pos- 
sessing “maximal a-adrenergic properties” (p. 20). Several structures are 
incorrectly drawn and other seemingly minor, but important, errors occur. 
For example, chlorisondamine is described as a drug lacking quaternary 
ammonium groups when, in fact, the opposite is true (p. 33). 


Overall, while this project may have been somewhat too ambitious, it does 
represent another important contribution to the literature of medicinal 
chemistry by Professor Burger. The book should be of particular interest as 
background preparation for the organic chemist preparing for a research 
career in medicinal chemistry. 


Reviewed by Ronald F. Borne 
School of Pharmacy 
The University of Mississippi 
University, MS 38677 
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Abstract 0 A series of Csubstituted aminoquinoline-3-carboxylates was 
prepared and evaluated for antimicrobial activity. Four of the compounds 
(V111, X111, XV, and XXIII) exhibited low activity against Staphylococcus 
aureus. 


Keyphrases 0 4-Substituted aminoquinoline-3-carboxylates-synthesis, 
antimicrobial activity 0 Antimicrobial agents-potential, 4-substituted 
aminoquinoline-3-carboxyla tes 


The structural similarity between the coccidiostat buqui- 
nolate (I) (1) and the antimalarial 4-aminoquinolines (e.g., 
chloroquin; 11) (2) raised the question as to whether combi- 
nation of the major functional groups of each class might lead 
to useful agents. This work sought to determine if the quino- 
line-3-carboxylate moiety of the coccidiostats could be suc- 
cessfully combined with 4-amino substituents, some of which 
have shown promise in antimalarial quinolines. A series of 
4-aminoquinoline-3-carboxylates (111) was necessary, and a 
search of the literature revealed that these compounds had not 
previously been synthesized. To determine if antibacterial 
properties were associated with this new substituent pattern, 
the synthesis of several examples was undertaken. 


CH 3 
I 


HNCH -(CH,.)SNEt, 


L ~ ~ ~ ~ ~ 2 ~ 5  cld 
I II 


-To 


mc02R3 
I l l  


R I .  RZ = H. alkyl. aralkyl 
R3 = K, C2Hs 


RESULTS A N D  DISCUSSION 


Ethyl 4-chloroquinoline-3-carboxylate, IV (3), was the key intermediate 
from which the target compounds were prepared (Scheme J ) .  The immediate 
precursor to IV, ethyl 4-hydroxyquinoline-3-carboxylate V, was prepared in 
satisfactory yield by the method of Could and Jacobs (4) as modified by Price 
and Roberts ( 5 )  and by Riegel et al. (6). The importance of short reaction 
times in the preparation of V was noted (7); yields of V decrease for reaction 
times exceeding 30 min. Reaction of V with phosphorus oxychloride smoothly 
led to IV (3). 


Nucleophilic displacement of the k h l o r o  substituent occurred in high yield 
after a few hours in refluxing toluene; several cases were noted where the re- 
action started while still at room temperature. The relative ease of displace- 
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Table I-Properties of CAminoguinoline-J-carboxylates (Ill) a 


Yield, MIC Against 
Compound R i  R2 R3 % mp. "C Staph. aureus, ppm 
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n-C,H7 
H 
H 
H 
H 
H 
H 
H 
H 


C2H5 


~. 


-CH2CH2CH2CH2- 
-C H2CH2CH2CH2CH2- 
-CHX ti>-O-CH>CH>- 


--CH2CH2CH2CH2CH>- 
-CH2CH2OCH2CH2- 
H 
C2Hs 
n-CjH7 
H 
H 
H 
H 
H 
H 
H 
H 
-CH2CH2CH2CH2- 
-CH2CH2CH2CH2CH2- 
-CH2CH20CH2CH2- 
-C H =C H N =C H - 
- C H ~ C H ~ N H C H ~ C H I -  
c-4 
c-4 
c-4 
N-oxide 


c-4 
c-4 


HCI Salt 
HCI Salt 
H 
C2H5 


OH 
CI 


76 
96 
30 
69 
85 
83 
68 
60 
84 
68 
49 
68 
95 
91 
72 
76 
34 
75 
77 


78 
67 
97 
66 
29 
90 
94 
87 
93 
72 
71 
71 
94 


83 
82 


74 
51 
53 
49 


205-207 
oil 
oil 62.5 
65-68 
63-65 
79-8 1 
115.0-117.5 


98.5-100.5 
102.5-104.5 50 


124- 126 
133- 135 
75.5-78.0 
oil 
oil 


120.0-1 21.5 
145-147 


115.5-1 17.0 


95-98 
219-220 


174.5-1 76.0 
204.5-206.0 


258 - 260 
174-1 76 


250.0-252.5 
249.5-25 I .5 


78-83 
331-332 
293.5-295.0 
278.0-279.5 


274-277 


>350 


275-277 


340 (dec.) 


>250 


>330 


210-21 3 
34-36 
34-36 
102- 104 
bp 125-1 28 
(0.01 mm Hg) 


44-46 
bp 133-135 
(0.5 mm Hg) 


25 


50 


In all cases the spectral data agreed with the structure illustrated. Compounds VI-XLIII and XLV underwent elemental analyses for C. H. and N; XLIlI and XLV were also 
analyzed for S and CI. respectrvel Unless otherwise noted, the values were within f0.4% of the theoretical values. Calc. for C, 70.56; N. 10.29. Found: C. 69.88; N. 10.91. C Calc. 
for N. 9.33; found. 10.20. See i e f .  1 1 ;  l i t .  m 99 I0O"C. Seven attempts were made to determine microanalytical data for this oil after evaporative distillation and vigorous 
pumping at high vacuum. All determinations opcargn were erratic, for unknown reasons. The spectrasco ic evidence was excellent. f Calc. for C, 54.55; found, 54.00. 0.25 Hfl. 


I .O H2O. ' Microanalyses weredone on the benzylisothiuronium salt. t.25 HzO. Ir 1.75 H20. ' 3 . 5  H&. Calc. for H, 6.73; found, 7.20. m 2.25 H@. n 2.0 H20.0 Deliquescent. 
P 1.5 Hz0. q Calc. for N. 8.60; found, 9.24. 'See Ref. 10; l i t .  mp 32-34OC. 'See Ref. 6; l i t .  mp 269-27OoC. 'See Ref. 3; lit. mp 46-47OC. bp 128-129°C (0.2 mm Hg). 


ment is prcsumably due to the activating effect of the carboxylic ester adjacent 
to the reaction center. A similar effect has been observed for halogen dis- 
placement of 3-nitro-4-chloroquinolines (8). Table I lists the ethyl 4-amino- 
quinoline-3-carboxylates obtained in  this manner. Preparation of VI required 
a slight modification. When thc normal reaction conditions were employed 
with a constant, steady stream of ammonia passing through the reaction so- 
lution. no VI was obtained; however, when the reaction was carried out in 
liquid ammonia at 1 15- I 30°C a good yield of VI resulted. 


Several of the amino esters were viscous oils which could not be purified 
either by evaporative distillation or by chromatography. These compounds 
were converted to the corresponding hydrochloride salts (XXII-XXVI) which, 
in some cases, could be purified by crystallization. Some of the salts, notably 
XXV and XXVI, were hygroscopic and did not give satisfactory microanalysis 
results after several attempts. 


Ester hydrolysis using an equivalent amount or a slight excess of potassium 
hydroxide in ethanol afforded salts XXVII-XLII (Table I). The potassium 
carboxylates were hygroscopic, making acquisition of microanalytical data 
difficult. In  the extreme cases of X X X V l l l  and XLI. thecompounds were 
drliqucscent. The remaining salts were also hygroscopic, but most could be 
equilibrated with atmospheric moisture to yield a hydrateofconstant. although 
often nonstoichiometric, composition. The method of Donleavy (9) for 
preparation of solid derivatives of waxy fatty acids was helpful in some cases. 
Formation of the pseudouronium salt of the quinoline carboxylates in some 
instances gave nonhygroscopic salts suitable for microanalysis, but this method 


was by no means applicable to each compound. Structural assignments were 
confirmed by H-NMR and IR spectrometry, and each ester showed one spot 
on TLC. 


Nucleophilic displacement of the halogen in IV also readilyoccurred when 
IV was treated with a sodium thiolate to give X L l l l  and with ethoxide anion 
to give XLlV (10). I n  addition, the A'-oxide XLV was prepared by treating 
IV with m-chloroperoxybenzoic acid. 


Each compound was tested in an in oitro assay against a range of micro- 
organisms to determine a general activity profile. The organisms used were 
Escherichia coli ATCC 23540, Salmonella choleraesuis ATCC 13312, 
Streptococcus faecalis ATCC 19433, Staphylococcus aureus (Smith) Merck 
2949, Pseudomonas aeruginosa PS-44. Proreus mirabilis PR-91, and 
Closrridium perfringens ATCC 3624. Dimethyl sulfoxide was used to aid the 
dissolution oftest compounds in Mueller-Hinton broth at 50 ppm. Inoculated 
broths, prepared with a semiautomated dispenser and inoculator', were in- 
cubated for 18 h at 3 7 T ,  then examined and assigned a general rating of 
active, slightly active, or inactive. Measurement of the minimum inhibitory 
concentrations (MIC) was accomplished by the same method using successive 
twofold dilutions of the test compound. starting at a concentration of 62.5 
PPm. 


The target compounds showed no remarkable in uitro antibacterial activity, 
although small amounts of growth inhibition by several members of the series 


I Model MIC 2000; Dynatech. 
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was observed. Four of the active compounds (X, XVIII. XXV, and XLIII) 
were slightly active against C. perfringens with minimum inhibitory con- 
centrations of 262.5 ppm. Another subgroup of four compounds showed 
general activity against Sfaph. aureus. 


The four compounds active against Staph. aureus were examined further 
by measurement of the MIC values (Table I ) .  Since XXlll is thesalt of V I I I ,  
it is not surprising that both species have the same ordcr of activity. However, 
the presence of Xll l  and XV, which bear no structural relationship to the 
tertiary amines Vll l  and XXIII, makes it difficult todraw a structural rela- 
tionship with the in ciifro antimicrobial activity. 


EXPERIMENTAL SECTION* 


Ethyl QAminoquinoline-3-carboxylate (VI)-A solution of 23.5 g (0. I mol) 
of IV, 250 m L  of toluene, and 21 mL ( I  .O mol) of liquid ammonia was scaled 
in a high-pressure reaction vessel, then heated at 120- 125OC for 4 h. The vessel 
was cooled, opened, and the ammonia was allowed to evaporate. The residue 
was suction-filtered, and the solid was partitioned between chloroform and 
water. The organic phase was dried (NazS04). and the solvent was removed 
under reduced pressure to give 17.4 g of white needles. Recrystallization from 
ethyl acetate afforded 14.9 g (69%) of V I  as white needles, mp 205.0-207.5°C. 
IR (KBr): 1669cm-I (C=O); ’H-NMR (MezSO-d6): 6 8.90 (s, 1, quinoline 
C-2 H), 7.33-8.50 (m. 6, ArH and NH),  4.33 (4.2, J = 7 Hz, OCH?), and 
1.36 ppm (t, 3, J = 7 Hz, CH3). 


General Procedure for Preparation of Ethyl CAlkyIamino- and Ethyl 4- 
Aralkylaminoquinolin-3-carboxylates (VII-XX1)-The general method is 
illustrated by the synthesis of VII. A solution of 5.89 g (25 mmol) of IV and 
9.17 g (1 25 mmol) of diethylamine in 50 mL of toluene was stirred and heated 
at reflux for 35 h. The mixture was cooled to room temperature and thesalt 
was removed by filtration. The solvent was removed under reduced pressure 
to give 7.5 g of a cloudy oil. which was chromatographed on silica gel (5  X 40 
cm, ether) to give 6.59 g (96%) of VII as a clear yellow oil. IR (CHCI3): 1698 
cm-l (C=O); ‘H-NMR (CDCI3): 6 8.90 (s, I ,  C-2 H), 7.25-8.22 (m, 4, 
ArH), 4.43 (q, 2,J = 7 Hz, OCHz), 3.43 (q .4 , J  = 7 Hz, CH2NCH2). 1.41 
( t ,  3, J = 7 Hz. ester CH,), and 1.15 ppm (I. 6, J = 7 Hz, aminoethyl 
C H d .  


General Procedure for Preparation of Hydrochloride Salts (XXII-XXVI) 
-The general method is illustrated by the synthesis of XXII. To a stirred 
solution of 15.2 g (55.8 mmol) of VII  in  250 mL of ether was added 200 mL 
of dry, ethereal hydrogen chloride. The resulting mixture was filtered, and 
the solid was recrystallized several times from dichloromethane-ether and 
then from ethyl acetate. The solid was sublimed to give 5.83 g (34%) of XXll 
as  a fine yellow powder, mp 145-147OC. IR (CHC13): 1712 cm-’ (C=O): 
‘H-NMR (CDCI3): 6 8.93 (s, I ,  C-2 H), 7.61-8.72 (m, 4, ArH), 4.50 (4, 2. 
J = 7 Hz, OCH2), 3.87 (q, 4 , J  = 7 Hz, CHzNCHz), 1.47 (t, 3 .J  = 7 Hz. ester 
CH3). and 1.40 ppm (1.6, J = 7 Hz, aminoethyl CH3). 


General Procedure for Preparation of Potessiwn Salts (XXVII-XL1I)-The 
general method is illustrated by thesynthesis of XXVIII. A solution of 14.9 
g (54.8 mmol) of VII  and 5.37 g (82.2 mmol) ol‘potassium hydroxide in I50 
mL of ethanol was stirred and heated at reflux for 4 h. The mixture was cooled 
to room temperature, and the solid material was removed by filtration. The 
solvent was removed under reduced pressure to give 16.9 g of a tan solid. 
Recrystallization from ethyl acetate-acetone afforded 10.9 g (70%) of XXVlll 
as fine needles, mp 258-260OC; ‘H-NMR (Me2SO-d6): 8 8.76 (s, I ,  C-2 H),  
7.30-8.43 (m, 4, ArH), 3.61 (s, 2, HzO), 3.33 (q, 4,J  = 7 Hz,  CH2NCH2). 
and 1.06 ppm ( t ,6 ,  J = 7 Hz, CH3). 


Ethyl CBenzylthiquinoline-3-carboxylate (XL1II)-A mixture of I .65 g 
(72 mg-atoms) of sodium and 75 mL of absolute ethanol was stirred at  room 
temperature under an argon atmosphere. To the resulting solution of sodium 
ethoxide was added, over a period of 10 min, a solution of 8.7 g (70 mmol) of 
benzylmercaptan in  50 mL of absolute ethanol. The mixture was stirred at 
room tempcrature for 25 min, and then a solution of 16.5 g (70 mmol) of 1V 
in  75 mL of absolute ethanol was added. The stirring was continued at  room 
temperature for 27 h. The mixture was poured into 150 mL of water, the 
phases were separated, and the aqueous phase was extracted with ether (3 X 
150 mL). The organic phases were combined, washed with water and then 
with brine, and dried (Na2S04). Removal of the solvent under reduced 
pressure gave a solid-oil mixture. The oil was decanted, and the solid was 
recrystallized from hexane to afford 11.4 g (51%) of XLIIl as pale yellow 
prisms, mp 34-36OC. IR (CHC13): 1724 cm-l (C=O); ‘H-NMR (CDC13): 
b 8.97 (s, I ,  C-2 H), 7.33-8.62 (m, 4, ArH quinoline), 7.05 (s, 5, ArH), 4.43 
(4. 2, J = 7 Hz, OCHz), 4.12 (s, 2, SCHz), and 1.42 ppm (1. 3, J = 7 Hz, 
C H d .  


Ethyl 4-Ethoxyquinoline-3-carboxylrte (XLIV) - -The method of Markees 
(10) was employed with slight modification. Dimethylformamide was not used 
as  cosolvent, and the entire reaction was allowed to take place at room tem- 
perature rather than for a brief period at reflux. This gave a 53% yield of XLIV 
as eolorless needles, mp 34-36”C, bp 125-1 28OC (0.1 mm Hg) [lit. (10) mp 
32-34OC. bp 160- 162OC ( I  .4 mm Hg)]. 


Ethyl 4-Chloroquinoline-3-carboxylste-N-oxide (XLV)-A solution of 22.3 
g (0. I I mol) of m-chloroperoxybenzoic acid and 23.5 g (0.1 mol) of IV in 350 
mL of dichloromethane was stirred in an ice bath for I h, then at  room tem- 
perature for 66 h. The solution was then stirred with 50 mL of 10% Na2HSO3 
until a negative starch-iodide test was observed. The phases were separated, 
and the organic phase was washed with 7.5% NaHC03 and then brine, and 
dried (Na2SO4). Removal of the solvent under reduced pressure gave 22.2 
g of an orange solid, which was recrystallized from ether to give 12.4 g (49%) 
of XLV as pale yellow plates, mp 102-104°C. IR (CHCI,): 1739 cm-‘ 
(C=O); IH-NMR (CDCI,): 6 7.55-9.00 (m, 5, ArH), 4.50 (q, 2 , J  = 7 Hz, 
OCH2). and 1.47 ppm (1. 3, J = 7 Hz, CH3). 
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Abstract 0 A high-performance liquid chromatographic method was devel- 
oped for the simultaneous determination of primaquine and its metabolites 
from plasma and urine samples obtained after oral administration of prima- 
quine diphosphate. Following partial deproteinization with acetonitrile, 
samples were chromatographed by direct injection onto a cyano column with 
UV detection at  254 nm. Levels as low as 100 ng/mL per 20-pL injection were 
quantitated. Preliminary pharmacokinetic analysis is reported for two human 
volunteers after oral doses of 60 mg and 90 mg. Two apparent plasma me- 
tabolites and two possible urinary metabolites of primaquine are also re- 
ported. 


Keyphrases 0 Primaquine-liquid chromatographic analysis, human plasma 
and urine, pharmacokinetics Liquid chromatography-primaquine, human 
plasma and urine, pharmacokinetics 


Primaquine, 8-[(4-amino-l-methylbutyl)amin0]-6-meth- 
oxyquinoline (I), is well tolerated in the therapeutic range 
except in individuals with glucose-6-phosphate dehydrogenase 
deficiency in whom it causes hemolytic anemia (1). The se- 
verity of hemolysis is thought to be related to either the con- 
centration of primaquine or primaquine metabolite(s) and the 
duration of exposure (2). Nevertheless, primaquine is a true 
tissue schizonticide and is not only the drug of choice for 
radical cure of vivax malaria but also is a causal prophylactic 
agent against falciparum and vivax malaria. Early attempts 
to correlate primaquine blood levels with either antimalarial 
effects or toxicity, using a diazotization procedure, were un- 
successful (3). 


Recently, several different techniques have been developed 
which are potentially selective and sensitive enough to measure 
human primaquine blood concentrations and to quantitate 
blood concentrations of human metabolites (4-6). The primary 
objective of this report is to describe the development of a 
high-performance liquid chromatographic (HPLC) method 
sensitive enough to measure primaquine concentrations in 
plasma from human subjects after a single oral dose of pri- 
rnaquine diphosphate. In  addition, we report a preliminary 
pharmacokinetic analysis of human blood level curves, the 
probable identification of one of the two plasma metabolites, 
and two unidentified urinary metabolites. 


EXPERIMENTAL SECTION 
Reagents and Materials-The standards used in this assay were primaquine 


diphosphate (>99% pure)l, 6-methoxy-8-aminoquinoline (I[)*,  and 8-(3- 
carboxy-I-methyl propylamino)-6-methoxyquinoline The chemicals 
used in the preparation of the mobile phase buffer were reagent-grade am- 
monium formate and formic acid (88% pure)4. Acetonitrile and methanol were 
UV grades. All solutions containing I ,  11, and 111 were placed in amber 
glassware and refrigerated. 


’ Aldrich Chemical Co.. Inc., Milwaukee, Wis. * I C N  Pharmaceuticals, Plainview, N . Y .  (no longer available). ’ PQC was a gift from Dr.  James D. McChesney, School of Pharmacy, University 
of Mississippi. 


Fishcr Scientific. Fair Lawn. N.J. 
Burdick and Jackson, Muskegon. Mich. 


HN-R 


I ,  R = -CH(CH,)CH2CH2CH2NH2 
I I ,  R = -H 


I l l ,  R = - C H ( C H J ) C H ~ C H ~ C O O H  
HPLC Conditions-The HPLC system consisted of a pump and a fixed- 


absorbance detector equipped with a 254-nm filte+. Samples were either in- 
jected manually using an injector with a manual signal recorder? or an auto- 
mated injector* and integrator9J0. The separations were accomplished using 
a reverse-phase cyano column (30 X 0.39 cm i.d.; particle size 10pm)l’ .  The 
mobile phase consisted of a mixture of 0.1 M ammonium formate adjusted 
to pH 3.85 with formic acid and acetonitrile (89:l I ) .  It was filtered through 
a 0.45-pm filterI2 and deaerated under a house vacuum for 10 min. The flow 
rate of the mobile phase was 2 mL/min at ambient temperature. Deionized 
water was used in the final rinsing of glassware and in the preparation of the 
buffer and the standards1,. 


Analytical Procedure-Bld samples were collected in EDTA containersI4 
and centrifuged at  1900Xg for 10 min to separate the plasma. The plasma 
was kept in aluminum foil covered glass tubes at  4OC until analysis. 


The plasma (0.2 mL) wasdiluted I : I  with acetonitrile and mixed well.The 
solution was incubated in  the dark for 1 h and centrifuged at  I900Xg for 10 
min. Analyses by HPLC were carried out on 20-pL samples of the resulting 
supernatant. 


Urine was collected in plastic urine specimen jars. The jars were capped 
and kept a t  4’C in the dark until preparation for analysis. Urine was extracted 
by a modification of the method published by Baty ef  al. (4). Ten grams of 
resinls was suspended in methanol and put in a 1.8 X 25-cm column and 
washed with 100 mL of methanol followed by 200 mL of deionized water. Up 
to 100 mL of the urine was passed through the column at a rate of -5 mL/min. 
Thecolumn was then washed with 100 mLof water. Primaquine and its me- 
tabolites were eluted from the column by 75-100 mL of methanol and then 
quantified by HPLC assay using 10-pL injections. The column was regen- 
crated by washing with 100 mL of water, and then a new sample of urine was 
passed through the column and the process repeated. 


Recovery Studies-Plasma standards containing known amounts of each 
of the three compounds were compared with standards in distilled water. The 
plasma standards were treated as in the analytical procedure and the watcr 
standards were injected directly. Other deproteinizing agents, i.e., 15% tri- 
chloroacetic acid, 5% mctaphosphoric acid, 6% perchloric acid, and copper 
sulfate-sodium tungstate, were also tested for recovery. Additionally, solutions 
of I and I I  i n  plasma and water were placed in membrane conesI6 and cen- 
trifuged at 12.000Xg for I h. The concentrations of cach compound were then 
determined for the plasma and water filtrates. 


The recoveries were determined for urinary primaquine samples by passing 
a standard solution of primaquine through the column and analyzing the 


Model 6000A, Model 4 4 0  Waters Associates. Milford, Mass. ’ Model U6K; Houston Instruments, Austin, Tex. * WISP 710B: Waters Associates, Milford, Mass. 
Data module; Waters Associates, Milford, Mass. 


l o  LC 9540; I B M  Instruments. Danbury. Conn. 
‘ I  Waters Associates. Milford, Mass. 
l 2  Type FG; Millipore Corp.. Bedford, Mass. 


I 4  Becton, Dickinson & Co., Rutherford, N.J. 
I5 Amberlite XADZ; Mallinckrodt. Paris, Ky. 
l 6  Centriflow membranes, 50,OOO mol. wt. cut of t  Amicon. Lexington. Mass. 


Milli-RO and Milli-Q deionizing system; Millipore. 
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Table I-Recovery Values from Plasma Using Several Precipitating Agents 


15% Copper 
Trichloro- 5% Mcta- 6% Sulfate 


Aceto- acetic phospho- Perchlo- Sodium 
nitrile Acid ric Acid ric Acid Tungstate 


I (0.78 pgjml,) 98% 38% 3x1 46% 0 
I 1  (0.34 pgjmL) 97% 30% 33% 5 3% 0 


I l l  (0.6 pg/mL) 98% .- - - 


eluant for primaquine content. Recoveries of urine metabolites were deter- 
mined by dividing urine samples into two parts. One part was passed through 
the column, eluted with methanol. and quantitated by t1PI.C. Four hundred 
microliters of the other part was added to an equal volume of acetonitrile, 
vortex mixed, and left for  2 3 0  min before being centrifuged. A n  aliquot of 
the supernatant was chroniatographcd, and the two chromatograms were then 
compared. 


Calibration Curves-Calibration standards were prepared by adding known 
amounts of 1 and I l l  (0.1 pg/mL-20 pg/mL and 0.23 pg/ml.-0.96 pg/mL. 
respectively) to control plasma and urine samples. Solutions were then assayed 
by following the analytical procedure. The calibration curves for thequanti- 
tation of I and I l l  were obtained by plotting peak height against concentration 
for each of the standard solutions. (Note: Aqueous solutions of primaquinc 
are light sensitive and will begin todegrade within 30 min. I,ight protected, 
aqueous solutions showed no detcctablc changes aftcr I week at -2OOC and 
only slight changes after I month.) 


Dosing and Sampling Procedure-After Institutional Review Board ap- 
proval, 60 mg and 90 mg of primaquine diphosphate (calculated as the base) 
were administered with 1 18 mL of water to two healthy male volunteers. Three 
hours after the dose, volunteers were allowed to eat and drink ad libitum. 


Venous blood wascollected at 0.0.5, 1, 2, 2.5, 3 ,4 ,  5 , 6 , 7 , 8 ,  and 10 h for 
each subject. Urine was collected at time zero and at  each void for up to 72 
h. 


RESULTS AND DISCUSSION 


Assay-To obtain suitable sample preparation from plasma samples for 
HPLC analysis with U V  detection in  the nanogram range. various depro- 
teinization techniques were examined on the basis of a previous report (7).  
The inorganic agents and trichloroacetic acid resulted in  nonquantitative and 
variable recoveries of I and II. Table I .  Treatment with acetonitrile (1:I) 
yielded 98 t 2% recovery of I ,  11, and 111 from spiked plasma. Extensive 
protein binding of primaquine probably accounts for poor recovery with many 
agents. When solutions containing 1 and I l l  in plasma and water were filtered 
through membrane cones, 99% of the compounds were recovered in the water 
filtrate, while neither compound was detectable in the plasma filtrate". 


The mobile phase was chosen to achieve separation between I and I l l  and 
still maintain desirable retention times. Under the HP1.C conditions given, 
I. 11, and 111 had retention times of 6.3 min ( K ,  -4.2). 4.4 min (K' -  -2.8). 
and 10.9 min (K', -7.8). respectively. 


Calibration curves were constructed for each compound in time zero plasma 
and urine specimens. In  the range of concentrations tested, responses were 
linear and had cocfficients of determination ( r Z )  >0.99. The detection l imit  
using 20-pL injections was 100 ng/ml. of primaquine. 500 ng/mL of 111, and 
50 ng/mL of I 1  using a signal to noise ratio >3 in plasma and 100 ng/ml.of 
primaquine in urine. Reproducibility of this method at the above detection 
limits was Y8 f 3.8% for primaquine ( n  = lo), 98 f 4.2% for I l l  (n = 10). and 
97 f 1.4% for I 1  ( n  = 10). using separate determinations. Figure 1 shows 


I l l  111 


INJECT INJECT 


0 2 4 6 8 1 0 1 2  0 2 4 6 8 1 0 1 2  0 2 4 6 8 1 0 1 2  
MINUTES MINUTES MINUTES 


Figure 1-Chromatograms of ( A )  time zero plasma; ( B )  time zero spiked 
plasma con/aining 200 ng/mL of 6-methoxy-8-aminoqiiinoline (II), 450 
ng/mL of primaquine (I), and 1.2 pg/mL of primaquine meraholite (Ill); fCj 
plasma 2.5 h after a 90-WIg oral dosr of primaquine diphosphate ( I )  where 
I V i s  the more polar metaholire. 


I l l  Ill 


c n  
I 


I 
INJECT 


0 2 4 6 8 1 0 1 2  
MINUTES 


I d C T  
0 2 4 6 8,1012 14 


MINUTES 


Figure 2-Chromarogratns of (A )  /inre zero urine; ( B )  time zero spiked urine 
conraining 1.0 pg/mL of 6-methoxy-8-aminoquinoline (II). 1.0 &mL of 
primaquine ( I ) .  and 2.0 pg/mL of primaquine merabolite ( I I I ) ;  (C) urine 4 
h after a YO-nrg oral dose of primuquine diphosphate. 


chromatograms of plasma before and 2.5 h after primaquine administration. 
I n  addition, a time zero plasma sample spiked with primaquine, 11, and 111 
is shown in  Fig. 1 B. Chromatograms of urine. samples taken at time zero. 4 
h post primaquine administration, and time zero spiked with I ,  11, and I l l  are 
shown in Fig. 2. 


Metabolism and Pharmacokinetics-To demonstrate the utility of the 
present method, i t  was applied to plasma and urine samples obtained from 
the two volunteers who were part of an ongoing study (8). These data were 
fitted to an open one-compartment pharmacokinetic model (9) using a nonlinear 
least-squares regression program (NONLIN) (10). Oral absorption lag time 
was incorporated into the model. The unavailability of intravenous data 
precluded the individual estimation of volume of distribution and bioavail- 
ability; therefore, the ratio F/V was inserted in the model: 


F 
ka ~ x o  


(ka - K) 
c=- (e-K(~-t~.) - e-ks(r-ii.)) 


where 11. is the lag time. 
Figure 3 shows the results of the analysis of I 1 plasma samples from each 


volunteer and the fitted curves obtained from these results. As would be ex- 
pected, there appeared to be a considerable difference in absorption rates 
between the two subjects; however. the elimination ratcs were similar for both. 
Estimated pharmacokinetic parameters are summarized in  Table 11. Visual 
analysis of the chromatograms of plasma at  the several sampling times after 
the ingestion of primaquine suggested the presence of primaquine metabolites. 
However, 11, a human metabolite of primaquine metabolism reported by Baty 
et al. (4). was not observed to be present either by comparison of retention 
times or by addition of I I  to volunteer samples containing the presumed me- 
tabolites. Using our f1PLC system, the presumed plasma metabolites were 
labcled as either more polar than primaquine or less polar than primaquine. 
They can be detected very shortly after primaquine ingestion and arc de- 
tectable long after the primaquine concentration falls below detectable levels, 
Fig. 4. Authentic samples of ( 5 )  have the same retention time as  the less 
polar metabolite in our HPLC system. In addition. in  the samples from the 
two volunteers, the less polar metabolite was subsequently identified as I l l  
by mass ~ p e c t r o m e t r y ~ ~ .  We conclude that the major primaquine plasma 
metabolite in humans is the same as  that found in  rats. 


Analysis of the urinary data from the two volunteers indicated that only 
a small percent of primaquinc was excreted unchanged. Values were 4.2% 
(subject I )  and 2.2% (subject 2) of the oral primaquine dose in  24 h .  Chro- 
matograms indicated the presence of two possible primaquine urinary me- 


1 


HOURS HOURS 


Figure 3-Fitted hlood level curues from two c.olunteers using a nonlinear 
least -squares regression program. 


Unpublished results. 
I "  Microbiological origin; provided by Dr. J .  D. McChaney.  School of Pharmacy, 


I9 Personal cornmunicaiion; Dr. J .  D. McChesney. 
llnivcrsity of Mississippi, Oxford. Miss. 
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lable  11-Estimated Pharmacokinetic Parameters of Primaauine 


k a .  Absorption k c ,  Elimination Lag Time, 
h-' Half-Life, h h-l Half-Life, h h RatioU r2 


Subject 1 0.81 0.85 
Subiect 2c I .47 0.47 


0.257 
0.287 


2.7 
2.4 I 


0.18 
0.87 


7.3 0.946 
3.5 0.976 


0 Ratio of bioavailability/ Vd. After oral administration of 90 mg of primaquine diphosphatc. After oral administration of 60 mg of primaquine diphosphate. 
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Figure 4--Kelationship of plasma blood level curves for primaquine (A ) ,  
primaquine metabolite (B), and the more polar metabolite (C), reported as 
peak height in centimeters. 


tabolites, Fig. 2C. Both of these presumed urinary metabolite compounds are 
morc polar than primaquine in our HPLC system. Neither urinary metabolite 
appeared to be I I  or 111, but one appears to have a retention time which was 
the same as that of the more polar plasma metabolite. 


The present method utilizing HPLC with UV detection for thesimultaneous 
determination of primaquine and its carboxy metabolite ( I l l ) ,  is rapid and 
precise. The use of this method for plasma and urine samples of volunteers 
after oral administration of primaquine diphosphate indicates that absorption 
and metabolism is rapid, that there appear to be at least two plasma metab- 
olites (one identified as an oxidative-deamination product of primaquine, 111). 


and that there appear to be two as  yet unidentified urinary metabolites of 
primaquine. 
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Abstract 0 A high-performance liquid chromatographic (HPLC) method 
for the quantitation of metronidazole in pharmaceutical dosage forms has been 
developed. The method is accurate and precise with an HSD of 0.68%. based 
on six readings. The excipients present in various dosage forms did not interfere 
with the assay procedure. A solution of metronidazole decomposed using heat 
showed 0% potency. 


Keyphrases Metronidazole-HPLC, pharmaceutical dosage forms 0 
HPLC-pharmaceutical dosage forms of metronidazole 


Metronidazole is extensively used in medicine as an anti- 
protozoal agent. The USP-NF method (1) for the quantitation 
of rnetronidazole in tablets is based on titration with perchloric 
acid, which requires a tedious extraction-purification proce- 
dure; moreover, other weak bases, impurities, and products of 
decomposition usually interfere with this type of volumetric 
titration. The quantitation of metronidazole in biological fluids 
was reviewed by Wood (2). The purpose of these investigations 


was to develop a stability-indicating assay procedure for the 
quantitation of metronidazole in pharmaceutical dosage forms 
based on HPLC. 


EXPERIMENTAL SECTION 


Chemicals and Reagents-All the chemicals and reagents were USP, N I:, 
or ACS quality and were uscd without further purification. The USP quality 
powder of metronidazole' (2-methyl-5-nitroimidazole- I-ethanol; I )  was used 
as received. 


Apparatus-The high-performance liquid chromatograph2 (HPLC) was 
equipped with a multiple-wavelength detector3 and a recorder4. A semipolar 
column5 (30 cm X 4 mm i.d.) was used. The average size of the particles was 
10 pm.  


~~ 


I G .  D. Scarle & Co., Chicago, 111. 
2 Al.CZO2 equipped wi th  U6K universal injector: Waters Associates. Milford. 


Mass. 
Spectroflow monitor SF770; Schwffcl lnstrumcnts Corp.. Ramsey. N.J.  
Omniscribe 521 3 - 1  2; Houston Instruments. Austin, Tcx. 
p-Bondapak phenyl; Waters Associates. Milford. Mass. 
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Abstract 0 The pH-solubility profile of a weak acid or base is shown to be 
a function of its pK,,,. pK,, and uncharged species solubility. Equations are 
presented that can be used to calculate the solubility as a function of pH. These 
equations can also be used when there is added salt present. Experimental data 
was obtained in three cosolvent systems consisting of methanol-water and 
ethanol-water. Also, the effect of different acids on the solubility of a weak 
base is reported. A pronounced effect on the solubility by the addition of salt 
is explained in terms of the Ksp.  


Keyphrases 0 pH-profiles uersus solubility, weak acids, weak bases 0 
Solubility-profiles uersus pH, weak acids, weak bases 


It is well known that the solubility of an acid or base is de- 
pendent on its ionization constants and the maximum solubility 
of the various species of the compound ( 1  - 12). In these reports, 
equations were presented that can be used to calculate the 
solubility profile as a function of pH. The pH range over which 
these equations are applicable are, however, limited as some 
only consider the pH region where the uncharged species is 
saturated and none consider the effects of additional salt added 
to the system. Introduction of salts to a saturated solution will 
frequently alter the solubility of tlie compound. This change 
in solubility is related to solubility product ( K s p )  effects as well 
as changes in the activity coefficients. It will be shown that by 
combining the known expressions for solubility as a function 
of pH with the appropriate solubility product expression, 
equations can be obtained which, over a wide pH range, cor- 
relate the measured solubility data with calculated values. To 
perform the calculations, the ionization constant(s), uncharged 
species solubility, and solubility product(s) for the compound 
need to be known. Although these expressions are typically 
used for pure aqueous solvent systems, some of the experi- 
mental data reported utilized methanol-water and ethanol- 
water cosolvent systems and show the applicability of these 


equations to cosolvent systems. The effect of different pH- 
adjusting acids on the solubility of a weak base in water is also 
reported. 


THEORETICAL SECTION 


Expressions have been reported for the solubility of  weak acids and bases 
as a function of pH (1-12). The number of equations required to describe the 
solubility over the entire pH range is dependent on the number of equilibrium 
constants that the compound has. Each equation, representing a different 
region in the solubility profile, contains a different species saturating the re- 
gion'. For monoprotic compounds these equations are: 


where S,,, is the total concentration of all species of compound D in solution, 
i.e.: 


I 


Sm,, = E [Hm-pDI (Eq. 3) 
P - 0  


where m is the number of equilibrium constants,) is the region. [Hm-pD] is 
the concentration of species H, ,,D, IHI".,,DI is the activity (maximum sol- 
ubility) of species H,,D, K is the equilibrium constant. [HI is the hydrogen 
ion activity. and Y, is the activity coefficient for spccies i ( Y O  is that of the most 
protonated species). 


When the species which is saturated in a region is charged, the species ac- 
tivity in Eqs. 1 and 2 can be replaced by the corresponding solubility product 
which for monoprotic compounds in the presence of I :  I electrolytes are: 


K ,  = {MI {DI weak acid (Eq. 4) 


Krp = IHD} 1x1 weak base (Eq. 5 )  


If the compound is a weak acid, the quantity K , , / ( M I  would be substituted 


~~ ~ 


I See Appendix I .  
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for {DI in Eq. 2, while Ksp/{Xl  would be substituted for IHDJ in Eq. 1 for a weak 
base. The terms {MI and 1x1 are the corresponding cation and anion activities 
for the salt MX. 


Since the solubility is dependent on species other than those of the weak 
acid or weak base, the addition of salts to the solutiorl will alter the solubility. 
I f  the salt concentration is sufficiently large that the solubility product in Eqs. 
4 or 5 is exceeded, there will be a decrease in the solubility. There will also be 
an effect on the activity coefficients since the total ionic strength will increase 
with the addition of a salt. This change in  the activity coefficients can result 
in  either an increase or decrcasc in the solubility depending on the salt con- 
centration. When the salt concentration is not sufficiently large that the sol- 
ubility product is exceeded, only the effect on the activity coefficients will be 
presen 1. 


An equation can be derived which can bc used to determine the pH at which 
the solubility expression changes from one region to a second region. The 
derivation takes into consideration the fact that at the pH where the saturated 
species changes, the solution will bc saturated in two species, and the resulting 
equation is obtained by combining the equilibrium expressions for K, and KIP 
with the charge balance equation2. 


The equation obtained will depend on whether the compound is a weak acid 
or a weak base. For a weak acid, the hydrogen ion concentration is given 
by: 


For a weak base it is: 


these calculations, it is important to realize that, whenever possible, estimations 
of the activity coefficients should be made. This is because typical values for 
the activity coefficient of a singly charged species in a solution having a total 
ionic strength of 0.05 M is 4 . 7 5 .  Factors this large entering into the above 
equations will have significant effects. 


EXPERIMENTAL SECTION 


Solubility In Cosolvent Systems-The solubility of 4-[4-[(6-chloro-2- 
naphthalenyl)carbonyl]- 1 -piperidinyl]-1-(4-fluorophenyl)-l -butanone 
was determined in several solvent systems as a function of pH. Additional 
sodium chloride was added into several of the systems to see the effect of an 
added salt and determine how accurately the computer program used tocal- 
culate the solubility profiles could match the experimental data. 


I 


Solution Preparation--dS% Methanol-Ampules were prepared containing 
8.5 mL of methanol, 1.5 mL of water with 0-1.2 equivalents of HCI per 
equivalent of I. and 100 mg of I. In selected ampules, sodium chloride was 
present at concentrations of 0.01.0.025, and 0.05 M. The ampules were scaled 
and placed into a 25.OoC constant-temperature bath, attached to a vibrating 
device, and allowed to equilibrate for 4 d. Following equilibration, the ampules 
were removed, and the contents were assayed. 


50% Erhanol-Ampules were prepared containing 5 mL of ethanol, 5 mL 
of water with 0-1.2 equivalents of HCI per equivalent of 1, and 100 mg of 1. 
In selected ampules, sodium chloride was present at 0.01 and 0.05 M. The 
ampules were treated in the same manner as the methanol samples except they 
were allowed to equilibrate for 3 d. 


25% Ethanol-Ampules were prepared containing 2.5 mL of ethanol, 7.5 
mL of water with 0-1.2 equivalents of HCI per equivalent of I, and 100 mg 
of 1. In selected ampules, sodium chloride was present at 0.01 and 0.05 M. The 
ampules were sealed and treated in the same manner as the methanol sam- 
ples. 


Assay Procedure-The contents of the ampules were filtered through a 
0.2-bm membrane filter5. An appropriate aliquot was removed, and the pH 
of the remaining sample was measured6. The aliquot removed was placed in 
a volumetric flask and diluted with the mobile phase used in the HPLC assay. 
The following conditions were used in the HPLC assay: column, Partisil 10 
ODs-3 (25 cm X 4.6 mm)'; mobile phase, acetonitrile-water (50:50) con- 
taining 0.005 M octanesulfonic acid and 0.2% acetic acid; flow rate, 120 mL/h; 
sample size. 10 WL (0.3-1.4 pg of I); wavelength, 246 nm8. The saturated 
concentrations were determined from the areas under the peaks, calculated 


(Eq. 7, 


For monoprotic compounds, the total solubility given by Eqs. 1 and 2 can be 
rewritten to include the K ,  and addition of salt'. For a weak acid, Eq. I will 
remain the same, but Eq. 2 will become: 


SI.1 = 
1,2 


+4* IHJ K w  - [ X I - - + -  ( I H J  YH IHIYoH Kw ) + [ ( [ x 1 - ~ + ~ ) 2  YMYJ with a centralized computer system9. 


2 (  KYHD ) 
IHIYD + K Y I I D  OH OH 


In the case of a weak base Eq. 2 remains the same while Eq. 1 becomes: 


Sl.0 = 


(Eq. 9) 


A number of methods have been reported ( I ,  2.4, I 3- 15) for determining the 
pK,, PK,~. and uncharged species maximum concentration. Any of these could 
be applied to Eqs.  1 and 8 or 2 and 9 with slight modification. It was found 
that when the uncharged species solubility is established, values for pK, and 
pKSp can be obtained by fitting calculated solubility curves to the experimental 
data. The calculated curves were sensitive to the values of pK, and pKsp used 
and could beestimated to within f 0.01 units by this approach. In performing 


11 


Effett of Diffexent Acids on tbe Solubility of a Weak Base-The solubility 
of terfenadine, 4 4 4  I ,  l-dimethylethyl)phenyl]-4-(hydroxydiphenylmeth- 
yl)-I-pipeiidinebutanol (II) ,  was determined in water as a function of pH using 
lactic acid, methanesulfonic acid, hydrochloric acid, and phosphoric acid. 
Samples were prepared by placing 200 mg of terfenadine into washed 30-mL 
vials and adding 25 mL of aqueous solution containing various amounts of 
the selected acids. The vials were capped with a polytef-laminated rubber 
stopper (previously autoclaved in water to remove any extractable materials) 
and sealed with aluminum feriules. The samples were placed in a sonic water 
bath maintained at  25OC and allowed to equilibrate for 4 d. 


' MDL 17.214: Merrell Dow Pharmaceutical. 


6 Model 4500 with a Radiometer GK 2321C combination electrode: Beckman In- 
Fluoropore filter; Millipore Corp. 


.. - 
strumena. ' Whatman Chemical Se ration, lnc. * SpectroMonitor 111; Lacratory Data Control. 


2SeeAppendix I f .  
See Appendix 111. 


Computer Automated Laboratory System run on a Hewlett-Packard Computer/ 
Disc system: Computer Inquiry Systems, Inc. 
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After equilibration, the lactic acid and phosphoric acid samples were pre- 
filtered through filter paperi0, followed by filtration through a disposable 
0.45-pm membrane filter". This was necessary due to a gel formation with 
these acids at high concentrations. The hydrochloric acid and methanesulfonic 
acid solutions were filtered through disposable 0.45-pm membrane fil- 
ters". 


After filtering, the pH of the solutions was measured1*, and the solutions 
were assayed. To obtain peaks of reasonable area, some samples were injected 
directly and others were diluted with 1% aqueous acetic acid solution. The 
conditions were: column, p-Bondapak C-1 813; mobile phase, acetonitrile- 
water containing 20%0 I M phosphate buffer (pH 7) and 1.2% diethylamine 
(50:50, v/v); flow rate, 2 mL/minI4; injection volume, 50 pLI5; wavelength, 
235 nm*. The saturated concentrations were determined from areas under 
the peaks using a centralized computer system9. 


RESULTS AND DISCUSSION 


The results of the cosolvent solubilities are shown in Figs. 1-3. Adjustments 
to the measured pH were needed due to changes in the standard state with 
the cosolvent systems used (16). These corrections were 0.13 in 85% methanol, 
-0.17 in 50% ethanol, and -0.02 in 25% ethanol. 


Using Eqs. 2 and 9. thc pH-solubility profiles were calculated (lines in Figs. 
1-3). The calculations were made using the Davies equation (1 7) for the ac- 
tivity coefficients: 


where A is a constant for a given temperature and solvent system, Zi is the 
charge on the ion, and 1 is the total ionic strength. Since the calculations are 
complex and would require a significant amount of time to hand calculate, 
a computer program was written to solve the equationsI6. 


In Table 1, the values for pK,, pK,,, and the uncharged species solubility 
for each solvent system are given. There is good correlation between the cal- 
culated curves (Figs. 1-3) and the observed solubility. Also shown in these 
figures is the dependence of the solubility of I on chloride ion. In 85% methanol 
at pH 5. the solubility decreases by 26,46, and 61% in the presence of 0.01, 
0.025, and 0.05 M chloride ion, respectively. A 0.05 M sodium chloride so- 
lution is about one-third the concentration of an isotonic saline solution (0.154 
M). Calculations at  pH 5 indicate a solubility of -1.2 mg/mL in a 0.1 5 M 
sodium chloride solution, which would be a decrease of 80% in the solubility 
compared with no added sodium chloride. Similar decreases in solubility were 
calculated for the 50 and 25% ethanol solutions at pH 5; however, the per- 
centage decrease is greater in these solutions, -90 and 98% in  50 and 25% 
ethanol, respectively (Table 11). 


Inspection of the curves in Figs. 1-3 reveals the following about the solubility 
profile of a weak base. As the solution pH increases there is initially an increase 
in the solubility followed by a region in which there is little change. With a 
further increase in pH, there is again an increase in the solubility until a 
maximum is obtained. Finally. after reaching the maximum, there is a rapid 
decrease in the solubility. 


This behavior in the profile can be explained by considering the various 
equilibria and species which are  present in solution. Initially, the increase in 
solubility is due to a decrease in  the anion concentration (Cl-). This effect 
issubject to the solubility product (Eq. 5 ) .  where the solubility is given by Q. 
9. The total anion concentration is approximately equal to the sum of the 
concentrations of the weak-base protonated species and the hydrogen ion. As 
the pH increases, the hydrogen-ion concentration becomes very small com- 
pared with the weak-base protonated species. When this occurs. there will be 
little change in  the solubility with pH. The maximum shown in  these curves 
is due to the presence of both the charged and uncharged species of the weak 
base. The increase in solubility up to the maximum is due to an increase in the 
weak base uncharged species concentration up to its maximum. The rapid 
decrease in solubility after the maximum is due to a decrease in the weak base 
charged species concentration. These concentrations are controlled by the 
equilibrium constant. The total solubility a t  pH values greater than the 
maximum is given by Eq. 2. As the maximum solubility of the weak base 
uncharged species decreases, the height of the maximum will decrease (see 


~ ~~ 


l o  No. 2;  Whatmdn. 
Gelman Aerodisc. 


l 2  Century SS-I pH meter with an Orion combination single glass electrode; Bbckman 


I3 Waters Associates. 
1' 6000A pump; Waters Associate. 


16 A copy of the program can be obtained by writing the authors. I t  is written in Ex- 


Instruments. 


WISP auto injector; Waters Associates. 


tended BASIC and was run on a PDP 11-70 computer. 
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f i ere  1 -pH-solubility profile of I with hydrochloric acid (solvent system, 
85% methanol-water). Effect of salt on the solubility of I .  Key: (e) no NaCl 
added; (8) 0.01 A4 NaCI; (0)  0.025 M NaCI; (A) 0.05 M Noel.  


Fig. 1 and 3). This is because at the maximum, the solution is saturated in both 
the weak base charged and uncharged species. Finallj, the differences shown 
between the curves for a specific solvent system at  pH values greater than the 
maxima are due to activity coefficient effects. I f  all activity coefficients were 
equal to one, the curves after the maxima would be superimpable .  


I t  is not possible to make direct comparisons of the pKo value with those 
reported in the literature for similar compounds because of the solvent systems 
used. Decreases of > 1 in the pK, values cornpared with pure water for weak 
bases have been reported with 80% ethanol (18). Literature pK, values for 
N-substituted piperidine compounds are  typically 9-10 in pure water (19). 
This indicates that the values reported here are not unreasonable. 


The pK,, values used for the solubility of terfenadine with phosphoric, 
hydrochloric, methanesulfonic, and lactic acids are 5.6, 4.8, 4.6, and 4.05, 
respectively. The pK, value is largest for phosphoric acid and smallest for 
lactic acid. The higher the value of pK,,, the lower the solubility of that salt; 
therefore, the solubility of terfenadine will be lowest in solutions pH-adjusted 
with phosphoric acid and will be highest in those solutions adjusted with lactic 
acid. The solubility profiles of terfenadine using these four acids are shown 
in Fig. 4. There is a maximum solubility between pH 4.5 and pH 5.5. The 
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Figure 2-pH-solubility profile of I wirh hydrochloric acid (solvent system, 
50% ethanol-water). Effect of salt on the solubility of I .  Key: (te) no NaCl 
added; (d) 0.01 M NaCI; (A) 0.05 M NaCI. 
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Figure 3-pH-solubility profile of I with hydrochloric acid (solvent system. 
25% ethanol-water). Effect of salt on the solubility of 1. Key: (tB) no .Vaac'l 
added; (0) 0.01 M NaCI; (A) 0.05 M NaCl. 


decrease in solubility at higher pH is due to the solutions being saturated with 
respect to the uncharged form of terfcnadine. At  low pH, the terfenadine is 
forced out of solution due to the presence of additional anion from the pH 
adjustment. 


Utilizing these pK, values, calculations were madc to show the effects of 
the addition of sodium chloride to hydrochloric acid--terfenadine solutions 
and monobasic sodium phosphate to phosphoric acid-terfenadine solutions 
(Figs. 5 and 6). There is a pronounced effect on the solubility with the addition 
of even low concentrations of salts to these solutions. 


These studies show the dependence of the solubility of a weak base on the 
pK,,, pK,, and maximum solubility of the uncharged species. Equations were 
presented which permit the calculation of pH-solubility profiles knowing the 
above constants. The effect of added salt is also shown where the solubility 
was significantly reduced on the addition of sodium chloride. 


APPENDIX I 


The derivation of Eqs. 1 and 2 and those for polyprotic compounds have 
been reported in detail elsewhere (1 - 12). They can be obtained by considering 
Eq. 3, the standard proton dissociation expressions, and individual species. 
For a monoprotic compound, Eq. 3 becomes: 


S1.j = [HDI + [Dl (Eq. 3 4  


In region j = 0 the HD species is saturated and, therefore, substitution of the 
equilibrium expression Eq. 3b into Eq. 3a for [D] will result in Eq. 3c: 


It is actually the activity of the species which is constant and not the concen- 
tration. Therefore, Eq. 3c should be expressed as Eq. I :  


Table I-Equilibrium and Solubility Constants of I 


Solvent pKsp PL [A] ,  moVL [A] .  pg/mL 


85% Methanol 4.08 7.65 1.76 x 10-3 77 1 
50% Ethanol 4.5 I 7.81 7.5 x 10-5 32.8 
25%Ethanol 5.91 8.27 I X 0.44 


Table 11-Effect of Sodium Chloride On the Solubility of I at pH 5 


Solubility Without Solubility With 
Solvent NaCI. wa/rnLa NaCI. wR/mLO 


85% Methanol 
50% Ethanol 
25% Ethanol 


5520 
2870 


5 09 


1200 
272 


7.8 


Concentration of NaCl is 0. I5 M. approximately isotonic saline. 
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Figure 4-pH-solubility profile of terfenadine with dqferent acids. Eflect 
of different acids on the solubility of terfenadine. Key: (0) lactic acid; (A) 
methanesdjonic acid; (@) hydrochloric acid; (0) phosphoric acid. 
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Figure 5-pH-solubility profile of terfenadine with hydrochloric acid and 
salt. Calculated solubility profiles of terfenadine in solution with 0.05 M 
NaCl (A) and 0.1 M NaCl (B) .  
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Figure bpH-solubi l i ty  profile of terfenadine with phosphoric acid and salt. 
Calculated solubility profiles of lerfenadine in solution with 0.05 M 
NaH2P04 (A )  and 0.1 M NaH2P04 (B). 


Similarly, Eq. 2 can be obtained by substituting the equilibrium expression 
into Eq. 3a for [HD], where in this case the region corresponds to j = 1. 


Equations 1 and 2 can be generaliLed into the equation: 


where KO = 1, and the other symbols are defincd as above. This expression 
allows the determination of all equations necessary to describe the pH-soh- 
bility profileof any compound with protons that dissociate. For example, with 
a diacidic compound in which rn = 2, the following equations are obtained: 


(the ionization constant product of water) results in: 


Rearranging Eq. 6g results in the quadratic equation: 


Solving Eq. 6h for IHI results in the desired equation for a monoprotic weak 
acid: 


(Eq. 6) 


A similar procedure is followed for a monoprotic weak base, but the solu- 


[MI + [HI + [HD]  = (OH] t 1x1 (Es. 7 4  


Substitution for (HD) from Eq. 5 is made into Eq. 6c and into the resulting 
equation for 1x1. On rearranging and solving the resulting quadratic expres- 
sion, Eq. 7 is obtained. 


bility product is given by Eq. 5 and the charge balance is given by: 


APPENDIX I11 


The equation for the total solubility of  a monoprotic weak acid (Eq. 8) in 
the region saturated by the charged species D can be derived as followsi7. 
Starting with Eq. 2 and substituting for (D) from Eq. 4 gives: 


Substituting into Eq. Xa for IM} from the charge balance equation 6b) results 
in: 


(Eq. 14) 
SI.I = ($ + E, K,/([DI + [XI + [ O W  - [HI)Y# (Es. 8b) 


KYHD These equations are applicable to bo th  weak acids and weak bases with ap- 
propriate charge assignments made to the activity coefficients and specie;. 


APPENDIX II  


Substituting Q. 2 into Eq. 8b for ID], the ionization product anstant  ofwater 
(Eq. 6 0  for [OH], and the hydrogen ion activity for [HI gives: 


The pH of maximum solubility for a monoprotic weak acid in the presence 


H D ; H + D  (Eq. 6a) 


sI.I = - - 
( i D  :y"ll,) Ksp / (( YD KYHD :h; ) Yl iD 


of added salt can be determined as followsi7. For the equilibria: -+- 


the equilibrium expression is given by Eq. 3b, and the solubility product is given 
by: 


Ksp = (MI ID1 (Eq. 4)  


+ [ X I  +--- Km' '"I) YM (Eq. XC) 
IHIYoH Yti 


Equation 8c can be rearranged to the quadratic equation: where the added salt is MX. The charge balance equation is: 


[MI + [HI = [OH1 + [Dl + [XI r 1 
Rearranging Eq. 3b yields: 


Substituting for ID} from Eq. 4 into Eq. 6c gives: - !!!! (i + m) = 0 (Eq, 8d) 
YM YD KYHD KIHDIIMI 


(Eq. 6d) 


Substituting for {MI from the charge balance equation (Eq. 6b) into Eq. 


Solving Eq. 8d for 5'1.1 results in: 


Sl,l = 


IHJ = - 
K,Tp 


Further substitution into Eq. 6e for [D] (from the equilibrium expression) 
and for [OH1 from: 


(Eq. 8) 


17 The charga on the ions have not included in thae  H and M are + 1; A similar procedure is followed for a monoprotic weak base to arrive at Eq. 
9. Substitutions are made i n  Eq. 1 for IHD} (from Eq. 5) and for [XI (from OH, D. and X are -1. 
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the charge balance equation, Eq. 7a). On solving the quadratic equation, Eq. 
9 is obtained. 
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Pharmacokinetics of Gliclazide in Healthy and Diabetic 
Subjects 
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Abstract 0 The pharmacokinetics of total and free gliclazide, l-(3-azabicy- 
clo[3,3,0]oct-3-yl)-3-(p-tolylsulfonyl)urea, a potential hypoglycemic drug, 
was studied in healthy ( n  = 12) and diabetic (n = 12) subjects. The serum 
level of gliclazide was determined by a high-performance liquid chromato- 
graphic method (HPLC). The free fraction of gliclazide was obtained from 
serum by an ultrafiltration technique using a collodion membrane. The mean 
adsorption of gliclazide to the membrane was -5w0 when the membrane was 
used more than twice. Therefore, the gliclazide level in the filtrate was cor- 
rected by doubling the apparent value. The ratio of gliclazide-protein binding 
remained constant a t  -92% in serum after administration to healthy anddi- 
abetic subjects. The mean pharmacokinetic parameters of elimination rate 
(Q, time toreach the peak level ( tmaX) ,  elimination half-life (I 112). and volume 
of distribution (Vd) were 0.07 h-I, 2.8 h, 12.3 h, and 17.4 L. respectively. The 
parameters did not differ significantly between healthy and diabetic subjects 
or betwten single and successive administrations; moreover, they did not differ 
between the free and total drug level. Although there were intersubject vari- 
ations, the therapeutic effects of oral administration of gliclazide on serum 
glucose and insulin levels were found in four diabetic patients. The results of 
this study show that the pharmacokinetics of the total gliclazide level reflect 
those of the free gliclazide in serum. 


Keyphrases 0 Gliclazide-protein binding in healthy and diabetic human 
serum Pharmacokinetics-serum gliclazide level after administration in 
healthy and diabetic subjects 0 Ultrafiltration-protein binding of gliclazide 
in healthy and diabetic human serum 


The pharmacokinetic study of serum drug levels is important 
in the assessment of intrinsic properties of a drug (e.g. ,  ab- 
sorption, distribution, metabolism, and excretion) to plan ef- 
fective drug administration. Sulfonylureas, such as tolbuta- 
mide and chlorpropamide, bind to several circulating serum 
proteins (1). In particular, serum albumin strongly interacts 
with many sulfonylureas (2-4) and other drugs ( 5 ) .  Moreover, 
free sulfonylureas are the forms that exert the pharmacological 
effect of hypoglycemic activity (6-8). Therefore, the phar- 
macokinetics of the free sulfonylurea level in blood may be 
useful in programming drug administration. 


The drug level in a protein-free solution must be measured 
to determine the free drug level in blood. Ultrafiltration (9), 
equilibrium dialysis (2, 3, lo), and gel filtration (11) tech- 
niques have been used to measure free drug level. Equilibrium 
dialysis has been commonly used to study the binding of drugs 
and proteins, but the time required to reach equilibration (8-24 
h) is a major disadvantage. Due to simplicity, convenience, and 
speed, an ultrafiltration technique was used to separate the 
protein-free phase from serum in the present study. 


In this study, a sensitive high-performance liquid chroma- 
tographic (HPLC) method (1 2) was used to determine the 
total and free levels of gliclazide (1  3). during a pharmacoki- 
netic study. 


EXPERIMENTAL SECTION 


Subjects-Twelve male volunteers (age, 32-42 years; weight. 54-72 kg) 
served as  test subjects. All were healthy according to clinical examinations 
and routine tests. Twelve patients (seven males, five females; age, 35-76 years; 
weight, 45-80 kg) were patients with maturity-onset diabetes mellitus (FBS: 
121-302 mg/100 mL). They did not have impaired renal function, nor hepatic 
or endocrine disease. 


Methods of Drug Administration-One tablet containing 40 mg of glicla- 
zide’ was administered orally before breakfast to the healthy subjects who 
had fasted overnight. Blood samples were obtained without an anticoagulant 
before and at  1 2. 3,4.6, 10, and 24 h after drug administration. After the 
blood had clotted, the tube was centrifuged at 2500 rpm for 10 min and the 
supernatant serum wasseparated. All serum samples were stored at  -2OOC 
until use. The volunteers had regular mealtimes throughout the experiment. 
Twelve diabetic patients were orally administered two tablets containing 40 
mg of gliclazide (therapeutic dose) in the morning; eight of them continued 
to take the drug (40 mg X 2) daily for 7 d. Blood samples were obtained as  
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of the acetyl group had an overall negative effect on the antimalarial potency 
of this series of thiosemicarbazones. 


Antibacterial Activity-In the assessment of the antibacterial activity of 
the 2-(a-hydroxyacetyl)pyridine thiosemicarbazones (Table I l l ) ,  the strong 
inhibitory effect of the 2-acetylpyridine thiosemicarbazones seen against N. 
gonorrhoeae and N. meningiiidis (3) was also observed here. Most of the 
2-(a-hydroxyacetyl)pyridine compounds had MIC values of <O. 1 pg/mL 
against these bacterial species, and in a few instances the degree of inhibition 
Has slightly superior to that observed with the 2-acetylpyridine thiosemicar- 
bazones. 


Against S. aureus, several of the 2-(~-hydroxyacetyl)pyridine thiosemi- 
carbazones, i.e., llf, h, and j, had MIC values of 0.5- I Fg/mL. Again, there 
were several instances in which inhibitory activity superior to the 2-acetyl- 
pyridine thiosemicarbaiones ( i . e . ,  in Ild, e, h, and k) was seen. 


CONCLUSIONS 


The biological data for the newly synthesized 2-(a-hydroxyacetyl)pyridine 
thiosemicarba7ones indicates that N4,N4-disubstitution provides optimal in 
uiuo and in uiiro antimalarial and antibacterial activities. The introduction 
of a hydroxy function into the a-position of 2-acetylpyridine thiosemicarba- 
zones results in compounds with increased solubility, decreased host toxicity. 
and in some instances. improvement ofantimalarial and antibacterial activity 
in oirro. Howcvcr, this is offset by the concomitant decrease in in uiuo anti- 
malarial effects. These results suggest that pharmacological parameters, such 
as tissue distribution and the rate of  metabolism, play an essential role in de- 
termining the in ciuo antimalarial activity. as well as host toxicity, of this series 
of compounds. 
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Abstract 0 The kinetics of hydrolysis of maleimide was carried out within 
the [OH-] range of 2.46 X to 2.0 M at 30’C. The observed pseudo- 
first-order rate constants, kobs. follow the empirical equation: k o b  = 
(A1 lOH-1 + A2[OH-I2)/( I + A,[OH-1). Both ionized and un-ionized forms 
of maleimide have been suggested to be involved in hydrolysis. The nucleophilic 
attacks by hydroxide ion at the carbonyl carbon of both ionized and un-ionized 
maleimide and by water at thc carbonyl carbon of ionized maleimide to form 
tetrahedral intermediates arc considered to be the rate-dctermining steps. The 
observed results obtained at different I ,4-dioxane-water compositions have 
revealed an increase in k o b  with a decrease in  1.4-dioxanecontent which could 
be attributed to the higher polarity of the transition state compared with the 
reactant state. 


Keyphrases 0 Maleimide-kinetics, mechanism of hydrolysis 0 Hydroly- 
sis maleimide, effect of temperature 


Many compounds containing an imide group act as drugs 
( 1  ). N-Ethylmaleimidc is of interest bccausc of its rapid and 


Michael-type reaction with the sulfhydryl group of proteins 
(2, 3). Usually, the alkaline hydrolysis of amides and imides 
have been found to occur by a stepwise mechanism involving 
the tetrahedral intermediate ( I )  (4). Biechler and Taft ( 5 )  were 
the first to propose an additional oxydianionic tetrahedral 
intermediate (11) in the alkalinc hydrolysis of trifluo- 
roacetanilide. Later, I1  was found to exist in many acyl transfer 
reactions where the acyl substrates contained elect ron-w it h- 
drawing substituents and hydrolytic conditions covered a 
reasonable range of [OH-] ( 6 ) .  Recently, we have observed 
I 1  in the alkaline hydrolysis of methyl-o-methoxybenzoate (7). 
In the continuation of our work on mechanistic studies on 
aqueous cleavage of amides (8)  and imides (9) in a highly al- 
kaline medium, we initiated this study to determine if an in- 
termediate (11) exists and to study the nature of the rate-de- 
termining step. 
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EXPERIMENTAL SECTION 


Materials-Reagent grade maleimide. 2-amino-2-methyl-l,3-propane- 
diol and Tris were obtained commerciallyi. All other reagent grade chemicals 
were obtained commercially* and were used without further purification. 
Glass-distilled water was used throughout the studies. Buffer solutions were 
prepared by partial neutralization. 


Kinetic Measurements-For a typical kinetic run, 47.5 mL of a mixture 
containing sodium hydroxide or buffer solutions of desired pH and potassium 
chloride to maintain the ionic strength was incubated at 3OoC in a thermostatic 
water bathj'for -10-15 min. The reaction was started by adding 2.5 mL of 
0.0125 M solution of maleimide prepared in 100% 1,4-dioxane. An aliquot 
(-2.5 mL) was withdrawn from the mixture and was quickly transferred to 
a 3-mL quartz cuvette kept preincubated (30OC) in the thermostatic cell 
holder of a spectr~photometer~. The temperature was maintained electroni- 
cally by a temperature-control unit of the spectrophotometefl. The progress 
of the reaction was followed by monitoring the disappearance of maleimide 
spectroph~tometrically~ at 300 nm. 


The observed pseudo-first-order rate constants, kob. were calculated 
from: 


Aobs = Eap&o exp(-kobsf) + A- (Eq. 1) 


where XO is the initial concentration of substrate; Aob and A,  are the ab- 
sorbance values a t  any time t and I = =, respectively; and Eapp represents the 
apparent molar extinction coefficient. The nonlinear least-squares technique' 
was used to calculate three unknown parameters (/cob, Eaw, and A,) from 
Q. I .  The calculated values of A,  were compared with the corresponding A h  
obtained after -10 half-lives of the reactions; they were almost the same. Most 
of the kinetic runs were carried out for more than 6 half-lives and fitting of 
the observed data to &. 1 was good for all runs. Maleamic acid and maleic 
acid are expected to have similar extinction coefficients a t  300 nm and 
therefore, the hydrolysis of maleamic acid could not complicate the simple 
first-order kinetics. Furthermore, the bimolecular rate constant for alkaline 
hydrolysis was found to be 2.2 X M-' s-I at 65OC (10). This indicates 
that the rate constant obtained at even the highest [OH-] (2.0 M) and at  
3OoC, is nearly 70-fold larger than the corresponding rate constant for the 
hydrolysis of maleamic acid obtained at  65OC. 
Because of the low aqueous solubility of maleimide, its pK, was determined 


with a spectrophotometric technique (1 I ) .  The valueof the ionizatjon constant, 
KO, was 3.30 (f0.53) X M a t  3OOC. 


Product Characterization-A typical absorption wavelength for a cyclic 
imide group is 300 nm, while an amide group generally does not absorb here. 
Therefore a decrease in absorption peak at 300 nm should demonstrate the 
cleavage of the imide bond. We carried out experiments, described below, to 
determine the quantitative yield of the suspected product, maleamic acid. 


One milliliter of 0.01 25 M maleimide at  3OoC was added to a mixture (total 
volume 19 mL) containing 0.03 M NaOH. The mixture (1 mL) was with- 
drawn at  25 min and was analyzed for ammonia by the nesslerizing technique 
(8, 12). The analysis revealed the absence of any detectable amount of am- 
monia formed within the 25-min period. After more than 12 half-livesof the 
first step of hydrolysis (25 min), 1.0 mL of 10.5 M HCI was added to the 
mixture. The mixture was made acidic because the acid-catalyzed hydrolysis 
of maleamic acid is substantially accelerated due to intramolecular carboxyl 
group participation ( 1  3). The recovery of ammonia was 95% at 300 min, 99% 
at -21 h. and -99% a t  -41 h. Similar results wereobtained for another re- 
action carried out at 0.2 M NaOH (other conditions similar to those described 


~~ ~ 


i Aldrich Chemical Co., Milwaukee, Wis. 
BDH Chemicals Limited, Poole, England. 


3 Gallenkamp. 
Model 35 UV-VIS; Beckman Instruments International S.A.. Geneva, Switzer- 


land. 
in BASIC 


and thecomputations were carried out on VAR-I I and Commodore Proc iona l3016 
computers. 


5 The nonlinmr and linear least-squares corn uter programs were develo 


above). To substantiate the observation that nodetectable ammonia formed 
within 25 min after the start of the reaction in basic medium, we performed 
a kinetic run at 3OoC with a mixturecontaining 2.0 M NaOH and 6.25 X 
M maleimide. The reaction was carried out for >72 h; the observed pseudo- 
first-order rate constant was 1.62 (f0.19) X lo-] min-' which could be 
compared with the literature value (25.8 X min-I) obtained at  65OC 
( I  0). To determine the rate constant for acid-catalyzed hydrolysis of the in- 
termediate product maleamic acid, we carried out a kinetic run containing 
5.952 X M maleimide and 0.03 M NaOH at 3OOC. After 24 min, 1.0 
mL of 10.5 M HCI was added to the mixture. The reaction was followed for 
more than 10 half-lives; the observed pseudo-first-order rate constant was 5.34 
(f0.04) X lo-] rnin-I. This result could be compared with the literature 
values 5.28 X lo-] min-' (14) and 3.16 X lo-] min-l (12). 


We also carried out the hydrolysis of maleimide in the presence of 1 .O M 
HCI at  30°C. The observed result has shown the absence of any detectable 
amount of ammonia formed within 525 min after the start of the reaction and 
only -14, -37, and -46% ammonia was recovered at 23.73, and 97 h, re- 
spectively. This indicates that the acid-catalyzed hydrolysis of maleimide is 
much slower than the base-catalyzed hydrolysis. 


RESULTS 


The alkaline hydrolysis of maleimide was carried out within the hydroxide 
ion concentration range 2.460 X 10-6-2.0 M a t  3OOC. The range 2.460 X 
10-6-5.382 X M was attained by carbonate, 2-amino-2-methyl-1, 3- 
propanediol and Tris buffer solutions while the range of 0.002-2.0 M was 
maintained by sodium hydroxide solution. The ionic strength of the reaction 
medium was kept constant at 1.0 M in the presenceof buffer components and 
2.0 M in presence of sodium hydroxide. The observed pseudo-first-order rate 
constants a t  pH 8.57 and 8.08 (Table I) were obtainFd in the presence of 0.5 
M carbonate buffer. Thecontribution of buffer catdysis to kObp at  these pH 
values could be assumed to be negligible compared with both OH- and water 
catalyses because even within the 10.42-9.37 pH range the increase in total 
buffer concentration from 0.1 to0.7 M has increased k h o n l y  by 6-18%. The 
observed data as  summarized in Table I were found to be best fitted to the 
empirical: 


Table I-Effect of Hydroxide Ion Concentration on the Aqwous Cleavage 
of Maleimide ' 


2.460 X 10-64 
3.243 X 
6.872 X 
7.603 X 
1.352 X 
2.276 X 
4.800 x 10-5 
7.71 I x 10-5 
1.207 x 10-4 
2.000 x 10-4 
5.382 X 
0.002d 
0.01 
0.03 
0.05 
0.07 
0.10 
0.30 
0.50 
0.70 
1 .oo 
1.20 
1.40 
1 S O  
I .70 
1.80 
1.90 
2.00 


io3kObs. S-1 


0.1514 f 0.0058c 
0. I750 f 0.0030 
0.3300 f 0.0055 
0.3 I24 f 0.0023 
0.65 10 f 0.0 190 
0.93 10 f 0.0480 
2.059 
2.633 f 0.042 
4.057 
5.484 
i.312 
7.558 f 0.102 
7.643 f 0.017 
7.989 f 0.030 
8.106 f 0.037 
7.954 f 0.047 
8.509 f 0.031 


10.79 f 0.02 
13.08 f 0.026 
15.04 f 0.13 
18.32 I 0 . 1 3  
20.38 f 0.09 
23.12 f 0.20 
25.11 f 0.22 
27.42 f 0.20 
28.56 f 0.25 
29.98 f 0.24 
31.44 f 0.18 


0.1730 
0.2270 
0.4650 
0.5111 
0.8630 
I .346 
2.346 
3.184 
4.01 3 
4.910 
6.247 
7.094 
7.475 
7.758 
8.001 
8.238 
8.590 


10.92 
13.25 
15.58 
19.07 
21.39 
23.72 
24.89 
27.21 
28.38 
29.54 
30.70 


[ Maleimidelo = 6.25 X lo-' M, 30'C. Unless otherwise stated the ionic strength 
was kept constant at 2.0 M; 5% I .4dioxane in the mixture. * Calculated from Eq. 2 with 
calculated values of A I .  A2. and A ,  as mentioned in the text. C Error limits are standard 
deviations. Calculated from pH values by: [OH-] = lopH * K,("OH-. The activity 
coefficient (vOH-) wascalculated from: IogvOH- = -O.52Z2((p / 2 / 1  + p l / * )  - 0 . 2 ~ 1  
( I  5 )  where p is the ionic strength. The ionic strength was kept constant at  1 .O M for all 
mixtures containing buffer solutions of required pH. 
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Table Il-Effect of Water-l,4Dioxane Mixed Solvent on the Aqueous 
Cleavage of Maleimide a 


I ,I-Dioxane, % (v/v) I O%,b,, s- I 


5 10.68 f 0.0306 
10 9.2 19 f 0.049 
15 7.612 f 0.017 
20 6.572 f 0.024 
25 
30 
40 
50 


5.467 f 0.012 
4.580 f 0.01 2 
3.217 f 0.010 
2.223 f 0.026 


60 1.573 f 0.004 
70 1.199 f 0.01 1 


0 Conditions: [Maleimide]~ = 6:25, X M, 30°C. p = 0.1 M. [NaOHJo = 0.03 
M. Error limits are standard deviations. 


5 .  
3 05 3 15 3 25 


1031 T 


Figure 1-Temperature dependence of kobs for k l  step (0). (kl + k2) step 
(O), and k2 step (0). The solid lines are drawn through the least-squares 
calculated points using the Arrhenius equation. 


where Al. A2, and A3 are unknown parameters. The values of A ! ,  A2. and A ]  
were calculated from Eq. 2 by the use of a nonlinear least-squares technique 
and the respective values thus obtained were: 72.2 f 9.1 M-' s-l, 113.0 f 
15.6 M-2 s-I, and 9709.5 f 1299.2 M-I. The fitting of observed data to Eq. 
2 is evident from the standard deviations of calculated unknown parameters 
as well as  from the calculated values of rate constants (Table I). 


The effect of solvent on hydrolysis was studied at 3OoC with organic co- 
solvent prepared by mixing I ,4-dioxane and water by volume. The hydroxide 
ion concentration and ionicstrength were kept constant at 0.03 M and 0.1 M, 
respectively. The observed data are summarized in Table 11. The increase in 
k o h  with an increase in the dielectric constant ( i .e . ,  increase of water content) 
of reaction medium cannot be explained by simple electrostatic theory (16) 
because under the experimental conditions employed, the proposed reaction 
mechanism involves a neutral and an anionic molecule. In the absence of any 
correct theoretical model which could be used to explain such rate dependence 
on mixed solvents and toassess,qualitatively, the effect of the solvating power 
of the mixed solvents on the rate of hydrolysis, we checked the fitting of the 
observed data with the empirical Crunwald-Winstein equation: log kob = 
log & o  + mY (18). Although the data were not in full agreement with the my 
equation, the value of m was 4 . 2 9  (determined by drawing a straight line 
through the observed points obtained within the mixed solvent range of 
30- 500/006). 


The plot of lo k u b  ticrsus Y was found to be a smooth nonlinear curve with initial 
and final slopes o B 4 . 1 7  and 4 . 4 8 .  respectively. 


Table Ill-Activation Parameters of Hydrolytic Cleavage of Maleimide. 


Table IV-Effect of Ionic Strength on Hydrolytic Cleavage of Maleimide. 


Ionic Strength, [OH-] = 0.03 M [OH] = 1.0 M 
M I 03kOb, s - l  1o3koa, s-1 


I .o 
1.5 
2.0 
3 .O 
3.5 
4.0 


8.882 f 0.064 18.73 f 0.70 
8.932 f 0.049 20.58 f 0.24 
7.989 f 0.030 18.3250.13 
8.226 f 0.073 
7.958 f 0.077 - 


21.78 f 0.21 


- 23.35 f 0.23 


Conditions: (Maleimide]o = 6.25 X M, 30'C. 


The effect of temperature on rate of hydrolysis was studied at 3O-5O0C, 
at  0.03 M, and 1 .O M hydroxide ion concentrations, keeping ionic strength 
constant a t  2.0 M. The observed data are shown graphically in Fig. I .  The 
observed pseudo-first-order rate constants were found to follow Eyring and 
Arrhenius equations (7) and the activation parameters calculated from these 
equations with linear and nonlinear least-squares techniques are summarized 
in Table 111. The activation parameters obtained at  0.03 M NaOH are at- 
tributed to only the &! step because the k2 step has negligible contribution at  
0.03 M NaOH. Similarly, the activation parameters obtained at 1 .O M NaOH 
are attributed to both k l  and k2 steps. 


The ionic strength effect of hydrolysis was studied at two different [OH-] 


0 
I1 


0 


0 
SH 


0 
s- 


irs"" 


l k 3  


/'OH 


'i 


0' h 
'F: 
L Scheme I 


Reaction A P  AH*, - A s ,  E,. RIM 
step kcal/mole kcal/mol ca I /deg. mol kcal/mol In A ,  5-l IOJs-1 c 


20.69 8.88 f O.2Zp 38.8 i 0.7p 9.70 f 0.25e 11.31 f 0.40 1.222 
20. I9 I I .20 f 0.47 29.4 f 1.5 12.22 f 0.54 16.34 f 0.86 5.723 


k i d  
(+ I  + kz)' 
& ,R 20.54 12.54 f 0.73 26.1 f 2.3 13.78 f 0.8 I 18.37 f 1.30 12.892 


* Conditions: [ Malcirnidelo = 6.25 X 
At 0.03 M NaOH. 


M. p = 2.0 M.  AF' was calculated from the rela!ionship k h  = (KeT/h) exp(-AF *, / RT) at 3P.C. K,, = [Z,-l(k,b. - k,M,)'/(N 
Error limits are standard deviations. / A t  1.0 M NaOH. k 2  (S-I) was obtained from the relationship: k 2  = k o b  at 1.0 M NaOh - k , b  a t  0.03 - 2) I i l2 .  


M NaOH where k; = k2[OH-]. 
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(0.03 and 1.0 M) within the ionic strength ranging from 1.0 to 4.0 M. The 
observed results are summarized in Table IV. 


DISCUSSION 


The linear variation of k o b  with [OH-] occurred at  a pH much higher than 
the pK, of maleimide. This revealed that the alkaline hydrolysis of maleimide 
was not a simple second-order process, but followed a complex rate law. The 
simplest mechanism which could explain the observed results may be shown 
in Scheme I. The intermediates TI. T2, and T; were considered short-lived 
chemical species and hence application of steady state approximation resulted 
in the kinetic equation: 


where K ;  = Kl/[H20] = K J K ,  with K .  = [S-]UH/[SH]. 
Recently, Jencks cr al. (19) demonstrated that in the nucleophilic substi- 


tution reactions, the rate of expulsion of the leaving group depends largely 
on the push provided by groups other than the leaving group attached to the 
same atom and the pull provided by the leaving group. Thus, in Scheme I, the 


0 
I I  


I11 IV 
rate constant, k3, should be considerably larger than k-1 and kLl because the 
push provided by the alcoholic oxygen atom to expel the amidic nitrogen atom 
would be larger than the push provided by the amidic nitrogen atom (since 
the nonbonded electrons on the nitrogen atom are not localized to the extent 
that they are localized on the alcoholic oxygen atom) to expel the alcoholic 
oxygen atom from T I ,  as shown in 111 and IV. Furthermore, although the 
iqnization constants of the conjugate acids of leaving groups involved in k-1, 
k +  and k3 steps are almost the same’ (20). the high carbon basicity of oxygen 
compared with that of nitrogen would make k3 larger than k - ,  and k l l .  These 
conclusions thus reveal that k3 >> (k-1 t k L l )  and similarly k4K >> k-2. 
Hence, application of these assumptions reduce Eq. 3 to: 


Equation 4 issimilar to Eq. 2 with A1 = (kl t k’,K;[H20]). A2 = k&, and 
A3 = K ; .  The rate constant k2 (AdA3) was found to be 0.01 16 M-I s-I and 
K ,  wascalculatedfromA3witha knownvalueofK, (1.449X IO-l4M2) (21). 
The value thus obtained (1.41 X M) is comparable with the experi- 
mentally observed value of 3.3 X 
s-l) and AdA3 are considerably larger than the respective values of 6.64 X 


M-I s-I obtained at 8OoC in the hydrolytic 
cleavage of succinimide (22) and 19.1 X M-ls-l 
obtained at 8OoC in the hydrolysis of 3,3-methylethylsuccinimide (23). 


The present data are not sufficient to differentiate between a concerted 
process with transition state V and a stepwise process (Scheme II) involved 


M. The values of Al/A3 (7.44 X 


s-I and 25.68 X 
s-I and 83.9 X 


0 
II 


V 


’ The pKo oracetamide [ 15.4 (20a). 17.1 (2Ob)l and thc value of KJK, of -7 for 
succinamic acid ( 2 2 )  indicate that the acidity of the amide group is not much different 
from water. 


0 0 
I I  


VI 


Scheme II 
VII 


in the conversion of S- toT1. However, as  Jencks (24) has pointed out, the 
concerted process should be expected to occur if the lifetime of an intermediate 
is shorter than that of a molecular vibration of s. Classical one-step 
concerted Sb and E2 mechanisms have been challenged by the proposal that 
such reactions occur through a stepwise mechanism (24); therefore, we prefer 
Scheme I 1  for the conversion of S- to T I .  It has been concluded in the ami- 
nolysis of malehide* that k : ,  is larger than k ;  even when the leaving group 
in  k I l  step is a cationic amine. It is therefore obvious that in Scheme 11, k : ,  
? o d d  be larger than k;because the acidity of H2O+- is much larger than 
,NH:. However, the high leavingabilityof H20+- .compared with >NH: 
from T*-, caused by the difference in their respective acidity, could partially 
be offset by larger basicity toward carbon of oxygen nucleophiles than of amine 
nucleophiles, for a given basicity toward the proton (25). These conclusions 
lead to k;as the rate-determining step. The proton transfer in the k ;  step is 
presumably taking place through a proton switch mechanism (26). 


In previous related studies (27). the formation of the oxydianionic tetra- 
hedral intermediate, T2, was assumed to occur by an equilibrium: 


OH-. K’ 
TI #Ti 


Such an equilibrium is most likely to be significant if  the nucleophilic attack 
to form TI is not the rate-determining step. 


The significantly low value of the Grunwald-Winstein coefficient (m N 


0.29) indicates that the rate is not sensitive to the solvating power of the organic 
cosolvent. However, the increase in rate of hydrolysis with increase in  watcr 
concentrations of the mixed solvents reveals that the transition state involved 
is more polar than the reactants (28). The solvent effect was studied at 0.03 
M NaOH where the contribution of the k2 step compared with the kl  step 
was most likely negligible. It is therefore conceivable to assume that the k ,  
step should be dominant over the kl  step in the formation of TI (Scheme I) 
because the transition state of the k‘, step (VI) is apparently more polar than 
that of the kl  step (VII) and because the ionic reactant of the kl  step is pre- 
sumably more strongly solvated than that of the k; step in a polar solvent. 


The sufficiently large negative value of AS* for the k’, step must be at- 
tributed to the necessity for the proper orientation of more than one water 
molecule in the transition state (29); this could be expected if the transition 
state involved is highly polar. I t  is interesting to notc that the AS* for the k ;  
step is--12.7e.u. more negativecompared with that for thckzstep while the 
AH* for the k 2  step is -3.66 kcal/mol larger than that for the k ;  s-tep. These 
observations are consistent with the proposed transition states VI and VII. 
As expected from the proposed mechanism, the k;  step has been found to be 


* Unpublished observations. 
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insensitive to the ionic strength while a change in ionic strength from 1 .O to 
4.0 M resulted in an increase of -25% in k o b  obtained at I .O bl NaOH. 
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Abstract 0 With the aid of rapidly dissolving sodium chloride particles. cubic 
pores were made in the surface of a theophylline tablet. The influence of the 
pores on the dissolution rate of the surface was investigated in a rotating disk 
apparatus. Like the drilled pores uscd in earlier studies, downstream on the 
surface they caused a turbulent flow regimen with the devclopmcnt of a trough 
due to enhanced erosion. The phenomenon of a critical pore diameter, dis- 
covered with single, drilled pores, seems to be applicable to the cubic pores 
investigated in this study, although a higher degree of surface coverage with 


The promoting effect of pores on the dissolution rate of a 
tablet surface and the effects of individual pores drilled into 
a dissolving surface have been reported (1 - S ) .  The objective 
of this study was to investigate the changes in  dissolution rate 
of a solid surface when several pores, which can not be con- 
sidered to act individually, are present. The hydrodynamic 
conditions around each pore will be influenced by surrounding 
pores and, as a consequence of the interaction of the turbulent 
zones behind the pores, the erosion troughs will overlap. 


pores caused complications, probably due to particles bordering one another 
and forming larger pores. The behavior of the porous surfaces at different 
rotation speeds was studied. Due to the prexnce of pores the laminar character 
of the boundary layer flow changes to turbulent, which induces locally an 
increased dissolution flux in the wake of a pore. 


Keyphrases 0 Dissolution rates-pore effects. theophylline 0 Pore ef- 
fects-influence on dissolution rate, theophylline 


Pores can be drilled into a tablet surface by a drilling tech- 
nique ( 1  - 5 ) ,  but this method is not feasible for a large number 
of pores, and an alternative procedure was followed in this 
study. Sodium chloride particles, characterized by an almost 
cubic shape, were embedded in the surface of a theophylline 
tablet. I n  the dissolution experiment, the sodium chloride 
particles rapidly dissolved leaving (cubic) pores in the slowly 
dissolving theophylline surface. In this way a surface was easily 
supplied with a large number of pores. 
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Abstract 0 A new radioimmunodssay (RIA) procedure for thequantitation 
of chlorpheniramine in plasma is described. The assay allows the determination 
of chlorpheniramine levels up to 96 h after oral administration of a single 4-mg 
tablet to healthy volunteers. This procedure was sensitive to a I56-pg/mL 
plasma concentration when a 100-pL plasma sample was used. The mean 
coefficient of variation over the linear range of the assay from 0. I56 to 20 
ng/mL was 3.79%. The specificity of the assay was investigated, and the an- 
tisera showed 7% cross-reactivity with the N,N-didemethyl analogue and 17% 
cross-reactivity with the N-demethyl analogue. This high degree of specificity 
was also evident from the findings that the plasma Concentrations determined 
by this newly described RIA procedure in samples of two healthy male vol- 
unteers who were administered 4 mg of chlorpheniramine maleate orally gave 
a strong correlation ( r 2  = 0.88) with values obtained by an HPLC-UV pro- 
cedure. The antiserum cross-reacted 100% with brompheniramine and, thus, 
can be used for its analysis in plasma. The described RIA procedure is precise, 
simple, and capable of handling a large number of plasma samples wi th  a 
minimal turnaround time. 


Keyphrases 0 Radioimmunoassay-chlorpheniramine. plasma, comparison 
with HPLC-UV 0 Chlorpheniramine-subnanogram quantitation in plasma, 
RIA, comparison with HPLC-UV 


Chlorpheniramine (2-lp- chloro -a-[2-(dimethylamino)ethyl]- 
benzyllpyridine), a potent antihistaminic drug widely used for 
relief of symptoms of the common cold and other allergic re- 
actions, is a common ingredient in nonprescription antihis- 
tamine preparations. I t  is generally recommended for use in  
relatively low doses (1). Recent studies have established that 
the assay methods of this drug should be sensitive at  least to 
the low nanogram range to adequately follow the plasma 
concentrations for thorough, reliable pharmacokinetic inves- 
tigations (2-6) in children. 


The various methods for the quantitation of chlorphenira- 
mine that have been used include TLC with liquid scintillation 
counting (7), TLC followed by chemical conversion to an azo 
dye and subsequent colorimetric analysis (8),  GC (9-1 5 ) ,  
HPLC (16, 17), and GC-MS (18, 19). Most of the earlier 
methods were developed to assay the drug in dosage forms or 
in urine; only a few procedures (1 5 ,  17-19) have the necessary 
sensitivity to quantitate normal plasma levels of chlorphenir- 
amine after single doses of the drug. The GC procedure using 


electron-capture detection (1 5 )  is complicated because it re- 
quires the liquid chromatographic separation of the drug from 
its metabolites and an oxidation reaction as preliminary steps. 
The HPLC (1 7)  and GC-MS procedures (1 8,19) have ade- 
quate sensitivity to determine 1 -2-ng/mL plasma concen- 
trations after single doses; however, they all require extraction 
of the drug from plasma and/or sophisticated instrumentation 
such as GC-MS and are generally cumbersome for routine 
analysis. Radioimmunoassay (RIA) procedures, on the other 
hand, are usually simple, sensitive, and readily applicable to 
routine analysis. They generally do not require either extrac- 
tion of the drug from plasma or expensive instrumentation. 
Such an RIA method for chlorpheniramine, which is sensitive 
to 0.156 ng/mL and requires only a 100-pL plasma sample, 
has been developed and is reported here. This report also de- 
scribes the comparison of the RIA with a new HPLC proce- 
dure. 


EXPERIMENTAL SECTION 


Materials-Chlorpheniramine maleate', prochlorperazine dimaleate*, 2- 
~-chloro-a-(2-aminoethyl)benzyl]pyridine (11)3, 2-~-chloro-a-[2-(methyl- 
amino)ethyl]benzyl]pyridine and brompheniramine maleate4 were 
used. All solvents were HPLC grade, and all other chemicals were commercial 
analytical reagent grade. The tracer solution was tritiated chlorpheniramine 
with a specific activity of 14.6 Ci/mmol, prepared by catalytic exchange with 
tritium gas5. The following reagents were used without modification: 0.2 M 
phosphate buffer (pH 7.2) and dextran-coated charcoal suspension [prepared 
by the method of Powell er A / .  (20)). A scintillation fluid6 was used for liquid 
scintillation counting. 


Apparatus-A liquid chromatographic pump' fitted with a valve-loop ( 5 0 0  
p L )  injector8 was connected to a variablewavelength detector9 operated at  
229 nm. A Spherisorb 5-pm cyano column (250 mm X 4.6 mm i.d.)Io was used 
at  ambicnt temperature with a flow rate of 3 mL/min. The mobile phase 
consisted of 30% 0.05 M ammonium acetate in acetonitrile. I t  was deaerated 
by filtration]' before use. Scintillation counting was carried out with a liquid 
scintillation counter equipped with an automatic quench compensation'*. 


Liquid Chromatographic Internal Standard-. A stock solution of pro- 
chlorperazine dimaleate (100 pg/mL, calculated as free base) was prepared 
in double-distilled water and stored in  the absence of UV light a t  4°C; this 
was prepared fresh monthly. Dilutions of 200 ng/mL were prepared daily. 


Preparation of Standard Curves-An aqueous solution of chlorpheniramine 
maleate (100 pg/mL, calculated as free base) was prepared monthly in 
double-distilled deionized water and stored at  4OC. Appropriate dilutions of 
the stock solutions were made in plasma. For RIA, this plasma was obtained 
from drug-free volunteers. For HPLC, outdated plasma13 was used. 


1 Schcring Corp. Ltd.. Pointe Claire. Quebec. Canada 
RhBne-Poulenc Ltd.. Montreal, Quebec. Canada. 


'Smi th  Kline & French Laboratories. Philadelphia. Pa 
A.  H. Robins, Canada Ltd. 
Nuclear Research Center, Negev. Beer-Sheva. Israel. 
Ready-Solve MP; Beckman Instruments. Canada. ' Model M-45; Waters Scientific Co., Mississauga, Ontario, Canada. " Model 7 125. Rhcodyne; Technical Marketing Associates, Calgary, Alberta. 


9 Waters Scientific Co., Mississauga, Ontario, Canada. 
10 Spherisorb Phase Separations Ltd.. W i d e  Industrial Estate. Quecnsferry. Clwyd. 


1 1  Millipore Corp., Bcdford, Mass. 
12 Model 121 5;  LKB Rackbeta; Fisher Scientific Co, Canada. 
13 Obtained from the Red Cross. 


Canada. 
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Table I-RIA Estimation of ChlorDheniramine Added to Plasma a Table 11-Cross-Reactivitv of Chloroheniramine Antiserum 


Concentration, Mean, 
ng/mL n B/Bo, % S D , n g  RSDb 


0.156 9 93.3 0.00 I6 1.05 
0.313 7 86.8 0.0070 2.24 
0.625 7 75.6 0.0137 2.19 
1.25 8 59.2 0.0488 3.90 
2.5 6 42.7 0.0608 2.43 
5 


10 
20 


8 25.8 0.2785 5 . s i  
7 15.7 0.4560 4.56 
6 9.7 1.672 8.36 


a Composite standard curve where logit y = M h g l @  + I ;  M = -2.329. I = 0.6686. 
r 2  = 0.999. Mean RSD = 3.79%. 


For RIA, calibration curves were constructed by the following: 


where B is percentage bound, BO is the percentage bound at  zero concentra- 
tions, M is the slope, C is the concentration (ng/mL). and I is the inter- 
cept. 


Liquid Chromatographic Extraction of Samples-The extraction procedure 
was similar to that previously described for chlorpromazine (21. 22). To a 
10-mL polytef-lined screw-capped centrifuge tube ( 1  3 X 100 mm) were added 
2.0 mL of plasma (spiked or from dosed volunteers), 1.0 mL of prochlor- 
pcrazine internal standard (100 ng/mL). and 0.5 mL of saturated sodium 
carbonate solution. The tube was mixed for 5 s. and 5 mL of 3% isopropyl al- 
cohol in pentane was added. The tube was tightly capped and mixedi4 for I5 
min and centrifugedis 10 min at  1725Xg at  ambient temperature. 


The organic layer was transferred to a clean 10-mL tube, and the extraction 
was repeated with another 5.0 mL of 3% isopropyl alcohol in pentane. The 
combined organic extracts were evaporated at 65OC in a dry bathi6. The dried 
residue was dissolved in 200 p L  of acetonitrile, and 100 p L  was injected into 
the chromatograph. 


Synthesis of Drug Protein Conjugate and Production of Antisera-Antisera 
were raised in New Zcaland White rabbits to an immunogen synthesized by 
covalent linkage of bovine serum albumin to N-(2-carboxyethyl)demethyl- 
chlorpheniramine employing the mixed anhydride condensation reaction (23, 
24). A blank was prepared in the same manner without demethylchlor- 
phcniramine. The number of hapten residues per mole of bovine serum al- 
bumin was determined to be 4 by a UV method (23,24). 


The hapten N-(2-~arboxyethyl)demethyIchlorphcniramine was prepared 
by alkaline hydrolysis of N-(2-methoxycarbonylethyl)demethylchlorpheni- 
ramine, a compound synthesized by refluxing equimolar amounts of methyl 
acrylate and 111 (25). The addition of 111 to methyl acrylate was monitored 
by GC, in  which the absence of the peak due to I l l  indicated completion of 
addition. 


Four rabbits were cach given one intradermal injection of 1.0 mg of the 
immunogen emulsified with 0.5 mL of Freund's complete adjuvant and 0.5 
ml. of isotonic saline. The rabbits were given four injections at 2-week intervals 
with the same amount of immunogen emulsified with Freund's incomplcte 
adjuvant. Four intravenous boosters of 1.0 mg of immunogen dissolved in 0.25 
mL of isotonic saline were given. After the second booster, titers of 1:500 were 
produced in  three of the rabbits, and titers of 1:1000 were produced in the 
fourth. Subsequent injections did not increase the titer. The antiserum from 
cach of the rabbits was characterized for its cross-reactivity and sensitivity. 
The antiserum employed in the present study was lyophilized and stored at 
- 2 O O C .  An aliquot of 25 mg was weighed out and reconstituted with 31.25 
mL of phosphate buffer (pH 7.2). The cross-reactions (50% inhibition of 
binding at zero drug concentration) for the metabolites and other drugs were 
determined by the criteria of Abraham (26). 


Radioimmunoassay-The assay was done in  subdued light and an ice water 
bath so as to maintain the temperature at 4OC. To a 12 X 75-mm polystyrene 
tube containing 100 p L  of plasma sample (standard or from dosed volunteer) 
was added 250pL of tritiated chlorpheniramine (22,000 dpm) diluted in 0.2 
M phosphate buffer (pH 7.2). The tube contents were mixedi7 for 5 s. An 
aliquot of 250 pL of the antiserum (80 mg in 100 mL) was added, and the tube 
contents were mixedi7 once more for 5 sand incubated at  4OC for 60 min. To 
this incubated solution was added 1 .O mL of a cold dextran-coated charcoal 
suspension (4OC). The tube contents were mixedi7 again for 5 sand incubated 
for 30 min at 4OC. The sample was then centrifugedi5 at  1720Xg for 10 min 


~~ ~~ 


I' SMI,  Multitube Shakers; Canlab, Edmonton, Alberta. Canada. 
I s  TJ6 Centrifuge; Beckman Instruments. Canada 
l 6  Thermolyne Dri-Bath; Fisher Scientific Co. 


Vortex Genie; Fisher Scientific Co., Canada. 


Cross-Reactivi ty. 
Compound Tested % 


Brompheniramine (I) 100 
7 


17 


Chlorpheniramine (IX) 100 
N-(2-Carboxvethvl)demethvlchlor~heniramine (V) - 


at  4 "C. The supernatant was decanted into a scintillation vial containing 10 
mL of cocktail6 and then counted. 


Plasma Level Study-A 4-mg dose of a commercial preparation of chlor- 
pheniramine maleateis was given orally with 250 mL of water to each of two 
volunteers (weight, 56 and 60 kg, respectively). Blood samples were collected 
from each of the volunteers over a 96-h period in evacuated glass tubesI9 and 
centrifuged, and separated plasma was stored at  4OC for a maximum of 7 d. 
During collection of the venous samples, care was taken to avoid contact of 
the blood with the rubber stopper of the evacuated tube. For three of these 
blood samples for each volunteer, one extra tube of blood was collected in the 
conventional manner in which blood was allowed to come into contact with 
the rubber stopper. 


Recovery Study for Liquid Chromatography-For the determination of 
chlorpheniramine recovery, blank plasma was spiked with 5 or 20 ng of 
chlorpheniramine/mL. The tritiated chlorpheniramine (10,400 dpm/mL) 
was also added to the spiked plasma. This brought the total concentration of 
chlorpheniramine added to 5.25 or 20.25 ng/mL. The samples were extracted 
as  previously described, except that the organic layers were transferred to a 
20-mL borosilicate glass scintillation vial and dried. Cocktail6 (10 mL per 
vial) was also added, mixed, and then counted. Recovery of chlorpheniramine 
was determined by counting the radioactivity recovered versus the amount 
added. 


Analytical Recovery for Radioimrnunoassay-Tritiated chlorpheniramine 
was added to plasma samplcs containing chlorpheniramine and incubated with 
buffer in accordance with the procedure described above. The solutions were 
then decanted into scintillation fluid, and the radioactivity was measured. The 
recoveries of 0.156-20 ng were -95%. which are similar to the values reported 
for another basic drug, trifluoperazine (27). It should be emphasized that 
during the decanting technique. small amounts of the sample adhere to the 
sides of the tube; thus, actual recoveries may be greater. When the tracer was 
added directly to the polystyrene tube without using plasma. >40% of the 
tracer was lost, probably due to adsorption onto the surface of the tube. Thus, 
all standards at  a low nanogram range of chlorpheniraminc were prepared 
in plasma. 


RESULTS 


Radioimmunoassay-The amount bound at zero concentration of chlor- 
pheniramine was determined at incubation times of 30,60, and 90 min and 
at  temperatures of 4OC and 37OC for the first incubation step in the assay. 
From the results of these experiments, the optimal conditions for the assay 
were found to be an incubation time of 60 min at 4OC, and BO was 23%. The 
concentrations of unknown samples were estimated by running a calibration 
curve with each set of unknown samples. 


Table I shows a composite standard curve covering the range of 0.1 56 to 
20 ng/mL, which is definable by: 


I-ogity = -2.329 - loglo x + 0.6686 ( r 2  = 0.999) (Eq. 2) 


Specificity--The cross-reactivity of the available metabolites of chlor- 
pheniramine, as  well as the related drug brompheniramine, as  assessed by the 
criteria of Abraham, is recorded in Table 11. Brompheniraminc, as expected, 
did cross-react 100%. Thus, this antiserum can be used for the development 
of an RIA for bromphenirarnine. The N-demethyl and N,N-didemethyl 
metabolites of chlorpheniramine cross-reacted 17 and 7%, respectively. The 
significant cross-reactivity of the pharmacologically active N-demethyl me- 
tabolite (17%) was not surprising since the antisera were raised to a drug- 
protein conjugate prepared by coupling to this secondary amine. This also may 
explain the 7% cross-reactivity of the N,N-didemethyl metabolite. This relative 
cross-reactivity of 7% of the N.N-didemethyl metabolite was the same as  that 
observed in the case of the chlorpromazine RIA (28). In the chlorpromazine 
RIA. the antisera raised in New Zealand White rabbits to the bovine serum 


Chlor-Tripolon; Schering Inc.. Canada. 
l 9  Vaculainers, cach containing 143 USP units of sodium heparin; Becton. Dickinson 


and Co., Mississauga, Ontario, Canada. 
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Figure I-Plasma concentrations versus timeprofiles obtained by RIA (0) 
and HPLC (@)/ . r  two healthy volunteers ( A  and B) weighing 56 and 60 kg, 
respectively, each of whom receiced a 4-mg dose of chlorpheniramine ma- 
leate. 


albumin conjugate of N-(2-~arboxyethyl)dcmethylchlorpromazine cross- 
reacted 7% with the K,N-didemethyl metabolite. 


The detection limit is < 15.6 pg, which corresponds to 0.1 56 ng/mL if a 
100-pL plasma sample is used. This sensitivity is greater than any method 
reported for chlorpheniramine. Thus, this RIA should be ideal for samples 
from infants and children, as the plasma volume needed does not exceed 0.2 
mL for duplicate analyses of each sample. 


Precision-The coefficient of variation for the replicate analyses of various 
concentrations of chlorphcniramine from 0.156 to 20 ng/mL is shown in Table 
1. The coefficient of variation of 0.1 56 ng/mL ( n  = 9) was -I .05%. 


Influence of Plasma Volume on Standard Curves-Standard curves were 
prepared by use of 50-, 100-. and 200-pL volumes of plasma. The slopes and 
intercepts derived were identical, thcreby suggesting that plasma volumes did 
not affect the assay. 


Capacity and Application of the Procedure-One technician can assay 
50 samples in triplicate in a normal working day. Concentrations in plasma 
measured in  two healthy volunteers (weight, 56 and 60 kg) after oral ad- 
ministration of a single 4-mg dose of the maleatc salt of the drug are illustrated 
in Fig. 1 .  Note that the assay can easily quantitate the drug and/or its N -  
dealkylated metabolites in specimens collected as late as 96 h after a single 
oral dose. 


Effect of Rubber Stoppers of the Evacuated Glass Tubes on Plasma 
Concentration Determination-To establish whether the measurement of 
the weakly basic lipophilic compound, chlorpheniramine [pK, 8.99, (29)]* 
is affected by contact with the rubber stoppers of the evacuated glass tubes, 
the duplicate samples of blood from the two dosed subjects were collected at  
three different times as described above. In each case, the first sample was 
collected with the evacuated tube held vertically so that the blood did not touch 
the rubber stopper a t  any time, whereas the second sample was collected im- 
mediately, with the tube held horizontally so that the blood did touch the 
stoppers. Plasma was prepared from the duplicate samples, which were ana- 
lyzed in parallel by the RIA procedure. There was substantial reduction 
(18-30%) of the apparent plasma concentration of chlorpheniramine in all 
six samplcs when the blood was allowed to touch thestoppers. Thissignificant 
lowering of apparent plasma concentration in chlorpheniramine is similar to 
that reported for other weakly basic lipophilic drugs (30). Therefore, for 


\ 
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Figure 2-Chromatograms of extracts from 2.0 mL of plasma. Key; (A) blank 
plasma; (B) plasma spiked with chlorpheniramine (b. 5.0 nglmL) and internal 
standard prochlorperazine (a. 100.0 ng/mL); (C) plasma sample from a 
uolunteer (56 kg) 7.5 h postdose (chlorpheniramine maleate. 4 mg). estimated 
to contain 6.1 ng of the drug per mL of plasma. 


chlorpheniramine, during blood collection procedures, contact with the rubber 
stoppers should be avoided. 


High-Performance Liquid Chromatography-Under the HPLC conditions 
described above, chlorpheniramine and the internal standard prochlorperazine 
gave sharpand symmetrical peaks that eluted in 6 min (Fig. 2). Nointerfer- 
ence from endogenous plasma constituents was observed. Figure 2B shows 
a chromatogram of a spiked plasma sample containing 5.0 ng of chlor- 
pheniramine/mL and 100 ng of prochlorperazine/mL. Figure 2C shows a 
chromatogram of a 7.5-h postdose plasma sample (2 mL) from a volunteer 
(56 kg) who received 4 mg of chlorpheniramine maleate orally, with the 
chlorpheniramine concentration estimated as  6.1 ng/mL. N-Demethyl- 
chlorpheniramine and N,N-didemethylchlorpheniramine do not interfere in 
the assay, as they are eluted at 4.2 and 3.1 min, respectively, as compared with 
chlorpheniramine and the internal standard, which elute with retention times 
of 5.7 and 4.7 min, respectively. Brompheniramine may also be amenable to 
analysis by the described HPLC assay, as it elutes a t  a retention time of 5.4 
min. 


Table I I I  shows a composite standard curve for the quantitation of chlor- 
pheniramine by HPLC from plasma. The curve is linear with a negligible 
intercept over the concentration range of 5-25 ng/mL. The ratios of chlor- 
pheniramine to prochlorperazine peak heights plotted against chlorphenira- 
mine concentrations gave a straight line passing through the origin ( r2  = 
0.999). A mean slope valueof 0.0102 f 0.00089 wasobtained. Thesensitivity 
at 229 nm for chlorpheniramine (Fig. 2) is such that the HPLC assay can 
quantitate 2.5 ng/mL of the drug in plasma. This sensitivity is comparable 
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Table 111-HPLC Estimation of Chlorpheniramine Added to Plasma a 


Concentration, Mean Peak 
ng/ml. n Height Ratio SD RSD, % b  


5 6 0.05 I7 0.00 I7 3.39 
10 6 0.1024 0.0060 5.90 
15 6 0.1 552 0.0085 5.47 
20 7 0.205 I 0.0054 2.64 
25 8 0.2555 0.01 30 5.08 


' y  = mx.  where m = 0.0102 f 0.00089 and r 2  = 0.99996. Mean RSD = 4.5%. 


with that reported for chlorphcniramine by a reverse-phase system with CV 
detection at 254 nm ( 1  7). 


The overall recoveries of chlorpheniramine obtained from seven determi- 
nations, each at two concentrations (5.25- and 20.25-ng/mL of plasma) were 
78. I5 f 2.71 and 78.43 5.Y2, respectively. A mean percent recovery of 78.29 
f 4.32 was considered satisfactory. 


Application of the described 11PI.C procedure to plasma concentration 
determinations in  two healthy volunteers (56 and 60 kg), each of whom re- 
ceived a single oral dose of a commercial preparation19 containing 4 mg of 
chlorpheniramine maleate, is shown in  Fig. 1. As can be seen, the method is 
of sufficient sensitivity toanalyze specimens obtained up to 48 h after this low 
oral dose, whereas the RIA procedure could measure thc plasma concentra- 
tions in the specimens u p  to 96 h. 


DISCUSSION 


Sensitive. specific, and reproducible procedures are essential in order to 
carry out pharmacokinetic investigations of drugs which are given in small 
doses. Rapidity, high sample turnover, and low cost would be advantageous 
in encouraging clinicians to monitor plasma levels in individuals who do not 
respond to a certain dose of a drug. 


For chlorpheniramine, two such methods are described here. The RIA 
procedure has the simplicity and sensitivity to measure plasma concentrations 
of chlorpheniramine and/or its N-dealkylated metabolites in specimens col- 
lected as late as 96 h after administration of single low doses, such as  4 mg. 
Because of its sensitivity, the RIA procedure is well suited to determine plasma 
chlorpheniramine levels in infants and children where the available plasma 
volume may not be large. The described HPLC procedure could measure 
concentrations up to 48 h after administration of single low doses in the two 
volunteers studied here. The plasma half-lives of chlorpheniramine after the 
single oral dose of 4 mg of the maleate salt in  these two volunteers were esti- 
mated by the HPLC method to be 17 and 23 h, which are comparable with 
previous reports (2 ,3) .  However, these half-lives were estimated by the RIA 
procedure for these volunteers as 35 h in each case. This over-estimation in 
half-lives is probably due to the cross-reactivity (17%). especially of the active 
.N-demethyl metabolite with the antiserum used. Similarly, area under the 
plasma concentration timc curves u p  to 48 h (AUCf)  by RIA for the two 
subjects were 330 and 222 ng.h/mL. rcspcctively, whereas these values by 
HPLC were 205 and 187 ng.h/mL. rcspcctivcly. This overestimation of A U G 8  
and I .5-2.0-fold increase in half-life values between RIA and HPLC suggest 
that the RIA may not be useful in  pure pharmacokinctic studies of chlor- 
pheniramine. 


The increases of 61 and 19% in thc AUC:n value when measured by R I A  
probably represent the contributions due to the N-dcmcthyl and, to a lesser 
extent, the N,N-didemethyl metabolites. The N-dcmethyl and N.N-didem- 
ethyl metabolites could not be detected by Huang el a / .  (2) in plasma after 
single oral doses. After both single and multiple doses of chlorpheniramine. 
the N-demethyl and N.N-didemethyl metabolites constitute 22 and 3%. re- 
spectively, of the total administered dose of the drug excreted in urine. This 
raises the possibility that there may be other unknown metabolites. which are 
responsible, at least in part. for the diffcrcncc in results from RIA and HPLC. 
In spite of the cross-reactivity of the antiserum to the N-demethyl metabolite 
( I  7%). the RIA procedure. when compared with the t1PI-C method. gave a 
slope of 1.21 with a positive intercept of 0.46 and a correlation coeflicent of 
0.88 in plasma samples from the two healthy volunteers, who were each given 
orally a single dose of chlorpheniramine maleate. 


The described RIA procedure is simple, precise, and capable of handling 
a large number of samples. This RIA may be useful for comparative bio- 
cquivalency studies of different formulations and for monitoring compliance. 


The HPLC method is reliable and should bc well suited for pure phar- 
macokinetic studies. 
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lable  11-Estimated Pharmacokinetic Parameters of Primaauine 


k a .  Absorption k c ,  Elimination Lag Time, 
h-' Half-Life, h h-l Half-Life, h h RatioU r2 


Subject 1 0.81 0.85 
Subiect 2c I .47 0.47 


0.257 
0.287 


2.7 
2.4 I 


0.18 
0.87 


7.3 0.946 
3.5 0.976 


0 Ratio of bioavailability/ Vd. After oral administration of 90 mg of primaquine diphosphatc. After oral administration of 60 mg of primaquine diphosphate. 
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Figure 4--Kelationship of plasma blood level curves for primaquine (A ) ,  
primaquine metabolite (B), and the more polar metabolite (C), reported as 
peak height in centimeters. 


tabolites, Fig. 2C. Both of these presumed urinary metabolite compounds are 
morc polar than primaquine in our HPLC system. Neither urinary metabolite 
appeared to be I I  or 111, but one appears to have a retention time which was 
the same as that of the more polar plasma metabolite. 


The present method utilizing HPLC with UV detection for thesimultaneous 
determination of primaquine and its carboxy metabolite ( I l l ) ,  is rapid and 
precise. The use of this method for plasma and urine samples of volunteers 
after oral administration of primaquine diphosphate indicates that absorption 
and metabolism is rapid, that there appear to be at least two plasma metab- 
olites (one identified as an oxidative-deamination product of primaquine, 111). 


and that there appear to be two as  yet unidentified urinary metabolites of 
primaquine. 
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Abstract 0 A high-performance liquid chromatographic (HPLC) method 
for the quantitation of metronidazole in pharmaceutical dosage forms has been 
developed. The method is accurate and precise with an HSD of 0.68%. based 
on six readings. The excipients present in various dosage forms did not interfere 
with the assay procedure. A solution of metronidazole decomposed using heat 
showed 0% potency. 


Keyphrases Metronidazole-HPLC, pharmaceutical dosage forms 0 
HPLC-pharmaceutical dosage forms of metronidazole 


Metronidazole is extensively used in medicine as an anti- 
protozoal agent. The USP-NF method (1) for the quantitation 
of rnetronidazole in tablets is based on titration with perchloric 
acid, which requires a tedious extraction-purification proce- 
dure; moreover, other weak bases, impurities, and products of 
decomposition usually interfere with this type of volumetric 
titration. The quantitation of metronidazole in biological fluids 
was reviewed by Wood (2). The purpose of these investigations 


was to develop a stability-indicating assay procedure for the 
quantitation of metronidazole in pharmaceutical dosage forms 
based on HPLC. 


EXPERIMENTAL SECTION 


Chemicals and Reagents-All the chemicals and reagents were USP, N I:, 
or ACS quality and were uscd without further purification. The USP quality 
powder of metronidazole' (2-methyl-5-nitroimidazole- I-ethanol; I )  was used 
as received. 


Apparatus-The high-performance liquid chromatograph2 (HPLC) was 
equipped with a multiple-wavelength detector3 and a recorder4. A semipolar 
column5 (30 cm X 4 mm i.d.) was used. The average size of the particles was 
10 pm.  


~~ 


I G .  D. Scarle & Co., Chicago, 111. 
2 Al.CZO2 equipped wi th  U6K universal injector: Waters Associates. Milford. 


Mass. 
Spectroflow monitor SF770; Schwffcl lnstrumcnts Corp.. Ramsey. N.J.  
Omniscribe 521 3 - 1  2; Houston Instruments. Austin, Tcx. 
p-Bondapak phenyl; Waters Associates. Milford. Mass. 


0022-35491 8 4  0900- 133 1$0 7.001 0 
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Table &Assay Results 


Percent of Label Claim Found 
Using USP-NF Using HPLC 


Metronidazole, Other Ingredients, Method Method 
Dosage Form mg/mL or mg/tablet (mg/mL) (RSD, %) ( R S D ,  


Recovery Data from Commercial Formulations 
Commercial solution 1 d 


Commercial solution 2e 


Commercial solution 3/ 


Commercial vial Powder 
1 C  


2h 
Commercial vial Powder 


Tablets, lot I 


Tablets, lot 2J 


Tablet 1 


Tablet 2 


Tablet 3 k  


Tablet 4 k  


Tablet 5 I. 


Tablet 6 k  


Tablet 7' 


Synthetic powder 1 


Synthetic powder 2 


Synthetic solution 1 


Synthetic solution 2 


Synthetic solution 3 


5.0 


5.0 


5.0 


500 mg/vial of 
metronidazole 
as HCI salt 


500 mg/vial of 
metronidazole 
as  HCI salt 


250 


250 


250 


250 


250 


250 


250 


250 


250 


160 


I60 


2.5 


5.0 


2.5 


Sodium Phosphate 4.8, Citric Acid, 2.3, and Sodium 
Chloride 7.9 


Mannitol, 41 5 


Mannitol, 41 5 


Blue Coloring Matter and Excipients 


Blue Coloring Matter and Excipients 


Blue Coloring Matter and Excipients 


Blue Coloring Matter and Excipients 


Blue Coloring Matter and Excipients 


Blue Coloring Matter and Excipients 


Blue Coloring Matter and Excipients 


Blue Coloring Matter and Excipients 


Blue Coloring Matter and Excipients 


Recovery Data From Synthetic Mixtures 
Mannitol, 160 


Mannitol, 160 


Sodium Phosphate 2.5, Citric Acid 1.5. and Sodium 
Chloride 4.0 


Sodium Phosphate 5, Citric Acid 2.5, and Sodium Chloride 
8 


Mannitol 2.5 


- a  


-a 


- 0 


_ _ a  


- a 


99.5 
(0.76) 
99.3 


(0.78) 
- b  


- b  


- b  


- b  


..~ b 


98.2(--') 


100.3 (-') 


-a 


-a 


-a 


99.2 
(0.68) 


99.8 
(0.66) 


99.8 
(0.67) 
104.9 
(0.69) 


102.8 
(0.69) 


99.2 
(0.70) 


99.6 
(0.68) 
100.5 
(-9 
98.3 


(-9 
99.2 


(-9 
101.5 
(4 
97.8 


(-9 
98.2 


(-C) 
100.1 
(-9 


99.9 
(0.68) 
100.4 
(0.69) 
100.0 
(0.69) 
100.2 
(0.68) 
100.2 
(0.67) 


a USP-NF method not specified for solutions and not applicable to metronidazole hydrochloride powder. 
Not determined for single-tablet assay. 


These single tablets were not assayed using the USP-NF method. 
All commercial solutions were obtained from G. D. Searle & Co.; solution no. 1 from lot 52VOS4N4. Lot ZH 104.1 Lot 3L 01 1. 8 Lot 


1181-166. * Lot 483-174. Lot 782-008; average of 10 tablets, one determination. 1 Lot 683-048; average of four tablets, one determination. Ir Lot 782-008. 


Chromatographic Conditions-The mobile phase was an aqueous solution 
of 0.02 M KH;?PO4 (pH -4.2). 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/h. 
Solution Preparation-The stock solutions of metronidazole ( I  .60 mg/mL) 


and phenylpropanolamine hydrochloride (10.0 mg/mL) in water were pre- 
pared fresh daily. Metronidazole was dissolvcd in water with the aid of gentle 
heat ( S O T )  to hasten dissolution. Preliminary investigations indicated that 
there was nodecomposition with gentle heat. A stock solution of acctamino- 
phen (0.40 mg/mL) was prepared by dissolving 40.0 mg of acetaminophen 
in 1 mL of methanol and then bringing it to volume (100.0 mL) with water. 
The standard solutions were prepared as needed by diluting the stock solutions 
with water. For assays, the concentrations (in pg/mL) of metronidazole, 
phenylpropanolamine hydrochloride, and acetaminophen were 200, 1400 and 
40, respectively. 


The assay solutions were prepared by mixing a solution (from ready-to-use 
bags or vials) representing 20.0 mg of metronidazole with 14.0 mL of the stock 
solution of phenylpropanolamine hydrochloride (the internal standard) and 
then bringing it to volume (100.0 mL) with water. To assay the contents of 
the vials containing powder (metronidazole hydrochloride =SO0 mg of me- 
tronidazole), the contents were dissolved in water and brought to volume 
(100.0 mL) with water. Four milliliters of the mixture were combined with 
14.0 mL of the stock solution of phenylpropanolamine hydrochloride and 
brought to volume (100.0 mL) with water. 


Extraction Procedure for Tablets-Ten tablets were accurately weighed 
and ground to a fine powder. (When content uniformity was to be determined, 
a single tablet was ground to a fine powder.) Powder representing 80.0 mg 


of metronidazole was added to -90 mL of water in a I SO-mL beaker. The 
solution was gently heated (with stirring) to 6OoC on a hot plate and then 
allowed to cool to room temperature. The solution was transferred to a 1 W m L  
volumetric flask, brought tovolume with water, and filtered6. The first 20 mL 
of the filtrate was rejected; the rest was further diluted. Then, 12.5 mL of the 
solution was mixed with 7.0 mL of the stock solution of phenylpropanolamine 
hydrochloride and brought to volume (50.0 mL) with water. 


Assay Sample of Decomposed Ready-to-Use Solution (5.0 mg/mL)-Ten 
milliliters of the solution was mixed with -4 mL of -1 M NaOH solution in 
a 150-mL beaker and then heated to boiling on a hot plate for -25 min (water 
was replaced as necessary). The mixture was cooled, the pH adjusted to -6 
using - 0 . 5  M HCI, and brought to volume (250.0 mL) with water. 


Chromatographic Procedure-A 20-pL aliquot of the assay solution was 
injected into the chromatograph under the conditions described above. For 
comparison, a 20-pL aliquot of the standard solution containing identical 
concentrations of metronidazole and phenylpropanolamine hydrochloride 
was injected after the assay was eluted. 


Calculations-Since preliminary investigations indicated that the ratio of 
the peak heights of metronidazole and phenylpropanolamine hydrochloride 
were directly related to the concentration of metronidazole (range tested 2-6 
pg), the results were calculated using the equation: 


X 100 = percent of label claim found Rpha 
Rphr 


where Rpha is the ratio of the peak heights of drug-internal standard of the 


6 Whatman #I filter paper 
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Figure 1-Typical chromatograms; peaks I and 2 are from phenylpropa- 
nolamine and metronidazole. respectively. Chromatograms A-C are from 
a standard solution, a ready-to-use solution (No. I ,  Table I) ,  and from tablets. 
respectively. 
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Figure 2- Typical chromatograms; chromatogram A is from a decomposed 
solution (see text). All  the peaks are from the decomposition products; no 
internal standard was added to this solution. Chromatogram B is from a 
standard solution with acetominophen (peak I )  as the internal standard and 
metronidazole {peak 2).  
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Figure 3-A calibration curve of the ratio of the peak heights (metronida- 
zole-phenylpropanolamine/ and concentration of metronidazole. An average 
RS D based on six injections. was 0.68%. 
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assay solution, and Rphs is the ratioof the peak heights of drug-standard so- 
lution. Alternatively, the results may be calculated using the standard 
curve. 


RESULTS AND DISCUSSION 


The assay results (Table I )  indicate that the developed HPLC method for 
the quantitation of metronidazole in  pharmaceutical dosage forms can be 
adopted. It is accurate and precise with an KSD of 0.68%, based on six in- 
jections. Before developing phenylpropanolamine hydrochloride as the internal 
standard (Fig. I ) ,  acetaminophen was tried (Fig. 2). Acetaminophen can be 
used as  an internal standard if some active or inactive products of decompo- 
sition interfere with the phenylpropanolamine peak. The concentrations were 
directly related to the ratio of peak heights between a range of 2-6 pg (Fig. 
3). No preliminary extraction procedure was required to assay the ready-to-use 
solutions or the powders, which contained 415, mg of mannitol for each 500 
mg of metronidazole. The presence of sodium phosphate, citric acid, and so- 
dium chloride in the ready-to-use solutions, and mannitol in the powders, did 
not interfere with the assay procedure. 


A very simple preliminary extraction procedure was required to assay the 
tablets. The coloring matter and the excipients present in the tablets did not 
interfere with the assay procedure. The method is stability indicating since 
a sample decomposed by using heat (see ExperimentalSection) showed almost 
0% potency and a number of new peaks in the chromatogram (Fig. 2A). The 
developed method can be used to assay metronidazole in various dosage forms 
and also can be used to test content uniformity of the tablet formulations. 
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the charge balance equation, Eq. 7a). On solving the quadratic equation, Eq. 
9 is obtained. 
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Abstract 0 The pharmacokinetics of total and free gliclazide, l-(3-azabicy- 
clo[3,3,0]oct-3-yl)-3-(p-tolylsulfonyl)urea, a potential hypoglycemic drug, 
was studied in healthy ( n  = 12) and diabetic (n = 12) subjects. The serum 
level of gliclazide was determined by a high-performance liquid chromato- 
graphic method (HPLC). The free fraction of gliclazide was obtained from 
serum by an ultrafiltration technique using a collodion membrane. The mean 
adsorption of gliclazide to the membrane was -5w0 when the membrane was 
used more than twice. Therefore, the gliclazide level in the filtrate was cor- 
rected by doubling the apparent value. The ratio of gliclazide-protein binding 
remained constant a t  -92% in serum after administration to healthy anddi- 
abetic subjects. The mean pharmacokinetic parameters of elimination rate 
(Q, time toreach the peak level ( tmaX) ,  elimination half-life (I 112). and volume 
of distribution (Vd) were 0.07 h-I, 2.8 h, 12.3 h, and 17.4 L. respectively. The 
parameters did not differ significantly between healthy and diabetic subjects 
or betwten single and successive administrations; moreover, they did not differ 
between the free and total drug level. Although there were intersubject vari- 
ations, the therapeutic effects of oral administration of gliclazide on serum 
glucose and insulin levels were found in four diabetic patients. The results of 
this study show that the pharmacokinetics of the total gliclazide level reflect 
those of the free gliclazide in serum. 


Keyphrases 0 Gliclazide-protein binding in healthy and diabetic human 
serum Pharmacokinetics-serum gliclazide level after administration in 
healthy and diabetic subjects 0 Ultrafiltration-protein binding of gliclazide 
in healthy and diabetic human serum 


The pharmacokinetic study of serum drug levels is important 
in the assessment of intrinsic properties of a drug (e.g. ,  ab- 
sorption, distribution, metabolism, and excretion) to plan ef- 
fective drug administration. Sulfonylureas, such as tolbuta- 
mide and chlorpropamide, bind to several circulating serum 
proteins (1). In particular, serum albumin strongly interacts 
with many sulfonylureas (2-4) and other drugs ( 5 ) .  Moreover, 
free sulfonylureas are the forms that exert the pharmacological 
effect of hypoglycemic activity (6-8). Therefore, the phar- 
macokinetics of the free sulfonylurea level in blood may be 
useful in programming drug administration. 


The drug level in a protein-free solution must be measured 
to determine the free drug level in blood. Ultrafiltration (9), 
equilibrium dialysis (2, 3, lo), and gel filtration (11) tech- 
niques have been used to measure free drug level. Equilibrium 
dialysis has been commonly used to study the binding of drugs 
and proteins, but the time required to reach equilibration (8-24 
h) is a major disadvantage. Due to simplicity, convenience, and 
speed, an ultrafiltration technique was used to separate the 
protein-free phase from serum in the present study. 


In this study, a sensitive high-performance liquid chroma- 
tographic (HPLC) method (1 2) was used to determine the 
total and free levels of gliclazide (1  3). during a pharmacoki- 
netic study. 


EXPERIMENTAL SECTION 


Subjects-Twelve male volunteers (age, 32-42 years; weight. 54-72 kg) 
served as  test subjects. All were healthy according to clinical examinations 
and routine tests. Twelve patients (seven males, five females; age, 35-76 years; 
weight, 45-80 kg) were patients with maturity-onset diabetes mellitus (FBS: 
121-302 mg/100 mL). They did not have impaired renal function, nor hepatic 
or endocrine disease. 


Methods of Drug Administration-One tablet containing 40 mg of glicla- 
zide’ was administered orally before breakfast to the healthy subjects who 
had fasted overnight. Blood samples were obtained without an anticoagulant 
before and at  1 2. 3,4.6, 10, and 24 h after drug administration. After the 
blood had clotted, the tube was centrifuged at 2500 rpm for 10 min and the 
supernatant serum wasseparated. All serum samples were stored at  -2OOC 
until use. The volunteers had regular mealtimes throughout the experiment. 
Twelve diabetic patients were orally administered two tablets containing 40 
mg of gliclazide (therapeutic dose) in the morning; eight of them continued 
to take the drug (40 mg X 2) daily for 7 d. Blood samples were obtained as  
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Figure 1 --Ultrafiltration assembly. 


described for the healthy subjects before drug administration and at I ,  2.4, 
6.8, 12. and 24 h or 2, 6, and 24 h after administration. 


Ultrafiltration-Ultrafiltration was performed using the apparatus shown 
in Fig. 1. A collodion bag2 with an M, cutoff of 13.200 was soaked in distilled 
water overnight before use. The serum samples (3 mL) were ultrafiltrated 
under reduced pressure (40 mm Hg) at  room temperature (25-27OC). The 
extent of drug-membrane binding was assessed with the same apparatus by 
substituting 0.066 M phosphate buffer (pH 7.4) containing various concen- 
trations of gliclazide (3-20 pg/mL) for serum. The concentration of free 
gliclazide in the filtrate ( I  -2 mL) was determined by HPLC ( 1  2). The same 
collodion bag was used repeatedly by washing with distilled water. Gliclazide 
level in the filtrate was corrected by doubling the apparent concentration based 
on the results of a drug-absorption experiment. 


Measurements of Serum Cliclazide and Blood Glucose and Insulin L e v -  
els-The serum gliclazide level was determined by HPLC) (12). The free 
gliclazide level in the serum was found by determining the level in the filtrate 
that had passed through a collodion membrane filter at room temperature 
(25-27OC). Blood glucose and insulin (immunoreactive insulin) levels were 
measured with an autoanalyzer4 and a single-antibody RIA (polyethylene 
glycol method) (14), respectively. 


Calculations-Several pharmacokinetic parameters including the elimi- 
nation rate (ke, h-l), the elimination half-life ( t i p ,  h), and the area under 
the serum drug concentration curve (AUCo.24, pg.h.mL-') from 0 to 24 h 
were calculated by conventional methods, and the peak level (C,,,, pglml.) 
and the time to reach the peak level (t,,,, h) were graphically estimated from 
the decay curve. The volume of distribution ( V d )  was calculated from the 
following equation proposed by Gibaldi et al.: Vd = dose/S,"C,&k,-', where 
dose, C,, S;C,#t, and k, are the dose of administered drug, the serum level 
of drug, the area under the serum concentration curve (AUCo -), and the 
elimination rate, respectively. The Student's I test was used for statistical 
comparisons. 


RFSULTS AND DISCUSSION 


The ultrafiltration techniques using a membrane filterS and a collodion 
membrane were tested for the measurement of free drug level. We chose a 
collodion membrane for the ultrafiltration because i t  was more convenient 
for multisample measurements and was more mechanically stable than other 
membranes. Many drugs, including sulfonylureas. are adsorbed on the 
membrane filter during ultrafiltration. We found that the degree of drug 
adsorption varies with use. We examined the recovery of gliclazide that had 
filtered through the collodion membrane (Table I) .  When a fresh membrane 
was used for the ultrafiltration, the mean recovery of gliclazide in the filtrate 
was -27% of the original concentration (3-20 pg/mL). The recovery of gli- 
clazide remained at  -50% when the membrane was used more than twice. 
If a constant amount of gliclazide was adsorbed in  the membrane, the recovery 
would decrease with low concentrations, but this was not observed; thus, even 
when the gliclazide concentration was low, the binding constant between the 
drug and membrane filter remained the same. Based on the result from the 


~~~ ~~~~ ~ ~ ~ ~ ~ ~ 


Collodion bags, SM-13200; Sartorius GmbH, 3400 Gottingen. FRG. 
High-pressure liquid chromatograph. TRIROTAR-11; Japan Spectroscopic Co., 


Ltd.. Tokyo, Japan. ' Autoanalyzer-11; Technicon Instruments Co., Tarrytown. N.Y.  ' YMB membrane MPS-I; Micropartition system: Amicon, Ltd.. Mass. 


Table I-Effect of Reuse of Collodion Membrane on Recovery of Cliclszide 


Recovery of Drug in  Filtrate, Tob 
Original Conc. of Gliclazide, pg/mL 


no 3 5 10 20 Mean f SD 


I 31.1 24.5 24.3 28.3 27.1 f 3.3 
2 51.1 45.6 5 I .4 49.X 49.5 f 2.7 
3 53.7 47.9 50.3 48.5 50.1 f 2.6 
4 56.7 40.6 _ _  51.5 49.6 f 8.2 
5 50.0 30.7 - 55.8 45.5 f 13.1 


Numbcr of times membrane was used for ultrafiltration. Each value represents 
the mean of 2-4 experiments. The ultrafiltration was carried out at room temperature 
(25-27OC). 


drug-absorption experiment, the free glicla7ide level in  serum was measured 
by ultrafiltrating the serum sample (using the collodion membrane one time). 
The gliclazide level in the filtrate was corrected by doubling the apparent 
concentration. 


Although it is known that the pharmacological activity of a sulfonylurea 
is exerted by free drug in the blood (6). to our knowledge no information on 
the pharmacokinetics of free sulfonylurea level in thc serum has been reported. 
The decay curve and the pharmacokinetic data for the free gliclazide levels 
in healthy and diabetic subjects are demonstrated in the present paper. The 
decay curves of total and free gliclazidc levels in the healthy volunteers orally 
administered the drug (40 mg of gliclazide) are shown in  Fig. 2. Individual 
variation in serum gliclazide level and the time to reach the peak level ( tmAx)  
was large. The mean values of rmar for the total and free gliclazide levels in 
the healthy subjects were 2.8 and 2.7 h, respectively (Table 11). The C,,, and 
AUC0.24 for the total gliclazide level in the healthy subjects were 2.8 pg/mL 
and 37.2 pcg.h.mL-' (40 mg of gliclazide). The mean ratio of free drug level 
(Dr)  to total drug level ( D , )  was -8% during the 24-h period after gliclazide 
administration. We have reported that the value of C,,, for the free gliclazide 
level was 0.1 1 pg/mL (4) which was half the amount in the present study (0.22 
pg/mL). The apparent gliclazide concentration in  the filtrate was not cor- 
rected, in the former study, for the amount adsorbed to the collodion mem- 
brane during ultrafiltration. 


Decay curves of blood gliclazide level in diabetic patients who took single 
and successive administrations of the drug (80 mg/d) are shown in Fig. 3. The 
decay curve in the single administration had a profile similar to that of the 
healthy subjects, except for the C,,, and the drug level 24 h after drug ad- 
ministration. In the case of successive oral administrations of the drug for 7 


12 


110  z 


3 I l l  


0 1  2 3 4  8 10 24 
TIME AFTER ADMINISTRATION, h 


Figure 2-Decay curves of total (-) and free gliclazide leoels ( -  - -) in 
healthy subjects (n = 6).  Each point represents the mean; the bar, SD. 
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Table It-Pbnrmacokinetic Parameters Obtained after Oral Administration of Gliclazide * 


Healthy Subject 
Single Dose 


0.07 f 0.03 2.8 f 0.8 2.8 f 0.9 12.3 f 6.0 37.2 f 13.1 17.4 f 6.7 12 
6 


DI 
Dr 0.07 f 0.04 0.22 f 0.06 2.7 f 0.8 12.0 f 0.8 2.8 f 1.16 


Diabetic Subject 
Single Dose 


Successive Dose 
DI 0.07 f 0.02 4.5 f 2.2 3.0 f 1.9 11.6 f 5.2 71.8 f 6.8 17.9 f 8.3 12 


0.07 f 0.01 7.7 f 2.0c 3.3 f 1.5b 11.4 f 2.7b 92.5 f 19.5d 14.2 f 7.9 8 Dt 
0 Values are mean f SD. Not significantly different from single dose. Significantly different from single dose (j~ < 0.1). Significantly different from single dose (p < 


0.01) 


'1 I 
1 


24 
OJC I I I . 


0 2 4 6 8  12 


TIM AFTER ADMINISTRATION, h 


Figure 3-Decay curves of total gliclazide level in diabetic patients. Each 
point represents the mean f S D  in seven patients who were administered a 
single dose of gliclazide (SO mg) (O), and four patients who took successive 
administration ofgliclazide (80 mgld) for  7 d (0). 


d. tmax = 3.3 h, was longer compared with 3.0 h for the single administration. 
The subjects also had higher levels of C,,, (7.7 pg/mL) and AUCo 24 (92.5 
p g h m L - ' )  (Table 11). 


The decay curves of total and free serum gliclazide levels were examined 
in diabetic patients (Figs. 4A and B). A perfect decay curve for the free gli- 
clazide level in the diabetic patients was not obtained because the amount of 
serum sample required for the ultrafiltration could not be repeatedly taken. 
Thus, the pharmacokinetic parameters could not be obtained by computer 
calculation (Table 11). From the available data, the value of tmX for total drug 
level in the diabetic patients was almost equal to that in the healthy volunteers. 


The total gliclazide levels reached a maximum (-7.7 pg/mL) 2 h after suc- 
cessive administration, which was higher than that obtained by single ad- 
ministration (4.5 pg/mL at 6 h). The values of C,, for free gliclazide levels 
were nearly equal for the different administration methods (0.47-0.55 
pg/mL). The ratio of frcc drug level (Dr) to total drug level (Dl) in the diabetic 
subjects administered a single dose was -8-9%. but the ratio in the diabetic 
subjects administered successive doses was lower (-7%). 


The apparent volume of distribution ( V d )  is important in the pharmacok- 
inetic characterization of drugs. However, the calculation of volume of dis- 
tribution is based on many assumptions and cannot, therefore, be estimated 
with a high degree of accuracy. Gibaldi et al. demonstrated that the volume 
of distribution was identical to the apparent volume of distribution obtained 
from the area under the serum concentration curve (AUC) determined by 
the equation for a two-compartment (a and 8) open system ( 1  5) .  The volume 
of distribution (Vds)  of gliclazide in healthy and diabetic subjects was 
14.2-17.9 L (Table 11). There was large intersubject variation in Vd but this 
could be due to variations in total adsorption that is known tooccur with sul- 
fonylureas. The distribution of gliclazide with high protein binding was ex- 
pected to be confined more to the serum or extracellular fluid volume, as  is 
the case of tolbutamide and chlorpropamide (16). 


Effects of oral administration of gliclazide on blood glucose and insulin 
levels in four diabetic patients (A, B. C, and D) are summarized in Table 111. 
The range of fasting blood glucose levels for the patient was 100-302 mg/ 100 
mL. Although there are intersubject variations, the values of 24-h cumulative 
blood glucose levels were lowered by the administration of gliclazide (A, -177 
to -1081 mg/100 mL, determined eight times in 24 h). On the other hand, 


i0.76 


TIME AFlER ADMINISTRATION, h 


Figure 4-Decay curves oftotal (-) and free gliclazide levels (- - -) in di- 
abetic patients. who took single (A) and successive adminisirations (B) of 
gliclazide. Each point represents the mean f S D  in 3-4 diabetic patients. 


Table 111-Effect of Oral Administration of Gliclazide on Blood Glucose and Insulin Levels in Diabetic Patients 


BBS, mg/ 100 mLa ZIRI, pU/mLa 
FBS. ZDrug, 


Subject mg/100 mLa Predose Postdose A Predose Postdose A pcg/mL' 


+93 35.8 
- 26.1 


224 2153 1406 -747 97 127 +30 24.7 
+36 32.2 
- 31.9 


2430 -1081 128 22 I 


97 133 


- _. 
A 302 351 1 
B 100 885 708 -177 
C 


-977 C*b 224 2153 1 I76 
D 121 1633 1075 -558 - - 


0 FBS shows the fasting blood glucose level. ZBS. ZIRI. and ZDrug. respectively, shows the sum level of blood glucose, immunoreactive insulin. and Strum gliclazidedetermined 
eight times through 24 h. C* is a diabetic patient administered gliclazide successively for 7 d. 
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the values of 24-h cumulative blood insulin levels were increased by the ad- 
ministration of the drug (A, 30-93 fiU/mL). resulting in the stimulation of 
insulin release from pancreatic B cells in all cases. The difference between 
single and successive administration on cumulative blood glucose levels and 
cumulative blood insulin levels was not significant in  patient C (Table 111, 
footnote 6). 
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Abstract 0 Molecular interactions between iodine and disulfiram, clo- 
methiazole, and tolnaftate were investigated by electron spectroscopy. lodinc 
forms charge transfer complexes with these molecules, with 1:l stoichiometry 
and of the n-o type. The formation constants were compared with those ob- 
tained with antithyroid molecules. Only disulfiram appears to have any effect 
on the intrathyroid cycle of iodine. 


Keyphrases 0 Charge transfer complexes-iodine and disulfiram, clo- 
methiazole, tolnaftate 0 Disulfiram-charge transfer complexes with iodine 
0 Clomethiazole- charge transfer complexes, iodine 0 Tolnaftate-charge 
transfer complexes. iodine 


It has been shown that molecules possessing an NCS moiety 
can form charge transfer complexes with iodine (1,2). Both 
qualitative and quantitative studies have shown that certain 
antithyroid drugs (those possessing the NCS function) form 
charge transfer complexes involving the transfer of charge 
from the pair of free electrons on the nitrogen and/or the sulfur 
atoms to the antibonding orbital of the iodine (3,4).  The in- 
tensity of this action can be determined from the complex 
formation constant and the thermodynamic parameters. A 
correlation has been demonstrated between the constant (Kc) 
and antithyroid activity ( 5 ) .  A structure-activity relationship 
has been developed to classify all known antithyroid molecules 
(6). Iodine fixation by complex formation is one action 
mechanism of synthetic antithyroid agents. 


Synthetic antithyroid drugs can also inhibit peroxidase (7). 
This enzyme is necessary for the oxidation of circulating iodine, 
for its integration into thyroglobulin, and for coupling mo- 
noiodotyrosines and diiodotyrosines to form triiodotyronines 
(T3) and tetraiodothyronines (T4). While antithyroid agents 


display variable activity towards peroxidase, they can all 
complex iodine, so that the latter is unavailable for thyroid 
hormone synthesis. 


This NCS function is found in many drugs belonging to 
other therapeutic classes. Hence, if  we hope to understand 
biological activity it is important to investigate the possible 
formation of complexes between these molecules (tolnaftate, 
disulfiram, and clomethiazole) and iodine. This can help de- 
termine whether these molecules possess secondary antithyroid 
activity. 


EXPERIMENTAL SECTION 


Materials-An ultrapurc iodine was prepared by sublimation and stored 
in a desiccator containing PzOs. Disulfiram‘ [tetraethylthioperoxydicarbon- 
ic diamide (I)], tolnaftate2 [O-2-napthyl-m,N-dimethylthiwarbanilate (II)], 
and c l~meth iazole~  [5-(2-chloroethyl)-4-methylthiazole ( I l l ) ]  were phar- 
maceutical grade; purity was determined by HPLC4. UV-grade carbon tet- 
rachlorides was used. 
UV and visible spectra were recorded on a double-beam spectrophotometer6 


quipped with a Peltier effect thermoelectric cell holder. Hellma quartz cells 
with a path length of I cm were employed. 


Method-The glassware was thoroughly dried with dry nitrogen to elim- 
inate any effects due to hydration of the complex solutions. Volumetric so- 
lutions were prepared from initial solutions obtained by weighing. The spectra 
were recorded immediately after solution preparation. 


Millot; Solac Laboratories. Paris, France. 
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insensitive to the ionic strength while a change in ionic strength from 1 .O to 
4.0 M resulted in an increase of -25% in k o b  obtained at I .O bl NaOH. 
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Abstract 0 With the aid of rapidly dissolving sodium chloride particles. cubic 
pores were made in the surface of a theophylline tablet. The influence of the 
pores on the dissolution rate of the surface was investigated in a rotating disk 
apparatus. Like the drilled pores uscd in earlier studies, downstream on the 
surface they caused a turbulent flow regimen with the devclopmcnt of a trough 
due to enhanced erosion. The phenomenon of a critical pore diameter, dis- 
covered with single, drilled pores, seems to be applicable to the cubic pores 
investigated in this study, although a higher degree of surface coverage with 


The promoting effect of pores on the dissolution rate of a 
tablet surface and the effects of individual pores drilled into 
a dissolving surface have been reported (1 - S ) .  The objective 
of this study was to investigate the changes in  dissolution rate 
of a solid surface when several pores, which can not be con- 
sidered to act individually, are present. The hydrodynamic 
conditions around each pore will be influenced by surrounding 
pores and, as a consequence of the interaction of the turbulent 
zones behind the pores, the erosion troughs will overlap. 


pores caused complications, probably due to particles bordering one another 
and forming larger pores. The behavior of the porous surfaces at different 
rotation speeds was studied. Due to the prexnce of pores the laminar character 
of the boundary layer flow changes to turbulent, which induces locally an 
increased dissolution flux in the wake of a pore. 


Keyphrases 0 Dissolution rates-pore effects. theophylline 0 Pore ef- 
fects-influence on dissolution rate, theophylline 


Pores can be drilled into a tablet surface by a drilling tech- 
nique ( 1  - 5 ) ,  but this method is not feasible for a large number 
of pores, and an alternative procedure was followed in this 
study. Sodium chloride particles, characterized by an almost 
cubic shape, were embedded in the surface of a theophylline 
tablet. I n  the dissolution experiment, the sodium chloride 
particles rapidly dissolved leaving (cubic) pores in the slowly 
dissolving theophylline surface. In this way a surface was easily 
supplied with a large number of pores. 
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EXPERIMENTAL SECTION 


Materink-Theophylline monohydrate' was used as supplied. Sodium 
chloride was classified by sieving. Both compounds met the requirements of 
the European Pharmacopoeia (6). 


Particle Size Determinations-The size distribution of the sieve fractions 
of sodium chloride particles was determined by microscopic examination. As 
nearly all particles had a cubic shape, the edge of each particle was measured 
as its characteristic diameter. Cumulative log-probability plots of the particle 
distribution data gave straight lines, from which the geometric mean diameter 
( d d  and the geometric standard deviation (o,) of each fraction were obtained. 
The specific gravity ( p )  of sodium chloride is 2.17 X lo3 k g . ~ n - ~  (7) and since 
on the whole the shape of the particles is cubic, d ,  was used to compute the 
number of particles per unit weight by: 


1 
(Eq. 1 )  n = -  


Pd: 


Disk Preparation-Tablets with a 15.0-mm diameter and varying thick- 
neSSeS were compressed individually using a hydraulic press. The flat surfaces 
of each tablet were perfectly smooth without rims or ridges, which was 
achieved by using an appropriate set of die and punches. After inserting the 
lower punch in the die, a quantity of theophylline powder, sufficient to obtain 
a tablet with a thickness of 2-4 mm, was poured into the die. Next, the upper 
punch was mounted and the powder was precompressed at  2000 N for 10 s. 
After removing the upper punch, a small amount of sodiumchloride was put 
on the theophylline surface. The particles were carefully spread over the 
surface to obtain a homogeneous distribution. The actual compression was 
then performed at 12,000 N for 230 s. At this compressional force the sodium 
chloride crystals did not break or disintegrate (checked microscopically). This 
procedure provided tablets with an upper surface consisting of intact cubic 
sodium chloride particles embedded in a theophylline matrix. 


Dissolution Rate Measurements-The rotating disk apparatus for deter- 
mining thedissolution rate of the tablet surfaces has been described in detail 
(2). In this study the rotation speed of the mounted disk varied between 100 
and 340 rpm. The concentrations of sodium chloride and theophylline were 
measured continuously and simultaneously. The quantity of dissolved sodium 
chloride was monitored by a conductivity cell2 mounted in the vessel. The 
theophylline concentration was measured by circulating the solution through 
a spectr~photometer~ quipped with a flow cell (10-mm path length) and set 
a t  a wavelength of 270 nm. An internal calibration of both measuring systems 
was performed by the preaddition method described previously (1). 


To be sure that dissolved sodium chloride had no influence on the absorb- 
ance of theophylline, increasing amounts of solid sodium chloride were added 
to a theophylline solution: no change in absorbance was noticed and, con- 
versely, adding solid theophylline to a sodium chloride solution had no effect 
on the measured conductance. The dissolution rate of a smooth theophylline 
surface into bulk solutions with different concentrations of sodium chloride 
was measured and, for the sodium chloride concentrations relevant to this 
study, the dissolution rate of theophylline was not affected by the amount of 
sodium chloride in the solution. 


After a short initial period, during which the sodium chloride particles 
dissolved, the theophylline dissolution curves were straight up to 2 15 min. 
This was sufficient to obtain an accurate value for the dissolution rate. Dis- 
solution data were collected at  regular time intervals by a microcompute+. 
After the experiment, the dissolution rate of the theophylline surface was 
computed from the least-squares regression line of those data that were ob- 
tained after the sodium chloride had dissolved completely, i.e., after the 
conductance of the solution had reached a constant level (in all cases within 
60 s). At that moment only a negligible quantity of theophylline had dissolved 
(-5-I0% of the final amount), implying that the shape of the created pores 
had hardly changed during this initial period. The conductance of the solution 
was measured after complete dissolution of the embedded sodium chloride; 
from this measurement the numbemf crystals originally present in the surface, 
which equals the number of created pores, was calculated. 


RESULTS AND DISCUSSION 


The erosion pattern of a tablet after the dissolution rate experiment (Fig. 
I ) ,  is the result of two processes. First, dissolution of the sodium chloride 
particles creates cubic pores. Due to the presence of these pores in the surface 
troughs develop, which are the consequence of an enhanced theophylline 


I OP6, Utrccht. The Netherlands. 


' Apple I I  plus. 


PW9510; Philips. 
UVIOO-02; Shimadzu. 


figure I-The surface of a theophylline tablet ajier a dissolution experiment 
of -15 min. Pores were created by sodium chloride particles (d, = 308 pm), 
embedded in the surface. 


dissolution in the wake of the pores and which extend along a spiral trajectory 
in the theophylline surface (2). 


The dissolution rates of porous theophylline surfaces were determined at 
a rotation speed of 160 rpm using a varying number of sodium chloride par- 
ticles of different sizes. Porous surfaces were made with the five sieve fractions 
listed in Table I. In all experiments the maximum coverage of the theophylline 
surface by sodium chloride particles remained <25%. 


For each sieve fraction the dissolution rate of a theophylline surface with 
n pores (R,) was measured at  various values of n .  In  Fig. 2, I,, the difference 
between the dissolution rates of a smooth surface (Ro)  and a surface with n 
pores (R,), is plotted as a function of the number of pores. Since the dissolution 
rate of a smooth theophylline surface at  160 rpm is 14.9 pg.s-', the largest 
pores can cause the dissolution rate to increase >50% at  this rotation 


Figure 2 demonstrates that I, is not only dependent on the number of pores 
but also on the pore size. This is not surprising in view of previous findings 
(1-5). It was established (3) that the critical pore diameter (the diameter a 
single pore must exceed to cause an increase of the dissolution rate) is related 
to the friction velocity uf in the boundary layer a t  the rotating disk surface 
according to: 


Speed. 


d,,i, = 2.7 
U f  


where u is the kinematic viscosity of the solvent (mm*.s-l). 


surface, can be computed from (8,9): 
The friction velocity is a hydrodynamic variable that, for a rotating disk 


= 0,89ul /4x l /2~~/4  (Eq. 3)  


where x is the distance from the surface center (mm) and w is the angular 
velocity (s-I),  Equation 3 implies that at the edge of the dissolving surface 
the friction velocity has a maximum value and, from Eq. 2, the critical pore 
diameter has a minimum value. With a rotation speed of 160 rpm the critical 
pore diameter at the edge (calculated from Eqs. 2 and 3) is -0. I3 mm. Nearer 
the disk center d,,i, is larger, e.g., at 2.5 mm from the surface edge a value of 
0.19 mm was measured (3). 


These considerations made it unlikely that the sodium chloride fractions 
with a d ,  of - 5 130 pm would cause an increase in the dissolution rate. Even 
the 198-pm fraction could only increase the dissolution rate on a limited part 


l a b l e  I-Sieve Fraction Data of Sodium Chloride 


Geometric Calculated 
Sieve Mean Geometric Particle 


Fraction, Diameter SD Number 
Pm ( d d ,  pm (n)* 


71-100 88 1.28 676 
100- I60 128 1.23 220 
160-250 198 1.18 59 
250-400 308 1.16 15.8 
400-500 419 1 . 1 5  6.3 


Number of particles/mg sodium chloride. 
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e 500 I000 1508 2808 2580 


n 
Figure 2-Effect of number and size of pores on the increase in dissolution 
rate of the theophylline surface with respect to  a smooth surface ( I  60 rpm). 
Key:particles with a geometric mean diameter of (0) 419 pm; (A) 308 pm; 
(V) 198 pm: (0 )  128 pm; (A) 88 pm. 


of the surface; only particles positioned in a region of the tablet surface where 
d h ,  is less than 4 . 2 0  mm can cause a change in the dissolution rate. The more 
particles present in  the surface, the more likely it is that somewhere a pore 
exceeds the local critical size. In the 198-pm fraction, the dissolution rate 
increases considerably with n, provided that n exceeds a minimum value of 
30-40 particles (Fig. 2). 


A second possible explanation for the shape of the lines in Fig. 2 must be 
mentioned. Single particles that create pores equal to or smaller than the local 
critical size, will not raise thedissolution rate, but when the number of particles 
in  the surface increases. it is more likely that a t  least two particles lie against 
each other and together create a larger pore when the sodium chloride dis- 
solves. The presence of these larger pores might be the reason that, a t  higher 
values of n.  the two smallest particle fractions (I28 and 88 pm) also cause a 
slight increase in the dissolution rate compared with a smooth surface. 


The influence of the rotation velocity of the disk surface on the dissolution 
rate was investigated using the 308-pm particles. The relationship between 
dissolution rate and number of particles was determined at four different 
revolution speeds (Fig. 3). No linear relation exists between those two vari- 
ables, but for every rotation speed the dissolution rate (R, )  increases 
asymptotically with increasing n to a maximum value. This leads to the as- 
sumption that for a certain number of pores a maximum dissolution rate 
(RmaX) exists. The corresponding maximum increase of the dissolution rate, 
lma,, is defined by: 


Table Il-Dissolution Rates' of TheoDhvlline Surfaces With Cubic Pores 


I 


0 '  
0 I00 280 380 400 500 


n 


Figure 3-Dissolution rate of a theophylline surface at dijjerent rotation 
speeds as a function of the number of sodium chloride particles used to create 
pores. Geometric mean diameter of the particles: 308 pm.  Key: (0) 340 rpm; 
(A) 250 rpm; (v) 160 rpm; (0) 100 rpm. Each symbol represents an indi- 
vidual experiment. Lines were computed by Eq. 7. 


(@. 4) Imnx = Rmax - RO 


Suppose that the relation between I, and n can be described by the first-order 
equation: 


(@. 5 )  


then we obtain by rearranging and integrating: 


In I - -  = - k n  (Eq. 6) ( 1 3  
A semilogarithmic plot of (1  - I,/lma,) versus n should result in a straight 
line with a slope -k  and passing through the origin, provided that the as- 
sumption of a first-order relationship i n  @. 5 is justified. Since the value of 
Imax in @. 5 was unknown, an iterative calculation of the linear regression 
coefficients of the data In( 1 - IJlmax) uersus n was performed. New values 
for I,,, were chosen until the best correlation coefficient was obtained. The 
computed coefficients were used to fit the data in Fig. 3 according to: 


R, = Ro + I, = Ro + I,,,( I - e-Cn)  (Eq. 7) 


The points in Fig. 3 are fitted well by the lines obtained from these com- 
putations, so the assumption of a first-order relation appears to be a good 
approximation. 


Rotation Speed, rpm (0) 
I00 I60 250 3 40 


Pores (10.47) (16.76) (26.78) (35.60) Pb r c  


0 11.74 
I0 I 1.85 ~. 


20 
30 
40 


11.95 
12.06 
12.16 


50 12.25 
75 12.49 


100 12.70 ~~. 


I25 
I50 
200 


-. ~ 


12.91 
13.10 
13.44 


250 13.74 
300 14.00 
350 14.23 
400 14.44 


14.91 
15.20 
15.49 
15.76 
16.02 
16.27 
16.86 
17.39 
17.88 
18.32 
19.08 
19.72 
20.24 
20.67 
21.b2 


18.60 
19.18 
19.73 
20.26 
20.77 
21.26 
22.41 
23.44 
24.38 
25.22 
26.68 
27.87 
28.84 
29.63 
30.28 


21.15 
22.20 
23.19 
24. I5 
25.05 
25.92 
27.90 
29.67 
3 I .23 
32.62 
34.95 
36.78 
38.22 
39.35 
40.25 


0.49 0.9993 
0.5 I 0.9998 
0.54 1 .oooo 
0.57 1 .oOOo 
0.59 1 .oOOo 
0.61 0.9999 
0.65 0.9997 
0.69 0.9996 
0.72 0.9995 
0.74 0.9994 
0.78 0.9994 
0.80 0.9994 
0.82 0.9995 
0.83 0.9995 
0.83 0.9995 


a Calculated by means of Eq. 7 with the coefficients of the best fit through the experimental data. Pore size, 308 pm. 4 Exponent in Eq. 8.  slope, computed from a log-log plot. 
Correlation coefficient of the log-log plot. 
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The actual nature of the hydrodynamic conditions at the tablet surface can 
be determined from the relationship between the dissolution rate and the 
angular velocity of the rough pellet surface. The relationship between R, and 
angular velocity (o) can be written in the form (10): 


R, - u p  (Eq. 8)  


At smooth rotating disk surfaces, p = 0.5 under laminar conditions and p = 
0.9 in a completely turbulent flow pattern. At a rough rotating disk surface, 
consisting of a regular, geometric pattern of pyramids, the following results 
were obtained ( 1  1-14): with a pyramid height of > I  mm the mass flux varied 
with But when the height of the roughness elements diminished, the 
exponent of w increased from 0.67 to >0.9 (14). The experimental data eol- 
lected in  Fig. 3 were used to investigate the effect of the presence of pores on 
the hydrodynamics at the tablet surface. Since the dissolution rates can be 
compared only for equal values of n at the different rotation speeds, interpo- 
lated values of R, were calculated by Eq. 7 from the best f i t  of the experi- 
mental data for various numbers of pores at each rotation speed (Table 11). 
A linear regression analysis of the plot of log R, versus logo for any number 
of pores was performed on the data collected in Table 11. The slopes of these 
plots correspond to p in  Eq. 8. Exponent p increases from -0.5 at  n = 0 
(smooth surface) to 0.8-0.9 for surfaces with >250 pores. This confirms earlier 
observations that, due to thc presence of pores, the flow regimen in  the 
boundary layer near the surface shows a transition from laminar to turbulent, 
resulting in a changed dissolution mechanism of the surface. 
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Relationship of Binding Tendency in a Macromolecular 
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Abstract 0 The pseudo-two-phase model is proposed to correlate complex 
formation of ligand molecules with povidone with partition coefficients (log 
P or 11 constants). The conditions which permit the use of the pseudo-two- 
phase model for binding of ligand onto macromolecules are determined. This 
model seems to be a more rational choice than the frequently used complex 
formation model (monophase). This is demonstrated theoretically and con- 
firmed experimentally. The advantages of the use of such a model are also 
discussed. 


Keyphrases 0 Povidone-- interaction with aromatic compounds, pseudo- 
two-phase and monophase systems, salicylic acid, complex formation 0 
Pseudo-two-phase model-compared with monophase, complex formation 
aromatic compounds with macromolecules 


The important role of lipophilicity of ligand molecules and 
hydrophobic bonding in complex formation of a series of ligand 
molecules with povidone has been previously investigated; li- 
gand molecules in the nonionic state showed a higher com- 
plexing tendency than those in the ionic state, ( 1  -3). Complex 
formation of ligand molecules with povidone was explained 
in  terms of hydrophobic bonding ( I ,  4-8). In  earlier work, we 
studied the complexing tendency of ligand molecules in the 
nonionic and ionic state, and the importance of the hydro- 
phobic bonding especially for nondissociated molecules was 
confirmed (9). The correlation observed between the solubility 
of the ligand molecule in solvent mixtures and its binding to 
povidone (10) also provided support for the Occurrence of 
complex formation by hydrophobic interactions. 


Hansch et al. ( 1  1 )  showed that complex formation by hy- 
drophobic bonding of neutral organic molecules with macro- 
molecules, such as serum albumin, can often be correlated with 
partition coefficients (log P or T constants) ( 1  2, 13) between 
1 -0ctanol and water. This correlation was found for phenols 
and serum albumin, barbiturates and homogenized rabbit 
brain ( 1  4), penicillin and serum albumin ( 1  5), aniline deriv- 
atives and nylon and rayon (16), and phenols and mitochon- 
drial protein ( 17). 


These results, correlated with octanol--water partition 
coefficients (log P), are expressed either as 1 / C  ( 1  1) (where 
C represents the molar concentration of ligand to produce a 
one-to-one complex of ligand and macromolecule), as log B% 
[percent bound ligand ( 1  4)], or as log B/F ( 1  5 ) ,  where B refers 
to bound and F to free ligand concentrations, respectively. The 
methods for expressing complex formation are not comparable. 
As indicated by Bird’and Marshall (1 5), B/F is a more rational 
choice than B% for correlating the results with log P, because 
B/F is analogous to an organic solvent-water partition coef- 
ficient. Moreover, as opposed to the other expressions, B is not 
a linear function of the association constants. 


However, the use of the B/F expression has a disadvantage; 
one must work at  a constant macromolecular concentration 
in order to compare the B/F expressions for the individual li- 
gand molecules with the log P or T values. This implies that 
one must expect errors in the results obtained for ligand mol- 
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Abstract 0 The chemistry of a mixture of benzethonium chloride and a co- 
polymer of methoxyethylene-maleic anhydride was investigated. This mixture 
was of interest because it was effective in reducing dental plaque, calculus, 
and gingival inflammation in vim. Evidence from dialysis, pH measurements, 
and stoichiometry demonstrated that the benzethonium cation and the anion 
of the hydrolyzed copolymer formed an electrostatic complex. An emulsion 
was produced when a stoichiometric excess of either component was present, 
but this mixture coacervated at stoichiometric quantities. The stability of the 
complex was pH dependent. and it did not form in 50% acetone. The complex 
was decomposed by simulated saliva, mainly due to calcium and magnesium 
ions, but was unaffected by salivary proteins. Other anionic polymers also 
formed this type of complex. 


Keyphrases 0 Electrostatic complexes-reaction of benzethonium chloride 
and methoxyethylene-maleic anhydride copolymer 0 Polyanions-complex 
formation with long-chain quaternary ammonium ion 0 Benzethonium 
chloride-electrostatic complex with methoxyethylene-maleic anhydride 
copolymer 


The antibacterial compound benzethonium chloride has 
been shown to be an effective inhibitor of dental plaque for- 
mation in humans (1). In a subsequent study, a mixture of 
benzethonium chloride and a copolymer of methoxyethyl- 
ene-maleic anhydride (mol. wt. 500,000) was evaluated in 
uitro for antibacterial activity and in uivo (beagle dogs) for 
inhibition of plaque, gingivitis, and calculus formation (2-4). 
The results demonstrated that the combination was as effective 
as benzethonium chloride alone in antibacterial activity and 
in the reduction of plaque and gingivitis. A difference did exist, 
however, in the effect on calculus. Benzethonium chloride 
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Figure I-Titration curve of ihe methoxyerhylene-maleic anhydride co- 
polymer. 


significantly increased calcified deposits on teeth as compared 
with the water control group, whereas the mixture showed 
significantly less calculus. Hence, the mixture was as effective 
as benzethonium chloride for the inhibition of plaque and 
gingivitis and had the advantage of inhibiting calculus for- 
mation rather than enhancing it. It was, therefore,of interest 
to elucidate the chemistry of the complex. 


A number of investigators have studied the interactions of 
cations with polymers. Ackart et al. have investigated car- 
boxyl-containing copolymers, such as the copolymer of eth- 
ylene-acrylic acid, and quaternary ammonium compounds, 
such as benzalkonium cations ( 5 ) .  They have suggested that 
the carboxyl-containing copolymer can  be neutralized directly 
by the benzalkonium hydroxide or that the partial sodium salt 
of the copolymer could be ion-exchanged with benzalkonium 
chlorides. No evidence was presented, however, for the for- 
mation of electrostatic complexes. Rolla et d. have demon- 
strated interactions of another cationic antibacterial agent, 
chlorhexidine, with acidic salivary proteins (6). They hy- 
pothesized that this precipitate was an insoluble salt of the 
negatively charged protein and the positively charged chlor- 
hexidine cations. Saito has studied interactions of tetra-alkyl 
ammonium chlorides with polyacrylic acid (7). By measuring 
the surface tension, he demonstrated that the quaternary 
compound became bound to the negatively charged polymer, 
neutralizing the surface and causing precipitation. Further 
addition of the quaternary cation coated the neutral surface 
of the coagulum, causing it to become charged and water sol- 
uble. Interactions of the alkaloid cation with the negatively 
charged ionized group of biocolloids were determined by 
coagulation observations and measurements of the direction 
of electrolytic transport by Jong and Meer (8). They demon- 
strated that there was an increase in interaction with increasing 
charge density on the colloid anion. Michaels and Miekka 
studied the interaction between sodium polystyrene sulfonate 
and polyvinylbenzyltrimethyl ammonium chloride (9). They 
have demonstrated that when the two were mixed in water, a 
precipitate formed which contained almost exactly stoichio- 
metric proportions of the component polyions and, further- 
more, contained virtually none of the sodium and chloride 
counterions associated with the individual polymers. 


Tnble I-Formula for Simulated Snlivn’ 


Component Weight, g/L 


CaCb2H,O* 0.228 
MgCk6H;O” 


K2CO3.1 ‘/2H206 
NaCl 


Na2HP04-7HzOb 
NaH,POd.H,Ob 


0.06 I 
1.017 
0.603 
0.204 
0.273 


Submaxiliar Mucin‘ 1.000 . 
a- Amylase dy 2.000 


a See Refs. 17 and 18. J.T. Baker Chemical Co.. Bricktown, N.J. Worthington 
ICN Nutritional Biochemicals. Life Science Group. Biochemical Corp.. Freehold. N.J. 


Plainview. N.J. 
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Table 11--Equilibrium Dialysis of Aqueous Mixture of Ammonia, Benzethonium Chloride, and Methoxyetbylene-Maleic Anbydride Copolymer 


Theoretical for 100% Theoretical for 0% 
Cation Electrostatic Complex Electrostatic Complex Found 


Benzethonium" 
Ammoniumb 


0.10% (2.2 mM) 
2 X 10-90 (0.1 mM) 20 X 10-90 (1.2 mM) 


0.1 I %  (2.4 mM) 
2 X lo-% (0.1 mM) 


Outside Dialysis Bag 
BenzethoniumO None 0.05% (1 .I mM) 0.003% (0.06 mM) 
Ammoniumb 3.8 X lo-'% (2.2 mM) 2.0 X lo-% (1.2 mM) 3.1 X 10-3%(l.8mM) 


Calculated as benzethonium chloride. Calculated as ammonia. 


Studies have been done on the degree of binding of nega- 
tively charged polymers with small positively charged ions 
(10). Increased binding at a particular polymer carboxylate 
site resulted in decreased negative charge density at that site. 
This resulted in reduced energy requirements for nearby car- 
boxylic acid groups to ionize and, therefore, in a lowering of 
the pH (1 1). This decrease in pH has, in fact, been used to 
establish the magnitude of binding of counterions to polyanions 


The studies described above, taken together, strongly 
suggest the formation of electrostatic complexes between 
polyanions and cations. The evidence for interaction with 
long-chain quaternary ammonium salts such as benzethonium 
chloride, however, is nonexistent. Furthermore, evidence of 
this kind of interaction with a type of copolymer such as 
methoxyethylene-maleic anhydride is lacking. Therefore, an 
investigation was undertaken to determine the nature of the 
mixture of benzethonium chloride and methoxyethylene- 
maleic anhydride copolymer. 


(1 2-1 5 ) .  


EXPERIMENTAL SECTION 


Preparation of Benzethonium Chloride-Polymer Mixtures in Water- 
Methoxyethylene-maleic anhydride copolymer' (100 mg) was added to 
deionized, distilled water a t  50%. The pH was adjusted with 3 M NH40H 
to 5.0, and the solution was diluted to 100 mL. An equal volume of a 0.2% 
solution of benzethonium chloride2 in water was slowly added while main- 
taining the pH at  5.0-5.1 with 3 M NH40H. The final concentration was 
0.0023 M NH4+, 0.0022 M benzethonium chloride, and 0.0032 M methox- 
yethylene-maleic acid repeating units. A 5% solution of the polymer was used 
for titration studies with 4 M NaOH (Fig. I ) .  Copolymer and benzethonium 
chloride were used as received. 


Other benzethonium chloride-polymer mixtures were prepared in the same 
manner, but without pH adjustment, to provide the same concentrations of 
repeating units as  described above. The complcx was also prepared in 50% 
acetone by mixing equal volumes of 0.2% benzethonium chloride in acetone 
with 0.01 6-0.4% aqueous solutions of the copolymer at  room.tempcrature. 


Dialysis-Cellulose acetate dialysis tubing', with a molecular weight cutoff 
of 12,000, was washed with distilled, deionized water. Equilibrium dialysis 
was performed at  room temperature, with solvent inside and outside of the 
bag identical in composition and pH, under the following conditions: ( u )  equal 
volumes outside and inside the bag; ( b )  four times the volume outside as inside 
the bag; and (c) 19 times the volume outside as  inside the bag. 


' Gantrez 139; GAF Carp., Wayne, N.J. * Hyamine 1622; Rohm and Haas. Philadelphia, Pa. 
Arthur H. Thomas Co., Philadelphia, Pa. 


Advantages of the high ratio were that it allowed more unbound ions to 
dialyze out of the bag and there was a reduction of the Donnan effect. The 
disadvantage, however, was that any material of interest outside the bag was 
diluted. The ratio used depended on the optimum requirement for a particular 
experiment. 


Dialysis was performed for 18-24 h with constant stirring. Before analysis 
of Components under condition c, the volume of solution was concentrated to 
the volume found inside the bag. 


Effect of .Salivary Components-Four solutions, each containing some of 
the salivary components from simulated saliva (16, 17), were prepared (Table 
I) .  The solutions were: (A) calcium and magnesium salts, (B) potassium and 
sodium salts, (C) all saliva salts included in A and 9; (D) proteins. For the 
salt reactions, I volume of these solutions or water was added to 3 volumes 
of 0.1% benzethonium chloride-polymer mixture and dialyzed. On the outside 
of the dialysis bag was a mixture of the salts with the same concentration as  
inside the bag. Dialysis proceeded according to condition c. 


For the protein reactions, 1 volume of protein solution was added to 3 vol- 
umes of benzethonium chloride or the benzethonium chloride-polymer mix- 
ture and dialyzed according to condition u.  


Analysis of Benzethonium Cbloride-Benzethonium chloride was dcter- 
mined by anionic titration with sodium lauryl sulfate, using disulphine 
blue-dimidium bromide as  an end point indicator (18). 


A M ~ Y S ~ S  of Ammonia-Ammonia was determined with an ammonium 
ion-selective electrode4. 


RESULTS AND DISCUSSION 


Equilibrium Dialysis-An aqueous mixture of bcnzcthonium chloride and 
ammonia-adjusted hydrolyzed methoxyethylene-maleic acid copolymer 
contained 0.0023 M ammonia, 0.0022 M benzethonium chloride, and 0.0032 
M copolymcr repcating units. This mixture was equilibrium dialyzed by using 
dialysis condition c. If all thc bcnzethonium cations formed an electrostatic 
complex with the polymer anions, which by virtue of its molecular weight 
(500,000) would not pass through the membrane, then one would have ex- 
pected to find all the benzethonium cations (0.0022 M) and only 0.05% of the 
ammonium ions (0.OOOl M) inside the dialysis bag. On the other hand, if there 
was no sclective binding of the benzethonium cation to the polymer counterion, 
then half of the benzethonium cation (0.001 I M) and half of the ammonium 
cation (0.0012 M) would have remained inside the bag to maintain charge 
neutrality with that portion of the polymer which is ionized (0.0023 M). 


The results (Table 11) show that approximately all the benzethonium cations 
(0.0024 M) and only 0.0001 M ammonium ions remained inside the dialysis 
bag. Virtually no benzethonium cations and most of the ammonium ions were 
found outside the bag. The ammonium ion concentration outside the bag would 
probably have been even higher if not for the likely loss of ammonia during 
the concentration step. These results indicate selective electrostatic binding 
of the benzethonium cations to the copolymer anions. i.e., formation of an 
electrostatic complex. 


pH Drop-The pH of a 0.20% benzethonium chloride concentrate rose 
slightly after being diluted to 0.10%. as would be expected for a twofold 
dilution. Similarly, after a 0.10% ammonia-adjusted copolymer concentrate 
was adjusted to 0.05%, the pH also rose slightly. When the two concentrates 
were diluted by mixing together, however, the pH decreased to below that of 
the individual components (Tablc 111). This could be due to the fact that the 
benzcthonium cation had a higher affinity than NH4+ for the polymer anion. 
This, in effect, reduces the amount of negative charge on the neutralized 
carboxylate group, permitting thc adjacent carboxylic acid group to ionize, 
thus lowering the pH. 


Stoichiometry-In Table IV, a study of precipitation conditions for the 
mixture is presented. It shows that when one equivalent of benzethonium 
chloride was mixed with one equivalent of active carboxylic acid (pK, 3.7), 


Orion Research. Cambridge, Mass. 
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Table 111-pH Drop in Mixing Benzethonium Chloride and 
Methoxyethylene-Maleic Anhydride Copolymer 


Table V-Equilibrium Dialysis of Aqueous Mixture of Ammonia, 
Benzethoniunl Chloride, and Three Copolymers of Different Molecular 
Weights 


Mixture Composition PH 
Mol. Wt. Mol. Wt. Mol. Wt. 


6.38 Cation 250,000 500.000 1,250,000 0.10% Benzethonium chloride 
0.05% Ammonia-adjusted methoxyethylene-maleic anhydride 5.82 


copolymer Benzethonium' 0.105b 0. I07 0.108 
0.1070 Benzethonium chloride and 0.05% ammonia-adjusted 5.31 Ammonium 0.0002b 0.0002 0.0002 


methoxyethylene-maleic anhydride copolymer (from respective 
stock solutions) a Calculated as benzethonium chloride. Inside membrane, W. 


Table IV-Stoicbiometry of Precipitation of Benzethonium Chloride and 
Active Methoxyetbylene-Maleic Acid Copolymer Carboxylic Acids 


Ratio of 
Equivalents of 


Mixture to 
Active 


Carboxylic 
Mixture Composition Acid Appearance 


0.1% Benzethonium chloride + 0.050% I :  I .5 Emulsion 


utylene-maleic acid, was further investigated by equilibrium dialysis. After 
equilibrium was attained, 98% of the benzethonium cation remained inside 
the membrane, demonstrating electrostatic complex formation. Dialysis was 
not attempted with the sodium salt of the vinyl alcohol-acrylic acid copolymer 
because of difficulties anticipated due to the precipitate. 


Effect of Acetone-To elucidate the driving force of the reaction, it was 
of interest to determine the effect of other solvents on the benzethonium- 
copolymer complex. The reaction mixture was made with water-acetone 
(5050) as  solvent. The ratios of equivalents of benzethonium chloride-active 
carboxylic acid groups ranged from excess benzethonium chloride (1:0.25, 
for 0.1% benzethonium chloride and 0.008% comlvmer) to excess carboxvlic 


polymer 


polymer 


..,-.I.,-.=. 


acid groups ( I  :6.00, for 0. I %  benzethonium chloride and 0.20096 copolymer). 
The solutions were dialyzed according to condition b. The degree of com- 
plexation was determined by analysis of the benzethonium cation inside and 
outside the membrane. The observed values were comDared with theoretical 


0.1% Benzethonium chloride + 0.033% 1:I Precipitate 


0.1% Benzethonium chloride + 0.025% 1:0.75 Emulsion 
rJ,J",b, 


values calculated via Donnan's equilibria. 
The results (Table VII )  show very good agreement between the observed 


ratio and that calculated for 0% complexation. indicatina that. sururisinnlv. 


0.1% Benzethonium chloride + 0.017% 1:0.50 Emulsion 


0.1% Benzethonium chloride + 0.009% 1:0.25 Emulsion 
polymer 


polymer 
0.1% Benzethonium chloride 1 :o Clear Solution 


a precipitate formed, but an excess of either reactant resulted i t t  formation 
of an emulsion. This can be explained by formation of an electrostatic complex 
between the reactants, which would tend to reduce the effective charge on each 
of the components, thereby decreasing water solubility. At the same time, a 
large, hydrophobic molecule is produced, which would also tend to have 
minimal water solubility. 


Formation of an emulsion at  an) other ratio is readily explainable. With 
an excess ofcopolymer, the surplus negative charge keeps the material partially 
suspended in water. With an excess of benzethonium chloride, the positively 
charged, surface-active benzethonium chloride acts an an emulsifying 
agent. 


Other Anionic Polymers-The effect of polymer molecular weight was 
investigated as a possible parameter of interaction with benzethonium chloride; 
dialysis condition c was used. The methoxyethylene-maleic anhydride co- 
polymers used all have the same structure but average molecular weights of 
250,000s (A), 500,000' (B), and I,250,0006 (C). respectively. Table 11 shows 
the theoretical results expected for 100 and 0% electrostatic complexation of 
benzethonium chloride with copolymer B (used throughout this research). 
Thcse values also apply for copolymers A and C.  The observed results (Table 
V) show that in all three cases, approximately all of thc benzethonium cation 
stayed inside the membrane and approximately all of the ammonium ion was 
released. That is, within the limits investigated, formation of an electrostatic 
complex proceeded to completion independent of molecular weight. 


The possibility of electrostatic complex formation was also investigated 
for benzethonium chloride and other polycarboxylic acids. Benzethonium 
chloride was mixed with several different types of anionic polymers. Two 
changes were observed (Table V I )  which are similar to those observed with 
benzethonium chloride and copolymer B. These changes were marked in- 
creases in turbidity and, generally, decreases in  pH to below that of either of 
the individual components. The pH of the benzethonium chloride solution was 
6.38. The pH of the polymer solutions are listed in Table VI. 


These two effects are consistent with formation of an electrostatic complex. 
Production of turbidity was explained above. Decrease in pH by formation 
of an electrostatic complex is also easily explained. Methoxyethylene-maleic 
anhydride copolymer, polyacrylic acid. and ethylacrylate-methacrylic acid 
copolymer yield hydrochloric acid, a relatively strong acid, as a by-product 
of the reaction. (As explained above, for copolymer B the decrease in the pK, 
of the less active acid should also contribute to the decrease in pH.) For the 
diisobutylene-maleic acid and vinyl alcohol-acrylic acid copolymers, in which 
sodium chloride rather than hydrochloric acid would be expected to be released 
during the formation of an electrostatic complex, no decrease in pH was ob- 
served. One of these polymers, the disodium salt of the copolymer of diisob- 


Gantrez 119; GAF Corp. 
Gantrez 169: GAF Corp. 


- .  
reaction did not occur, which is in  contrast to the corresponding siiuatioi in 
water in which the reaction went to completion. This would suggest that a 
driving force of the reaction in acetone is different than in water. It has been 
suggested that in water, charged species (polyanions and polycations) show 
an increase in entropy (9). Molecules tend to occupy as much space as possible. 
Movement of the polymer microions is restricted due to the limited movement 
of the polyelectrolyte chain. Therefore, there is an "escaping tendency" of 
the microions. This escaping tendency is overcome by two oppositely charged 
polyions coming together, thereby liberating the microions from the poly- 
electrolyte. One would expect the reaction also to occur in aqueous acetone 
because the same escaping tendency should be present. However, the reaction 
did not occur in aqueous acetone. 


This suggests a second possibility with respect to the driving force of the 
reaction. Benzethonium chloride forms micelles in water due to the incom- 
patibility of the hydrophobic tails with water. The extent of this micelle for- 
mation is limited because of the repulsion among the positively charged 
benzethonium head groups This can be overcome, however, by the oppositely 
charged field exerted by the polyanion. That is, strong attraction of the posi- 
tively charged head groups on the benzethonium cation with the negatively 
charged held exerted by the polyanion tends to reduce the repulsion of the 
benzethonium cations with each other. allowing increased formation of mi- 
celles. This could be the driving force for the reaction in water. In acetone, 
however, there is no incompatibility bctwecn thc benzethonium hydrophobic 
tails and the solvent and, therefore, no micelle formation. The reaction, 
therefore, should not, and did not. take place in acetone. Hence, a driving force 
for the reaction that is consistent with the facts is increased hydrophobic in- 
teractions of the long chains rather than increased freedom of the microions. 
Both could cause an increase in entropy. 


Influence of pH-The effect of pH on the stability of aqueous benzethon- 
ium-copolymer complex was studied (Table VIII).  Thc mixture was treated 
with either dilute hydrochloric acid or ammonium hydroxide to achieve the 
desired pH. Virtually no difference in appearance was observed at pH 4.0, 
5.0, and 8.0. A decrease in pH to 3.6, however, by slow addition of hydrochloric 
acid led to complete clarification of the supernatant and concomitant for- 
mation of a precipitate. On the other hand. when hydrochloric acid was rapidly 
added to the pH 5.0 emulsion until it was at  pH 2.0, a clear solution resulted 
without ever going through a precipitate stage. At pH I .O, the clear solution 
separated into an oil and a clear supernatant. 


Analysis of the dispersions or clear supernatants before dialysis showed the 
theoretical amount of benmthonium cation at  pH 2.0.4.0, 5.0, and 8.0, but 
not a t  pH 1 .O and 3.6. This suggests that there was a meaningful amount of 
benzethonium cation in the oil (pH 1 .O) and solid precipitate (pH 3.6). 


The mixtures of pH 2.0,4.0,5.0, and 8.0 were treated according to dialysis 
condition b. The results demonstrate that a t  pH 2 4.0, approximately all of 
the benzethonium cation is retained inside the membrane; however, at pH 2.0, 
within experimental error, the benzethonium cation is evenly distributed on 
both sides of the membrane. The formation of a precipitate a t  pH 3.6 can be 
explained by the fact that protons react with any excess negatively charged 
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Table VI-Comparison of pH and Appearance of Polymers Before and After Addition of Benzethonium Chloride 


Polymer 


Methoxyethylene-maleic anhydride 
Polyacrylic acid' 
Ethylacrylate-methacrylic acid copolymer' 
Diisobutylene-maleic acid disodium salt copolymer' 
Vinyl alcohol-acrylic acid sodium salt copolymer" 


a Rohm and Haas. Philadelphia, Pa. 


pH of Polymer Appearance of Polymer 
Without With Without With 


Benzethonium Benzethonium Benzethonium Benzethonium 
Chloride Chloride Chloride Chloride 


3.45 2.78 Clear Solution Cloudy + Precipitate 
3.89 3.20 Clear Solution Cloudy 
5.15 3.47 Clear Solution Cloudy 


10.23 10.30 Clear Solution Cloudy 
9.40 8.75 Clear Solution Cloudy + Precipitate 


Tnble VII--zethonium-CoDolvmer ComDlexation in Aaueous Acetone Studied bv Eouilibrium Dialvsis 


Complex Composition 


Benzethonium Cation Inside--Benzethonium Cation Outside 
Theoretical 


100% Complexation 0% Complexation Observed 
~~~~~ ~~ ~ 


0.1% Benzethonium chloride - 1 .o 1 .o 
0. I %  Benzethonium chloride and 0.008% methoxyethylene-maleic anhydride 2.0 1.6 1.5 
0.1% Benzethonium chloride and 0.01 7% methoxyethylene-maleic anhydride 3.6 2.2 2.4 
0.1% Benzethonium chloride and 0.025% methoxyethylene-maleic anhydride 6.0 2.8 2.8 


0.1% Benzethonium chloride and 0.200% methoxyethylene-maleic anhydride m 12.2 7.8 


0.1% Benzethonium chloride and 0.033% methoxyethylene-maleic anhydride 11.2 3.3 3.5 
0.1% Benzethonium chloride and 0.050% methoxyethylene-maleic anhydride m 4.2 3.9 


Table VIII-pH Effect on Stability of tbe Benzethonium-Copolymer Complex 


Benzethonium Cation. %' 


QH ADDearance Before Dialysis 
After Dialysis 


Inside Tube Outside Tube 


1.0 Clear supernatant and oil 
2.0 Clear solution 
3.6 
4.0 Dispersion 
5.0 Dispersion 
8.0 Dispersion 


Clear supernatant and solid precipitate 


0.01 I h  
0.103 
0.010b 
0.100 
0.105 
0.104 


- 
0.024 


0.1 16 
0.101 
0.096 


- 


- 


0.019 


0.001 
0.001 


<0.001 


- 


Calculated as benzethonium chloride. Virtually only the supernatants were analyzed 


groups on the complex, thereby making the complex less water soluble. For- 
mation of a clear solution at pH 2.0, in which the benzethonium cation was 
approximately evenly distributed inside and outside of the membrane, can 
be explained by the fact that the hydrogen and chloride ions of the hydrochloric 
acid successfully compete with the reactants for the charged sites on the 
complex. Hence, a t  pH 2.0, the benzethonium-polymer complex dissociated 
to form the soluble protonated polymer and soluble benzethonium chloride, 
and the benzethonium chloride passed through the dialysis bag. At pH 1 .O, 
the same situation as a t  pH 2.0 existed, except that benzethonium chloride 
was insoluble at low pH. The results of the studies at pH 4-8 demonstrated 
that a t  these pH values, stable emulsions formed. 


Effect of Saliva-Since the ultimate use of the benzethonium-copolymer 
complex was for a mouth rinse or dentifrice, it was important to determine 
whether it remained intact in the presence of saliva. Saliva contains mainly 
salts and glycoproteins. Due to experimental difficulties in working with whole 
saliva containing both salts and proteins, simulated saliva was made containing 
either one or the other. 


Salivary Salts-After it was shown in a preliminary experiment that, in- 
deed, the complex dissociated considerably in the presence of saliva salts under 


Table IX-Effect of Salivary Salts on Decomposition of Benzethonium- 
Copolymer Complex * 


Reaction Mixture 


Benzethonium 
Cation 


Inside of Bag 
After Dialysis, % b  


Benzethonium chloride' 0.004 
Benzethonium-copolymer complex 0.079 
Benzethonium-copolymer complex and potassium and 0.07 1 


Benzethonium-copolymer complex and calcium and 0.064 


Benzethonium-copolymer complex and all saliva salts 0.023 


chloride. 


sodium salts 


magnesium salts 


0 0.075% with respect to benzethonium chloride. b Calculated as benzethonium 


exaggerated conditions (in terms of contact time and concentrations of salts), 
it was of interest to determine which salts in the saliva were responsible for 
this dissociation. The reaction of the benzethonium-copolymer complex with 
salivary salts was studied by equilibrium dialysis condition c. The composition 
inside the dialysis tube roughly simulated in-use conditions, i .e.,  dilution of 
a mouth wash by 25% with the saliva salt solution. This saliva salt solution 
had approximately the same composition as found in  saliva. Benzethonium 
chloride and the benzethonium-copolymer complex diluted by 25% with water, 
were used as  controls. 


The data (Table IX) show that the 0.075% benzethonium chloride was not 
held back by the dialysis mcmbranc and was diluted -20-fold by the dialysis 
solution. The 0.075% benzethonium-copolymer control was essentially 
maintained completely (0.079%) inside the membrane. In the presence of 
either the monovalent or divalent salts, little effect was apparent, with final 
concentrations of 0.07 I and 0.064%, respectively. But when the monovalent 
and divalent salts were combined, a marked dissociation of the complex re- 
sulted. It appeared that a combination of calcium and magnesium salts and 
high ionic strength had a synergistic effect. giving a significant dissociation 
of the benzethonium-copolymer complex. 


The contribution of calcium and magnesium ions was also studied by atomic 
absorption (Table X). The data show that the number of moles of calcium and 
magnesium ions which became bound to the copolymer was approximately 
equal to the sum of the carboxylate groups which contained sodium and am- 


Table X-Relationship Between Available Copolymer Carboxylates and 
Binding of Calcium and Magnesium Ions 


Available Bound Ca 
Carboxylate', and Mg, 


mol x 10-5/100mL mol x 10-5/100mL 


Before salt reaction 
After salt reaction 


8 
19 


- 


20 


a A~ailable carboxylate groups before the reaction arc those containing sodium or 
ammonium counterions; available carboxylate groups after the reaction inchde the ones 
with sodium or ammonium uwnterionc as well as those in which the benrethonium cations 
were displaced. 
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Tabk XI-Effect of Salivary Protein on Stability of tbe Benzethonium- 
Copolymer Complex 


Ben7.ethonium Cation 


Mixture Composition 


After Dialysis, %a 


Inside Outside 
Bag Baa 


Benzethonium chloride 0.038 0.038 
Benzethonium chloride and mucin 0.034 0.032 
Benzethonium chloride and a-amylase 0.038 0.038 
Benzcthonium-copol ymer complex 0.071 O.OO0 
Benzethonium-copolymer complex and much 0.074 0.001 
Benzethonium-copolymer complex and a-amylase 0.071 0.002 


a Calculated as benzethonium chloride. 


monium ions and those groups which were freed of benzethonium cations. This 
suggests a direct relationship between the amount of benzethonium cation 
released from the polymer and the amount of divalent cations taken up. 


The dissociation of the complex in the presence of saliva salts can be r e p  
resented by Scheme I: 


BPG- + M+X- Bt+X- + M+G- 
Scheme I 


where Bt represents benzethonium, G represents the copolymer, M represents 
the saliva salt cations, and X represents the saliva salt anions. 


These results provide a reasonable explanation for the mode of action of 
the benzethonium-copolymer complex in the oral cavity (2). Simply, the 
calcium-magnesium ions of the saliva displace the benzethonium cation in 
the benzethonium-copolymer electrostatic complex. Slow release of thc 
benzethonium cations by the saliva salts explains the low plaque and gingivitis 
values since benzethonium chloride is an active antimicrobial compound. 
Complexation of calcium ions from the saliva by the copolymer explains the 
low calculus value. 


Salioary Proteins-The stability of the bcnzethonium-coplymer complex 
with another type of salivary component, the proteins, was also studied by 
equilibrium dialysis (condition a ) .  Benzethonium chloride and the ben- 
zethonium-copolymer complex were mixed with salivary proteins and di- 
alyzed. The results (Table XI) show that the benzethonium cations from 
btazetkonium chloride solutions were approximately evenly distributed inside 
and outside the dialysis bags, not being affected by the proteins, and the 
benzethonium cation from the benzethonium-copolymer emulsions remained 
inside the bag, not being released by the proteins. 


I f  a compkx formed between the proteins and the benzethonium cation, 
then the benzethonium cation would have been trapped with the protein inside 
the bag, since the molecular weight cutoff of the membrane is 12,OOO. The 
fact that in the benzethonium chloride-protein cells, the benzethonium cation 
was not trapped indicated that the salivary proteins had little or no affinity 
for the benzethonium cation. I f  the proteins formed some sort of complex with 
the copolymer, thereby dissociating the benzethonium -copolymer complex, 


then the benzethonium cation would have been found in the dialysate. It was 
not. Henw. although the complex dissociated in the presence of salivary salts, 
it did not dissociate in the presence of saliva proteins. 


CONCLUSIONS 


A mixture of benzethonium chloride and methoxyethylene-maleic anhy- 
dride copolymer formed an electrostatic complex of the benzethonium cation 
and the anion of the hydrolyzed polymer, as determined by dialysis, pH, and 
stoichiometric evidence. An emulsion of the complex was stable in the presence 
of an excess of either constituent and at pH > 4. The complex was unstable 
a t  pH < 4, precipitated at  stoichiometric quantities, and did not form in 50% 
acetone. It was decomposed by simulated saliva because of calcium and 
magnesium ions in saliva and was unaffected by saliva proteins. 
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OPEN FORUM 


A Reply to "Problems Involved with Developing a 
Suitable Model for Evaluating Exposure to Bis( 2- 
ethylhexvl) Phthalate from Medical Devices 


I n  lebruary o f  this year. we reported a study in rats which indicated 
that chronic oral administration o f  thc phthalate plasticizer, bis(2- 
ethylhexyl) phthalate ( I ) .  can result in induction of antipyrine 
metabolism'. Based on this observation, we hypothesized that the apparent 
stimulntion of antipyrinc clearance reported i n  earlier clinical studies in  
chronic renal failure patients could be the result of inadvertent exposure to 
I during hcmodialysis treatment. I n  a subsequent commentary2, which 
appeared in  the June issue o f  this journal. Lawrence and Autian 
questioned the validity o f  our hypothesis on the grounds that the 
metabolism of I may dif fcr between parenteral and peroral routes of 
administration. They cited various literature  report^^-^ which showed that 
I can be readily hydrolyzed to form mono(2-ethylhexyl) phthalate ( 1 1 )  in  
various tissues and biological fluids. The rates o f  hydrolysis wcrc notably 
rapid in  intestinal tissues and the gut contentsS. Authors o f  several o f  these 
cited :irticles had stated that orally administered I would prohahly be 
absorbcd from the GI tract primarily as the monoester. Apparently based 
on these statements, Lawrence and Autian drew the conclusion that I 1  i s  
formed much inore extensively (or evcn exclusively) after oral 
administration as compared with after parenteral administration, Since 
there are data indicating differences in  biological activities between 1 and 
1 1 6  9% Lawrence and Autian suggested that parenteral studies with I 
(which presumably better mimic the introduction o f  I into patients during 
hcmcdialysis) should be pcrformed before our results on antipyrinc 
disposition can be accepted as being valid. 


There i s  no disagreement that hydrolysis o f  I to I I  can occur in  the gut 
and/or liver after oral administration. However, we would a u t i o n  that al l  
of the literature articles cited by Lawrence and Autian were reports o f  in 
Lirro studies on the hydrolysis of I by blood and tissue lipascs. It i s  not 
posible to draw definite conclusions in  regards to the extent o f  oral "first- 
pass" mono-deesterification of I in  the various animal species studied. I n  
fact at the time o f  our study (cu. 1981). detailed in vii'o pharmacokinetic 
studies o f  I and its derived monoester were not available. Furthermore, i t  
was not possible to rule out the existence o f  a significant degree o f  mono- 
dccstcrification following systemic introduction o f  I (such that the overall 
extent of formation o f  I I  would be comparable between cnleral and 
parcnteral administration). For example. i t  is conceivable that the dicster 
can be excreted in  the bile and be subjected to hydrolysis during transit 
through the intestinal tract. Also, extensive systemic hydrolysis o f  I 
ccrtainly can occur. 


We were aware of the literature on in ritro en7jmatic hydrolysis o f  I 
(and the kick of quantitative information) at the outset o f  our study. More 
importantly, i t  was recognized that further in rico studies were needed to 
address the unanswered metabolic and pharmacokinetic questions. We 
have. over the last 2 years, undertaken a series o f  studies in  rats and in  
hernodialysis patients which provided much greater insights into the 
relative pharmacokinctic and pharmaco1ogic;il imporlmce of I and i t s  
derived monoester. The results o f  these studies are currently under review 
for publication. We believe a brief summary o f  the relevant data wi l l  
clarify the question concerning the factor of route of administration i n  the 
effect o f  I on antipyrine metabolism and wil l  illustrate the complexities o f  
ths issue. 


o f  I and derived I 1  following a single intra-arterial (100 mg/kg), 
intraperitoneal (4  g/kg), or peroral dose (2 g/kg) of the diester. The key 
finding from this acute dosing study wds a striking diffcrcncc in the 
relative concentrations o f  the monoester metabolite to the parent dicster 
between the parentcral and peroral routes of administration. The area 
under the plasma concentration-time curve (AUC) ratios o f  I1 to I were 
0.050 f 0.024. 0.35 f 0.2?, and 6.90 f 1.75, respectively. A similar 
difference i n  AUC ratios bctwcen intraperitoneal and oral routes was 
found during repetitive administration o f  I .  Using the pharmacokinetic 
methodologies proposed by Pang and Kwan"'togethcr with ACC data 
obtained after direct administration o f  I I ,  we estimated that --YO% o f  an 
oral dose of I was hydro lyxd to I I  during first passage through the GI 
tract whereas <2'% o f  the intra-artcri;il or intrapcritoneal dosc was mono- 
dcssterified in  the liver and other systemic tissues. 


Our  first follow-up study w imed at elucidating the pharmacokinetics 


Our  next step was to compare the effect o f  I on antipyrine clearance 
following repetitive intraperitoneal and oral administrations o f  I in the rat. 
The observed route dependency in  the deesterification o f  I did indecd 
result i n  a difference i n  the effect o f  the phthalatc plasticizer on antipyrine 
mct;~bolism, although the results were much more complex than were 
anticipated. The complicating factor (which was alluded to in  our earlier 
publication) was the elapsed time between the last dose of I and the 
administration of the antipyrine test. Consistent with our earlier study, a 
marked degree (if induction in  antipyrine clearance (an approximately 
twofold increase) was obserwd at both 4 and 48 h after the last oral dose 
o f  the phthalate ester. O n  the other hand, the effect after intrapcritoncal 
treatment with 1 was variable depcndingon the t imeat which the 
antipyrinc test was performed. At 48 h postadministrntion of I, a small 
degree o f  inductive effect (an -25% increase in  antipyrinc clearance) was 
observed. A t  the earlier time point ( i . ~ . ,  4 h), either no effect or an 
apparently inhihitory effect was observed. The most l ikely explanation, 
which would take into account both the route- and time-dependency in  the 
metabolic effects. i s  that induction i s  largely associated with the monoestcr 
and that the diester exerts an opposing effcci, i .e . ,  inhibition of antipyrine 
metabolism. Indeed. we were able to demonstrate pronounced inhibition of 
antipyrine clearance after an acute dosc of the diestcr given either 
intraperitoncally or  orally. 


Although our new findings in  the rat seem to support the contention of 
Lawrence and Autian that the study on antipyrinc metabolism should have 
been conducted after parenteral pretreatment of I ,  we have further data in  
hcniodialysis patients which suggest that neither oral nor intrapcritoneal 
administration of 1 in  the rat exactly mimic the situation during clinical 
exposure. Studies in  a group of renal failure patients on maintenance 
hernodialysis showed that the circulating concentrations o f  derived I 1  were 
comparable to the parent diester during a 4-h dialysis session (AUC ratio 
of 2.42 f 0.66). This suggests that mono-deesterification o f  I in  the 
systemic circulation occurs much more readily in humans than in rats. 
Alternatively, I 1  may be eliminated much more slowly (relative to the 
parent compound) in humans than in rats. 


I n  summary. we believe the oral bis(2-ethylhcxyl) phthalatc study in  the 
rat was a reasonable first step i n  elucidating the potential in riro effects o f  
I on hepatic drug metabolism during human exposure. The results 
generated from that study are s t i l l  indicative. albeit in  a qualitative 
fashion. o f  the probable influcnce of I on antipyrinc disposition in  renal 
failure patients. However, given the differences in  the pharmacokinctic 
and metabolic characteristics o f  I between the rat and human. we now 
conclude that further investigations in  other animal species are needed to 
cstnblish a valid experimental model for assessing the biological effects o f  
I .  
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the values of 24-h cumulative blood insulin levels were increased by the ad- 
ministration of the drug (A, 30-93 fiU/mL). resulting in the stimulation of 
insulin release from pancreatic B cells in all cases. The difference between 
single and successive administration on cumulative blood glucose levels and 
cumulative blood insulin levels was not significant in  patient C (Table 111, 
footnote 6). 
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Abstract 0 Molecular interactions between iodine and disulfiram, clo- 
methiazole, and tolnaftate were investigated by electron spectroscopy. lodinc 
forms charge transfer complexes with these molecules, with 1:l stoichiometry 
and of the n-o type. The formation constants were compared with those ob- 
tained with antithyroid molecules. Only disulfiram appears to have any effect 
on the intrathyroid cycle of iodine. 


Keyphrases 0 Charge transfer complexes-iodine and disulfiram, clo- 
methiazole, tolnaftate 0 Disulfiram-charge transfer complexes with iodine 
0 Clomethiazole- charge transfer complexes, iodine 0 Tolnaftate-charge 
transfer complexes. iodine 


It has been shown that molecules possessing an NCS moiety 
can form charge transfer complexes with iodine (1,2). Both 
qualitative and quantitative studies have shown that certain 
antithyroid drugs (those possessing the NCS function) form 
charge transfer complexes involving the transfer of charge 
from the pair of free electrons on the nitrogen and/or the sulfur 
atoms to the antibonding orbital of the iodine (3,4).  The in- 
tensity of this action can be determined from the complex 
formation constant and the thermodynamic parameters. A 
correlation has been demonstrated between the constant (Kc) 
and antithyroid activity ( 5 ) .  A structure-activity relationship 
has been developed to classify all known antithyroid molecules 
(6). Iodine fixation by complex formation is one action 
mechanism of synthetic antithyroid agents. 


Synthetic antithyroid drugs can also inhibit peroxidase (7). 
This enzyme is necessary for the oxidation of circulating iodine, 
for its integration into thyroglobulin, and for coupling mo- 
noiodotyrosines and diiodotyrosines to form triiodotyronines 
(T3) and tetraiodothyronines (T4). While antithyroid agents 


display variable activity towards peroxidase, they can all 
complex iodine, so that the latter is unavailable for thyroid 
hormone synthesis. 


This NCS function is found in many drugs belonging to 
other therapeutic classes. Hence, if  we hope to understand 
biological activity it is important to investigate the possible 
formation of complexes between these molecules (tolnaftate, 
disulfiram, and clomethiazole) and iodine. This can help de- 
termine whether these molecules possess secondary antithyroid 
activity. 


EXPERIMENTAL SECTION 


Materials-An ultrapurc iodine was prepared by sublimation and stored 
in a desiccator containing PzOs. Disulfiram‘ [tetraethylthioperoxydicarbon- 
ic diamide (I)], tolnaftate2 [O-2-napthyl-m,N-dimethylthiwarbanilate (II)], 
and c l~meth iazole~  [5-(2-chloroethyl)-4-methylthiazole ( I l l ) ]  were phar- 
maceutical grade; purity was determined by HPLC4. UV-grade carbon tet- 
rachlorides was used. 
UV and visible spectra were recorded on a double-beam spectrophotometer6 


quipped with a Peltier effect thermoelectric cell holder. Hellma quartz cells 
with a path length of I cm were employed. 


Method-The glassware was thoroughly dried with dry nitrogen to elim- 
inate any effects due to hydration of the complex solutions. Volumetric so- 
lutions were prepared from initial solutions obtained by weighing. The spectra 
were recorded immediately after solution preparation. 
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For all equilibrium constant calculations, a series of complex solutions were 
used with a constant iodine concentration and a variable donor concentration. 
The solutions were dilute M for iodine, <5  X Ivl for tolnaftate 
and clomethiazole. and <4 X M for disulfiram). Optical densities were 
determined at  three temperatures, IOOC. 2OOC. and 3OoC (f 0.I"C). 


RESULTS 


Visible Region- Iodine in solutions of carbon tetrachloride displayed an 
absorption peak at  5 15 nm. The donors displayed negligible absorption in the 
350-700-nm region. All the complex solution spectra showed a disturbance 
of the visible band of the halogen consisting of a hypsochromic displacement 
(AX) of the r g  - TO transition of iodine (Fig. 1) .  


The stability of the complexes was examined by making new recordings 
after 24 h. Each of the three systems exhibited new absorption bands at  290 
and 360 nm, characterizing the presence of 13- ions. The changes were greater 
with higher donor concentrations. 


The 1:l stoichiometry of the complexes was confirmed by analysis of the 
absorption bands, the accuracy of measurements, and the isosbestic points 
observed. However, this stoichiometry was checked experimentally by Job's 
method of continuous variations (8). To  do this, the optical densities of the 
series of complex solutions with constant donor and iodine concentrations were 
recorded. A correction was made by subtracting from the optical densities 
recorded, the optical densities of donor and iodine solutions of the same con- 
centration as in the complex solution: 


where A,, is the corrected optical density of the complex. Aob is the optical 
density of the donor-iodine mixture, CD and el2 are the molar absorption 
coefficients of the donor and iodine, and [ D ]  and [ I * ]  are the donor and ac- 
ceptor codcentrations, respectively. 


The curve obtained by plotting these optical densities for each complex 
solution against the iodine molar fractions displays a maximum for equal donor 
and iodine concentrations. The position of the maximum and the perfect 
symmetry of the curve confirms the presence of a complex with 1:l stoichi- 
ometry and excludes the presence of higher-order complexes (Fig. 2). 


The formation constants (K,) and the absorption coefficients (t,) of the 
three donor-iodine systems investigated are given in Table 1. These values 
were determined by using: 


where [ C ]  is thecomplex concentration, [&I the initial iodine concentration, 
and [Do] is the initial donor concentration. [C] can be replaced by the term 
dc/cc leading to: 


where, at the wavelength investigated, d ,  is the absorption of the complex only, 
cc is the molar absorption coefficient of the complex, and K, is the complex 
formation constant. Equation (3) was resolved by computer using the least- 


A 


0.6 


0.4 


0.1 


1 '  1 


500 600 nmt 


Figure 1 -Visible absorption spectra of disulfram-iodine complex (solvent. 
carbon ietrachloride. temperature 20 f 0.I'C). Key: ( I )  4.242 X M 
iodine; (2) 4.242 X M iodine and 0.434 X 10-o M disuljiram; (3) 4.242 
X M iodine and 0.868 X 10-3 M disuljiram; (4) 4.242 X M iodine 
and 1.216 X M iodine and 1.737 X 
10-3 M disulfiram; (6) 4.242 X M iodine and 2.605 X M disul- 
firam; (7) 4.242 X M iodine and 3.473 X l o - )  M disulfram: (5') ab- 
sorpiion curve of complex obiained for solution 5 by placing a 4.242 X 
M iodine soluiion in ihe reference beam. 


M disuljiram; (5) 4.242 X 


squares method. Graphic representation of the term [&I [Do]/dC as a function 
of [Ao] + [Do] - (d,/c,) produces a line with a slope of I /c, and an intercept 
of I / &  (Fig. 3). 


Graphic representation of R log K, uersus 1 / T  yields a line whose slope 
provides the value of AHo, and the intercept determines the value of &So (Fig. 


1.2 t. 3 m  


Tolnaftate. mole fraction 


Figure 2-Determination of stoichiometry of the iolnafiaie-iodine complex 
by ihe method of continuous variaiions (solveni, carbon ietrachloride. tem- 
perature 20 f 0.1 "C). For each complex soluiion. ihe sum of tolnafiaie and 
iodine concentrations is constant and equal to 18.8 X M. 
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Table I-Formation Constants and Molar Extinction Coefficients for 
Iodine Complexes in Solution in Carbon Tetrachloride. 


Tolnaftateb 455 57.38 2136 
460 57.07 21 10 
465 55.78 2040 
470 57.88 I855 56.65 f 0.96 
475 55.76 I692 
480 55.69 
485 56.56 


Disulfiram' 460 300.51 


I466 
I209 
2599 


465 298.39 2484 
470 288.81 2340 296.78 f 4.44 
475 298.36 2068 
480 298.45 I799 
485 292.40 I520 
490 300.51 I195 


Clomethiazoled 410 24.96 1231 
415 24.84 1305 
420 24.84 1337 
425 25.32 I343 25.00 f 0.19 
430 25.17 1321 
435 24.83 1283 
440 25.07 1203 


At 20 f O.IoC. Six different tolnaftate-12 solutions; 1121 4.438 X M; [tol- 
naftatc] varied from 0.229 X M to 1.836 X M. Six different disulfiram-12 
solutions; [I2] 4.242 x 
M. d Five different clomethiazole-I2 solutions; (121 4.580 X M; [clomethiazole] 
varied from 1.093 X M to 5.467 X M. Values were calculated from ab- 
sorption data in the visible region. 


M; [disulfiram] varied from 0.434 X lo-' M to 3.473 X 


4). The thermodynamic parameters related to the formation of the complex 
are given in Table 11. 


Ultraviolet Region-The donors displayed strong absorption in the UV 
region (Table H I ) ,  whereas iodine exhibited weak absorption. The high values 
of the molar extinction coefficients of the complexes in this spectral region 
permit the use of much lower donor concentrations than those required for 
the visible spectra. 


The absorption bands due to the intermolecular charge transfer around 300 
nm are superimposed on iodine and especially for donor absorption (Fig. 5 ) .  
Analysis of these bands is therefore inaccurate and is limited only to qualitative 
results. Charge transfer bands, calculated graphically, are located a t  -338 
nm for the tolnaftate-iodine complex, a t  310 nm for the disulfiram-iodine 
complex, and at 276 nm for the clomethiazole-iodine complex. The absorption 
intensity of the charge transfer bands increases with donor concentration and 
declines sharply with increasing temperature (Fig. 6). After 24 h the spectra 


e.10- 


4.10- 


2.10- 


- 
1.10-' 3.10-3 


F e  3-Graphic representation of Eq. 3 obtained for the disulfiram-iodine 
complex. Lines I .  2, 3, 4. 5 .  and 6 were obtained at 460, 470,475, 480, 485, 
and 490 nm. respectively: x = 1121 + ID] - dJcc and y = /IJ[Dj/d,. 


Figure 4-Determination of the thermodynamic parameters of the tolnaf- 
tate-iodine complex. The linear regression line has the equation y = 5.8 x 
- 11.77 (r = 0.999). 


Table 11-Thermodvnamic Parameters Obtained for the Iodine Comolexes 


-AH", -As", -AG0293% 
kcal - mol-l cal * mol-l K-I kcal . mol-' 


Tohaftate' 5.80 f 0.12 11.79 f 0.42 2.35 f 0.01 
Disulfiramb 6.96 f 0.30 12.48 f 1.04 3.32 f 0.01 
ClomethiazoleC 7.08 f 0.14 17.76 f 0.50 1.87 f 0.005 


(121 4.438 X lo-' M; [tolnaftate] varied from 0.229 X lo-' M to 1.836 X M. * 12] 4.242 X lo-' M; [disulfiram] varied from 0.434 X lo-' M to 3.473 X lo-' M. 
/Id 4.580 X M; [clomethiazole] varied from 1.093 X lo-* M to 5.467 X M. 


Table 111-Molar Extinction Coefficients of Donors Obtained in the 
Ultraviolet Region 


Tolnaftate 263 [ 320.5 
4.38 
2.92 


Disulfiram 259 4.53 
Clomethiazole 256.4 3.42 


a Solvent: carbon tetrachloride; temperature: 20 f 0 . I T  


displayed the appearance of two new bands a t  290 and 360 nm, respectively, 
characteristic of the formation of 1,- ions in the complex solutions. Graphic 
extrapolation for the disulfiram-iodine complex (Fig. 5 )  helped to reveal the 


Figure 5-Ultraviolet spectra of the disulflram-iodine complex. Key: ( I )  
4.242 X 
M iodine and 4.342 X M disulfiram: (4)  spectral recording obtained 
by placinga 4.242 X M disul- 
firam solution in the reference beam; (5)  charge transfer band obtained by 
graphic extrapolation. 


M iodine; (2) 4.342 X lo-' M disuflram; (3) 4.242 X 


M iodine solution and a 4.342 X 
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0.5 t. Table IV-Comparison of Formation Constants of Iodine Compkxes 
Obtained with Antithyroid Drugs and with Clomethiazole, Tolnaftate, and 
Disulfiram 


Figure 6-Variation of the charge transfer band of (I tolnaftate-iodine 
complex solution with temperature (4.438 X M iodine and 4.682 X 


M tolnaftate). 


three absorption bands located a1 290 and 360 nm (13- ions) and 310 nm 
(charge transfer band). 


DISCUSSION 


Spectroscopic observations in the visible and U V  regions confirm the n-a 
character of the charge transfer complexes formed by iodine with disulfiram. 
tolnaftate, and clomethiazole. The I : I  stoichiornctry of these complexes is 
confirmed by analysis of the absorption bands, measurement accuracy, 
isosbestic points observed, and Job's method of continuous variations. 


In agreement with Mulliken (9) and Popov and Deskin (lo), the formation 
of 1,- ions is caused by the conversion of an outer complex into an inner 
complex, releasing I- ions which act on the free molccular iodine: 


I .  Disulfiram t 12 s disulfiram-12 (outer complex) 
2. Disulfiram-12 F )  disulfiram-l+i- 
3. Disulfiram-l+I- s (disulfiram- I)+ + I- (inner complex) 
4. I -  t 12 2 13- 


Reaction 2 occurs slowly, while the other three reactions display rapid ki- 
netics. 


~ 


K ,  at 2OoC, 
L - mol-' Solvent 


Potassium thiocyanate 
2-Thiazoline-2- thiol 
Thiourea 
Tetramethylthiourea 
2-Mercapto- I -methylimidazole 
Clomethiazole 
Tolnaftate 
Disulfiram 


94 (at 22OC)' H20 
2527 f I 18' CCI4 
8825 f 505' CH2C12 


1321 5 f 1 1  5O0 
23194 f 667a cc14 
2 5 . 0 0 f 0 . 1 9  C C 4  
56.65 f 0.96 cc14 


296.78 f 4.44 cc14 


n-Heptane 


From Ref. 5.  


The formation constants K ,  of the iodine complexes of tolnaftate, disulfiram, 
and clomethiazole were compared with those obtained for antithyroid mol- 
ecules (Table IV). 


Antithyroid compounds are  stronger donors for iodine than tolnaftate. di- 
sulfiram, and clomethiazole. Only disulfiram displayed a constant higher than 
that of potassium thiccyanate, whose antithyroid action is well known. Without 
totally inhibiting the synthesis of thyroid hormones, disulfiram appears to 
diminish this formation and interferes with it, causing the formation of a goiter. 
This property has been reported in a clinical study ( 1  1 ) .  
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The actual nature of the hydrodynamic conditions at the tablet surface can 
be determined from the relationship between the dissolution rate and the 
angular velocity of the rough pellet surface. The relationship between R, and 
angular velocity (o) can be written in the form (10): 


R, - u p  (Eq. 8)  


At smooth rotating disk surfaces, p = 0.5 under laminar conditions and p = 
0.9 in a completely turbulent flow pattern. At a rough rotating disk surface, 
consisting of a regular, geometric pattern of pyramids, the following results 
were obtained ( 1  1-14): with a pyramid height of > I  mm the mass flux varied 
with But when the height of the roughness elements diminished, the 
exponent of w increased from 0.67 to >0.9 (14). The experimental data eol- 
lected in  Fig. 3 were used to investigate the effect of the presence of pores on 
the hydrodynamics at the tablet surface. Since the dissolution rates can be 
compared only for equal values of n at the different rotation speeds, interpo- 
lated values of R, were calculated by Eq. 7 from the best f i t  of the experi- 
mental data for various numbers of pores at each rotation speed (Table 11). 
A linear regression analysis of the plot of log R, versus logo for any number 
of pores was performed on the data collected in Table 11. The slopes of these 
plots correspond to p in  Eq. 8. Exponent p increases from -0.5 at  n = 0 
(smooth surface) to 0.8-0.9 for surfaces with >250 pores. This confirms earlier 
observations that, due to thc presence of pores, the flow regimen in  the 
boundary layer near the surface shows a transition from laminar to turbulent, 
resulting in a changed dissolution mechanism of the surface. 
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Abstract 0 The pseudo-two-phase model is proposed to correlate complex 
formation of ligand molecules with povidone with partition coefficients (log 
P or 11 constants). The conditions which permit the use of the pseudo-two- 
phase model for binding of ligand onto macromolecules are determined. This 
model seems to be a more rational choice than the frequently used complex 
formation model (monophase). This is demonstrated theoretically and con- 
firmed experimentally. The advantages of the use of such a model are also 
discussed. 


Keyphrases 0 Povidone-- interaction with aromatic compounds, pseudo- 
two-phase and monophase systems, salicylic acid, complex formation 0 
Pseudo-two-phase model-compared with monophase, complex formation 
aromatic compounds with macromolecules 


The important role of lipophilicity of ligand molecules and 
hydrophobic bonding in complex formation of a series of ligand 
molecules with povidone has been previously investigated; li- 
gand molecules in the nonionic state showed a higher com- 
plexing tendency than those in the ionic state, ( 1  -3). Complex 
formation of ligand molecules with povidone was explained 
in  terms of hydrophobic bonding ( I ,  4-8). In  earlier work, we 
studied the complexing tendency of ligand molecules in the 
nonionic and ionic state, and the importance of the hydro- 
phobic bonding especially for nondissociated molecules was 
confirmed (9). The correlation observed between the solubility 
of the ligand molecule in solvent mixtures and its binding to 
povidone (10) also provided support for the Occurrence of 
complex formation by hydrophobic interactions. 


Hansch et al. ( 1  1 )  showed that complex formation by hy- 
drophobic bonding of neutral organic molecules with macro- 
molecules, such as serum albumin, can often be correlated with 
partition coefficients (log P or T constants) ( 1  2, 13) between 
1 -0ctanol and water. This correlation was found for phenols 
and serum albumin, barbiturates and homogenized rabbit 
brain ( 1  4), penicillin and serum albumin ( 1  5), aniline deriv- 
atives and nylon and rayon (16), and phenols and mitochon- 
drial protein ( 17). 


These results, correlated with octanol--water partition 
coefficients (log P), are expressed either as 1 / C  ( 1  1) (where 
C represents the molar concentration of ligand to produce a 
one-to-one complex of ligand and macromolecule), as log B% 
[percent bound ligand ( 1  4)], or as log B/F ( 1  5 ) ,  where B refers 
to bound and F to free ligand concentrations, respectively. The 
methods for expressing complex formation are not comparable. 
As indicated by Bird’and Marshall (1 5), B/F is a more rational 
choice than B% for correlating the results with log P, because 
B/F is analogous to an organic solvent-water partition coef- 
ficient. Moreover, as opposed to the other expressions, B is not 
a linear function of the association constants. 


However, the use of the B/F expression has a disadvantage; 
one must work at  a constant macromolecular concentration 
in order to compare the B/F expressions for the individual li- 
gand molecules with the log P or T values. This implies that 
one must expect errors in the results obtained for ligand mol- 
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ecules with a low or a high tendency for complex formation 
( 18). The I /C expression offers the advantage over the B/F 
expression in that it is directly related to the association con- 
stant and is independent of the macromolecular concentration. 
However, for the determination of I/C, a series of ligand 
concentrations must be investigated to determine the con- 
,centration of ligand ( F )  where r = 1 [ r  is defined as mole of 
bound ligand/mole of macromolecule ( 1  1 )]. Moreover, ex- 
pressions used to correlate complex formation to log P values 
suffer from the fact that notations such as T (total ligand), F 
(free ligand), and B (bound ligand) calculated from a mono- 
phasic point of view (the theory of complex formation) are 
correlated to the same notations, calculated from a biphasic 
point of view (partition theory), but have different signifi- 
cance. 


The purpose of this report was to investigate the possibilities 
of expressing complex formation of ligand molecules with 
macromolecules from a pseudo-two-phase point of view. For 
this purpose, we have regarded the macromolecular solution 
both as a true solution (monophase) and as a pseudo two phase 
comparable with a biphase. We have theoretically investigated 
the expression of results calculated according to the theory of 
complex formation in partition terms, and the relationship of 
the two systems. The theory is experimentally verified with two 
different experiments and the possibilities and limitations of 
the two systems are discussed. 


EXPERIMENTAL SECTION 


Materials and Methods -Povidone’ was used as the macromolecule and 
salicylic acid2 was used as the ligand molecule. The buffer employed was a 
phosphate buffer (pH 7.00) (19) containing dibasic sodium phosphate and 
monobasic potassium phosphate. Ultrafiltration was used to investigate the 
ligand-macromolecule interactions. Previously described equipment was 
employed (20). The concentration of unbound ligand was determined spec- 
trophotometrically in the ultrafiltrate. The spectrophotometric measurements 
were performed at 296 nm with a double-beam spectrophotometer3 after 
appropriate dilution. 


Partial Specific Volume--The partial specific volume (q) (21, 22) of 
povidone in water and phosphate buffer (pH 7.00) is calculated from the 
density increment with all other components at constant chemical potential 
using the equation: 


where 7; is the partial specific volume; C2 is the povidone concentration; 
A,/AC2 is the density increment with respect to component 2; and p’ is the 
buffer density. The densities of the macromolecular solution and the solvent 
were measured with a digital precision density mete+, calibrated with air and 
solvent, at 25OC. I n  a second method, the partial specific bolume was deter- 
mined using a pycnometer. 


Determination of the Binding Tendency-A solution containing salicylic 
acid and 2.50% povidone in a phosphate buffer (pH 7.00) was prepared. UI- 
trafiltration was carried out at 2 5 T ,  several ultrafiltrate fractions ( 4 . 5 -  1 .O 
mL each) were collected, and the free ligand concentration in each sample 
was determined spectrophotometrically. The volume of the sample was cal- 
culated by weighing the sample and determining its density. 


RESULTS AND DISCUSSION 


Treatment of Povidone Solutions as Pseudo Two Phase-The question of 
homogeneity or heterogeneity of macromolecules in solution is still a point 
of discussion. Some authors (23,24) consider that macromolecular dispersions 
arc monophasic (homogeneous). while other authors (25,26) believe they are 
clearly biphasic (heterogeneous) I n  fact, the problem of phases is a problem 
of scale. A phase dispersed in another phase ceases to exist, as such, when its 
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degree of division reaches the molecular level. At any point along the chain. 
a macromolecule has il molecular size in two of the spatial dimensions and 
a macromolecular size in the third. 


The“pseud0-two-phase” model (27,28) was used by a number of investi- 
gators (29 -33) todescribe aqueous micellar solutions in general and solubil- 
iration in particular (28,34). Such a model leads one to think of thesolubilized 
dispersion as being distributed or partitioned between the micelles (“micellar 
phase”) and the external “aqueous phase.” 


The elementary requirement that these “phases” be mechanically separable 
is satisfied, since such a separation can be effected with dialysis or ultrafil- 
tration. Moreover, these micellar solutions are consistent with the Gibbs phase 
rule for two-phase systems; the intensive properties of the aqueous phase are 
nearly constant with overall surfactant concentration above the critical mi- 
cellar concentration at constant temperature and pressure: The pseudo-two- 
phase treatment of micelles has gained strong support from the ultrafiltration 
and solubiliiation studies of Hutchinson er al. (30), which showed the number 
of free detergent molecules to be nearly constant above the micelle point. 


The pseudo-two-phase model is useful if  the micelles are both large and do 
not interact; these requirements, i f  they are fulfilled. should be reflected in 
the distribution coefficient, being independent of the surfactant concentration 
for a given micellar composition. All these requirements and limitations, valid 
for the micellar solutions, are also fulfilled in the case of macromolecular 
solutions. Moreover, macromolecular solutions are  seen as  gel particles (35) 
and occupy a definite volume in  solution, indicated as  their partial specific 
volume (21.22) .  


Povidone, like other nonionic macromolecules, contains separate hydro- 
phobic and polar groups, making it comparable to nonionic tensides. A mo- 
lecular model of the povidone molecules showed that the polar pyrrolidone 
ring and the hydrophobic paraffin backbone were both accessible for the ligand 
molecules (36). Taking into account these considerations, we thought the 
pseudo-two-phase model, describing micellar solutions, could also be used for 
describing macromolecular solutions. 


Relatiomhip Between Binding Results, Expressed in a Monophasic (Complex 
Formation) and a Pseudo-Two-Phasic System (Partition)-According to the 
theory of complex formation (monophase) (18, 23. 37-39) the following 
equation is valid: 


T = B + F  (Es. 2) 
where T,  B ,  and F represent the molarities of total, bound, and free ligand 
and are calculated on the total volume ( V T )  of the solution. 


Complex formation can be studied as a function of either macromolecule 
Concentration or ligand concentration. In the first method, the ratio of T to 
F can be expressed as a function of the amount of povidone (40-42): 


T - = agpvp + I 
F 


where gpvp is grams of povidone and u is a constant. 


( k )  and the number of binding sites (n) on the macromolecule: 
The second method permits the calculation of intrinsic binding constants 


(Eq. 4) 


For isotherms of several ligand molecules with povidone, a straight line was 
obtained by plotting r as a function of F (3 ,9 ,43 ,44) .  This finding implies 
that at kF << I ,  I / n  equals zero or n is infinite, indicating a nearly infinitely 
large number of adsorption sites (9, 20). So Eq. 4 reduces to: 


I f  both equations are valid, the constant a of Eq. 3 equals nk of Eq. 5 .  


for partition between two phases is valid: 
According to the pseudo-two-phase model (partition), thc general equation 


where: 


B’ = T’ - F,  


Kd is the partition coefficient between “the pseudo or macromolecule phase” 
and the aqueous or “outer” phase; 7 ’  is the concentration (in molarity) of the 
aqueous phase before partition; V‘T is the volume of the aqueous phase before 
partition; F is the concentration (in molarity) of the aqueous phase after 
equilibrium (iz., the free ligand concentration); VF is the volume of the 
“outer” or aqueous phase after equilibrium; B‘ is the concentration of ligand 
in the pseudo or macromolecule phase (i.e., the bound ligand concentration); 
VB is the volume of the “pseudophase,” in our case, the volume occupied by 
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Figure 1- Volume increment ofpovidone in water ( I )  andphosphate buffer 
(2) ,solution as a function of its weight. 


povidone in solution. The partial specific volume of povidone was taken. As 
V’T = VF, Eq. 6 can be written: 


As in the pseudo-two-phase system, T’ represents the total concentration 
of the “outer” or aqueous phase and the relationship between total concen- 
tration in the monophase and pseudo-two-phase system is given by: 


By comparing Eqs. 2.7, and 9, it is noted that B’ expressed in a pseudo-two- 
phasic system is larger than B expressed in a monophasic system. Further, 
we can write: 


VB = b * gpvp (Eq. 10) 


where g is grams of povidone used in the experiment and b is the volume oc- 
cupied by one gram of povidone in solution. 


Substitution of Eqs. 9 and 10 in Eq. 8 gives: 


\ I 


resulting in: 


or: 


Therefore, a plot of T/F as a function of gpvp results in a straight line with 
slope, b/VT (Kd - I )  and an intercept of 1. The slope is equal to the slope a 
of Eq. 3 or nk of Eq. 5. 


The relationship between Kd and u, the slope of Eq. 3,  or nk of Eq. 5 can 
be calculated from Eqs. 3, 5, and 12 and results in: 


Table I-Complexing Tendency of Salicylic Acid Onto. Povidone’ 


POVIDONE. %w/v 


Figure 2-Complexing tendency of salicylic acid onto povidone. Salicylic 
acid. 7.60 X M;pH 7.00; ionic strength. 0.25; 25°C. 


K d = a - + l = n k - + l  VT V r  
b b 


From Eq. 14, it can be concluded that the linear relationship between T/F and 
gpvp, which is found using the theory of complex formation (Eqs. 3 and 5), 
can be directly correlated with the pseudo-two-phase theory. This holds true 
for all povidone concentrations. 


It has only been assumed that VB = Vpvp is a linear function of gpvp. The 
linearity has been investigated using a pycnometer and is graphically repre- 
sented in Fig. 1.  The volume occupied by povidone is indeed a linear function 
of gpvp. From the slope of the line, the b value was calculated and equals 0.80 
mL/g (i.e., every gram of povidone occupies a volume of 0.80 mL). This holds 
true for both water and phosphate buffer. The partial specific volume, cal- 
culated from density increments of povidone solutions using Eq. l ,  agreed with 
the results obtained with a pycnometer. 


Comparison of Results in I Macromolecular Sdution Treated as Monophase 
and Pseudo Two Phase-To verify the results experimentally, 100-mL solu- 
tions containing a constant concentration of salicylic acid as ligand (7.60 X 
loF3 M) and different amounts of povidone were prepared in a phosphate 
buffer (pH 7.00). From the monophasic point of view, and according to Eq. 
2, T = 7.60 X 


Ultrafiltration was carried out and the free ligand concentration (F) was 
determined. The results calculated from the mono- and pseudo-two-phasic 
points of view (Eqs. 2,3,  and 1 1 )  are presented in Table 1 and Fig. 2. 


The slope. of the straight lines, T/F. as a function of the povidone concen- 
tration was 0.260. The corresponding Kd value. according to Eq. I 3  where 
VT = 100 mL and b = 0.80, was 33.50. The mean of the Kd values from the 
data of Table I, calculated according to Eq. 1 1, was 33. I 1 .  The Kd values agree 
quite well. 


The results of binding onto povidone can be interpreted from the mono- 
phasic as well as from the pseudo-two-phasic point of view. The results cal- 
culated in one system can easily and correctly be expressed in the other system 
by use of a simple equation. The calculated Kd values are independent of the 
macromolecular concentration, as can be expected with partition between two 
phases. The Kd values offer the advantage above the B/F and 1 / C  determi- 
nations, to correlate with log Pconstants (1 I ,  14, 15) so that the desired in- 
formation can be obtained from one experiment and the macromolecular 
concentration can be varied from one ligand to another to minimize the error 
in the results obtained for ligand molecules with a low or high complexing 
tendency (1 8). 


M and V r  = 100 mL. 


Monophase 
Povidone. 
I Tb 


I .70 0.00760 
2.27 0.00760 
2.81 0.00760 
3.39 0.00760 
3.84 0.00760 
4.53 0.00760 
5.01 0.00760 


F 
0.00530 
0.00478 
0.00444 
0.00404 
0.00384 
0.00352 
0.0033 1 


Pseudo Two Phase 
T’ F B’ V P V P  Vn,n Kd B TIF 


0.00230 1.43 0.00770 
0.00282 1.59 0.00774 
0.003 16 1.71 0.00777 
0.00356 1.88 0.0078 1 
0.00376 1.98 0.00784 
0.00408 2.16 0.00789 
0.00429 2.30 0.00792 


0.00530 0.00240 1.36 98.64 32.91 
1.82 98.18 33.49 0.00478 


0.00444 0.00333 2.25 97.75 32.66 
0.00404 0.00377 2.7 I 97.29 33.49 
0.00384 0.00400 3.07 96.93 32.87 
0.00352 0.00437 3.62 96.38 32.98 
0.00331 0.00461 4.01 95.99 33.34 


0.00296 


~~ ~~ ~ ~~ ~~~ ~~ ~~ ~ ~~ 


a Calculations were made using s. 2. 3, and I I .  The total concentration of salicylic acid was 7 .60  X lo-’ M; the pH was 7.00; the ionic strength was 0.25; the tempcrature was 
25OC. T. E .  and Fare rnolarities Ef o total, bound, and free ligands. respectively; T‘. E’. and Kd are molar concentrations of the aqueous phase before partition. the bound ligand 
concentration, and the partitlon coefficient bctwcen the ‘‘pseudo’’ and aqueous phase, respectively. 
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Figure 3-Determination of the free ligand concentration of salicylic acid 
in the successiue ultrafiltrate samples. Salicylic acid, I .OO X M;pou- 
idone. 2.50%;pH 7.00; 25°C. 


Determination of the Complexing Tendency in Successive Ultrafiltrate 
Samples--The free ligand concentrations of successive fractions werc dcter- 
mined from a solution containing salicylic acid ( 1  .OO X lo-* M) and 2.50% 
povidone dissolved in a buffer (pll 7.00) (Fig. 3). The free ligand concentrations 
in the successive aliquots remain constant, although the volume of the solution 
is more than halvcd uhilc the povidone concentration is more than dou- 
bled. 


The constancy of the free ligand concentration in the successive aliquots 
wa5 tested in terms of the mono- and pseudo-two-phase models. The results 
arc consislent with a pseudo-two-phase model. According to the partition 
thcory (and Eq. 6). F corresponds to the concentration of the "outer" or the 
aqueous phase. in opposition to the theory of complex formation. Since we 
are dcaling with concentrations and not with amounts, the free ligand con- 
centration ( F )  at equilibrium is not changed by eliminating a portion of the 
"outer" or aqueous phase. 


On the other hand, with complex formation, all results are expressed as the 
total volume of the solution. Therefore, the concentration of the macromole- 
cule will increase due to solvent elimination during ultrafiltration. However, 
the change in total volume must simultaneously alsoaffect the other factors. 
This change in the concentration of total ligand, total pvidone concentration. 
bound ligand, and especially free ligand was theoretically investigated. These 
effects are considered first for a 1 : I  complex: 


M F +  F F? ML (Eq. 15) 


where ML is the concentration of bound ligand or bound macromolecule, MF 
is the free concentration of macromoleculc. and F is the free ligand concen- 
tration. I f  T and Mr represent the total concentration of ligand and macro- 
molecule, respectively, we may write: 


MF. = MT - T +  F (ES. 17) 


so: 


7 - F  
( M r -  T +  F ) . ( F )  


k =  (Eq. 18) 


Expressing Eq. 18 in terms of concentration (w/v). with the volumc before 
ultrafiltration as VO, then Eq. 18 can be written: 


where mr. mF, and mMT are the mass of total ligand, free ligand, and mac- 


Table 11-Changes in Povidone Concentration of Total, Free, and Bound Ligand as a Function of Successive Eliminated Ultrafiltrate Fractions 


Amount F ZF 
Povidone, T. F ,  B ,  Eliminated, Eliminated, 


dc:" V o - Z d u b  MXIO" M X I 0 4 d  M X I 0 4 C  M X I 0 4 /  18 g x  105 g x  105 


Before 
After 
Before 
After 
Before 
After 
Before 
After 
Before 
After 
Before 
After 
Before 
After 
Before 
After 
Before 
After 
Before 
After 
Before 
After 
Before 
After 
Before 
After 
Before 
After 
Before 
After 
Before 
After 
Before 
After 
Before 
After 
Before 


- 
0.51 


0.50 


0.47 


0.53 


0.48 


0.5 I 


0.58 


0.59 


0.51 


0.48 


- 


- 


- 


- 


- 


- 


- 


- 


- 


- 
0.60 


1.21 


I .38 


1.35 


I .25 


1.54 


1.27 


- 


- 
- 


- 


- 


- 


25 


24.49 


23.99 


23.52 


22.99 


22.51 


22.00 


21.42 


20.83 


20.32 


19.84 


9.24 


8.03 


6.65 


5.30 


4.05 


- 


- 


- 


- 


-. 


- 


- 


- 


- 


- 


- 


- 


- 


- 


- 


357 
357 
365 
365 
372 
372 
380 
380 
388 
388 
397 
397 
406 
406 
417 
417 
429 
429 
439 
439 
450 
450 
464 
464 
49 5 
495 
536 
536 
584 
584 
635 
635 


100.0 
100.0 
100.7 
100.7 
101.4 
101.4 
102. I 
102. I 
102.9 
102.9 
103.7 
103.7 
104.6 
104.6 
105.6 
105.6 
106.7 
106.7 
107.7 
107.7 
108.7 
108.7 
110.0 
1 10.0 
112.8 
112.8 
116.6 
116.6 
121.0 
121.0 
125.8 
125.8 


- 
64.7 


66.6 


66.8 


67.1 


67.0 


66.9 


67.0 


67.0 


66.9 


66.9 


67.1 


67.0 


67.1 


66.8 


67.0 


66.6 


- 


- 


- 


- 


- 


- 


- 


- 


- 


- 


- 


- 


- 


- 


- 


- 
35.3 


34.1 


34.6 


35.0 


35.9 


36.8 


37.6 


38.6 


39.8 


40.8 


41.6 


43.0 


45.7 


49.8 


54.0 


59.2 


- 


- 


- 


- 


- 


- 


- 
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- 


- 


- 


- 
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- 


- 
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- 


- 


- 


- 


- 
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43.3 


49.1 


44.4 


47. I 
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54.6 


47.1 


44.4 


55.6 


112.0 


127.9 


124.6 


115.7 


141.7 


- 


- 


- 


- 


- 


- 


- 


- 


- 


- 


- 


- 


- 


- 


- 


- 
45.6 


91.6 


135 


184 


228 


275 


329 


384 


43 I 


475 


53 1 


643 


77 1 


896 


1012 


1154 


- 


- 


- 


- 


- 


- 


- 
- 


- 
- 
- 
- 


- 


- 


- 


- - - - - 2.51 714 133.1 
- 714 133.1 67.0 66.1 92.58 117.5 1212 


- 1 1.24 794 140.5 
1.08 - 794 140.5 67.0 73.5 92.59 99.9 1372 
- 10.16 879 148.3 


- - - - - 


- - - - - 


Volume of the eliminated ultrafiltrate fraction. VO - Zdu = volume remaining in the ultrafiltrate cell. Povidone concentration in the ultrafiltrate cell. calculated according 
Total ligand concentration in the ultrafiltrate cell. calculatcd according to Eq. 21. F = free ligand concentration. determined in the ultrafiltrate fraction. f B  = T - to Eq. 22. 


F = bound ligand concentration. R r = moles of ligand bound/mole of macromolecule. 
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romolecule, respectively, or: 


After eliminating a volume fraction dv, with mass dm,  the total ligand con- 
centration is also changed and equals: 


and the total macromolecular concentration: 


M T = -  mMr 
Vo - do 


the free ligand Concentration is changed to: 


F = xF / (  Vo - do)  (Eq. 23) 


where %F. the mass of free ligdnd, a priori is not known. The new equilibrium 
is then: 


m r  d m  Xy‘ 


Vo - d o  Vo-  du Vo - dv 
----- 


k =  
mT +- dm +-%).(A) 


V 0 - d ~  Vo-dl ;  V o -  dv Vo-  do V o -  do 


or: 


( ~ q .  25) 
mT - dm - XF k =  


( M M T  - mT + dm + X F )  - 
(V:: dv) 


The intrinsic binding constants before and after eliminating free ligand 
concentration must be equal. This is the case if: 


i.e.. the free ligand concentrations before and after ultrafiltration are identical. 
This is also true for complex formation in general. In the equation, r = nkF/( I 
t kF) ( 1  8,23,37.38), nk and F are constants, then r ,  the amount of bound 
ligand per mole of macromolecule, should also be constant. 


The results from Fig. 3, were calculated according to Eqs. 21 and 22 (Table 
11). The results are given before and after the removal of a volume fraction. 
The molarity of povidone (Col. 4), as well as the total (Col. 5 ) .  and bound (Col. 
7) ligand concentrations increase according to Eqs. 21 and 22, while the free 
ligand concentration (Col. 6) and r ,  the mole bound ligand/macromolecule 
ratio remain constant (Col. 8). Consequently, the results correspond to Eq. 
26. 


Using somewhat different calculations, the same conclusions were found 
in a study of the binding of manganese to concanavalin A (45). In the first 
aliquots (to -2 mL), the free ligand conccntrations are somewhat lower than 
in the following aliquots, resulting in  an overestimation of B (Fig. 3 and Table 
11). This effect was also noted in experiments with other ligand molecules. This 
observation must be attributed to a dilution effect of the membrane, which 
is immersed in  a buffer solution before use. Therefore, the first sample must 
always be eliminated to obtain correct values of B and F. We can conclude 
that the experiments are in accordance with the treatment of a macromolecular 
solution as a pseudo two phase as well as a monophase model. 


Another important conclusion can be made. Some authors consider ultra- 
filtration as suspect due to changes in the macromolecular concentration 
during the experiment which disturb the binding equilibrium (46). The use 
of small aliquots of filtrate should overcome this objection (47.48). Indeed, 
binding equilibrium is disturbed by removing small aliquots of filtrate, but 
the intrinsic binding constant must be a constant. From Eq. 26 it is seen that 
this is the case if free ligand concentrations are identical before and after ul- 
trafiltration, whatever the volume fraction of filtrate taken; therefore, it is 
not necessary to take small aliquots of filtrate. 


Indeed, since the free ligand concentration in the filtrate was constant, 
regardless of the volume fraction of filtrate taken, the concentration of bound 
ligand is also unchanged since it is calculated by subtracting the free from the 
total ligand Concentration. The treatment of macromolecular solutions as a 
pseudo two phase is also generally applicable if Eqs. 3 and 5 are fulfilled. 


It is expected that the treatment ofa  macromoleculesolution as  a pseudo 
two phase and calculation of partition coefficient ( K d )  will have advantages 
over the theory of complex formation and will be useful to study and interpret 


complex fornration between macromolecules and ligand molecules as a 
function of the pK, and dissociation of the ligand and the pH of the solvent. 
This investigation will bc reported in a following paper. 
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Abstract 0 The competitive indicator method for studying molecular com- 
plexes is extended to systems forming 1 : 1  (SL) and 1:2 (SL2) complexes of 
substrate (S) and ligand (L). A modification isdescribed for slightly soluble 
substrates, in which the presence of solid substrate establishes a constant 
conccntration of uncomplexed substrate. These methods are applied to com- 
plexes of a-cyclodextrin with some aromatic substrates, with methyl orange 
as the indicator in acid solution; nitrazine yellow is introduced as an indicator 
for these studies in basic solution. 


Keyphrases 0 a-Cyclodextrin-competitive indicator methods, methyl or- 
ange, nitrazine yellow 0 Competitive indicator methods-a-cyclodextrin, 
methyl orange, nitrazine yellow complexes 


The cyclodextrins are naturally occurring cyclic oligosac- 
charides possessing a central cavity into which smaller mole- 
cules may “partition,” forming noncovalently bonded inclusion 
complexes. The physical and chemical properties of the in- 
cluded molecule (the substrate or guest) may be altered by 
complexation with the cyclodextrin (the ligand or host). This 
phenomenon has attracted much recent attention, in part be- 
cause of its potential applications in drug dosage forms ( 1  -3). 
Among the properties of a drug that can be affected by cy- 
clodextrin complexation are its solubility, dissolution rate, 
chemical stability, and bioavailability. 


Systematic studies in this laboratory have been designed to 
provide information on the stoichiometry and thermodynamic 
stability of cyclodextrin complexes, with the goal of under- 
standing structure-stability relationships and thus developing 
predictive capability. It has been necessary, in these studies, 
to make use of several experimental techniques for the mea- 
surement of complex stability constants and in some instances 
to develop new methods. One technique that has been found 
useful is the so-called “competitive indicator” method. In this 
technique, an equilibrium is established between the ligand 
(cyclodextrin) and an indicator whose absorption spectrum 
differs significantly in its complexed and uncomplexed forms. 
This equilibrium is then perturbed by the addition of a sub- 
strate, which competes with the indicator for the ligand. By 
measuring the spectral change produced by this perturbation, 
the stability constant for the substrate-ligand complex can be 
deduced. The methyl orange-a-cyclodextrin equilibrium was 
exploited in this way by Broser and co-workers (4) to study the 
adrenalin-a-cyclodextrin complex and by Casu and Rava ( 5 )  


to study a series of substituted benzoic acids. The method was 
recently improved in this laboratory and was applied to the 
study of the a-cyclodextrin complexes of some phenols (6). All 
of these applications have made use of methyl orange as the 
indicator in acidic solution and have been limited to the study 
of 1:1 complexes between substrate and ligand. 


Our most recent work has required three new capabilities 
of the competitive indicator method: ( a )  that it be applicable 
to systems containing both 1 : 1 (SL) and 1 :2 (SL2) complexes, 
where S and L represent substrate and ligand respectively; ( b )  
that it be applicable to slightly soluble substrates; (c) that it 
be applicable in alkaline medium. The present paper describes 
extensions to the theory and practice of the method that permit 
its application in these circumstances. 


THEORETICAL SECTION 


Standard Competitive Indicator Method-Attention is restricted to systems 
containinga I : l  complex ILof indicator I with ligand plus the 1:l (SL) and 
I :2 (SL2) complexes of substrate with ligand. The average number of ligand 
molecules bound per substrate molecule (5) is: 


- Z ( L  bound to S) n =  
Z(al1 S) 


The mass balance equations for S and L arc: 


s, = [S] + [SL] + [SL*] 
L, = [Ll + [SLI + 2[SL21 + [ILI 


(Eq. 2) 


0 3 . 3 )  


where S, and L, are the (known) total concentrations of substrate and ligand. 
Further define the quantity P as Z (L bound to S) can be defined by: 


P = [SL) t 2[SL2] = LI - [L] - [IL] (Eq. 4) 


Combining Eqs. I ,  3, and 4: 


The equilibrium constants in  this system are given by: 


Combining Eqs. 5.6, and 7 yields: 
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Sending Unapproved Drugs Abroad 


As this column is being written, legislation is being debated in 
Congress that would allow United States pharmaceutical manufac- 
turers to export drugs that have not bcen approved for use in this 
country. 


The issue is a highly controversial one with very vocal opponents, 
as  well as proponents, each stirring up considerable public interest 
in the issue and support for their respective positions. As just one 
example, several prominent lay newspapers, including the New York 
Times and the Washington Posf , have published editorials opposing 
such legislation. 


Those opposed generally make the argument that Americans would 
create ‘‘a double standard”; namely, drugs that have not been shown 
to be sufficiently safe and effective for marketing in the United States 
and for use by Americans would be sanctioned for export and use by 
people living in other lands. 


Admittedly, that argument appears appealing and persuasive on 
purely moral or ethical grounds. Political foes who would wish to cast 
the United States in a bad light undoubtedly could have a field day 
playing it to their best advantage. Moreover, there is some unfortunate 
past history-many, many years ago-when unscrupulous manu- 
facturers did use the export market to “dump” substandard batches 
of deteriorated or otherwise unsuitable drug products. 


However, the legislation that is presently under consideration does 
seem to have provisions that would adequately safeguard foreign 
consumers from products of inferior quality. Hence, the basic dif- 
ference today is not one of manufacturing quality, but rather the 
degree of proof of safety and effectiveness. Put another way, it re- 
volves around the inherent features of the drug entity rather than 
characteristics of the dosage form or the drug product. And again even 
in this regard, the present legislation would only permit export to ( 0 )  


countries having a well-regarded drug regulatory agency that could 
make a valid judgement as to the suitability of the imported drug for 
that country’s population given the specific circumstances involved 
or (b) other countries only if  a t  least one country having a well-re- 
garded drug regulatory agency has approved the drug. No export 
would be allowed if any agency throughout the world that is compa- 
rable to the U.S. Food and Drug Administration had banned or 
withdrawn the drug on the grounds of its safety or efficacy. 


Unfortunately, in presenting their arguments, the major proponents 
of the legislation have consistently emphasi7.ed only the economic 
considerations involved. They point out, and correctly so, that under 
current law American manufacturers can establish plants abroad to 
produce, sell, and distribute the very drugs that they now are pro- 
hibited from producing in their US. plants to export for exactly the 
same purpose. The proponents further notc that this serves to send 
abroad investment capital, jobs, and income that otherwise would 
benefit the US. and its citizens. Jobs are lost, the balance of trade 
is upset, and technology is drained away. 


These points are all quite valid. However, they neglect to address 
what is, in our opinion, the most persuasive argument. Specifically, 
many drugs needed in other parts of the world are  intended to treat 
conditions for which there is virtually no American market and, hence, 
there is no reason whatsoever for the drug company to expend the 
time, effort, and expense of seeking U S .  approval. 


For example, in late September, a prominent American pharma- 
ceutical firm presented the results of three clinical studies at a session 
of the XI International Congress for Tropical Medicine and Malaria 
in Calgary, Canada. The studies involved clinical investigations that 
were conducted in closecollaboration with the World Health Orga- 
nization. 


Based simply on the news releases prepared for the professional 
press announcing those reports, the results were dramatic and rep- 
resent a potential public health breakthrough that would greatly 
benefit a very significant portion of the world’s population-virtually 
none of whom reside in the U.S. 


Specifically, a single oral dose of a new antiparasitic drug (iden- 
tified as “ivermectin”) was found to be a highly promising agent for 
the treatment of the tropical disease known as onchocerciasis or “river 
blindness.” 


An estimated 40 million people in Africa, Central and South 
America, and Yemen in the Middle East are currently afflicted with 
this disease. Its victims not only suffer blindness, but a whole host of 
other seriously debilitating conditions. A tiny blackfly which breeds 
in fast-moving streams carries the developing larvae of the worm that 
causes onchocerciasis and is the reason why the disease is referred 
to as “river blindness.” 


But, according to all three of the studies reported at the Interna- 
tional Congress, a single oral dose of ivermectin reduced to near zero 
in skin snip samples the numbers of microfilariae or tiny worm larvae 
which cause the disease. And the drug’s side effects or toxicity was 
nominal a t  most. 


It strikes us as not only ironic, but virtually a social injustice, that 
current American law prevents the American drug manufac- 
turer-that discovered and developed this drug in its U.S. laborato- 
ries-from producing and exporting the drug from its U S .  plants for 
foreign markets. It is now prohibited from doing so because the drug 
is not approved in the U.S. and, with no incidence of “river blindness” 
in the US. ,  it is a safe assumption that the drug will not be subjected 
to the very costly and time-consuming process involved in seeking such 
approval. 


Consequently, recognizing the surface arguments that can be cited 
in opposing the present legislation to relax the prohibition on exporting 
of American produced drugs not approved in the U.S., it is our belief 
that the greater good would be served by passage of such legisla- 
t ion. 


-EDWARD G .  FELDMANN 
American Pharmaceutical Association 


2215 Constitution Ave., N.W. 
Washington, DC 20037 
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Abstract 0 Treatment of the epidermis with surfactants can markedly increase 
the transport of polar molecules but only marginally increases the transport 
of nonpolar (lipophilic) molecules. Thus, other vehicle systems are needed 
to increase the transport of lipophilic molecules. One method to accomplish 
this increased transport is to add small quantities of polar lipids to a base ve- 
hicle containing propylene glycol. The transport of nonpolar materials such 
as  salicylic acid can be increased by an order of magnitude by the addition 
of small amounts of fatty acids or alcohols to a formulation. The effect of this 
mixed system is much greater than the effect of any of the agents alone. 


Keyphrases 0 Transport systems-increased skin permeability, lipophilic 
molecules 0 Lipophilic molecules-transport systems, increased skin per- 
meability 


The stratum corneum, which is the main barrier to cuta- 
neous transport ( l ) ,  is structurally a complex membrane, and 
thus, transport probably takes place through a variety of 
pathways. It has been suggested in a study of the effect of 
temperature on the penetration of alcohols (2) that there are 
at  least two pathways for transport across the skin: a polar 
pathway and a nonpolar pathway. The polar pathway is as- 
sociated with the protein component of the stratum corneum 
and might be envisioned as aqueous channels in the protein; 
the nonpolar pathway is associated with the lipid compo- 
nent. 


In recent studies (3), the attempt has been made to clarify 
and support the hypothesis that there are at  least two parallel 
pathways for transport by using surfactant treatment, which 
greatly increases the transport of polar molecules but only 
slightly increases the transport of nonpolar molecules. For 
example, it has been found that treatment of the human epi- 
dermis with decylmethyl sulfoxide greatly increases the 
transport of salicylic acid at pH 9.9 (ionized or polar form) but 
only slightly increases salicylic acid transport at pH 2.65 
(un-ionized or nonpolar form). Other studies have shown that 
the transport of 1-propanol is greater than that of propylene 
glycol or glycerol. That is, even though propylene glycol has 
a much higher oil-water partition coefficient than glycerol (4), 


Figure I -Dqfusion cell. 


its cutaneous flux from aqueous solution is only slightly greater 
than that of glycerol but much less than that of I-propanol. 
Thus, as the polarity of a molecule is increased, i.e., its oil- 
water partition coefficient decreases, a polarity exists for which 
the oil-water partition coefficient is not related to transport. 
These results differ noticeably from those obtained previously 
( 2 ) ,  in which even I-pentanol is claimed to transport uia a polar 
pathway. 


The existence of multiple transport pathways in skin points 
to the possibility for design of vehicles to alter the permeability 
of the skin uia the different pathways, as the surfactants seem 
to uniquely alter the polar pathway. Certain two-component 
systems have been found which alter transport differently from 
the way the components behave individually. The purpose of 
this report is to describe the effects of these vehicle systems on 
the transport of nonpolar molecules across skin. Salicylic acid 
was used as a prototype nonpolar compound, but similar results 
were obtained on many other nonpolar compounds. A model 
is proposed to interpret these findings, but the mechanism by 
which these vehicles alter transport is still unknown. 


EXPERlMENTAL SECTION 


Materiak-Salicylic acid1, [ 14C-carboxylate]salicylic acid*, the fatty acids 
and alcohols3, propylene glycol4, diethylene glycol5, and the polyethylene 
glycols6 were obtained commercially. The sulfoxides (purity >95%) were 
synthesized’, and the dimethyl polysiloxanc* rubber membranes were cast 
on a large stainless steel plate. All other chemicals used were of reagent 
grade. 


Diffusion Studies-Epidermis Preparation-Full-thickness human ab- 


Figure 2-Diffusion Apparatus 


I Fisher Scientific Co., Cincinnati. Ohio. 
ICN Chemicals, Radioisotope Division. Irvine, Calif. 
Nu-Chek P r y .  1°C.. Elysian. ,Minn. 
J .  T. Baker C emical C o ,  Phillipsburg. N.J. 
Aldrich Chemical Co., Inc., Metuchen, N.J. 
Ventron Corp.. Danvers. Mass. ’ Miami Valley Laboratories. * MDX-4-4210elastomer and MDX-4-4210curing agent; Dow Corning, Midland, 


Mich. 
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Figure 3-Eflect of polar solvents on salicylic acid transport across human 
epidermis. Key: (A) 24% salicylic acid in diethylene glycol; (B) 19% salicylic 
acid in propylene glycol: (C) 30% salicylic acid in tetraethylene glycol; (0) 
27% salicylic acid in pen taethylene glycol. 
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Figure 4-Effect of polar solvents on salicylic acid transport across silicone 
rubber. Key: (A) 30% salicylic acid in tetraethylene glycol: (B) 19% salicylic 
acid in propylene glycol and 24% salicylic acid in diethylene glycol: (C) 27% 
salicylic acid in pentaethylene glycol. 
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Figure 5-Penetration of I % salicylic acid across human epidermis. Key: 
(@) 0. I M oleic acid in propylene glycol: (m) propylene glycol. 


dominal skin was obtained at autopsy and frozen until ready for use. The 
subcutaneous fat was removed with a scalpel, and the skin was placed in water 
at 60°C for 80 s. The epidermis was carefully removed and mounted (outer 
surface up) on aluminum foil before rinsing in 0°C hcxane for 10 s to remove 
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Figure 6-Effect of the addition of cis-unsaturated fatty acids on thepene- 
tration of I %  salicylic acid in propylene glycol across human epidermis. Key: 
(A) 0.1 M myristoleic acid:O.l Mpalmitoleic acid: (C) 0.1 Moleic acid:(D) 
propylene glycol. 


any fat contamination. The epidermis was either used immediately or wrapped 
in a plastic sheetq and frozen. 


Experimental Apparatus-The epidermis was mounted in diffusion cells 
as pictured in fig. 1. The flat surfaces of the cell provide a pressure seal after 
theepidermis is placed between the two compartments, which are bolted to- 
gether. Up to 100 pL of solution can be placed in the chamber above the skin. 
The area for transport is 0.122 cm2. Water was pumped uia a multichannel 
peristaltic pump through the lower compartment at 3.5 mL/h and collected 
in scintillation vials placed in a programmable rotating fraction collector. 
Figure 2 shows the entire assembly. The volume of water in the chamber bc- 
neath the skin is -5 pL, so the volume beneath the skin is replaced -100 
times/h. The temperature of the experiments was that of the laboratory, 22 
i lac. 


Assay for Penetration-Approximately 1 pCi of radioactive tracer was 
used for each diffusion cell. The quantity of radioactive tracer transported 
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Figure 'I-Effect of the addition of cis-unsaturated fatty acids on thepene- 
tration of I %  salicylic acid in propylene glycol across human epidermis. Key: 
(A)  0.1 M vaccenic acid: (B) 0.1 M 10-heptadecanoic acid: (Cj 0.1 Mpetro- 
selenic acid; (0) 0.1 M eicosenoic acid; (E) propylene glycol. 
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Figure 8-Effect of the addition of polyunsaturaied fatty acids on the pen- 
etration of I %  salicylic acid in propylene glycol across human epidermis. 
Key: (A) 0.1 M linolenic acid; (B) 0.1 M linoleic acid; (C) 0.1 M vaccenic acid; 
(D) 0.1 M linoelaidic acid; (E)  propylene glycol. 


a c r m  the skin and collected in the scintillation vials was determined by liquid 
scintillation counting. The scintillation counting solution (10 mL), added to 
each 7-mL sample, consisted of cocktail stock solution. The latter consisted 
of 2.5diphenyloxazole (8 g) and 1,4-bis(4-methyl-5-phenyloxazol-2-yl) 
benzene (0.16 g) per liter of toluene. 


Variation in Date-The epidermal transport from each vehicle was deter- 
mined in quadruplicate, and the variation in the data was f25%. Data on each 
graph represent separate experiments run on different days with different 
epidermal samples. 


RESULTS AND DISCUSSION 


The vehicles described in this paper are two-component systems consisting 
of a polar solvent, such as propylene glycol, and a lipid, such as oleic acid. The 
choice of polar solvent is important, since there is a wide range in the effects 
of polar solvents. For example, it can be seen in Fig. 3 that propylene glycol 
and diethylene glycol support a high rate of transport of salicylic acid but that 
the flux drops off some as the number of ethylene'oxide groups is increased. 
(Note that comparisons are made among saturated solutions to ensure equal 
thermodynamic activity.) Transport of salicylic acid across a dimethyl pol- 
ysiloxane membrane (Fig. 4) was essentially the same from each of these 
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Figure 9-Effect of ihe addition of fatty acids on the penetration of I % sal- 
icylic acid in propylene glycol across human epidermis. Key: (A) 0. I M oleic 
acid in propylene glycol: (B) 0.1 M lauric acid in propylene glycol; (C) 0.1 
M decanoic acid in propylene glycol; (0) propylene glycol (control). 
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Figure 10-Degree of enhancement of salicylic acid steady-stateflux as a 
funciion of propylene glycol mole fraciion (X,,,,,,~,, s ~ y c o ~ )  f rom saturated 
solutions. Key: (W)  oleyl alcohol: (@) oleic acid. 
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Figure 11-Effect o j  sulfoxides on salicylic acid transpori across human 
epidermis. Key: (AJ 24% salicylic acid in propylene glycol plus 0. I M oleyl 
methyl sulfoxide; (B) 21% salicylic acid in propylene glycol; (C) 22%salicylic 
acid in propylene glycol plus I M decyl methyl sulfoxide. 
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Figure 12-Penetraiion of salicylic acid at saturation from propylene gly- 
col-alcohol vehicles across human epidermis. Key: (A) 21 % salicylic acid 
in 0.25 mole fraction decanol-propylene glycol: (B) 22% salicylic acid in 0.25 
mole fraciion hexanol-propylene glycol; (C) 22% salicylic acid in 0.25 mole 
fraciion mtanol-propylene glycol; (D) 22% salicylic acid in 0.25 mole fraction 
butanol-propylene glycol; (EJ 20% salicylic acid in propylene gl)*cal. 


solvents. This result indicates that polar solvents interact differently k i t h  skin 
end that the variations in transport are not due to solution phenomena. 


The addition of a small amount of oleic acid to propylene glycol provides 
for a rather large increase in salicylic acid transport (Fig. 5) .  (Similar increases 
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Figure 13-Penetration of salicylic acid at saturation from oleic acid-pro- 
pylene glycol or -1.2-butanediol vehicles across human epidermis. Key: (A) 
IS% salicylic acid in 0.25 mole fraction oleic acid-propylene glycol; (B) 15% 
salicylic acid in 0.25 mole fraction oleic acid-1.2-butanediol: (C) 23% sali- 
cylic acid in propylene glycol or 1.2-butanediol. 


in transport were also observed for the other polar solvents, but only the results 
for propylene glycol are presented.) Other unsaturated fatty acids give a 
similar result. Figures 6-8 show the effects of chain length and number and 
type. of double bonds. The effect is reduced for saturated fatty acids (Fig. 9). 
Long-chain saturated fatty acids are too insoluble in propylene glycol for any 
effect on transport to be observed. 


As the concentration of oleic acid (or oleyl alcohol) is increased, the 
transport of salicylic acid is also increased, up to a point. As the concentration 
of lipid is further increased, the flux of salicylic acid decreases (Fig. 10). Here, 
as mentioned above, transport from saturated solutions is compared to ensure 
equal driving force (chemical potential). The transport of salicylic acid from 
saturated solutions of propylene glycol (-22%) and oleic acid (-4%) [or water 
(0.2%)] are the same. However, use of a mixture of the two materials gives 
a -20-fold increase in the transport rate. 


The hydrocarbon chain seems to be the important factor as to whether a 
lipid will increase transport. For example, it can be seen (Fig. 11) that only 
the unsaturated methyl sulfoxide increases transport. Stearyl methyl sulfoxide 
also had no effect on transport. However, for alcohols, even the saturated 
chains can increase transport (Fig. 12). Here, the longer chains are more ef- 
fective at increasing transport until the length of the chain exceeds 14. At this 
point, solubility of the alcohol becomes too small for an effect on transport 
to be observed. Other diols also exhibit this synergism with lipids, but theeffect 
is less pronounced as the chain length is increased (Figs. 13 and 14). 


The mechanism by which the epidermal barrier properties are altered is 
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Figure 14-Penetration of salicylic acid at saturation from oleic acid- 
1.2-hexanediol vehicles across human epidermis. Key: (A) 24% salicylic acid 
in 0.25 mole fraction oleic acid-1,2-hexanediol; (B) 14% salicylic acid in 
I .2-hexanediol. 
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Figure 15-Model for skin transport. 


not known, but differential scanning calorimetry studies ?f the stratum cor- 
neuml0 indicate that the two-component systems result in an increased flu- 
idization of the stratum corneum lipids. This effect could then result in more 
rapid diffusion of the molecules across skin. The use of two different solvents 
to increase solute solubility has been known for some time as “cosolvency” 
and “blending” (5 ) .  and there might be a connection between cosolvency and 
the effects observed in this study on skin transport. 


Regardless of the detailed mechanism by which these vehicles act, the results 
presented here open the door to the investigation of multicomponent systems 
to alter the barrier properties of skin. The penetration-aid guidelines obtained 
from this study and an earlier report (3) indicate that, for polar molecules. 
the head groups dominate (ionic > zwitterionic > nonionic) and for nonpolar 
molecules (polar solvent plus lipid), the hydrocarbon chains dominate. It was 
predicted that branched-chain lipids would be as effective as unsaturated 
lipids; this was, indeed, the case for isostearic acid. 


A general way to categorize the pathways for transport in skin is depicted 
in Fig. 15, in which no attempt was made to assign a pathway to a particular 
morphological structure. J,,  the flux at steady state, can be written as: 


J ,  = awJw + aL,JL, + (1 - aw - aL,)JL 


where a,  is the area fraction of the aqueous pathway, aLw is the area function 
of the lipid-water pathway, J ,  is the flux across the aqueous pathway, J L ~  
is the flux across the lipid-water pathway, and JL is the flux across the lipid 
pathway. It seems clear that there exists a continuous polar pathway, because 
the flux (at constant concentration) levels off with a decreasing oil-water 
partition coefficient and because surfactants act primarily to increase the 
transport of polar molecules. The pathway with the largest area fraction is 
probably the lipid-water pathway because molecules that have high solubility 
in both oil and water have the greatest transport. The lipid continuous pathway 
is included to account for the transport of very lipophilic molecules (such as 
benzyl salicylate), for which water becomes a major barrier to transport. The 
two-component systems described in this report act primarily on the lipid 
barriers, but they may have some effect on the polar pathway. 
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The Need for Information on Product 
Formula tions 


I thoroughly enjoyed your editorial “Putting An End tosecret 
Formulations.” I Over the years I’ve had numerous debates wi th  
manufacturers over the issuc of “trade secrets” (Boloncy!) wrsus the 
health professionals’ nccd for information on product formulations. 


As you pointcd out, any competrtors’laboratory worth their salt will 
rapidly crack such “secret formulations.” Therefore. the only ones kept in 
the dark are the physician prescribers and pharmacist dispensers of these 
pharmaceuticals. 


Although you state that “manufacturers are required by law and 
regulation to make known the identity and quantity of the medicinally 
active ingredients in  their products.” even this is not always the case. For 
example. in many artificial tcar solutions and contact lens solutions, the 
functionally active components may only be identified as “a water-soluble 
polymeric system” or “an anionic surface-active agent.” 


I f  health care professionals are to make informed product selcction 
decisions, the industry must provide this needed information. Although 


BOOKS 


regulatory remedies may be necessary, industry leaders with vision might 
see that voluntary cooperation would result in  benefits to all concerned. 


to maintain their competence’! Must we have mandatory relabeling 
requirements bcforc the industry responds to the information needs of thc 
public? Must we always havc an expensive. legislative. regulated, 
bureaucratized solution to every problem? 


The PMA has taken B significant First step in stating “the medical 
justification for disclosure . . . warrants release of that information . . .” 
Let’s hope that individual manufacturers respend to your call for “putting 
an end to secret formulations.” 


Must we have mandatory CE before pharmacists accept their obligation 


James R. Boyd 
Editor-in-Chief 
“Facts and Comparisons” 
St. Louis, MO 63 I46 


’ Edward G. Feldmann, J .  Pharnc. Sci., 73,577 (1984) 


lnstrumental Data for Drug Analysis. Vol. 2. (Elsevier Series in Forensic and 
Police Science.) By TERRY MILLS I l l ,  WILLIAM N. PRICE, and J. 
CONRAD ROBERTSON. Elsevier Science Publishing Co., Inc. 52 
Vanderbilt Ave., New York. NY 10017. 1983. pp. 662- 1358. 22  X 28.5 
cm. Price $95.00. 
This second volume contains data on an additional 300 drug substances 


bringing the total compounds covcred in both volumes to 600. 
Each drug cubstancc is allotted two pages on which ultraviolet. electron 


impact mass. proton nuclear magnetic resonance, and Fourier transform in-  
frared spectra are presented. All spectra are of exceptional quality. Also given 
are molecular formulas and weights, synonyms, trade names, therapeutic 
categories and, in shorthand style. HPLC and GC data where applicable. 
There are also four appendices containing standard KBr infrared spectra and. 
in  tabular form, Kovats retention indices for gas chromatography. the ultra- 
violet absorption maxima in  acid, basic and ethanol solution. and mass spectral 
indices for basc peaks and prominent ions. 


Thc a t h s  has been compiled by forcnsic scientists of the Georgia State 
Crime Laboratory and should be useful for the identification ofdrugs. Thus, 
the compilation scrves as a supplement to the Marck Index which does not 
present spectra. The two volumcs compete with two (’KCHandhooks of Mass 
Spectra and Specrrophoromerric Data of0rug.s which together sell for about 
the same price. I prefer the volumes under review for better organization. 
clearer spectra and coverage of more drugs. One can quibble t h a t  the short- 
hand data on HP1.C and GC arc of questionable value. I t  also would havc been 
useful to identify for each drug the source of the sample, particularly whether 
the drug was a USP reference standard. 


All efforts to provide comprehensive information on drugs are welcome. 
Therefore, the authors should be congratulated and encouraged to continue 
the series. 


ReGiewed by Klaus G .  Florey 
The Squihh Insriture for Medical Research 
P.0 .  Box I Y I  
New Brunswick, N J  OR903 


Applied Therapeutics: The Clinical Use of Drugs, 3rd Ed. Edited by BRIAN 
S. KATCHER, LLOYD YEE YOUNG, and MARY ANNE KOUA- 
KIMBLE. Applied Therapeutics, lnc.. P.O. Box 1903. Spokane. WA 
99210-1903. 1983. 1,619 pp. 19.5 X 24cm. PriceS54.00. 
The editors and authors o f  Applied Therapeurics: The Clinical Use of 


Drugs. 3rd edition, have refined and expanded the book previously titled, 
Applied Therapeirrics for Clinical Phannacisrs. I t  is appropriate that the title 
has been changed because the book can be of great value to any health pro- 
fessional involvcd in  treating and monitoring patients receiving drug 
t herapy. 


Applied Therapeirrirs: The Clinirul L!se of Drugs is relatively compre- 
hcnsive. The book consists of 61 chapters. 1619 pages with numerous tables 
and figures. The more commonly occurring chronic and acute diseases are 
presented with heavy emphasis being placed on drug therapy management. 
This book is not a substitute for a standard textbook of medicine i n  terms of 
understanding pathophysiology and diagnosis of various discase entities. It 
is an essential companion textbook to a medical textbook. however, and is 
evolving as the premier book in the field of drug therapy management of 
disease processes. 


The book is well written and referenced. The question and answer format 
and utilization of case studies is particularly effective in demonstrating ap- 
propriate application of pharmacotherapeutic information in spccific clinical 
situations. The book fosters the development of a rational approach to drug 
therapy management. 


There is nothing esoteric about this book. I t  is a practical guidc tooptimal 
drug therapy. I t  is an excellent manual for the clinician. All health care pro- 
fessionals involved in primary medical care. particularly pharmacists. phy- 
sicians. and nurse practitioners, would be well served by this book. 


Kerieued by Tim R. Covington 
Professor and Chairman 
School of Pharmacy 
Wesr Virginia Unicersity 
Medical Cenrer 
Morganrown, W V A  265064303 
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Abstract 0 The hydrolysis of I-(4-nitrophenyl)-3-methyltriazene in aqueous 
solution has been studied over a pH range of 3- 14. The effect of the anionic 
and cationic surfactants (sodium lauryl sulfate and hexadecyltrimethylam- 
monium bromide) on the rate of hydrolysis was investigated. The quaternary 
ammonium bromide causes a rate decrease a t  all pH values studied, while 
sodium lauryl sulfate enhances the acid-catalyzed hydrolysis and decreases 
the observed rate constants in  the pH-independent region. The results are 
discussed in terms of the current theory of micellar effects. 


Keyphrases 0 I-(4-Nitrophenyl)-3-methyltriazene-- kinetic study of the 
hydrolysis, effects of sodium lauryl sulfate and hexadecyltrimethylammonium 
bromide 


The hydrolysis of arylmonoalkyltriazenes has been studied 
extensively (1 -3). These substances are important as in uiuo 
metabolites of the corresponding aryldialkyltriazenes, a class 
of compounds possessing antitumor (4-6), carcinogenic (7-9), 
and mutagenic (10-1 2) activity. 


The pH-rate profiles in aqueous solution of various 1- 
aryl-3-methyltriazenes ( 1  ) and I-phenyl-3-propyltriazenes 
(3) show two different regions; the rate of hydrolysis decreases 
sharply with increasing pH and then becomes almost constant. 
The plateau region is shifted to lower pFI values by electron- 
withdrawing substituents in the aryl moiety. It has been pos- 
tulated that the acid-catalyzed reaction involves an alka- 
nediazonium ion as an intermediate or a protonated triazene 
as a discrete intermediate whose formation is rate determining. 
In the pH-independent region, a mechanism consisting of a 
sipnple unimolecular heterolysis of a nitrogen-nitrogen bond 
with anilide ion departing from an alkanediazonium ion was 
formulated (3). 


Furthermore, the influence of serum albumins on the rates 
of some arylmonomethyltriazenes in buffered aqueous solution 
was also investigated (1 3). It was shown that the presence of 
these proteins in solution caused a marked reduction in the 
decomposition rates of the triazenes. The experimental results 
were interpreted by assuming that the substrates interact 
rapidly and reversibly with a binding site on the protein and 
that they cannot decompose when bound to this site. 


The aim of the present work was to complete the pH-rate 
profile for a representative triazene, 1-(4-nitrophenyl)-3- 
methyltriazene (I), above pH 10 since systematic data of ki- 
netic runs in this pH region were lacking. Furthermore, we 
studied the influence of the addition of cationic and anionic 
surfactants, above their critical micelle concentration (CMC), 
on the decomposition rate. During the past decade studies of 
this phenomenon have been stimulated by the hope that a 
micellar-catalyzed reaction might provide a basic model for 
interpretation of some aspects of enzymatic catalysis since 
micelles can be regarded as a model for enzymes and bio- 
membranes (14- 16). The effect of the micelles on drug sta- 
bility has been recently reviewed ( 1  7). 


CH,-N=N-NH - 2  


EXPERIMENTAL SECrlON 


Materials- 1-(4-NitrophcnyI)-3-methyltriazene ( I )  was prepared as de- 
scribed previously (18). mp 112-1 13OC [lit. (18) mp l l  1 - 1  I3OC]. Hexade- 
cyltrimethylammonium bromide and sodium lauryl sulfate were purified by 
methods described previously (19). The buffers used were: formate (pH 
3.0-4.2). succinate (pH 4.5- 6.0),  phosphate (pH 6.5-8.0). borate (pH 9.0). 
carbonate (pH 10.0- I I .0), and phosphate. (pH 1 1 .O- 12.0). 


Kinetic Methods --The triazene was dissolved in acetonitrile to give a 2 X 
lo-* M stock solution which was stored in the refrigerator. This solution (I0 
pL) was added to a volume of the buffer in a quartz cell thermostated a t  25 
f 0.1OC to obtain a concentration of the substrateon the order of loF5 M. 
The ionic strength was kept constant at 0.01. The pH values were determined 
with a digital pH-meter' at the temperaturc of the kinetic run for reactions 
in water. The analytical pH was used for reactions in the presence of sur- 
face-active agents-as the apparent pH in micelles. The decomposition re- 
actions were followed spectrophotometricaIly* a t  350 nm when the d isap  
pearance of protonated or neutral triazene was followed. or a t  470 nm when 
anionic triazene was present. These wavelengths were chosen to permit 
maximum variation and minimum interference with the spectrum of the de- 
composition product. The spectrum at the end of the reaction was coincident 
with that of p-nitroaniline. Absorbanccs were recorded as a function of time. 
Pscudefirst-order rate constants were calculated using a Icast-squares method. 
Correlation coefficients were between 0.994 and 0.999. 


RESULTS AND DISCUSSION 


Hydrolysis in Aqueous Solution-Figure I shows the dependence on pi1 
of the first-order rate constant for the decomposition of I which is consistent 
with that obtained for I -(4-nitrophenyl)-3-propyltriazene by Sinnot ef al. (3). 
Two routes for the triazene decomposition were confirmed: a pH-independent 
pathway and an acid-catalyzed reaction with a negative slope (- I ,  Table I ) .  
The acid-catalyzed reaction pathway was interpreted as an A-SEZ(N) reaction 
involving a transition state in which the proton is almost ccxnpletely transferred 
and little N -N bond-breaking has occurred, whereas the pH-independent 
reaction was considered as an SNI reaction on nitrogen without participation 
of water (3). 


Above pH 12.5, a third region was observed with a negative slope (-1); in 
this case the formation of the anionic triazene was shown by a change in the 
visible spectrum (Fig. 2). We suggest that the decrease in log k h  in  this pH 
region is essentially due to the diminution of the reactive neutral triazene in- 
volved in the acid-base equilibrium. 


The suggested overall mechanism of the reaction is described in Scheme 
I. where T is the unprotonatcd, TH+ the protonated, and T- the deprotonated, 
triazene. 


k i  T- + H+ + T + H+ & TH+ +products 
K z  K1 


1 k z  


products 
Scheme I 


I pHM84 Radiometer or 632 Metrohm pH meters. * Model 552 and Lambda 5 spectrophotometers; Perkin-Elmer. 
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Figure 1-Log h s - p H  profile of 1. Key: (W) in buffered aqueous solution 
at 25"Cand p = 0.01, calculated according to Eq.  I ;  (A) in presence of 2 X 


M hexadecyltrimethylammonium bromide: (0) in presence of 2 X 10-2 
M sodium lauryl sul/ate. 


Equation 1 represents the rate law for the mechanistic scheme: 


kl [H+I2 + k 2 K i [ H + ]  
[H'I2 + K l [ H + ]  + KlK2  kok = 


The curve fitting of this equation is reported in Fig. I according to the fol- 
lowing parameters: k~ = 0.5 s-I; k~ = 3.5 X M; 
K2 = 1.0 X lo-" M. The estimated value of pK2 = 13.0 is reasonable as 
compared, for example, with the pK, = 12.31 measured for the deprotonation 
of p-nitroformanilide (20). 


Inhibition of Hydrolysis by Hexadecyltrimethylammnium Bromide- 
Cationic micelles of hexadecyltrimethylammonium bromide inhibit the hy- 
drolysis rate a t  any pH value considered (Table 11). As expected, cationic 
micelles of hcxadecyltrimethylammonium bromide inhibit the acid hydrolysis 
of I. The variation of rate constant with surfactant concentration is generally 
b a d  on the assumption that substrate, in this case triazene (T). is distributed 
between the aqueous and micellar pseudophases, with the first-order rate 
constants designated ask,, and k,,. The micellar surfactant concentration, 
[D.], is assumed to be the total surfactant concentration [D] less that of 
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F i e  2-Changes in visible absorption spectra in bu ffereed aqueous solurion. 
Key: (A) neutral triazene. pH 8.45 (I); (B) p-nilroaniline. pH 8.45; (C) the 
anionic form of triazene, 1 M NaOH ( I ) .  


monomeric surfactant which is assumed to be given by critical micelle con- 
centration (CMC), so that [Dn] = [D] - CMC; K ,  is the equilibrium constant 
for substrate binding. 


K. 


1 k 4  I k m ,  


T+D, Z T D ,  


products producta 


[TDnI K ,  = - 
[TI [Dnl 


Scheme I I  


Following Scheme I1 the relation between k o b  and [Dn] is shown by: 


(Eq. 2) 


and its rearrangement gives: 
1 


kw, - k o b  
1 


(k , ,  - k , , ) K , ( [ D ]  - CMC) (Eq. 3) 


By plotting l / (k , ,  - kok)  against l/([D] - CMC) it is possible tocalculate 


~-~ - I +  
k,, - k,, 


Table I-Kinetic Data of the Pseudo-First-Order Decomposition of 1. 


bb. S-I x 104 
Hexadecyl- 
trimethyl- Sodium 


ammonium Lauryl 
Bromide Sulfate 


Buffer Conc. Buffer Final pH H 2 0  2 x M 2 X M 


0.0032 HCI 2.50 - 1490 - 
0.01 6 Sodium chloroacetate 3.02 - 447 - 
0.030 Sodium formate 3.42 I720 227 - 
0.017 Sodium formate 3.85 837 99 
0.013 Sodium formate 4.26 27 I 38.6 - 
0.012 Sodium succinate 4.50 181 29.8 I760 
0.076 Sodium succinate 5.00 58.8 8.29 537 
0.040 Sodium succinate 6.00 9.33 I .56 29.8 
0.0059 Sodium phosphate 6.82 4.71 0.58 13.0 
0.0044 Sodium phosphate 7.30 3.75 0.56 4.67 
0.0042 Sodium phosphate 7.40 3.63 0.57 3.40 
0.0036 Sodium phosphate 8.00 3.44 0.47 2.14 
0.027 Sodium borate 9.00 3.91 0.38 1.90 
0.057 Sodium carbonate 10.00 3.60 0.45 1.14 
0.025 Sodium carbonate 10.80 3.30 0.34 0.88 


0.0056 Sodium hydroxide 11.75 3.07 
0.010 Sodium hydroxide 12.02 3.1 1 0.032 1.04 
0.10 Sodium hydroxide 13.00 1.41 - 0.84 
0.50 Sodium hydroxide 13.70 0.44 


- 


0.0022 Sodium hydroxide 11.35 3.07 0.20 - 
- - 


- -. 


1 .o Sodium hydroxide 14.00 0.29 - 


In buffered aqueous solution and in the presence of hexadecyltrimethylammonium bromide and sodium lauryl sulfate at 25OC. 
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Table Il-Rate of Hydrolysis of I-(~Nitrophenyl~j-methyltriazene in the 
Presence of Hrxadecyltrimethylammonium Bromide 


Table Ill-Binding Constants and Micellar Rate Constants C ~ l c u l a t d  in 
Presence of Hexadecyltrimethylammonium Bromide 


Hexadecvltrimet hvl .  
ammonium Bromide. k o b .  s-I X lo4 a 


M X 10’ nH 4.50 OH 7.30 DH 8.45 DH 12.02 


- 


I 


4 
6 
II 


I 0  
20 


181 3.75 3.61 3.1 1 
. -  3.44 - 0.20 


I64 2.27 3.31 0.09 I 
I35 ._ 2.77 0.057 
107 I .67 2.48 0.050 
79.5 - 2.04 0.048 _. 


63.i - I .35 0.037 
52.7 0.82 0.88 0.038 
29.8 0.56 0.6 I 0.032 


a Values dctcrmincd at ?SoC and p = 0.01 


1 4 
2110.  


I 
2 @O. . r 


70i /” 
50, K-- - - 


,o #) 160 240 320 
l/[D] - CMC 


Figure 3- The effect of hexadecyltrimethylammonium bromide on bl at 
p H  4.50 according to E y .  2.  


k , , .  k,.. and K , .  However, this plot is sensitive to CMC values and, aqprevi- 
ously shown, this problem can be solved by assuming CMC as an adjustable 
parameter (21); a representative plot is shown in Fig. 3. 


At pH 4.50 the best fit is obtained by taking CMC = 8 X lo-‘ M, \(rhich 
is identical to the value determined by the surface tension method (22); then 
K. = I80 W - I .  Similar treatment with data obtained at pH 7.30,8.45, and 
12.02 gives the results listed in Table 111. Under these conditions k, ,  is very 
small relative to k,,. From the estimated binding constants and pH-rate profile 
i n  micelles. i t  can be observed that the substrate in its neutral form is moder- 
ately bound to hexadecyltrimethylammonium bromide micelles while the 
anionic form. which is present at pH 12.02. is strongly bound ( K ,  = 35,000 
M-l). Also, the equilibrium between neutral triazene and its anionic form 
is strongly shifted by hexadecyltrimethylammonium bromide toward the 
anionic form, i .e.,  the apparent pK. value of triazene is changed by stabili- 
zation of the anionic form by cationic micelles. These effects of micelles on 
equilibria have been previously reported by Bunton et a/. (23). 


Hydrolysis in Presence of Sodium Lpuryl Sulfate-The anionic sodium 
lauryl sulfate micelles enhance the rate of acidcatalyzed hydrolysis by a factor 
of -I0 at pH 4.5-6.0. as shown in Table 1. Otherwise, sodium lauryl sulfate 
inhibits the uncatalyzed reaction by a smaller factor (-2). 


For a given hydrogen ion concentration, the rate constants go through a 
maximum with increasing concentration of the anionic surfactant (Table IV). 
At pH 4.50 the largest enhancement occurs a t  2 X loh2 M sodium lauryl 
sulfate and the rate constant is approximately 10-fold higher than that de- 
termined in water. 


The kinetic micellar effect could be interpreted by separation of the con- 
tributions of the reaction in the aqueous and micellar pseudophases, as reported 
(21 ). The quantitative treatment requires knowledge of the binding constant 
of triazene with micellar sodium lauryl sulfate. Unfortunately, we cannot 
measure or estimate K,. However, the results in the acid-catalyzed region 
confirm the importance of the stabilization of the protonated form of the tri- 
azene in anionic micelles causing a change in its p& value. 


The “Uncatalyzed” Reaction in Presence of Sodium Lauryl Sulfate and 
HexadPcyltrimethylammonium Bromide-The inhibition caused by both 
anionic and cationic micellcs is not surprising since the transition state for the 
SNI decomposition of the triazene should have a strong zwitterionic character 
and, therefore. should be destabilized in the less polar micellar medium, 
whereas the initial state should be stabilized. Inhibitory effects by hcxade- 
cyltrimethylammonium bromide micelles have bcen previously found in the 
SN I reaction of I-bromo-2-phenylpropane (24) and of 3-bromo-3-phenyl 


’ 


4.50 180 0.8 2.1 x 10-2 1.81 x 10-2 
7.30 440 0.4 3.5 x 10-4 3.75 x 10-4 
8.45 .70 0.8 6.0 x 10-4 3.61 x 10-4 


12.02 35000 0.2 3.1 x 10-4 3 .11  x 10-4 


Table IV-Rate of Hydrolysis of I-(4-Nitrophenyl)-3-methyltriazene in the 
Presence of Sodium Lpuryl Sulfate 


Sodium Lauryl Sulfate, 
M x 103 k,,h. s-’  X lo2 * 
- 
4 
6 
8 


10 
20 
30 
40 
50 
60 
80 


1.81 
2.16 
5.2 


10.3 
13.7 
17.6 
17.2 
17.5 
15.2 
13.6 
15.0 


Values at Z S T .  p = 0.01, and pH 4.50 


propionate ion (25) and by both hexadecyltrimethylammonidh bromide and 
sodium lauryl sulfate on the SNI reaction of a-phenylallyl butanoate (26). 
These effects are comparable to the well-known effects of solvent on SN 1 re- 
actions (27, 28). 
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Abstract D A study of the enzymatic hydrolysis of pivampicillin (an insoluble 
penicillin) extended as a monolayer on the aqueous interface at  a constant 
surface pressure has been performed. Penicillinase promotes intensive hy- 
drolysis of the pivampicillin monolayers, inducing their solubility. However. 
no action was observed with dog liver esterase. The hydrolytic process, which 
was dependent on the film surface pressure and on the quantity of the injected 
enzyme. is of the Michaelis-Menten type in two dimensions. 


Keyphrases Pivampicillin-enzymatic kinetics, surface monolayers, pen- 
icillinase, esterases 0 Kinetics-cnzymatic, pivarnpicillin, surface monolayers, 
Michaelis-Menten 


The catalytic action of an enzyme can generally be mea- 
sured by the quantity of transformed substance or by the 
product generated per unit of time. The processes of enzymatic 
kinetics in bulk materials are usually Michaelis-Menten in 
character ( I  1. Under these conditions, both soluble substrates 
and enzyme-substrate complexes are in a homogeneous sys- 
tem. However, insoluble substrates are normally in the form 
of micellar aggregates, which act as the real substrate. In such 
cases, study of the kinetics is complicated by the difficulty of 
knowing the concentration of substrate in contact with the 
enzyme. 


This difficulty can be overcome by extending the insoluble 
substrate as a monolayer film over an aqueous mass which 
contains the soluble enzyme. Under these conditions, all the 
molecules of substrate are equally exposed to the action of the 
enzyme. Thus, it is possible to quantitate the amount of sub- 
strate in contact with the enzyme (by controlling its surface 
concentration in the film) and the amount of enzyme reacting 
with the surface (by controlling its concentration in the sub- 
phase). This system makes it possible to obtain information 
about action of the enzyme sites in the substrate molecules. 


The first studies of enzymatic kinetics using the surface 
monolayer technique were performed by Hughes (2) in 1935. 
Measuring the decrease in surface potential during the hy- 
drolysis process, Hughes observed that the hydrolysis rate of 
lecithin in monomolecular films catalyzed by phospholipase 
A2 decreased when the surface concentration of the lecithin 
molecules in the interface increased. This method is, however, 
subject to significant errors in interpretation. 


Since that time, several authors have used the monolayer 
technique to measure the activity of lipolytic processes cata- 
lyzed by lipases and phospholipases. Short-chain phospholipids 
and triglycerides were used as substrates so that the reaction 
products would be soluble and, therefore, diffuse into the 
aqueous subphase, leaving the monolayer. Garner and Smith 
(3)  performed these determinations in a constant area, mea- 
suring the decrease of the monolayer surface pressure as the 
substrate was dissolved by the lipolytic effect of the enzyme. 
An inherent difficulty of this method is that the surface con- 
centration of the film molecules vary continually during the 
process; therefore, the decrease of the surface pressure is linear 
with respect to time only in the first moment. Lagocki el al. 
(4). Dervichian (9, and Verger and de Haas (6) used methods 
with constant pressure, measuring the kinetic rate by the de- 
crease of the area covered by the film (directly connected with 
the number of substrate molecules which escape from the 
surface). 


The method of “zero-order trough” or “two-compartment 
trough” proposed by Verger and de Haas (6) is particularly 
interesting. In this method the enzymatic reaction takes place 
in a different compartment than the one which acts as a sub- 
strate reservoir. In this way, the number of the substrate 
molecules in the reaction compartment can be kept constant 
during the entire process. The process develops in a pseudo- 
zero-order manner, i.e., the decrease of the monolayer area 
is proportional to time, yielding a straight line, the course and 
slope of which give the rate of the kinetic process. 


Kinetic studies have been performed on monolayers of in- 
soluble penicillins (7). The penicillin molecules are trans- 
formed by hydrolysis into soluble products that leave the 
monolayer and dissolve in the aqueous subphase. The number 
of hydrolyzed molecules can be determined by the monolayer 
surface decrease, maintaining a constant surface pressure at 
all times (Fig. 1). 


For this type of study, pivampicillin is a particularly inter- 
esting test drug. It is a penicillin which is insoluble in neutral 
solutions and soluble in acidic media. Pivampicillin is activated 
by esterases, which transform it  into ampicillin (8), and it is 
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Abstract 0 The competitive indicator method for studying molecular com- 
plexes is extended to systems forming 1 : 1  (SL) and 1:2 (SL2) complexes of 
substrate (S) and ligand (L). A modification isdescribed for slightly soluble 
substrates, in which the presence of solid substrate establishes a constant 
conccntration of uncomplexed substrate. These methods are applied to com- 
plexes of a-cyclodextrin with some aromatic substrates, with methyl orange 
as the indicator in acid solution; nitrazine yellow is introduced as an indicator 
for these studies in basic solution. 


Keyphrases 0 a-Cyclodextrin-competitive indicator methods, methyl or- 
ange, nitrazine yellow 0 Competitive indicator methods-a-cyclodextrin, 
methyl orange, nitrazine yellow complexes 


The cyclodextrins are naturally occurring cyclic oligosac- 
charides possessing a central cavity into which smaller mole- 
cules may “partition,” forming noncovalently bonded inclusion 
complexes. The physical and chemical properties of the in- 
cluded molecule (the substrate or guest) may be altered by 
complexation with the cyclodextrin (the ligand or host). This 
phenomenon has attracted much recent attention, in part be- 
cause of its potential applications in drug dosage forms ( 1  -3). 
Among the properties of a drug that can be affected by cy- 
clodextrin complexation are its solubility, dissolution rate, 
chemical stability, and bioavailability. 


Systematic studies in this laboratory have been designed to 
provide information on the stoichiometry and thermodynamic 
stability of cyclodextrin complexes, with the goal of under- 
standing structure-stability relationships and thus developing 
predictive capability. It has been necessary, in these studies, 
to make use of several experimental techniques for the mea- 
surement of complex stability constants and in some instances 
to develop new methods. One technique that has been found 
useful is the so-called “competitive indicator” method. In this 
technique, an equilibrium is established between the ligand 
(cyclodextrin) and an indicator whose absorption spectrum 
differs significantly in its complexed and uncomplexed forms. 
This equilibrium is then perturbed by the addition of a sub- 
strate, which competes with the indicator for the ligand. By 
measuring the spectral change produced by this perturbation, 
the stability constant for the substrate-ligand complex can be 
deduced. The methyl orange-a-cyclodextrin equilibrium was 
exploited in this way by Broser and co-workers (4) to study the 
adrenalin-a-cyclodextrin complex and by Casu and Rava ( 5 )  


to study a series of substituted benzoic acids. The method was 
recently improved in this laboratory and was applied to the 
study of the a-cyclodextrin complexes of some phenols (6). All 
of these applications have made use of methyl orange as the 
indicator in acidic solution and have been limited to the study 
of 1:1 complexes between substrate and ligand. 


Our most recent work has required three new capabilities 
of the competitive indicator method: ( a )  that it be applicable 
to systems containing both 1 : 1 (SL) and 1 :2 (SL2) complexes, 
where S and L represent substrate and ligand respectively; ( b )  
that it be applicable to slightly soluble substrates; (c) that it 
be applicable in alkaline medium. The present paper describes 
extensions to the theory and practice of the method that permit 
its application in these circumstances. 


THEORETICAL SECTION 


Standard Competitive Indicator Method-Attention is restricted to systems 
containinga I : l  complex ILof indicator I with ligand plus the 1:l (SL) and 
I :2 (SL2) complexes of substrate with ligand. The average number of ligand 
molecules bound per substrate molecule (5) is: 


- Z ( L  bound to S) n =  
Z(al1 S) 


The mass balance equations for S and L arc: 


s, = [S] + [SL] + [SL*] 
L, = [Ll + [SLI + 2[SL21 + [ILI 


(Eq. 2) 


0 3 . 3 )  


where S, and L, are the (known) total concentrations of substrate and ligand. 
Further define the quantity P as Z (L bound to S) can be defined by: 


P = [SL) t 2[SL2] = LI - [L] - [IL] (Eq. 4) 


Combining Eqs. I ,  3, and 4: 


The equilibrium constants in  this system are given by: 


Combining Eqs. 5.6, and 7 yields: 
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Equation 9 is the classical expression for the Bjerrum formation function, 
which occurs in  the study of metal ion coordination complexes. It can be 
rearranged into the linear plotting form (7, 8): 


To  use Eq. 10, the quantities ii and [L] are needed. These are obtained by 
spectrophotometric measurements at a wavelength at  which the indicator 
absorbs light, but neither the substrate nor the ligand absorbs. 


The ratio [I]/[lL] is labeled Q ;  this quantity is evidently inversely pro- 
portional to the free ligand concentration: 


Combination of a mass balance on the indicator with Eqs. 4 and 8 gives: 


where I, is the total indicator concentration. Moreover, Q is experimentally 
measurable by use of Eq. 13, where €1 and € 1 ~  are the molar absorptivities of 
the indicator in the uncomplexed and complexed forms, respectively, and t 
is the apparent molar absorptivity in a solution containing both forms: 


(Eq. 13) Q - - ‘IL 
f l  - t 


Thus, Ti can be experimentally measured. These symbols were introduced to 
achieve consistency with the earlier development (6); Eq. 10 becomes: 


P and Q can be measured, S, is known, and K I  can be determined in a separate 
experiment, so the stability constants K I  I and Kl2 can be obtained from the 
slope and intercept of a plot according to Eq. 14. If Kl2 = 0, the slope of this 
line will be zero, and a simpler plotting form, Eq. 15. results, as was shown 
earlier (6). 


s, K I  
P KI I 
- =  I + - Q  


Solubility: Competitive Indicator Method- For substrates of low solubility, 
it is difficult to establish accurate values of S ,  for use in the aforementioned 
competitive indicator method, and the following useful modification has been 
devised. The experiment is carried out by varying total ligand concentration, 
L,, but by maintaining the free substrate concentration [S] constant at its 
saturation solubility So; this is accomplished by establishing the equilibria 
in  the presence of solid substrate. Then Eq. 4 can be written: 


P = KIIS,[Ll + 2KllKlzSoILl2 (Eq. 16) 
Substituting from Eq. I I for [L] and rearranging gives: 


Thus, a plof of f Q K I / S ,  against I/Q should be linear. 
This combined solubility-competitive indicator method can be extended 


to include systems in which a 1:l substrate-indicator complex SI is formed, 
provided the stability constant, Ksl, can be independently measured and a 
wavelength can be selected such that the molar absorptivities of SI and I are 
equal. The analysis (9) shows that Eq. I7 remains applicable but Q and P must 
be evaluated by Eqs. 18 and 19, which may be compared with Eqs. 11 and 
12. 


EXPERIMENTAL SECTION 


Materials-a-Cyclodextrin’ was dried for 3 ha t  IOSOC. The methyl orange 
indicator was purified by the method of Lin and Connors (6). Nitrazine yellow 
indicator2 (C.I. 14890) was recrystallized from water to a constant molar 


absorptivity of 4.045 X IO‘at A,,,,, 588 nm; i t  was dried for 3 h a t  105OC be- 
fore use. Substrates were from commercial sources and were recrystallized 
before use (9). Buffer components were of reagent grade. Spectrophotomctric3 
and pH4 measurements were made at 25.OoC. 


Procedures-Measurement of Q-Throughout a study, the total indicator 
concentration, I , ,  is held constant; hence, absorptivities in Eq. I 1  can be re- 
placed by absorbances: 


(Eq. 20) 


A1 is readily measured in  a solution of the indicator in the absence of ligand. 
A I L  is obtained as  the product t I L l , ;  CIL is found as follows. In a solution 
containing only indicator and ligand, the mass balance on ligand is: 


L, = [Ll + [IL] (Eq. 21) 
This, combined with Eq. 8 and the mass balance on indicator, gives: 


An iterative process is used. First, the assumption is made that [L] = L,, and 
Eq. 22 is solved for [I] (making use of an independently measured value of 
KI). Then, [IL] is found from the mass balance I ,  = [I]  + [IL], and this is 
used in Eq. 21 to produce a refined estimate of [L]. This process is repeated 
until no change in [I-] is noted in the fourth decimal place. The absorbance 
of thesolution (path length = 1 cm) is A = t1[1] + ~ILIJL] ,  hence: 


(Eq. 23) 


This provides the information necessary to evaluate Q with Eq. 20. 
Standard Method-Methyl orange studies were conducted in 0.10 M HCI. 


whereas nitrazine yellow studies were carried out in 0.05 M Tris buffer at pH 
9.2 with the ionic strength adjusted to 0.10 M with NaCI. Portions of stock 
solutions of indicator, substrate, and ligand were added to 10-niL volumetric 
flasks to produce a series of solutions having constant indicator concentration 
(2-4 X lo-’ M) with substrate and ligand concentration varying as required 
by optimization considerations (to be described). In some instances, the 
substrate and ligand were weighed directly into the flasks. After equilibration 
of the solutions at 25.OoC, the absorbance were measured at the wavelength 
of maximal spectral shift. 


Solubility Method-Indicator solutions containing varied ligand con- 
centrations were prepared in 10-mL volumetric flasks. Each of these was 
transferred to a 15.5-mL vial containing solid substrate (in excess of its total 
solubility). After the vials were sealed, they were rotated end-over-end at  32 
rpm in a 25.OoC water bath for 24 h. They were then placed upright in the 
25°C bath for time sufficient for the solid substrate to settle. The clear solution 
was aspirated and its absorbance was measured at  25OC. 


Data Treatmen-Equations 14, 15, and 17 are linear, and the slopes and 
intercepts of these plots were obtained by conventional linear least-squares 
analysis. The variances of the stability constant estimates were then found 
by a propagation of errors treatment (9). Although in each of these equations 
the variable playing the role of x ,  the “independent” variable. has measurable 
uncertainty associated with it, t h e y  variable possesses greater uncertainty; 
hence, the usual linear regression treatment is suitable. 


If treatment according to Eq. 14 showed that the slope was not significantly 
different from zero, then the data were analyzed by means of Eq. 15. 


Optimization of Conditions-For a system containing only a 1:l (SL) 
complex, the quantity Ti = P/S ,  can range from 0 to I ,  whereas for a system 
capable of forming both SL and SL2, Ti can range from 0 to 2. Thus, Ti is a 
useful indication of the extent of the binding isotherm that has been examined. 
In a 1:l  system, Ti is equal t o f l ~ ,  the fraction of substrate present as the 1:l 
complex,butina I : I  + 1:2system,ii=f11 +2f12. 


From Eq. 14. it is clear that thequantity (S, - P )  control the reliability of 
the plotting variables. Combining Eqs. 2 and 4 gives: 


s, - P = [S] - [SL2] (Eq. 24) 
Thus, (S, - P )  may be positive, zero, or negative, whereas 2S1 - P must be 
positive, as must the other variables and parameters in Eq. 14. Therefore, data 
points plotted according to Eq. 14 must lie in either the first or third quadrants. 
with the point at S ,  = P being indeterminate. Points in the first and third 
quadrants correspond to the conditions Ti < 1 and ii > I ,  respectively. In the 
present studies, all systems appeared in  the first quadrant. 


The experimental data consist of absorbance values, which are bounded 


I Sigma Chemical Co. * Aldrich Chemical Co. 
’ Cary Varian Model 2200 or Perkin-Elmer Model 559 spectrophotometer. 


Orion Model 701A pH meter with Corning semi-micro combination electrode 
(catalog number 476050). 
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Figure 1 -Relationship between absorbance, A, and corresponding Q value 
(Eq. 20) for hypothetical indicator-a-cyclodextrin systems. Methyl orange 
(positive slope), I ,  = 4.17 X lo-’ M:nitrarine yellow (negative slope). It = 
3.92 X M. 


by the limits A1 and AIL. With Eq. 20 these are converted to Qvalues, which 
may range from 0 to m. The relationship between absorbance values, A ,  and 
corresponding Q values is shown in Fig. 1 for typical solutions of methyl orange 
and nitrazine yellow. At large Q values, the slope is so small that a small ab- 
sorbance error results in a large error in Q. At low Q values, a small absorbance 
error results in a small absolute but large relative error in Q. These effects can 
be quantified by differentiating Eq. 20 to find dQjdA. In the present work it 
was decided, for systems containing both 1:l and 1:2 equilibria, to exclude 
data points having Q values outside the range 0.3-2.5. 


According to Eq. I I ,  Q is uniquely related to free ligand concentration (for 
a given indicator). Thus, the limits placed on Q establish corresponding limits 
on [L]. To extend these limits in order to examine a greater range of the 
binding isotherm, it would be necessary to have available a series of indicators 
with different K I  values. 


For a given indicator and substrate, each pair of plotting variables in Eq. 
14 is associated with a unique Q ([L]), which may be realized by innumerable 
combinations of l,, S,, and L,. It is necessary to limit these quantities to values 
that will give acceptable uncertainties in P and in S, - P. This is done as 
follows: 


I .  Choose I, such that A]  or AIL (whichever is larger) sz 2. 
2. Select a series of Q values in the 0.3-2.5 range and for each Q calculate 


the corresponding [L] with Q. 11. 
3. With preliminary estimates of K1 I and K12, calculateii values for each 
It] value, using Q. 9. Reject any systems giving ii values - >0.7. 


4. For each acceptable [L] value, choose L, such that L, I 2[L]. Calculate 
P with Eq. 12. 


5 .  For each set of conditions, calculate S ,  from S ,  = P / E .  
Often it will be satisfactory to work with a fixed S, and simply calculate 


the desired L, levels from Eq. 25, which is obtained from Eqs. 5 and 12: 


Table I-Properties of Indicatbrs in Aqwous a-Cyclodextrin Solutions. 


1, L, = iis, + [L] + - 
Q +  I 


S, should be chosen such that L, I 2[L]. 
This procedure will result in data points in the first quadrant when plotted 


according to Q. 14. All Q values will be in the desired range and the errors 
in P and S, - P will be acceptable. If the required S ,  values exceed the solu- 
bility of the substrate, the solubility-competitive indicator method should be 
used. 


RESULTS AND DISCUSSION 


Indicator Properties.-A requirement of these competitive indicator 
methods is that the indicator must form only a 1:l complex with the ligand. 
This imposes limits on acceptable indicator structures. However, indicator 
selection is greatly facilitated by adopting a point of view provided by a recently 
proposed binding site model of cyclodextrin complex formation (10.11). To 
ensure only 1:l complex formation, it is sufficient that the indicator possess 
only one potential binding site capable of entering the cyclcdextrin cavity. For 
a-cyclodextrin, there is considerable evidence that uncharged substituents 
on an aromatic (benzene) ring, either mefa or para to another group, can  act 
as binding sites, but that charged groups have little affinity for thecavity. By 
iqspection of indicator structures, it is therefore possible to identify likely 
candidates, and in this way nitrazine yellow was selected. Methyl orange has 
long been used (in strongly acid medium) (4). The structures of methyl orange 
(I)  and nitrazine yellow (11) are shown: 


I 


NO; 
I1 


A second requirement is that the indicator must exhibit a significant spectral 
change upon complexation with a-cyclodextrin. In  Table I, the properties of 
these indicators pertinent to these studies are gathered. The KI values were 
determined by a Benesi-Hildebrand treatment; the result for methyl orange 
is in excellent agreement with that reported by Lin and Connors (6) .  Several 
pieces of evidence are consistent with the assumption that nitrazine yellow 
forms only a I : 1  complex with asyclcdextrin: ( a )  the KI value is independent 
of wavelength; ( b )  there is a single isosbestic point (at 590 nm); ( c )  graphical 
treatment of a matrix of spectrophotometric data ( 1  2, 13) provides evidence 


Molar Absorptivities Equilibrium 
Analytical Free Complexed Constant 


Methyl orange 1 .o 508 47,980 1,465 664 (4.7) 
Nitrazine yellow 9.2 634.5 19,500 50,980 74.3 (0.9) 


Indicator PH Wavelength, nm (€1) ( E l L )  K I ,  M-I 


At 2S’C. ionic strength 0.10 M. b SD in parentheses. 


Table 11-Stability Comtants Measured with Methyl Orange and Nitrazine Yellow Indicators. 


Substrate 


Competitive 
Indicator 
Method6 


I ,4-Dimethoxybenzene 
1.4-Dimethoxybenzene 
4-Nitrobenzoic acid 
4-Cyanobenzoic acid 


Benzoate ion 
3-Nitrobenzoate ion 
4-Nitrobenzoate ion 


Methyl Orange Indicator 
Standard 55.3 (22) 
Solubility 75.4 (2.6) 
Solubilitv 320 ( I  2) 
Standard 485 ( I  I j 


Nitrazine Yellow Indicator 
12.8 (0.2) 


124.5 (9.1) 
60.0 (3.0) 


208 (90) 
221 (8.6) 


26.9 (6.5) 
57 (4.7) 


~ ~~~~ 


a At 25°C and ionic strength 0.10 M. SD are in parentheses. Methods as described in text. 
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Figure 2-Plot of Eq. 14 for the methyl orange- 4-cyanobenzoic acid- 
a-cyclodextrin system. I t  = 3.0 X M:Sl caries from 2.3 to 6.3 X lo-’ 
M; L, varies from 2.5 10 6.6 X lo-’ M. 


for the existence of only two indicator species i n  solution, presumably I and 
IL. 


Stability Constant Results-These new modifications, consisting of the 
standard competitive indicator method for I : l  t 1:2 systems, thesolubility- 
competitive indicator method, and the introduction of nitrazine yellow as an 
indicator in  basic media, were applied to the study of somesubstrates of in- 
terest in our systematic investigation of a-cyclodextrin complexation. The 
reference methods were U V  spectrophotometry. potentiometry (1 I ) ,  and 
solubility (14, 15). Methyl orange was the indicator in studies (at pH I .O) of 
1,4-dimethoxybenzene, 4-nitrobenzoic acid, and 4-cyanobenzoic acid; ni- 
trazine yellow (at pH 9.2) was employed to study the anions of benzoic, 3- 
nitrobenzoic. and 4-nitrobenzoic acids. 


Table I I  lists the results. I n  basic medium, the carboxylate anions do not 
form 1.2 complexes, so the nitrazinc yellow data were processed with Eq. 15. 
The systems studied with methyl orange in acidic medium showed both 1:1  
and 1 :2 complex formation, so Eqs. 14 and 17 were used. Figure 2 is a plot of 
Eq. 14, the standard competitive indicator method and Fig. 3 shows a plot of 
Eq. 17, the solubility-competitive indicator method. Table 111 compares the 
stability constants obtained by these competitive indicator methods with values 
obtained by other techniques. It is apparent that the competitive indicator 
approach is measuring the same quantity as  the other methods. It must be 
pointed out that some of these systems, especially those in acidic media, are  


Table Ill-Comparison of Stability Constants by Various Methods 


250 ’ O O d  0 1 0  2.0 3.0 


110 


Figure 3-Plot of Eq. 17 for the methyl orange-4-nitrobenzoic acid-a-cy- 
clodexirin system. I ,  = 4.8 X lo-’ M:S, = 9.68 X M; Ll varies from 
1.8 to 6.0 X lo-’ M. 


difficult to study, in part because of their limited solubilities. The 1.4-dim- 
ethoxybenzene system is especially interesting. The initial result on this system 
was obtained by the classical solubility method (14, IS), and it yielded the 
extremely unusual observation that Kl2 > Kl1 (with rather large uncertainties 
in  the stability constants). Application of the two new competitive indicator 
methods described in this paper gave rcsults that were entirely consistent; this 
type of independent confirmation is useful. The only discordant result in Table 
111 is Kl2 for 4-cyanobenzoic acid by the standard competitive indicator 
method. This is thought to be a consequence of the particular combination 
of the indicator and the substrate, possibly caused by the formation of a sub- 
strate-indicator complex. The low solubility of 4-nitrobenzoie acid did not 
permit a reliable application of the standard method, but preliminary results 
indicated behavior similar to that observed with 4-cyanobenzoic acid. Spec- 
troscopic observations of more soluble benzoic acids in the presence of methyl 
orange showed small shifts in the spectrum of the indicator suggestive of the 
formation of complexes. I t  therefore seems possible that SI complexes may 
lead to systematic errors in  methyl orange-substituted benzoic acid systems. 
The solubility competitive indicator method appears to be less susceptible to 
these errors. 


CONCLUSIONS 
These results have usefully extended the competitive indicator method to 


systems containing both 1:l and 1.2 complexes. It may be noted that the 
theoretical basis is general, although the applications reported here were to 
complexes of a-cyclodextrin. Nitrazine yellow has been found effective for 
studies in alkaline solution. 


The competitive indicator method will seldom be viewed as  the “method 
of choice” when other techniques are available, for the following reasons. The 
addition of another complcx former, namely the indicator, complicates the 
equilibrium system. In  this system, the formation of the SL complex generates 
a perturbation whose observation provides information about K I  1 .  The pres- 
ence of complex SLz produces a further perturbation that gives an estimate 
of K12. Thus, the information about K12 is a consequence of a perturbation 


Substrate Method K I I ,  M-’ K12. M-’ Ref. 


4-Cyanobenzoic acid 


1,4-Dimethoxybenzene Std. comp. ind.O 55.3 208 This work 
Sol. comp. ind.h 75.4 221 This work 


4-Nitrobenzoic acid Sol. comp. ind. 320 26.9 This work 
Solubility 55.8 I93 9 


Solubility 277 29.6 9 
Potentiometric 350 20.2 I I  
Potentiometric 293 25.9 9 
Potentiometric 33 I 25.1 9 
Std. comp. ind. 485 57 This work 
Potentiometric 47 I 25.0 I I  
Potentiometric 428 24.1 9 
Potentiometric 44 1 26.2 9 


1 1  Potentiometric 11.2 
Potentiometric 10.5 - 16 


9 Potentiometric 94.2 
Potentiometric 126 16 


9 


Benzoate Std. comp. ind. I 2.8 - This work 
.- 


3-Nitrobenzoate Std. comp. ind. 124.5 - This work 
- 


4-Nitrobenzoate Std. comp. ind. 60.0 - This work 
Spectrophotometry 75.7 - 
Spectrophotometry 81.0 - I I  


a Standard comparative indicator. b Solubility comparative indicalor. 
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of a perturbation. Despite this limitation, the competitive indicator method 
has one notable feature that will often make it a valuable resource, namely, 
i t  allows observations to be made of a substrate whose own properties do not 
provide quantitative measures of complex formation; the indicator spectral 
change is a surrogate property. 
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Abstract 0 Four new meperidine metabolites were identified by GC-MS in 
the urine of rats, guinea pigs, rabbits, cats, and dogs. In addition to known 
meperidine metabolites, 4-ethoxycarbonyl-4-phenyl-1,2,3,4-tetrapyridine 
(dehydronormeperidine; IV, the N-hydroxydehydro derivative of normep- 
eridine (X) .  the dihydroxy derivative of meperidine (XII). and the dihydroxy 
derivative of normeperidine (XIII) were identified. The possible role of the 
N-hydroxy derivative of normeperidine (IX) in the pharmacological inter- 
action of meperidine ( I )  with M A 0  inhibitors, seen selectively in the rabbit 
(and humans), is discussed. Following the administration of the p-hydroxy 
derivative of meperidine (VII).  the major metabolite was conjugated VI1. 
Trace amounts of the p-hydroxy derivative of normeperidine ( V I I I ) ,  the 
methoxy hydroxy derivative of meperidine (XI), XII, and X l l l  also were 
detected as metabolites of VII. The degree of N-demethylation of VII, both 
in oitro and in oiuo, was small. 


Keyphrases 0 Meperidine-TLC, GC-MS. identification of metabolites, 
interaction with monoamine oxidase inhibitors 0 Monoamine oxidase in- 
hibitors-metabolites of meperidine, TLC, GC-MS 


Meperidine is extensively metabolized by humans and an- 
imals. The major metabolites of meperidine identified in  the 
urine of rats, guinea pigs, dogs, and humans are normeperidine 
and ( 1 -methyl-4-phenyl-4-piperidine carboxylic) and (4- 
phenyl-4-piperidine carboxylic) acids (1  -1 2), while the minor 
metabolites are the p-hydroxy derivative of meperidine ( 5 ) ,  
the N-oxide of meperidine ( 5 ,  6), the methoxy hydroxy de- 
rivative of meperidine (7),  and the N-hydroxy derivative of 
normeperidine (7). In  the urinary excretion studies of mep- 
eridine and its metabolites [normeperidine, and ( 1  -methyl- 
4-phenyl-4-piperidine carboxylic) and (4-phenyl-4-piperidine 
carboxylic) acid], the amount of each excreted by the rabbit 
was found to be low (16-53% of the administered dose) when 
compared with other species (1 3) .  Of this total, meperidine and 
norneperidine accounted for only -0.4 and 4-8.5%, respec- 


tively, of the administered dose. The remainder of the dose 
excreted represented unidentified metabolites. Severe inter- 
action between monoamine oxidase inhibitors (MAOI) and 
meperidine have been observed in rabbits and humans, but 
seldom observed in other species (14-16). The purpose of this 
study was to identify new metabolites in rabbits and other 
species which might contribute to the severe interaction of 
meperidine and MAOI observed in the rabbit. The metabolism 
of thep-hydroxy derivative of meperidine (VII )  was also in- 
vestigated in a preliminary study in the rat in an attempt to 
determine if VII is metabolized in uiuo to VI I I .  


EXPERIMENTAL SECTION 


Drugs- Meperidine hydrochloride’, normeperidine hydrochloride’, and 
the p-hydroxy derivative of meperidine* ( 5 )  were obtained commercially. The 
N-oxide of meperidine was synthesized as follows. Meperidine hydrochloride 
(200 mg) was dissolved in 2 mL of water, basified with ammonium hydroxide, 
and extracted with benzene. After removal of the solvent under reduced 
pressure, the residue was dissolved in  I mL of absolute ethanol, and I mL of 
30% H202 was added. The solution was heated i n  a water bath at 70°C for 
2 h. At that time, TLC showed nostarting material. The solution was trans- 
ferred to a dish and evaporated to near dryness on a steam bath. The residue 
was dissolved in isopropyl alcohol and transferred toa 15-mL centrifuge tube. 
The solvent was removed under a stream of nitrogen, to give a white liquid. 
Ether was added to the residue to give a white precipitate. The mixture was 
refrigerated and centrifuged, and the liquid phase was transferred to another 
centrifuge tube. By repeating this treatment, two products were obtained: 
ether-soluble material and a white precipitate. The solid material was re- 
crystallized from absolute ethanol to yield 18 mg of white crystals, mp 
173-175OC. The solid material showed a single spot on TLC (RJ 0.37 and 


~ ~~ ~~~~~ 
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Abstract 0 Biodegradable microparticles of cross-linked starch (maltodextrin) 
have been designed as carriers of proteins and low molecular weight drugs in 
uiuo. Methods are presented for the synthesis of acryloyl starch and its poly- 
merization to microparticles. Macromolecules were immobilized in the mi- 
croparticles in high yields, i .e . ,  up to 40% of the dry weight consisted of the 
immobilized protein. The optimal conditions of immobilization were inves- 
tigated by varying the concentration of starch (D), the concentration of 
acryloyl groups (T), and the amount of additional cross-linking agent (C). 
Exclusion of the cross-linking agent gave maximal immobilization of the 
macromolecules. Enzyme kinetics, release profiles, surface localization, and 
heat stability of the immobilized macromolecules are also presented. Micro- 
particles based on starch with small amounts of acryloyl groups were com- 
plctely degraded after incubation with amyloglucosidase. The degradation 
of microparticles in  serum and in the target organelle, the lysosome, was in- 
vestigated in vitro. The plyacrylic starch microspheres (mean diameter, 0.5 
pm) constitute an attractive alternative to other drug and enzyme carriers. 


Keyphrases 0 Drug carrier systems -biodegradable, starch microparticles, 
lysosomal dcgradation 0 Microspheres-- drug carrier system, lysosomal 
degradation, polyacryl starch 


Enzymes have hitherto had rclatively limited applications 
in uiuo and have essentially been used only for the treatment 
of blood coagulation disorders. Several problems are associated 
with the use of enzymes in uiuo, e.g., the targets of the enzymes 
are often strictly compartmentalized to specific tissues and cell 
compartments and administered enzymes cannot readily pass 
the membranes of these compartments. Furthermore, free 
enzymes available from human sources are rapidly degraded 
by proteolytic enzymes. Foreign enzymes, when injected, will 
induce the formation of antibodies and other immunologic 
reactions. Systems that will protect the enzymes from degra- 
dation and direct them to their specific targets are not yet 
available. Similarly, suitable carrier systems for low molecular 
weight drugs are still unavailable for targeting in uiuo, al- 
though several different carriers have been extensively tested 


Spherical microparticles (< 1 pm) made of polyacrylamide 
( 1  -4). 


or polyacrylic dextran can be used for the immobilization of 
proteins ( 5 , 6 ) .  When the particles are injected intravenously 
in rats and mice, they are rapidly cleared from the circulatory 
system by macrophages in the reticuloendothelial system 
(RES). After uptake, the particles are localized in the lyso- 
soma1 vacuome (7,8).  This “passive targeting” of microspheres 
to the RES has been used successfully to treat an artificially 
induced storage disease in mice (9). However, any system used 
as an in uiuo drug carrier must fulfill certain requirements: it 
must be biocompatible and not induce toxic reactions; it must 
be biodegradable to avoid accumulation in the tissues; it should 
be small to avoid respiratory distress after intravenous injec- 
tion; it must be compartmentalized in such a way that the 
therapeutic index of the drug or enzyme carried is im- 
proved. 


This paper describes the preparation and characteristics of 
biodegradable starch microparticles. The biodegradability of 
the spheres is investigated in uitro with hydrolytic enzymes and 
an isolated lysosome-enriched rat liver fraction. 


EXPERIMENTAL SECTION 


Mnterials-Human serum albumin’, immunoglobulin GI, carbonic an- 
hydrase2, a-amylase3, amyloglucosidase2, N-acetyl-P-glucoseamidase2, and 
lysosyme4 were used without further purification. NN’-Methylenebisaql- 
amide’. 4-methylumbelliferyl-N-acetyl-~-D-p1ucoseamidine2, p-nitrophenyl 
acetate2, and the other chemicals used were analytical grade. Hydroxyethyl 
starch6 (mol. wt., 400.000; degree of derivatimtion, 0.7). maltodextrin’ (mol. 
wt. 5000). [ 14C]paraformaldehyde8, and [‘4C]starch (prepared from Nico- 


1 KABl AB, Stockholm. 
2 Sigma Chemical Co. 
3 Boehringer Mannheim. 


J Eastman Kodak Co. 
6 Hydroxyethyl slarch was obtained as a gift from Dr. Tony de k ld t r ,  Pharmacia, 


“P$ Maltodextrin was obtained as a gift from Dr. Lars Svensson, Stadex AB, Malm6,. 
Sweden. 


Merck Co. 


ala, Sweden. 


Amersham. England. 
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tiana tabacum9; mol. wt., 7000-8000) were used without further purifica- 
tion. 


Acryloylation of Polysaccharides-Chemical modification of the poly- 
saccharides (Scheme I) with acrylic acid glycidyl ester followed the procedure 
outlined by Edman et al. (7). Maltodextrin or hydroxyethyl starch (10 g) was 
dissolved in 0.2 M phosphate buffer (pH 8.5) to give a solution of appropriate 
concentration. Acrylic acid glycidyl esterlo (10 mL) was added, and the 
two-phase system was magnetically stirred for up to 15 d. Samples (10 mL) 
were withdrawn on days I .  3. 5.7, 10, and I5 and centrifuged for 15 min a t  
3000Xg. Unreacted acrylic acid glycidyl ester was discarded, and the aqueous 
solution with the derivatized polysaccharide was extracted with 10 parts of 
toluene to remove remaining unreacted glycidyl ester. 


Determinition of the Degree of Derivatization of Polysaccharides-The 
degree of derivatization (acrylic groups/glucose residue) was analyzed by 
'H-IT-NMR according to the method of Lepisto et al. (10). The measure- 
ments were made at 100 MHz on a spectrometer" using the water-elimination 
Fourier transform method. After phase correction of the region containing 
the acrylic and anomeric proton resonances (6 4.8-6.7 ppm) the region was 
integrated. The signals of the anomeric proton (6 4.8-5.8 ppm) were used as 
internal standard. 


Preparation of Polyacryl Starch Microparticle- Microparticles with or 
without protein were prepared as  described previously (5,6). Protein and, when 
applicable, bisacrylamide were dissolved in a solution of acryloylated malto- 
dextrin or in acryloylated hydroxyethyl starch in  0.2 M sodium phosphate 
buffer, pH 8.5. EDTA (1 X lo-) M) and ammonium peroxodisulfate were 
added to the deoxygenated mixture. The water solution (5- 10 mL) was ho- 
mogenized with poloxamer 18812 in 600 mL of chloroform-toluene (1:4) to 
produce a water-in-oil emulsion. On addition of N,N,N',i\."-tetramethyl- 
ethylenediamine the water phase droplets were polymerized to microparticles. 
The microparticles were freed from the organic phase and nonimmobilized 
protein by repeated washings with buffer. 


The microparticle composition is characterized by the D-T-C nomenclature 


5 10 


DAYS 
15 


Figure 1 -Deriuatization of the polysaccharides. The degree ofderivatization 
(acrylic groups per glucose residue) of maltodextrin (0 )  and hydroxyethyl 
starch (0)  are expressed as mean values f SD (n = 5 and 3, respec- 
tively). 


9 New England Nuclear, West Germany 
1o Fluka AG. 


l 2  Pluronic F68; BASF Wyandotte. 
I' Model JNM-FX 100; JEOL. 


Figure 2-Scanning electron micrograph (30,oOaXJ of polyacryl sfarch 
microparticles (D-T-C 10-0.2-0). The bar indicates I pm. 


suggested by Hjertkn ( I  I ) ,  as  modified by Edman et a / .  (6). The D-T-C 
values denote the amounts of the components in the monomer solution used 
for particle formation: D denotes the concentration of derivatized macro- 
molecules (i.e., acryloylated starch, g/IOO mL); T denotes the total concen- 
tration of acryloyl groups (g/ 100 mL); C is the relative amount of the cross- 
linking agent, bisacrylamide, expressed a s  the percentage (w/w) of the total 
amount of acrylic monomers. 


Radioactive Labeling of Polyacryl Starch Microparticle-Two types of 
radioactive labels were used. The label was introduced with 14C-labeled 
A'."-methylenebisacrylamide as the cross-linking agent or with [ I4C]starch 
as  part of the monomers. In  the former case, the labeled derivative was pre- 
pared from [ ''C]paraformaldehyde and acrylamide according to Feuer and 
Lynch (12) as  described by Sjoholm and Edman (7). The radioactive starch 
was derivatized with acrylic acid glycidyl ester together with the polysac- 
charides used in the particle preparation. 


Protein Determination-The amount of protein incorporated in the mi- 
croparticles was determined with an automatic amino acid analyzer after 
hydrolysis in 6 M HCI at  105OC for 20 h. Thc amount of protein leaking from 
the microspheres was measured by the method of Lowry et al. (13). In each 
case, the protein studied was used as  a standard. In some experiments, IzSI- 
human serum albumin was used to determine the protein content of the mi- 
croparticles and to follow the leakage of the albumin from the particles. 


Determination of Carbonic Anhydrase Activity-The activity of carbonic 
anhydrase was determined with the chromogenic substrate p-nitrophenyl 
acetate (14). The assay mixture consisted of 4.7 mL ofO.05 M Tris buffer (pH 
7.41, 0.25 mL of substrate solution in absolute ethanol a t  the appropriate 
concentration, and 0.05 mL of the enzyme (immobilized or in free form) in 
Tris buffer. The formation of the hydrolysis products was followed spectro- 
photometrically a t  400 nm at room temperature. The velocity of the reaction 
is the initial increase in absorbance during I min. Correction was made for 
the spontaneous hydrolysis of the substrate in samples that did not contain 
the enzyme; the particle matrix did not affect the reaction rate (results of 
control experiments). Furthermore, the particles did not cause light scattering 
a t  this wavelength, and no sedimentation was detectable during the time of 
measurement. 


Determination of the Functional Capacity of Immobilized Human Serum 
Albumin-The functional capacity of immobilized albumin was determined 
by the method of Kober ef af. (1 5 ) .  Microparticles containing albumin were 
incubated with a fixed concentration of ['4C]salicylic acid. After centrifu- 
gation, the concentration of the free drug was determined by measuring the 
radioactivity in the supernatant. The amount of salicylic acid bound to albumin 
was calculated from the percent binding and from a standard curve derived 
by equilibrium dialysis with different albumin concentrations. 


Idination of Human Serum Albumin-Human serum albumin (10 mg) 
in 0.5 mL of 0.05 M phosphate buffer (pH 7.3) containing 0. I5 M NaCl was 
labeled with [12SI]NaI (1 mCi) in the presence of lactoperoxidase (20 p g )  and 
hydrogen peroxide (0.03% v/v, 20 pL added 3 times at  3-min intervals) ac- 
cording to the method of Phillips and Morrison ( I  6). The reaction was ter- 
minated after 10 min by diluting the sample with chilled buffer. The 1251- 
labeled human serum albumin was isolated from the reaction mixture by gel 
filtration on a Sephadex G-25 column. 
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Table I-Characteristics of Microparticles with Immobilized '251-Human Serum Albumin. 


Microparticle Total Yield of Total Protein Total Protein 
Composition, Microparticle, Yield, Content, 


D-T-C % % mg/mg dry weight 


Functional 
Protein Leakage in 


Content, % 6 Weeks, % 


5-0.2-0 
7-0.2-0 


10-0.2-0 
10-0.3-0 
10-0.4-0 
10-0.4-5 
10-0.4-25 
10-1.2-60 


10-0.4-0 
10-0.8-0 


7.9 
5.4 


28. I 
58.1 
46.2 
44.6 
19.4 
55.6 


31.4 
70.3 


Maltodextrin Particles 
2.2 0.218 
3.4 0.386 
7.3 


13.8 
27.5 
9.8 
3.8 


22.4 


0.206 
0.192 
0.373 
0. I80 
0.164 
0.287 


Hvdroxyethvl Starch Particles 
3.8 0.108 


12.7 0.153 


41 
- h  


44 
75 
58 
4OC 
47c 
74 


79 
58 


34 
34 
62 
52 
38 
43 
56 
40 


32 
43 


10- I .o-0 93.5 24.7 0.209 42 33 
10- I .2-0 87.3 39.4 0.31 1 63 36 
10-1 5 5 0  69.3 17.0 0.197 95 38 


0 The study was carried out with I00 mg of '*JI-labeled human serum albumin/mL of aqueous buffer. The protein content of the particles was determined in a gamma counter. 
Not determined. Determined The amount of functionally active protein in the particles was determined by estimating the capacity of the albumin to bind ['4C]salIcylic acid ( 1  5 ) .  


after 50 d 


Determination of Radioactivity, Particle Size, and Density-@Emitting 
isotopes were determined in a scintillation counter13; the counting efficiency 
was calculated with an external standard. Iodine-125 was measured in a 
gamma scintillation c0unter1~. 


The size of the particles was determined from photographs taken with a 
scanning electron microscope (7). Using this technique, 85% of the micro- 
particles had a diameter of 0.2- I .O pm; 15% were 1 .O- 1.6 pm in diameter. 


The densities of the microparticles were determined by density gradient 
centrifugation in colloidal silica coated with polyvinylpyrrolidone'5 (17) 
utilizing a gradient ranging from I .02 to 1.10 g/cm3, obtained with a dual- 
chamber gradient maker. Density marker beadsI6 were used to monitor the 
gradient according to the manufacturer's specification. The gradient volume 
was 10 mL. Microparticles (0.5-2.5 mg) in 300 pL of physiological saline were 
applied to the top of the gradients, which were centrifuged at 400Xg for 25 
min using a swing-out rotor. 


Isolation of a Lysosomal Fraction from Rat Liver Homogenate-The iso- 
lation of the lysosomal fraction followed the technique outlined by Beaufay 
(1 8). Livers from male Sprague-Dawley rats, which were fasted for I2 h. were 
removed rapidly and immersed in a beaker containing ice-cold 0.25 M sucrose 
(pH 5.5). After weighing, the tissue was cut into pieces and homogenized with 
3 volumes of the medium in a Potter-Elvehjelm homogenizer. The homogenate 
was centrifuged at 4OC and 750Xg for 10 min. The sediment was redispersed 
three times and centrifuged. The resulting supernatants were pooled and 
centrifuged at  I2,OOOXg for 10 min. The supernatant was discarded and the 
pellet was dissolved in 0.25 M sucrose and centrifuged for 10 min at 6500Xg. 
This step was repeated three times and the supernatants were combined and 
centrifuged for 15  min at 12,OOOXg. The resulting sediment was dispersed 
in water (pH 4.5) and made up to a final volume equal to that of the original 
tissue. The suspension was frozen and thawed twice before use. The isolated 
lysosome-enriched fraction was usually preserved with penicillin G. The 
partition of lysosomes in the different fractions during the preparation was 
followed by assay of the lysosomal enzyme, N-acet~l-B-glucosemidase. The 
enzyme was determined by using 4-methylumbcllifcryl-N-acetyl-~-D-glu- 
coseamidineassubstrate in  0.15 M acetate buffer. pH 4.2 (19). 


Enzymatic Solubilizatian of Microparticles---Amylase (1  0 U/mL in 0.1 
M phosphate buffer, pH 5 . 5 )  or amyloglucosidase (0.1-10 U/mL in 0.1 M 
citrate buffer, pH 4.5) was added to 0.5 mg of radioactive microparticles in 
the same buffer to give a final volume of 2.0 mL. In  other experiments, 1 .O 
mL of pooled human serum or 1 .O mL of the lysosomal fraction was added 
to 1 .O mL of radioactive microparticks (0.5 mg dry weight). After incubation 
at 37OC for 0.5-6 h the particles were centrifuged (3000Xg) and the radio- 
activity in I .O mL of the supernatant was measured before or after filtration 
through a 0.45-pm membrane filter. In  some of the experiments, the radio- 
active degradation products were separated on a Sephadex G- 150 column. 
The degradation products ( 5  mL) were applied on a 2.6 X 100-cm column. 
The separation was performed with 0.01 M phosphate buffer (pH 7.4) con- 
taining 0.1 5 M NaCl as the elution medium. 


Size Determination of Microparticle Aggregates-Microparticles (100 pL, 


I 3  TriCarb 2405 Spectrometer; Packard. 
1' Auto-Gamma 51 10; Packard. 
I s  Percoll; Pharmacia AB, Uppsala, Sweden. 
l6 Pharmacia AB, Uppsala, Sweden. 


50 j i g )  were suspended in I50 mL of particle-free buffer". The suspensions 
were used in a particle counterI8, which simultaneously counts particles in 
14 size classes. The instrument was fitted with a 50-pm orifice tube. During 
all measurements the speed and stirrer position were constant. The mean di- 
ameters of each size class of suspended microparticles were c a l ~ u l a t e d ~ ~  from 
the particle distribution. 


In some experiments, microparticles containing human serum albumin were 
incubated with a specific antiserum (i.e..  50 p L  of rabbit anti-human serum 
containing 3.6 mg of immunoglobulin G/mL) in an end-over-end mixer for 
45 min prior to the estimation of the mean diameter. In control experiments. 
the microparticles containing human serum albumin were incubated with 0. I5 
M NaCI, or empty microparticles were incubated with the corresponding 
antiserum. 


RESULTS 


Derivatization of Polysaccharides-The introduction of acryloyl groups 
into hydroxyethyl starch and maltodextrin with acrylic acid glycidyl ester was 
followed by NMR for 10 and 15 d, respectively. Hydroxyethyl starch reacted 
more rapidly and more extensively than maltodextrin (Fig. I ) ;  every 3rd 
glucose residue was substituted after 10 d compared with every 10th glucose 
unit for maltodextrin. The higher reaction rate with hydroxyethyl starch can 
most probably be ascribed to the presence of the hydroxyethyl groups. With 
maltodextrin, a plateau was reached after -10 d. 


Immobilization of Proteins in Microparticles of Different Coinpitiem- 
Table I summarizes results from the incorporation of 12SI-labeled human 


1 1 I 1 


a 1  
1 2 3 4 5 6 


HOURS 


Figure 3-in vitro digestion of ''C-labeled microparticles in a lysosome- 
enriched fraction. Maltodextrin particles wiih D-T-C of 10-0.2-0 (0) and 
10-0.4-0 (e) werepreincuboted in pooled human serum for I h prior to in- 
cuboiion with the lysosomal fraciion. Mean values f SD (n = 3--6). 


I' lsoton 11; Coulter Electronics. England. 


l9 Model 9825 computer. Hewlett-Packard 
Model TAII; Coulter. 
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Table 11--Degradation of Maltodextrin Microparticles by 
Amylogucosidase In Vitm 


Microparticlc 
Composition, Soluble Radioactivity 


D-T-C Label After 3 ha 


10-0.2-0 I14C]Starch 103 f 3 
10-0.2-0 *51-Human serum albumin 100 f 7 
10-0.4-0 14C]Starch 59 f 2 
10-0.4-25 I I4C]Starch 69 f 2 
10-0.4-25 ('4C]Bisacrylamide 64 f 4 


Mean in percent of total f SU; n = 3.  


serum albumin in polyacryl starch microparticlcs. Three series of experiments 
were run, varying total concentration of starch (D), total concentration of 
acrylic groups (T), and degree of cross-linking (C). A decrease of acryloylated 
starch (D) in the particles decreases the total yield of immobilized protein as 
well as the yield of particles. 


Increase of the concentration of acrylic groups (T) (acryloylated malto- 
dextrin or hydroxyethyl starch) in the aqueous phase resulted in an increase 
in the amount of albumin immobilized in the particles. The maximal amount 
of albumin which could be incorporated corresponded to 37% of the dry weight 
(particles based on maltodextrin and a D-T-C value of 10-0.4-0). The relative 
amount of cross-linking agent (C) also had an influence on the total protein 
yield; particle yield and protein content decreased when the cross-linking agent 
bisacrylamide was introduced into maltodextrin microparticles. The functional 
capacity of immobilized albumin to bind salicylic acid varied between -40 
and 95%. No systematic trend could be detected; high C values possibly im- 
prove the functional capacity. 


Microparticle Density, Surface Structure, and Protein Leakage-The 
density of polysaccharide microparticles was 1.04- 1.07 g/mL, which is 
somewhat lower than that obtained with polyacrylamide particles (5). The 
density essentially followed the content of acryloyl groups, when both mal- 
todextrin and hydroxyethyl starch were studied. Thus, when T was increased 
from 0.2 to 0.4, the density of maltodextrin particles increased from 1.04 to 
1.06 g/mL. The density was the same when the particles contained up to 30% 
human serum albumin. 


Microparticles based on maltodextrin or hydroxyethyl starch have a surface 
structure quite different from that of highly cross-linked polyacrylamide 
particles. The particles have a relatively smooth surface structure with smaller 
pores (Fig. 2) than polyacrylamide particles with a T-C value of 8-25 (5). 


The leakage of 1251-human serum albumin from the microparticles (Table 
1) was investigated to study the influence of the microparticle composition 
on the protein fixation within the polymer. Variations in leakage were observed 
with T and C changes. The maltodextrin microparticles with few acryloyl 
groups leaked more than particles with higher T values. The hydroxyethyl 
starch microparticles were generally not as leaky as the maltodextrin spheres; 
no systematic change was found when T was varied. 


When the cross-linking agent N,lV'-methylenebisacrylamide was added 
to the maltodextrin microparticles, the leakage of '251-human serum albumin 
was accelerated. This is consistent with previous findings that microparticle 
pore radius increases with the addition of a cross-linking agent ( 5 ) .  


Storage of the microparticles at -2OOC was also studied. Maltodextrin 
microparticles with compositions of 10-0.2-0, 10-0.4-0, and 10-0.4-25 and 
a batch of hydroxyethyl starch microparticles (10-0.8-0) lost no particle- 
bound protein when stored at -2OOC for 8 weeks. 


Table 111-Degradation of Maltodextrin Microparticles in Serum and in a 
Lysosome-Enriched Fraction ' 


Solubilized Radioactivity, ?kb 
Microparticle Incubation Incubation in 
Composition, in Serum Lysosomal Fraction 


D-T-C l h  I h  6 h  


Empty Microparticles 
10-0.2-0 21.8 f 1.8 44.4 f 3.2 51.1 f 3.2 
10-0.4-0 12.6 f 0.8 30.8 f 1.4 36.4 f 3.2 
10-0.4-20 10.8 f 2.3 29.2 f 3.3 53 .5  f 7.8 


10-0.2-0 38.0 f 0.9 68.3 f 1.4 83.5 f 2.4 
10-0.4-0 28.5 f 2.3 47.9 f 3.2 54.3 f 3.4 
10-0.4-20 40.6 f 1.5 66.5 f 2.1 73.8 f 2.4 


Protein-Containing MicroparticlesC 


The ['4C]starch-labcled particles were preincubated for 1 h in serum before further 
incubation in the lysosomal fraction. Mean values f SD for incubation in lysosomes ( n  
= 3-6) and incubation in serum (n = 18). Cumulative values. Human Serum albumin, 
I 0 0  mg/mL of the aqueous phase. 


A 


2 4 6 8 10 12 
WEEKS 


2 4 6 8 10 12 
WEEKS 


2 4 8 a ia  12 
WEEKS 


I 1 I 


2 4 8 6 10 12 


Figure 4- Release of immobilized proteins during storage at room temper- 
ature from microparticles of maltodextrin with D- T-C of 10-0.2-0 (A), 
10-0.4-0 (B),  and 10-0.4-25 (C) and hydroxyethyl starch with D-T-C of 
10-0.8-0 (0). The immobilized proteins were lysozyme (@), human serum 
albumin (0). carbonic amhydrase (m), and immunoglobulin G (0).  


WEEKS 


Enzymatic Degradation of Polyacryl Starch Micropartick-The particles 
in Table I (0.5 mg dry weight) were incubated with a-amylase, and the release 
of 1251-human serum albumin was compared with the controls. Maltodextrin 
microspheres with the D-T-C compositions of 10-0.2-0, 10-0.3-0, and 
10-0.4-0 released 27, 24, and 26% of the entrapped radioactivity in 1 h, re- 
spectively. Spheres containing bisacrylamide had a lower release, e.g., 15% 
(D-T-C 10-1.2-60). No significant increase in radioactivity was found in 
the supernatants when hydroxyethyl starch microspheres were incubated with 
a-amylase. 


The degradation of the starch matrix by amyloglucosidase was investigated 
for maltodextrin microparticles of different compositions (D-T-C 10-0.2-0, 
10-0.4-0, and 10-0.4-25) containing acryloylated 14C-labeled starch and 
albumin (Table 11). The particles were incubated with amyloglucosidase (I0 
IU/mL) for 3 h at 37OC. Particles with few acrylicgroups (D-T-C, 10-0.2-0) 
were totally solubilized, and all radioactivity was regained in the supernatant 
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PARTICLE DIAMETER. pm 
Figure 5-Size distribution of maltodextrin microparticles (D- T-C 10- 
0.4-25), including the frequency by weight before (Oj andafter (a) incubation 
with specific antiserum and the frequency by number before (OJ and after 
(m) antiserum addition. The relative frequency was obtained by division of 
the frequency values by the class width. 


after 3 h. When the degradation mixture was gel-filtered on a Sephadex G I 5 0  
column, 3wo of the radioactivity was obtained in the void volume and 70% 
in the low molecular weight region. Identical results were obtained when 
particles with the same composition containing '251-human serum albumin 
were incubated with amyloglucosidase. The '2SI-albumin-containing micro- 
particles were completely dissolved in 3 h. Spheres containing 0.4% (w/w) 
acrylic groups (D-T-C 10-0.4-0) or a cross-linking agent (D-T-C 10- 
0.4-25) were more stable, and 59 and 69%. respectively, of the radioactivity 
was detected in the supernatant after incubation for 3 h. 


The microparticles were also affected by fresh human serum (Table 111). 
Incubation of 0.5 mg of ''C-labe.led particles in serum for 1 h at 37OC gave 
a release. of 1 1-41% of the radioactivity. depending on the particle composition 
and immobilized protein content. "Empty" spheres and spheres with a high 
amount of acrylic groups (high T value) were relatively stable in serum, e.g., 
particles with a D-T-C of 10-0.2-0 containing no protein were 22% digested 
compared with 38% when albumin was present. Microparticles (D-T-C, 
10-0.4-0) containing albumin were solubilized 28% after a I -h  incubation, 
compared with 38% when spheres with D-T-C 10-0.2-0 were used. However, 
the rate of degradation was increased when the particles contained protein 
and a cross-linking agent. The increased rate probably depends on a better 
penetration of the particles by the enzymes, as both the proteins and increased 
C may increase the pore radius of the particles. No further degradation was 
seen when the incubation time was increased to 6 h. 


In an attempt to simulate the biological conditions of particles after intra- 
venous injection, the spheres were preincubated in fresh serum for 1 h prior 
to incubation with isolated rat liver lysosomes for I and 6 h (Table 111. Fig. 
3). Particles with a D-T-C of 10-0.2-0 were highly affected, and -84% of 
the radioactivity in the spheres was regained in the supernatant after incu- 
bation for 6 h. Particles with larger T, (D-T-C, 10-0.4-0) were more stable; 
54% of the spheres were metabolized after 6 h. Corresponding "empty" mi- 
crospheres were more inert under these conditions. Empty spheres with a 
D-T-C of 10-0.2-0 were degraded 51% as compared with 84% when the 
particles contained albumin (Table 111). 


When the microparticles were incubated directly in the lysosomal fraction. 
i.e.. without preincubation in serum, the amount of solubilized radioactivity 
after a 6-h incubation was the same as with preincubation. Thus, the metab- 
olism of polyacryl starch microparticles is related to the protein content and 
the composition of the particle. 


Immobilized Protein9 in Polyacryl Starch Micropartick-Further studies 
were performed with three different batches of maltodextrin microparticles 
and one batch made of hydroxyethyl starch. The maltodextrin microparticles 
had compositions 10-0.2-0 (I) ,  10-0.4-0 (11). and 10-0.4-25 (Ill).  The hy- 
droxyethyl starch microspheres (IV) had a composition of 10-0.8-0. 


Release Profiles-Microparticles were prepared with proteins of various 
sizes: lysozyme [mol. wt. 14,400 (20)], carbonicanhydrase [mol. wt. 31,000 
(21)]. human serum albumin (mol. wt. 66.500 (22)]. and human immuno- 
globulin G [mol. wt. I50,OOO (23)]. The spheres were suspended in buffered 
physiological saline, pH 7.4 with sodium azide (0.1%) added as a preservative. 


TEMPERAfWIE. OC 


B 8 1  


* 1 t I -n 1 I , 
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Figure 6-Thermostabilily of carbonic onhydrase immobilized in malto- 
dextrin microparticles with D-T-Cof 10-0.2-0 (A) and 10-0.4-0 (B)  com- 
pared with that of the free enzyme. The remaining activity was measured after 
heating the enzymefor 5 (0, a) and 30 (0 ,  .) min. The open symbols rep- 
resent free enzyme; the solid symbols represent particle-bound enzyme. 


The samples were left at room temperature (22OC) for I ,  2,4, 6 , 9 ,  and 12 
weeks. The protein released from the spheres after centrifugation (Fig. 4) was 
determined by the method of Lowry et al. ( 1  3). 


The most pronounced release, irrespective of particle composition, was 
obtained when lysozyme was used (Fig. 4A): 100% of the lysozyme was re- 
leased in 9-12 weeks, depending on the gel composition. Also, release rates 
generally decrease with increasing molecular weight independent of particle 
composition. Microparticles containing bisacrylamide as a cross-linking agent 
(111) (Fig. 4C) released the proteins most rapidly; -90-1m0 of the incor- 
porated protein was lost after 12 weeks, irrespective of molecular weight. 


Surface Localization-The localization of proteins on the surface of the 
microparticles can be studied conveniently by adding specific antiserum and 
following particle aggregation with a Coulter Counter equipped with a com- 
puter program. The Coulter Counter cannot detect particles <0.8 pm with 
the 50-pm orifice tube and does not give an exact measure of the true mean 
diameter of the microparticles. The results, therefore, cannot be. compared 
with those obtained with the electron microscope, but the method does give 
a relative measure of the changed size distribution (by number and volume) 
when the antiserum is added to the microparticles. The mean diameter, based 
on volume, increased from 2.04 f 0.82 pm to 5.66 f 1.65 pm when Ill mi- 
croparticles with immobilized human serum albumin were incubated with 
rabbit anti-albumin serum (Fig. 5). The mean diameter, by number, was also 
calculated, and a similar increase was noted (Fig. 5). Increases in diameters 
were also detected for microparticles of other compositions. Empty micro- 
particles did not aggregate after addition of the antiserum. 


To further investigate the nature of the surface-localized albumin, the study 
was repeated after 8 weeks with the same batch of particles. At that time-50% 
of the protein had leaked from the spheres (Fig. 4). No significant changes 
in the aggregation patterns of the washed microparticles could be detected 
with the Coulter Counter. Obviously, a significant fraction of the immobilized 
albumin is stably bound on the surface and available for interaction with the 
antibodies. 


Heat Stability-To investigate the effect of immobilization in polyacryl 
starch microparticles on the stability of proteins, carbonic anhydrasc was 
incorporated into the microparticles. The spheres were exposed to elevated 
temperatures for 5 or 30 min. After treatment, the spheres were immediately 
cooled in an ice bath for 5 min. The samples were then incubated at  room 
temperature for 30 min, and the remaining activity was determined. It is ap- 
parent that the microspheres protect the enzyme against heat denaturation 
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Figure 7-  Lineweauer-Burk plots for the enzymatic activity of carbonic 
anhydrase in maliodextrin microparticles (D-T-C 10-0.2-0) (0) and free 
(a) form. 


(Fig. 6). Depending on the composition of the spheres, the enzymatic activity 
after 30 min at 100°C varied between <5 and 2090. Microparticles containing 
0.4% acrylic groups (w/w), i.e., I I  (Fig. 6B), gave better protection against 
heat than spheres with T = 0.2 ( I )  (Fig. 6A). The use of a cross-linking agent 
(Ill) or hydroxyethyl starch ( IV)  did not improve the thermal stability of 
carbonic anhydrase. 


Enzymatic Properties of Immobilized Carbonic Anhydrase-To asses the 
effect of entrapment on the function of the immobilized enzymes, the Mi- 
chaelis-Menten constant (K,) of carbonic anhydrase was determined. Re- 
gression analysis showed that the Lineweaver-Burk plots for immobilized and 
soluble enzyme were linear over the entire range of concentrations studied. 
The calculated K, for native carbonic anhydrase was I8 mM; for immobilized 
enzyme, it was 18-24 mM. The increase in K ,  by immobilization (irrespective 
of microsphere composition) is probably due to a limited diffusion rate of 
substrate and/or reaction products, as observed in other immobilized enzyme 
systems (24-26). 


The maximal reaction rate (umx) of the immobilized enzyme, in I particles, 
was compared with that of the native enzyme (Fig. 7). The urnax of the im- 
mobilized enzyme, as calculated from the ordinate intercept, was 58% of that 
of the free enzyme. Based on amino acid analysis, the amount of enzyme in 
the two experiments was the same. The enzymatic activity, therefore, is more 
inhibited in the polyacryl starch particles than in macroporous polyacrylamide 
microparticles (27). 


pH Stability of Polyacryl Starch Micropartieles-The pH stability of the 
polymer matrix was investigated with '4C-labeled starch. The hydroxyethyl 
starch particles (IV) could not be studied because labeled hydroxyethyl starch 
is not available and incorporation of ''C-acryloylated starch in these particles 
would result in inadequate labeling of the particle matrix. The maltodextrin 
microspheres were incubated at pH 0.4- I3 for 12 h at  37OC. Aliquots were 
withdrawn from the supernatants after centrifugation, and the radioactivity 
was measured (Fig. 8). The microparticles were stable at pH 2-8. At pH 12, 
519% of the particles were solubilizcd; at pH I2.8,158% of the radioactivity 
was lost from the microparticles Acidic pH (21.2) did not significantly affect 
the microparticles; at pH 0.5, 5% (at most) was solubilized in 12 h. 


DISCUSSION 


In our earlier work, small particles were prepared for protein immobilization 
by polymerization of either acrylic groups in acrylamide and N,N'-methy- 
lenebisacrylamide to form polyacrylamide microparticles ( 5 )  or acrylic groups 
of acryloyldextran and N,N'-methylenebisacrylamide to form polyacryl- 
dextran particles (6). These two types of microparticles are only slowly me- 
tabolized in uiuo, with t l p  values of 10-20 weeks (7.28). The half-life is di- 
rectly related to the amount of hydrocarbon chains formed during the poly- 
merization (and to some extent to the presence of dextran, which is slowly 
degraded in the lysosomes). These particles will probably find only limited 
applications in uiuo. 


In  the present paper, a low molecular weight fraction of starch (malto- 
dextrin; mol. wt. 5000) and a preparation of hydroxyethyl starch (mol. wt. 
400,000), which are water soluble, were used. The starch compounds were 


5 7 
b 


I /  


PH 
Figure 8-Stability of I4C-labeled maltodextrin microparticles at different 
pH. The particles were incubated at 37°C for I 2  h. Key to D-T-C values: 
(a) 10-0.2-0; (0) 10-0.4-0; (0) 10-0.4-25. 


modified with acrylic acid glycidyl ester and polymerized in a water-in-oil 
emulsion to form small particles; the particle size is essentially determined 
by the dispersion degree of the emulsion. The cross-links in the microparticles, 
the hydrocarbon chains, are formed by the acryloyl groups, but their contri- 
bution to the matrix structure can be much lower (0.3-0.4% in the polymer- 
ization mixture) than in polyacrylamide and polyacryldextran particles. This 
means that the main part (>95%) of the matrix is composed of maltodextrin 
or hydroxyethyl starch and will be easily degraded by lysosomal enzymcs 
(maltodextrin particles). The degradation of the maltodextrin microparticles 
has been followed with ''C-labeled starch from Nicotiana tabucum (about 
the same molecular weight as maltodextrin) included in the microparticles 
and treated as described for maltodextrin. Unfortunately, no labeled hy- 
droxyethyl starch could be obtained, and consequently, no reliable studies to 
follow the degradation of hydroxyethyl starch particles have been possible. 
However, information is available on the metabolism of underivatizcd hy- 
droxyethyl starch, which is extensively used as a plasma expander in humans. 
The half-life of hydroxyethyl starch (mol. wt. 450,000, degree of derivatization 
0.70) in the spleen and liver of the rat is -64 and 132 d, respectively (29). It 
may therefore be concluded that hydroxyethyl starch microparticles are more 
slowly metabolized than maltodextrin microparticles. Such microparticles 
are, therefore, the carrier of choice when a prolonged protection of the im- 
mobilized material is more essential than a rapid degradation of the particle 
matrix. 


The degradation of the starch particles has been followed in uitro in a 
lysosome-enriched fraction from rat liver prepared by differential centrifu- 
gation, in serum, and with isolated enzymcs. Maltodextrin particles were 
relatively rapidly degraded by the lysosomal enzymes; >8W0 of the radioac- 
tivity (originating from the starch matrix) was found in the supernatant after 
6 h from particles with a D-T-C of 10-0.2-0, and -50% from particles with 
a D-T-C of 10-0.4-0. I n  serum, with a-amylase, or with amyloglucosidase, 
the solubilization was faster with the less-modified maltodextrin. When the 
cross-linking degree was increased by adding N,N'-methylenebisacrylamide 
(yielding particles with a D-T-C of 10-0.4-25) the rate of degradation con- 
sistently increased. An increased rate of degradation was also seen when the 
particles contained immobilized protein. I n  both of these situations the en- 
zymes could better penetrate the particles and hydrolyze the starch, since both 
proteins and increased C increase the pore radius ( 5 ) .  


In addition to 14C-labeled starch, the degradation of the different particles 
was studied with immobilized '251-human serum albumin or I4C-labeled 
N,N'-methylenebisacrylamide, which gave consistent results. As expected. 
hydroxyethyl starch particles were resistant to a-amylase and amylogluco- 
sidase treatment. On the other hand, maltodextrin particles (D-T-C 10- 
0.2-0) were totally solubilized by amyloglucosidase in 3 h, and gel filtration 
revealed that -70% of the radioactively labeled starch was regained in the 
low molecular weight fraction. We thus conclude that the derivatization of 
starch with acrylic acid glycidyl ester has not profoundly changed the biode- 
gradability; enzymes normally found in animal tissues can dissolve malto- 
dextrin microparticles in uitro. Whether the same extensive metabolism of 
these microparticles can happen in uiuo and the degradation products can  be 
completely eliminated from the macrophages of the reticuloendothelial system 
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remains to be seen. Preliminary results20 indicate that maltodextrin microp- 
articles are metabolized and eliminated in uiuo, which means that degradation 
products can also pass the lysosomal membrane. 


It is obvious that T (specified essentially by the derivatization degree of the 
starch) and C (the fraction of added N,N’-methylenebisacrylamide) are 
important factors in the microparticle matrix structure and, therefore, also 
in biodegradation. The structure will determine the amount of proteins im- 
mobilized, their leakage, and the stability of the immobilized proteins towards 
heat denaturation. The macrostructure of maltodextrin particles, as  seen in 
the electron microscope, is obviously smoother than that of polyacrylamide 
(T-C 8-25) which exhibits a macroporous structure ( 5 ) .  In the polyacrylamide 
microparticles, thick bundles of polymer threads arc formed, in which the 
proteins are fixed. The proteins are partly exposed on the surface and can 
interact with cells (30). Even if biodegradable starch microparticles are not 
cross-linked to the same extent, proteins obviously can be stably bound on the 
surface in such a way that they interact with antibodies and form large ag- 
gregates. 


The pores of polyacryl starch particles are thus smaller than those of highly 
cross-linked polyacrylamide particles. This means that the initial yield of 
immobilized proteins will be significantly larger because a larger fraction will 
be entrapped inside the formed network; the larger the Stokes radius of the 
protein, the more will be immobilized. Under standard conditions (100 mg 
of protein/mL of aqueous phase), 35-4090 of the dry weight is protein, as 
shown with human serum albumin. The functional capacity, however, is 
generally not >40-60%, and -50% of the protein is released from the particles 
in 6 weeks. These figures indicate that the fraction of protein trapped inside 
the particles. and not physically fixed in the polymeric network, is much larger 
than in the polyacrylamidc particles. Moreover, the diffusion of low molecular 
weight ligands or substratcs becomcs restricted as the functional binding ca- 
pacity of human serum albumin is decreased, and the enzymatic activity (Kmr 
u,,,) of carbonic anhydrase is impaired. The polymer concentration (T) in 
the microparticles also influences the thermal stability, which is not greatly 
increased when T = 0.2%. It is important to note that the polymer concen- 
tration in the particles is high enough to guarantee that molecules are localized 
on the surface and that antibodies can form aggregates with the microparticles. 
This means that polyacryl starch microparticles could be used for specific 
targeting within the central compartment in uiuo. In such a system, specific 
antibodies may be the instrument to target the microparticles to pathological 
cells in the circulation (e.g., leukemia cells) or to eliminate circulating mac- 
romolecules (e.g., antibodies or immune complexes). 


Any drug carrier system designed for injection must be degradable. The 
metabolism of the polyacryl starch microparticles can be varied within wide 
limits, and the bulk of the matrix (the maltodextrin fraction) can be completely 
broken down by endogenous enzymes. The metabolism of the remaining part 
(the hydrocarbon chains from the acryloyl groups) must be further studied, 
but in the present system the fraction is small. However, the hydrocarbon 
chains are the decisive factor in the rate of degradation in uiuo, which must 
be chosen according to need in the specific situation. As has been clearly 
demonstrated, polyacryl starch particles (D-T-C 10-0.4-0 or 10-0.2-0) are 
degraded in normal serum, and 30-40%of the starch is solubilized in I h. The 
half-life of microparticles in the circulatory system after intravenous injection 
is also-1 h (7.24). It is thus obvious that the derivatization of the starch must 
be high enough to give a reasonable stability in the circulation to ensure 
transport of the immobilized material to the target. Our  experiments have 
shown that the leakage of immobilized proteins largely follows the degradation 
of the microparticles. The composition of the carrier system is thus a com- 
promise: it must persist long cnough in the circulatory system and yet must 
be metabolized rather quickly within the target organ. This principle is valid 
when the carrier is used for the immobilizationof low molecular weight sub- 
stances (e.g., drugs) or proteins (e.g., enzymes). Moreover, in some situations 


ao P. Artursson. T. Laakso. and 1. SjBholm, unpublished rcsults 


it is essential to control the release of active material from the carrier within 
the target cells, e.g.. to correlate the rate of release and the rate of denaturation 
of an enzyme. In such situations, it is important that the metabolism of the 
carrier can be anticipated and controlled. This is true for the polyacryl starch 
microparticles. 
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Fluorescence Determination of Microconcentrations of 
Chlorambucil after Photoactivation 
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Abstract 0 A fluorescence assay is described which measures the alkylating 
activity of chlorambucil or its isocyanate derivative after photoactivation in 
the presence of dimethyl sulfoxide. This assay has a lower limit of sensitivity 
of 100 ng/mL and RSD of < I %  for chlorambucil. The method requires <5 
pg of alkylating agent and the fluorophore produced is stable for at least 24 h. 


Keypbrases 0 Chlorambucil-isocyanate derivative, alkylating activity, 
fluorescence assay Nitrogen mustards-chlorambucil and its isocyanate 
derivatives, alkylating activity, fluorescence assay 


Bifunctional alkylating agents are used extensively in the 
chemotherapeutic treatment of neoplastic and autoimmune 
diseases. Several colorimetric methods for the determination 
of specific nitrogen mustards have been described (1-5). These 
methods are based on the first report by Epstein et al. (6) who 
first showed the reaction of alkylating agents with nitroben- 
zylpyridine. A fluorometric method has also been described 
(7) which has a greater sensitivity, but it was not applicable 
to chlorambucil. 


Gaudreault (8) reported that chlorambucil dissolved in di- 
methyl sulfoxide and exposed to UV light yielded a mixture 
of products. The fluorescence of the mixture was proportional 
to the amount of chlorambucil present. Perhydrotbiazocine 
was the most important fluorophore; its structure was deter- 
mined by mass spectrometry (8). 


We describe here the use of this reaction (Scheme I) for the 
quantitative determination of chlorambucil. This method is 
sensitive while requiring little material. 


EXPERIMENTAL SECTION 


Chlorambucil’ was dissolved in dimethyl sulfoxide*. The isocyanate of 
chlorambucil, 3-(4-[bis(2-chloroethyl)amino]phenyl)propyl-isocyanate, was 
produced in-house using a literature method (9). 


A 200-W U V  lamp3 supplied by a power unit4 was used for the photoacti- 
vation. A U V  meterS was used to check the U V  lamp periodically. Quartz 
cuvettes6 (10-mm path length) were placed circularly a t  10 cm around the 
lamp to expose the samples; the fluorescence was then read in the same cu- 
vettes. A spectrophotoflu~rometer~ was used to measure the fluorescence of 
the samples at 434 nm for emission after an excitation at  358 nm. 


Scheme I 


Sigma Chemical Co.. St. Louis, Mo. 


Super Prwsure Mercury Lamp HBO; OSRAM Gmb, Berlin-Munich, F.R.G. 


Model J-225; Blak-Ray, San Gabriel, Calif. 
Fluorescence Open Cuves; Fisher Scientific Co. 


* Spactrophotometric grade; Aldrich Chemical Co.. Milwaukee, Wis. 


‘ Model HBZOO Mercury Burner Power Unit; Otto Watzka & Co., Montreal. 


’ Model 4-0202: Aminco-Bowmann. Silver Spring, Md. 


Chlorambucil(1 mg/mL) was dissolved in dimethyl sulfoxide and stored 
at -2OOC until use. Standards from 0.1 to 20 pg/mL were freshly prepared 
by dilution of the stock solution with dimethyl sulfoxide. Two milliliters of 
the standard was placed in quartz cuvettes and the background fluorescence 
was read. Samples were p l a d  for 30 min in the U V  illuminator (Fig. I) .  They 
were then allowed to cool for 20 min and the fluorescence was read again. The 
difference in the fluorescence was plotted against the concentration of 
chlorambucil. The method was also applied to the isocyanate of chloram- 
bucil. 


RESULTS 


Standard Curves-Following the assay procedure described above, we found 
a linear relationship between the fluorescence and chlorambucil concentrations 
varying from 0.1 to 1 pg/mL ( r  = 0.986) and from 1 to 20 pg/mL ( r  = 0.999). 
We alw found a very good linear relationship using the isocyanate of chlor- 
ambucil (r = 0.999) for concentrations varying from 1 to 10 pg/mL. The lower 


Figure 1-Willuminatorfor the phoioociivation of chlorambucil. Key: (A) 
illuminaior: (B)  power unii: (C) UV meter; (D) UV lamp: (E)  quariz cuoeiies; 
(F)  UV deiecior; (G) ueniiloior: ( H )  fiberglass box covered on ihe inside 
surface wiih rejleciing maierial. 
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DISCUSSION 
The method presented above offers many advantages over the existing 


method for measuring alkylating activity. This fluorescence method is a t  least 
50 times as sensitive as the nitrobenzylpyridine colorimetric procedure pro- 
posed by Balazs et a / .  (5). The interassay relative standard deviations given 
may represent the variations in the intensity of the UV lamp and the daily 
variations in the fluorometer light source; these deviations are  much lower 
when a standard curve is used for each assay. This assay may be performed 
in protein-containing solutions, in contrast to the other assays available which 
require incubation at  85'C and c a u e  protein precipitation. 


Since alkylating activity is measured in this assay, it is essential that the 
assay is performed with an active alkylating agent; therefore, chlorambucil 
must be kept in a desiccator to prchnt hydrolysis and formation of the hemi- 
mustard. The method proposed above measures the alkylating activity of 
chlorambucil; it should be useful for studying the metabolism of this compound 
i n  biological fluids. 
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Table I-Intra- and Interassay Relative Standard Deviations for Two 
Concentrations of Chlornmbucil and Isocyanate of Cblorambucil 


Mean of NSD, % 
Assay Conc., pg/mL Fluorescence Intra-assay Interassay 


Chlorambucil 
1 2 1 I .9 & 0.854 7 .17  
2 2 i 1 . 6 I  i.25 i0.i 9.25 
3 2 11.5 f 1.08 9.39 
4 2 9.63 f 0.479 4.97 
1 5 48.2 f 1.41 2.92 
2 
3 
4 


5 52.1 f 1.93 3.70 8.79 
5 58.0 f 1.73 2.98 
5 57.8 f 2.66 4.60 


Isocyanate of Chlorambucil 


1 5 51.1 f 1.65 3.23 
2 5 50.0 f 1.73 3.46 
3 5 48.9 f 1.03 2.1 1 5.25 
4 5 45.2 f 1.16 2.57 


limit of sensitivity of 0.1 pg/mL found with this method was 50-fold lower 
than the one obtained with the nitrobenzylpyridine method (5). 


Reproducibility of the Assay-We found intra-assay RSD of 8.1 and 3.6%. 
respectively, a t  2 and 5 pg/mL. The interassay SD was determined on four 
fluorescence measurements at 2 and 5 pg/mL and we found SD of 9.3 and 
8.896, respectively. The intra- and interassay relative standard deviations were 
also obtained with the isocyanate derivative of chlorambucil a t  the same 
concentrations (Table I). 


Fluorophoce Stability-Contrary to the nitrobenzylpyridine assay, the 
fluorescence could be read several hours after the photoactivation of the 
samples by UV. When the fluorophore produced was kept in thedark, it was 
stable for a t  least 24 h. We found a variation of only 5% in the fluorescence 
during the 24-h period at room temperature. This is an advantage over the 
nitrobenzylpyridine method, which yields a highly unstable chromophore. 


Quantitation of Phenobarbital and Phenobarbital 
Sodium in Pharmaceutical Dosage Forms 


V. DAS GUPTA 
Received April 11. 1983. from the Department of Pharmaceutics. Uniuersity of Houston, Houston. T X  77030. Accepted for publication July 29, 
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Abstract 0 A reverse-phase high-performancc liquid chromatographic method 
for the quantitation of phenobarbital and phenobarbital sodium in pharma- 
ceutical dosage forms (elixir, injection. and tablets) was developed. The 
method is precise and accurate with percent relative standard deviations of 
0.9 (without an internal standard) and 0.7 (with an internal standard) based 
on six injections. The method is stability indicating and is more sensitive than 
the revised USP-NF method. The products of decomposition showed two new 
peaks in the chromatogram. 


Keypbrases 0 Phenobarbital-quantitation with phenobarbital sodium in 
pharmaceutical dosage forms 0 Phenobarbital sodium-quantitation with 
phenobarbital in  pharmaceutical dosage forms 


Phenobarbital ( I )  and phenobarbital sodium ( I I ) ,  exten- 
sively used as sedatives, are available in a variety of dosage 
forms, including capsules, elixir, injectable, tablets, etc. The 
literature for the quantitation of phenobarbital has been sur- 
veyed by Schmidt and Pennington (1). According to this re- 
port, investigations in which reverse-phase HPLC have been 
used without the addition of a counterion have not been suc- 


cessful. A reverse-phase HPLC assay procedure for pheno- 
barbital with 0.01 M tetramethylammonium chloride as the 
counterion has been reported (1); however, the use of coun- 
terions usually shortens column life (2). 


The revised USP-NF method for the quantitation of phe- 
nobarbital appeared in USP Supplement 3 (3) ,  and use of a 
mobile phase of pH 4.5 is recommended. 


The purpose of this investigation was to develop a stabil- 
ity-indicating assay method for the quantitation of pheno- 
barbital and phenobarbital sodium in pharmaceutical dosage 
forms at neutral or weakly basic pH without the addition of 
a counterion to the mobile phase. 


EXPERIMENTAL SECTION 
Chemicals and Reagents-All chemicals and reagents were USP, NF. or 


ACS quality and used without further purification. The USPquality powders 
of phenobarbital' and phenobarbital sodium' were used as received. 


' American Chemical and Drug Co., Los Angela, Calif 
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The Need for Information on Product 
Formula tions 


I thoroughly enjoyed your editorial “Putting An End tosecret 
Formulations.” I Over the years I’ve had numerous debates wi th  
manufacturers over the issuc of “trade secrets” (Boloncy!) wrsus the 
health professionals’ nccd for information on product formulations. 


As you pointcd out, any competrtors’laboratory worth their salt will 
rapidly crack such “secret formulations.” Therefore. the only ones kept in 
the dark are the physician prescribers and pharmacist dispensers of these 
pharmaceuticals. 


Although you state that “manufacturers are required by law and 
regulation to make known the identity and quantity of the medicinally 
active ingredients in  their products.” even this is not always the case. For 
example. in many artificial tcar solutions and contact lens solutions, the 
functionally active components may only be identified as “a water-soluble 
polymeric system” or “an anionic surface-active agent.” 


I f  health care professionals are to make informed product selcction 
decisions, the industry must provide this needed information. Although 


BOOKS 


regulatory remedies may be necessary, industry leaders with vision might 
see that voluntary cooperation would result in  benefits to all concerned. 


to maintain their competence’! Must we have mandatory relabeling 
requirements bcforc the industry responds to the information needs of thc 
public? Must we always havc an expensive. legislative. regulated, 
bureaucratized solution to every problem? 


The PMA has taken B significant First step in stating “the medical 
justification for disclosure . . . warrants release of that information . . .” 
Let’s hope that individual manufacturers respend to your call for “putting 
an end to secret formulations.” 


Must we have mandatory CE before pharmacists accept their obligation 


James R. Boyd 
Editor-in-Chief 
“Facts and Comparisons” 
St. Louis, MO 63 I46 


’ Edward G. Feldmann, J .  Pharnc. Sci., 73,577 (1984) 


lnstrumental Data for Drug Analysis. Vol. 2. (Elsevier Series in Forensic and 
Police Science.) By TERRY MILLS I l l ,  WILLIAM N. PRICE, and J. 
CONRAD ROBERTSON. Elsevier Science Publishing Co., Inc. 52 
Vanderbilt Ave., New York. NY 10017. 1983. pp. 662- 1358. 22  X 28.5 
cm. Price $95.00. 
This second volume contains data on an additional 300 drug substances 


bringing the total compounds covcred in both volumes to 600. 
Each drug cubstancc is allotted two pages on which ultraviolet. electron 


impact mass. proton nuclear magnetic resonance, and Fourier transform in-  
frared spectra are presented. All spectra are of exceptional quality. Also given 
are molecular formulas and weights, synonyms, trade names, therapeutic 
categories and, in shorthand style. HPLC and GC data where applicable. 
There are also four appendices containing standard KBr infrared spectra and. 
in  tabular form, Kovats retention indices for gas chromatography. the ultra- 
violet absorption maxima in  acid, basic and ethanol solution. and mass spectral 
indices for basc peaks and prominent ions. 


Thc a t h s  has been compiled by forcnsic scientists of the Georgia State 
Crime Laboratory and should be useful for the identification ofdrugs. Thus, 
the compilation scrves as a supplement to the Marck Index which does not 
present spectra. The two volumcs compete with two (’KCHandhooks of Mass 
Spectra and Specrrophoromerric Data of0rug.s which together sell for about 
the same price. I prefer the volumes under review for better organization. 
clearer spectra and coverage of more drugs. One can quibble t h a t  the short- 
hand data on HP1.C and GC arc of questionable value. I t  also would havc been 
useful to identify for each drug the source of the sample, particularly whether 
the drug was a USP reference standard. 


All efforts to provide comprehensive information on drugs are welcome. 
Therefore, the authors should be congratulated and encouraged to continue 
the series. 


ReGiewed by Klaus G .  Florey 
The Squihh Insriture for Medical Research 
P.0 .  Box I Y I  
New Brunswick, N J  OR903 


Applied Therapeutics: The Clinical Use of Drugs, 3rd Ed. Edited by BRIAN 
S. KATCHER, LLOYD YEE YOUNG, and MARY ANNE KOUA- 
KIMBLE. Applied Therapeutics, lnc.. P.O. Box 1903. Spokane. WA 
99210-1903. 1983. 1,619 pp. 19.5 X 24cm. PriceS54.00. 
The editors and authors o f  Applied Therapeurics: The Clinical Use of 


Drugs. 3rd edition, have refined and expanded the book previously titled, 
Applied Therapeirrics for Clinical Phannacisrs. I t  is appropriate that the title 
has been changed because the book can be of great value to any health pro- 
fessional involvcd in  treating and monitoring patients receiving drug 
t herapy. 


Applied Therapeirrirs: The Clinirul L!se of Drugs is relatively compre- 
hcnsive. The book consists of 61 chapters. 1619 pages with numerous tables 
and figures. The more commonly occurring chronic and acute diseases are 
presented with heavy emphasis being placed on drug therapy management. 
This book is not a substitute for a standard textbook of medicine i n  terms of 
understanding pathophysiology and diagnosis of various discase entities. It 
is an essential companion textbook to a medical textbook. however, and is 
evolving as the premier book in the field of drug therapy management of 
disease processes. 


The book is well written and referenced. The question and answer format 
and utilization of case studies is particularly effective in demonstrating ap- 
propriate application of pharmacotherapeutic information in spccific clinical 
situations. The book fosters the development of a rational approach to drug 
therapy management. 


There is nothing esoteric about this book. I t  is a practical guidc tooptimal 
drug therapy. I t  is an excellent manual for the clinician. All health care pro- 
fessionals involved in primary medical care. particularly pharmacists. phy- 
sicians. and nurse practitioners, would be well served by this book. 


Kerieued by Tim R. Covington 
Professor and Chairman 
School of Pharmacy 
Wesr Virginia Unicersity 
Medical Cenrer 
Morganrown, W V A  265064303 
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Abstract D A study of the enzymatic hydrolysis of pivampicillin (an insoluble 
penicillin) extended as a monolayer on the aqueous interface at  a constant 
surface pressure has been performed. Penicillinase promotes intensive hy- 
drolysis of the pivampicillin monolayers, inducing their solubility. However. 
no action was observed with dog liver esterase. The hydrolytic process, which 
was dependent on the film surface pressure and on the quantity of the injected 
enzyme. is of the Michaelis-Menten type in two dimensions. 


Keyphrases Pivampicillin-enzymatic kinetics, surface monolayers, pen- 
icillinase, esterases 0 Kinetics-cnzymatic, pivarnpicillin, surface monolayers, 
Michaelis-Menten 


The catalytic action of an enzyme can generally be mea- 
sured by the quantity of transformed substance or by the 
product generated per unit of time. The processes of enzymatic 
kinetics in bulk materials are usually Michaelis-Menten in 
character ( I  1. Under these conditions, both soluble substrates 
and enzyme-substrate complexes are in a homogeneous sys- 
tem. However, insoluble substrates are normally in the form 
of micellar aggregates, which act as the real substrate. In such 
cases, study of the kinetics is complicated by the difficulty of 
knowing the concentration of substrate in contact with the 
enzyme. 


This difficulty can be overcome by extending the insoluble 
substrate as a monolayer film over an aqueous mass which 
contains the soluble enzyme. Under these conditions, all the 
molecules of substrate are equally exposed to the action of the 
enzyme. Thus, it is possible to quantitate the amount of sub- 
strate in contact with the enzyme (by controlling its surface 
concentration in the film) and the amount of enzyme reacting 
with the surface (by controlling its concentration in the sub- 
phase). This system makes it possible to obtain information 
about action of the enzyme sites in the substrate molecules. 


The first studies of enzymatic kinetics using the surface 
monolayer technique were performed by Hughes (2) in 1935. 
Measuring the decrease in surface potential during the hy- 
drolysis process, Hughes observed that the hydrolysis rate of 
lecithin in monomolecular films catalyzed by phospholipase 
A2 decreased when the surface concentration of the lecithin 
molecules in the interface increased. This method is, however, 
subject to significant errors in interpretation. 


Since that time, several authors have used the monolayer 
technique to measure the activity of lipolytic processes cata- 
lyzed by lipases and phospholipases. Short-chain phospholipids 
and triglycerides were used as substrates so that the reaction 
products would be soluble and, therefore, diffuse into the 
aqueous subphase, leaving the monolayer. Garner and Smith 
(3)  performed these determinations in a constant area, mea- 
suring the decrease of the monolayer surface pressure as the 
substrate was dissolved by the lipolytic effect of the enzyme. 
An inherent difficulty of this method is that the surface con- 
centration of the film molecules vary continually during the 
process; therefore, the decrease of the surface pressure is linear 
with respect to time only in the first moment. Lagocki el al. 
(4). Dervichian (9, and Verger and de Haas (6) used methods 
with constant pressure, measuring the kinetic rate by the de- 
crease of the area covered by the film (directly connected with 
the number of substrate molecules which escape from the 
surface). 


The method of “zero-order trough” or “two-compartment 
trough” proposed by Verger and de Haas (6) is particularly 
interesting. In this method the enzymatic reaction takes place 
in a different compartment than the one which acts as a sub- 
strate reservoir. In this way, the number of the substrate 
molecules in the reaction compartment can be kept constant 
during the entire process. The process develops in a pseudo- 
zero-order manner, i.e., the decrease of the monolayer area 
is proportional to time, yielding a straight line, the course and 
slope of which give the rate of the kinetic process. 


Kinetic studies have been performed on monolayers of in- 
soluble penicillins (7). The penicillin molecules are trans- 
formed by hydrolysis into soluble products that leave the 
monolayer and dissolve in the aqueous subphase. The number 
of hydrolyzed molecules can be determined by the monolayer 
surface decrease, maintaining a constant surface pressure at 
all times (Fig. 1). 


For this type of study, pivampicillin is a particularly inter- 
esting test drug. It is a penicillin which is insoluble in neutral 
solutions and soluble in acidic media. Pivampicillin is activated 
by esterases, which transform it  into ampicillin (8), and it is 
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Figure I-Schematic of the work principle of the enzymatic hydrolysis 
process. Key: (B)  mobile barrier: (S) reservoir of the substrate (penicillin): 
(C) communication channel between compartments: (RJ reaction compart- 
ment. 


quickly inactivated by the action of 0-lactamase enzymes se- 
creted by penicillin-resistant microorganisms, i.e., penicillinase 
(9). A previous study (7) with this antibiotic verified that stable 
monolayers can be obtained which, through the activity of 
hydrolytic agents, become soluble and pass into the aqueous 
subphase. It is possible, therefore, to perform kinetic studies 
on a monolayer of pivampicillin. 


The results of the acid and alkaline hydrolysis of mono- 
molecular films of pivampicillin and the first results of hy- 
drolysis by @-lactamases have been presented previously (7).  
In the present study the kinetic processes of hydrolysis by an 
esterase and 0-lactamase on monomolecular films of pivam- 
picillin are amplified and debated. 


EXPERIMENTAL SECTION 


For this study a surface manometer, designed and built in our laboratory 
based on the pseudo-zero-order system proposed by Verger et al. (6). was used; 
this manometer was described in detail in  a previous work (10). I t  has a 
barostatic system, allowing the maintenance of constant pressure and the direct 
registration of the variation of the monolayer area through time. Sorensen 
buffer (pH 7) was used as the base liquid of the film, filling both sections of 
the trough ( 1  I ) .  The buffer was prepared with twice-distilled water, potassium 
phosphate', and disodium phosphate'. 


Purified technical-quality pivampicillin2 was used for preparation of the 
substrate monolayer; a M solution of this substance in 20% absolute 
ethanol-lO?k petroleum ether (bp 40-60°C) was used. The solvent evaporated 
spontaneously within -60 s after extension, leaving a monomolecular film 
of the antibiotic over the aqueous surface. In each case, a variable volume of 
solution was spread; the resulting film was compressed, reducing its surface 
until  the desired surface pressure for the kinetic studies was obtained. The 
initial surface concentration (C) of the substrate molecules in  the film was 
calculated from the amount of penicillin extended and the total area (in cm2) 
occupied initially by the film in  both compartments. 


While under constant agitation, 10- I00 p L  of enzyme solution was injected 
under the monolayer in the reaction compartment. The injected enzymes were 
an estcrase and a penicillinase. The esterase used (type I from dog liver) is a 
carboxyesterase (E.C. 3.1 . I  . I ) ' .  One unit of this enzyme hydrolyses I .O pmol 
of ethyl butyrate/min at pH 8 and 25OC. The enzyme (100 U/mg of protein) 
was used in a buffered phosphate solution at  pH 8, at a concentration of lo00 
IU/mL. The penicillinase, from Bacillus cereus (40,000 IU/mg), is a peni- 
cillinamide 0-lactamhydrolase (E.C. 3.5.2.6)4. One international unit inac- 
tivates 1 U of penicillin/min at pH 7 and 25OC. It was used in a buffered 
phosphate solution at pH 7, at a concentration of 400,000 IU/cm3. 


The recording of the kinetic process (variation of the film area against time) 
started immediately after enzyme addition and continued for 60-120 rnin. 
The number of hydrolyzed molecules was calculated from the displacement 
of the mobile barrier, taking into account that a I-cm displacement corre- 
sponds to a surface decrease of 17.5 cm2 and to a number of hydrolyzed 
molecules equal to 17.5C (molecules/cm2). A linear representation was ob- 
tained in the zero-order trough by plotting the number of hydrolyzed molecules 
against time. The type of slope allowed us to calculate the velocity of the hy- 
drolytic process (molecules.cm-*.min-~). 


RESULTS 


The injection of dog liver esterase under the monolayer of pivampicillin, 
at final concentrations from 100 to 10,000 IU/lOO m L  of subphase and at 


' The highest purity obtainable; E. Merck. Darmstadt, F.R.G. 
*Obtained and purified by Antibi6tics. S.A., Le6n. Spain. 
'Sigma Chemical Co., St. Louis. Mo. ' Serva Feinbiochemica. Heidelberg, F.R.G. 
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Figure 2-Activiry of the hydrolysis of pivampicillin films by penicillinase 
(4000 IU) at dvferent f i lm surface pressures. Key: ( I )  4.2 X 10-3 N.m-I: 
(2)  6.7 X lo--' N.m-l:(3)  8.4 X lo - )  Nam-': (4 )  12.4 X l0-I Narn-': (5)  
13.9 X lo--' N.m-l : (6)  16.7 X 


starting film pressures from I X Nm-' ,  produced neither 
solubilization of the monolayer nor a real decrease of the starting pressure 
of the film over a 2-h pr iod .  After the injection of theenzyme, however. the 
surface pressure of the monolayer increased. This demonstrates penetration 
of the esterase in the penicillin film, but without a hydrolytic effect on pi- 
vampicillin. 


The injection of penicillinase produced a rapid hydrolysis and solubili7ation 
of the pivampicillin, which manifested itself in a decrease in  the monolayer 
area at constant surface pressure, after theshort induction time ( T )  necessary 
for the enzyme to penetrate the monolayer. The rate at which the substrate 
molecules leave the surface depends on the surface pressure of the film and 
the quantity of the enzyme injected. 


In all cases, the activity of the process (hydrolyzed molecules by unit of 
surface), after the induction time ( T ) ,  was directly proportional to time, i .e.,  
it was a pseudo-zero-order process. As a rcsult, the graphic representation of 
the activity against time was a straight line during the initial 60 min, after 
which the line curved slightly as the process decreased. 


Figure 2 shows the hydrolytic activity (in hydrolyzed molecules per square 
centimeter of monolayer surface) in the reaction compartment cersus time 
at  different surface pressures after the injection of 4000 IU of penicillinase. 
After a short induction time (7) the curve straightened until the final stage 
of the process. When the surface pressure of the film increases. the reaction 
rate also increases, tending to stabilize at high pressures (Fig. 3). 


The activity of the hydrolytic process is strongly influenced by the amount 
of injected enzyme. This can be seen in Fig. 4, where the hydrolyzed substance 
is set against time, a t  a constant surface pressure of 4.2 X 10-l h-m-l, for 
different amounts of injected penicillin in the reaction compartment 
(4000-12,000 IU). As can be seen in Fig. 5 ,  the reaction rate (hydrolyzed 
molecules per milliliter and per minute) increases with the amount of enzyme, 
giving a straight line. 


The induction time ( T )  decreases when the surface pressure of the film in-  
creases, stabilizing at high pressures (Fig. 6). The induction time alsodecreases 
when the amount of injected enzyme increases. 
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Figure 3 -Ilydro/ysis velocity of pivampicillin f i lms as a function of the film 
surface pressure after the injection of dqferent yuantiiies ojpenicillinase. 
Key: (0 )  12,000 IU; (0) 8000 IU: (a) 4000 lU.  
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Figure 4-Activity of the hydrolytic process ofpivampicillinfilms by injecting 
dijjerent amounts ofpenicillinase. Key: (1) f i lm at 4.2 X lo-' N-m-' .  in- 
jection of 4000 IU; (2)film at 4.2 X lo-' Nsm-'. injection of 8000 IU; (3) 
f i lm at 4.2 X lo - )  N-m-' .  injection of 12,000 IU; (4)f i lm at 16.7 X lo-' 
N-m-' .  injection of 4000 IU; (5)film at 16.7 X lo-' N-m-'. injection of 8000 
1U: (6)film at 16.7 X lo-' N-m-' .  injection of 12,OOO IU. 
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x l e u  
Figure 5-Hydrolysis velocity of pivampicillin films a f  surface pressures 
of 4.2 X lo-' (0) and 16.7 X lO-'N.m-' (0)  as a function of the amount 
of injected enzyme. 


I ,  
3 ,  


c 2 ,  z 
e 


1 


Q 
, ".,. 


4 6 8 10 12 14 16 18 
X - N m-' 


Figure 6-lnduction rime of the hydrolysis of pivampicillin f i lms after the 
injection of 4000 IU of penicillinase as a function of the film surface pres- 
sure. 


DISCUSSION 


The pivampicillin mqlecule has two points especially sensitive to the hy- 
drolytic process (Scheme I): the ester bond which forms the nucleus of 6- 
aminopenicillanic acid with the pivaloyl alcohol, and the &lactamic bond of 


:n, 
:n, n 


,. . 
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. (cH,),c -coon . cn.0 
Scheme I-Hydrolysis process of the pivampicillin by esierases and penicil- 
linases. 


the 6-aminopenicillanic acid. Hydrolysis of the ester bond is produced through 
the effect of the blood esterases once the antibiotic has been absorbed, con- 
verting the antibiotic into active ampicillin, while the nonactive pivaloic ester 
(pivampicillin) is better absorbed through the digestive tract than the ampi- 
cillin itself (8). 


The in vitro studies with bulk material performed by Yokota et al. (12) Seem 
to indicate that the enzyme responsible for this hydrolytic process is a car- 
boxyesterase (E.C. 3.1.1.1). But the results reported in the present studyin- 
dicate that this enzyme is inactive, even when tested at  very high concentra- 
tions. This fact can be interpreted in different ways: ( a )  lack of specificity of 
the enzyme with the substrate, which would contradict the results obtained 
by Yokota; (6) libcration of insoluble products, which is not very likely because 
the pivaloic alcohol and the ampicillin are  extraordinarily soluble under the 
current experimental conditions; or ( c )  inactivation of the esterase enzyme 
in the interface (the more probable of the three interpretations). The latter 
would be in agreement with the results obtained in 1958 by Sarda and Des- 
nuelle ( I  3). who, using triacetin as a substrate in the monolayer, found very 
low hydrolytic activity for the esterase compared with that of the pancreatic 
lipase normally uscd in kinetic studies of lipolysis. Finally, the possibility exists 
that the ester group, due to the relatively large size of the molecule of pi- 
vampicillin, must be situated in the air-water interface in order to be reached 
by the enzyme molecules penetrating the monolayer from the aqueous sub- 
phase. 


Compared with this poor hydrolytic esterase effect, the penicillinase pro- 
duced a quick hydrolysis of  the pivampicillin, with a rupture of the P-lactamic 
bond and solubilization of the penicillin, which let the monolayer pass into 
the aqueous subphase. Pivampicillin is normally considered more resistant 
than ampicillin to the action of P-lactamase enzymes, but more sensitive than 
other "resistant" penicillins. The resistance of pivampicillin to the penicillinase 
is due to the steric effect that results from the esterification of the ampicillin 
carboxyl group. This chemical modification makes access of the enzyme to 
the active site in the /3-lactamic nucleus more difficult (9). In spite of this, 
&lactamase has been shown in this report to be very active in the monolayer, 
producing hydrolysis of all the molecules in a few minutes. 


The process for enzymatic reactions in monolayers, according to a general 
scheme proposed by Verger ef  al.,  ( 1  4). takes place in three stages. In the first 
stage, the enzyme penetrates the monolayer in a reversible process, with a 
penetration constant K ,  and a desorption constant Kd; with time an equilib- 
rium is reached, so that the amount of the enzyme penetrated is equal to that 
desorbed. In the second stage, also reversible, an enzyme-substrate complex 
(of the Michaelis-Menten type) is made, with a formation constant K,. Fi- 
nally, the enzyme-substrate complex is broken, freeing the enzyme (which 
remains in the monolayer) and the soluble reaction product(s) (which dissolves 
in the aqueous subphase), with a velocity regulated by a catalytic constant 
Kcat. 


This model has been discussed based on the results obtained by Dervichian 
( I  5 ) .  However, it adapts well to the results obtained in studying the enzyme 
kinetics pf penicillin hydrolysis in  monolayers by penicillinases. 


At the beginning of this process, the penicillinase has to penetrate the mo- 
nolayer, improving the relocity of reaction until it reaches an equilibrium 
between the adsorption and desorption of enzyme molecules, and the number 
of molecules which exist in the monolayer remains constant. This requires an 
induction time (7). after which the reaction rate is constant (a pseudo-zero- 
order process). 


The results obtained fit also with the equation proposed by Verger et al. 
(14): 
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where V ,  is the velocity of the process under steady-state conditions, i.e., when 
the concentration of the intermediate products remains constant and, thus, 
the velocities of formation and decomposition of the enzyme-substrate com- 
plex are equal; Eo is the enzyme concentration in the subphase; S is the surface 
concentration of substrate in  the monolayer; K ,  is the Michaelis-Mcntcn 
interfacial constant (k&, + Kd/Kp); and K ,  and Kd are the penetration and 
desorption constants of the enzyme. As can be seen in this equation, the hy- 
drolysis rate of the pivampicillin must increase proportionately with the in- 
crease of the enzyme concentration, which agrees with the results shown in 
Fig. 5. 


The increase of the reaction rate with increasing surface pressure in the 
monolayer can be interpreted only when the increase in the pressure causes 
a higher surface concentration. One must remember, however, that the in- 
crease of surface pressure reduces the penetration capacity of the enzyme in 
the monolayer, as shown by Verger et al. (16) using radioactive enzymes. 
These two phenomena are the reason that a pressure of maximum activity can 
normally be reached, varying according to the enzyme and substrate used, 
after which the velocity of reaction decreases. In the process of the hydrolysis 
of pivampicillin by penicillinase, it has been impossible to reach this maximum 
value. However, using Fig. 4, one can assume that this maximum is found at  
1.7-1.8 X Nm-’ .  


Finally, one fact in this study that might be considered paradoxical is the 
decreaseof the induction time ( T )  when the surface pressure of the monolayer 
is increased (Fig. 6). That is, the enzyme penetrates more quickly in mono- 
layers which are tightly compacted than in the monolayers in which the 
molecules of penicillin are free, leaving largc intermolecular spaces. This effect 
can be interpreted as a result of the improvement of the “quality of the in- 
terface,” especially as to the packing of the substrate molecules, which [as 
was demonstrated by Slotboom e/ 01. ( 1  7)] influence the kinetic parameters 
of the enzyme, especially increasing the value of the penetration constant 
KP. 
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Time-Dependent Elimination of Cinoxacin in Rats 
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Abstract 0 The effect of the variation of urinary pH on the pharmacokinetics 
of the acidic antibacterial agent, cinoxacin (pK, 4.60). was examined. Urinary 
pH of 24-h fasted rats remained at  about pH 6 during the daytime, while that 
of nonfasted rats was high (about pH 7.5) in the morning and gradually de- 
creased to a pH similar to that of the fasted rat in the afternoon. The free 
fraction of cinoxacin in fasted rat sera in the morning was similar to that in 
nonfasted rats despite the longer half-life of cinoxacin in fasted rats. In the 
afternoon the free fraction was slightly different despite similar cinoxacin 
elimination in fasted and nonfasted rats. These findings seemed to exclude 
the contribution of protein binding from the causes of increased cinoxacin 
elimination in nonfasted rats in the morning. Elimination rate constants of 
cinoxacin obtained with a one-compartment open model correlated well with 
urinary pH 30 min after injection. suggesting that the urinary pH plays a morc 
important role in cinoxacin elimination. When cinoxacin was orally admin- 
istered to fasted rats at 11:00, the area under the plasma concentration-time 
curve was threefold larger than in nonfasted rats. As found with the intrave- 
nous administration, this difference may be explained by the prolonged 
half-life caused by decreased urinary pH after fasting. This study revealed 
the time-dependent elimination of cinoxacin in nonfasted rats, which is related 
to physiological change of urinary pH caused by food intake. 


Keyphrases 0 Cinoxacin-time-dependent elimination, effect of fasting. 
urinary pH, rats 0 Urinary pH--effect of fasting on cinoxacin elimination, 
diurnal alteration, rats 


The chronopharmacological aspects of drugs have been 
discussed i n  many review articles (1-3). Some attribute these 
phenomena to the diurnal oscillation of pharmacological 
sensitivity to drugs (4) and others to the diurnal variance of 


Co., Ltd., Osaka, Japan. Accepted for publication March 8, 1984. 


plasma levels (or levels at the receptor site) without alteration 
of the sensitivity to the drugs. Alteration of plasma levels can 
be expressed by pharmacokinetic parameters such as ab- 
sorption, distribution, metabolism, and excretion (5-9). Cir- 
cadian rhythms of hepatic drug-metabolizing ability have been 
especially well investigated (10-13), but the causes of the 
rhythmicity in absorption, distribution, and excretion have not 
been thoroughly investigated in spite of being frequently de- 
scribed (9). 


We noticed a diurnal rhythm of urinary pH in normally fed 
rats and found that the rhythm disappeared with fasting. We 
tried to clarify the effect of such diurnal alteration of urinary 
pH and fasting on the pharmacokinetics of drugs in  the rat. 
The model compound was cinoxacin ( 1 -ethyl- 1,4-dihydro- 
4-0xo[ 1,3]dioxolo[ 4,5-g]cinnoline-3-carboxylic acid). Ci- 
noxacin is an acidic (pK, 4.60), antibacterial agent, which is 
excreted almost completely unchanged in rat urine ( 1  4, 15). 


EXPERIMENTAL SECTION 


Materials-Male Sprague-Dawley rats, weighing 240 270 g, were pur- 
chased commercially’ and were housed i n  group cages with wooden chips on 
the floor in a room with constant temperature (24 f 1 “C) and humidity (55 


’ Clea Japan, Inc.. Tokyo, Japan. 
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of a perturbation. Despite this limitation, the competitive indicator method 
has one notable feature that will often make it a valuable resource, namely, 
i t  allows observations to be made of a substrate whose own properties do not 
provide quantitative measures of complex formation; the indicator spectral 
change is a surrogate property. 
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Abstract 0 Four new meperidine metabolites were identified by GC-MS in 
the urine of rats, guinea pigs, rabbits, cats, and dogs. In addition to known 
meperidine metabolites, 4-ethoxycarbonyl-4-phenyl-1,2,3,4-tetrapyridine 
(dehydronormeperidine; IV, the N-hydroxydehydro derivative of normep- 
eridine (X) .  the dihydroxy derivative of meperidine (XII). and the dihydroxy 
derivative of normeperidine (XIII) were identified. The possible role of the 
N-hydroxy derivative of normeperidine (IX) in the pharmacological inter- 
action of meperidine ( I )  with M A 0  inhibitors, seen selectively in the rabbit 
(and humans), is discussed. Following the administration of the p-hydroxy 
derivative of meperidine (VII).  the major metabolite was conjugated VI1. 
Trace amounts of the p-hydroxy derivative of normeperidine ( V I I I ) ,  the 
methoxy hydroxy derivative of meperidine (XI), XII, and X l l l  also were 
detected as metabolites of VII. The degree of N-demethylation of VII, both 
in oitro and in oiuo, was small. 


Keyphrases 0 Meperidine-TLC, GC-MS. identification of metabolites, 
interaction with monoamine oxidase inhibitors 0 Monoamine oxidase in- 
hibitors-metabolites of meperidine, TLC, GC-MS 


Meperidine is extensively metabolized by humans and an- 
imals. The major metabolites of meperidine identified in  the 
urine of rats, guinea pigs, dogs, and humans are normeperidine 
and ( 1 -methyl-4-phenyl-4-piperidine carboxylic) and (4- 
phenyl-4-piperidine carboxylic) acids (1  -1 2), while the minor 
metabolites are the p-hydroxy derivative of meperidine ( 5 ) ,  
the N-oxide of meperidine ( 5 ,  6), the methoxy hydroxy de- 
rivative of meperidine (7),  and the N-hydroxy derivative of 
normeperidine (7). In  the urinary excretion studies of mep- 
eridine and its metabolites [normeperidine, and ( 1  -methyl- 
4-phenyl-4-piperidine carboxylic) and (4-phenyl-4-piperidine 
carboxylic) acid], the amount of each excreted by the rabbit 
was found to be low (16-53% of the administered dose) when 
compared with other species (1 3) .  Of this total, meperidine and 
norneperidine accounted for only -0.4 and 4-8.5%, respec- 


tively, of the administered dose. The remainder of the dose 
excreted represented unidentified metabolites. Severe inter- 
action between monoamine oxidase inhibitors (MAOI) and 
meperidine have been observed in rabbits and humans, but 
seldom observed in other species (14-16). The purpose of this 
study was to identify new metabolites in rabbits and other 
species which might contribute to the severe interaction of 
meperidine and MAOI observed in the rabbit. The metabolism 
of thep-hydroxy derivative of meperidine (VII )  was also in- 
vestigated in a preliminary study in the rat in an attempt to 
determine if VII is metabolized in uiuo to VI I I .  


EXPERIMENTAL SECTION 


Drugs- Meperidine hydrochloride’, normeperidine hydrochloride’, and 
the p-hydroxy derivative of meperidine* ( 5 )  were obtained commercially. The 
N-oxide of meperidine was synthesized as follows. Meperidine hydrochloride 
(200 mg) was dissolved in 2 mL of water, basified with ammonium hydroxide, 
and extracted with benzene. After removal of the solvent under reduced 
pressure, the residue was dissolved in  I mL of absolute ethanol, and I mL of 
30% H202 was added. The solution was heated i n  a water bath at 70°C for 
2 h. At that time, TLC showed nostarting material. The solution was trans- 
ferred to a dish and evaporated to near dryness on a steam bath. The residue 
was dissolved in isopropyl alcohol and transferred toa 15-mL centrifuge tube. 
The solvent was removed under a stream of nitrogen, to give a white liquid. 
Ether was added to the residue to give a white precipitate. The mixture was 
refrigerated and centrifuged, and the liquid phase was transferred to another 
centrifuge tube. By repeating this treatment, two products were obtained: 
ether-soluble material and a white precipitate. The solid material was re- 
crystallized from absolute ethanol to yield 18 mg of white crystals, mp 
173-175OC. The solid material showed a single spot on TLC (RJ 0.37 and 
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0.40) after development with the respective solvent systems as stated below. 
Elemental analyses of the crystalline product showed: C, 58.18; H, 7.1 2; N, 
4.90. The respective theoretical values for the derived N-oxide VI  were: C ,  
68.44; H, 7.98; N, 5.32. 


The solvent was removed under a stream of nitrogen to give 95 mg of a white 
oil. TLC of the oil on instant thin-layer chromatography (ITLC)) showed a 
single spot [R/0.70, ethyl acetate-ammonium hydroxide (17:l) or R ~ 0 . 5 4 ,  
benzene-methanol-diethylamine (48: 1:1)] and visualized by spraying with 
iodoplatinate reagent. Treatment with 10% sodium bisulfitesolution of both 
the liquid and the crystalline materials gave meperidine as evidenced by TLC 
R/ values. 


GC-MS identification of VI  was performed by solid probe or by injection 
on a 0.9-m column packed with 3% OV-17 coated on 60/80-mesh Gas Chrom 
Q after treatment with or without trimethylsilSlimidazole in pyridine. The 
MS of the aforementioned oil (solid probe) showed a molecular ion at m/z 264 
(M + H), and ions at m/z 276 (M + CH3). m/z 292 (M + C2H5), m/z 248 
(M - Oz), m/z 246 (M - H2O). and m/z 234, indicative of the N-oxide of 
meperidine. The MS of the aforementioned solid material, mp 173-175°C 
(solid probe) showed a molecular ion at m/z 246 (M + H), and ions at  m/z 
262 (M + CH3), m/z 274 (M + C ~ t i 5 ) ,  and m/z 232, indicative of 4-ethox- 
ycarbonyl-l-methyl-4-phenyl-l,2,3,4-tetrahydropyridine. a thermal-dehy- 
drated product of the N-oxide of meperidine. Landberg and Bogentoft (17) 
have synthesized 4-ethoxycdrbon yl- I -methyl-4-phenyl- I ,2,3,4-tetrahydro- 
pyridine, and compared its MS with that of VI. In addition, the MS of mep- 
eridine. m/z 248 (M + H). m/z 264 (M + CH3), m/z 276 (M + C2H5). and 
m/z 234,218, and 149, were also observed. This appears to indicate that VI 
underwent thermal decomposition and loss of an oxygen atom. Chromato- 
grams of both the aforementioned oily and solid materials, treated with or 
without trimethylsilylimida7.ole and injected on the column. showed two peaks. 
The retention time and the MS of the major peak corresponded to meperidine. 
The minor peak showed the MS of 4-ethoxycarbonyl-I-methyl-4-phenyl- 
1,2.3,4-tetrahydropyridine. These observations confirmed the reports in the 
literature(6,7, 17).The IR40f theoily V I  showedstrongbondsat 2970, 1710 
(ester C = O ) .  1430, 1213 "-0 stretching as shown in 4-methylpyridi~~e 
N-oxide (18)j .  1182. and 1130 cm-I. 'H-NMR (CDC13)4 of the oily V I  
showed peaks at 6 2.6,4.6,6.4, and 6.7 ppm. Mitchar el al. (6) reported that 
the NMR spectrum of VI  showed a characteristic downfield shift of the CH3 
group from 8 7.7 ppm of meperidine base to 6 6.4 ppm due to the inductive 
influence of the oxygen atom. Due to the limited amount of the material, a 
boiling point was not measured. Phillipson er al. (19) have investigated N -  
oxide of morphine, codeine, and thebdine and observed that each alkaloid 
forms two N-oxides, which have been separated and characterized by NMR 
and MS and reduced to the parent alkaloid. 


The N-hydroxy derivative of normeperidine (IX) was synthesized by oxi- 
dation of normeperidine with m-chloroperbenzoic acid (7. 20). TLC of the 
product [benzene-methanol-diethylamine (48:l : l ) ,  visualized by spraying 
with iodoplatinate or ammoniacal silver nitrate reagent] showed two spots, 
one with an Rlvalue (equal to 0.24) corresponding to that of authentic nor- 
meperidine. The other spot ( R J O . ~ ~ ) ,  a black spot after spraying with am- 
moniacal silver nitrate, was due to the N-hydroxy derivative of normeperidine. 
Chromatography of the product, treated with trimethylsilylimidazole and 
injected on a 0.9-m column packed with 3% OV-17 coated on 60/80-mesh 
Gas Chrom Q and column temperature programmed from 16OOC to 25OOC 
at  10°C min, showed two major peaks with several minor peaks. One of the 
major peaks had a retention time and MS corresponding to that of authentic 
normeperidine. The other major peak (RJ 4.5) had a molecular ion at m/z 322 
(M + H), with ions at m/z 350 (M + C2H5). m/z 306 (M - CH3), m/z 232 
[M - (CH3)&iOH], and m/z 214, indicative of 1X (7). Attempts to purify 
the IX failed. The crude product was used qualitatively to identify IX in the 
biological fluids. 


Animal Experiments-Collection of urine samples from rats, guinea pigs, 
rabbits, dogs, and cats administered meperidine (20-35 mg/kg) has been 
described ( 1  3). The p-hydroxy derivative of meperidine (40 mg/kg sc) was 
administered to one rat (250 9). and urine was collected from a stainless steel 
metabolism cage for 24 h. All urine was frozen until drug analysis. 


Extraction of Meperidine, the p-Hydroxy Derivative of Meperidine, and 
Their Metabolites-Meperidine, VII ,  and their metabolites were extracted 
from urine according to described procedures (20). On evaporation of the 
extract to dryness, the residues were used for TLC and GC-MS studies. For 
GC-MS studies, the residue was derivatized with trimethylsilylimidazole in 
pyridinej according to the procedure described previously (21). 


Hydrolysis of Conjugated Meperidine Metabolites-Aliquots (0.5-2 mL) 


' Gelmen Instrument Co.. Ann Arbor, Mich. ' The author thanks Mr. William F. Rencher, Jr., College of Pharmacy, University 
of Kentucky. for the exccllent IR and NMR spectra. 


Pierce Chemical Co., Rockford. 111. 


of urine samples were adjusted to pH 6 with acetic acid, buffered with 0.5 mL 
of 0.5 M sodium acetate buffer at pH 4.8. and incubated with 50pL a solution 
of 9725 U of ~-glucuronidase-4210 U of su l fa tad  at 37OC for 18-20 h. After 
incubation, the solution was adjusted to pH 9- 10 with sodium hydroxide so- 
lution, buffered with 0.1 mL of concentrated ammonium hydroxide, and ex- 
tracted with ether as described previously (20). 


Thin-Layer Chromatography-TLC identification of meperidine and its 
metabolites was by silica gel pre-coated TLC plates'. The chromatograms 
were developed with benzene-methanol-diethylamine (48:l:l) and visualized 
by spraying with ammoniacal silver nitrate solution for detection of IX or 
developed with ethyl acetate-methanol-ammonium hydroxide (17:2:1) and 
sprayed with iodoplatinate reagent for detection of I,  11, VII, and V I  (20). 


Gas Chromatography-Mass Spectrometry-Chemical-ionization MS data 
were obtained from a gas chromatograph-mass spectromete$ equipped with 
an interactive data system9. The G C  column consisted of a 91 cm X 2 mm glass 
column packed with 3% OV-I7 coated on 80/ 100-mesh Gas Chrom Q. The 
temperature of the injector and ion source were 16OOC and 100°C, respec- 
tively. Two tempetature programs were employed: hold at I SOOC for 3.33 min. 
followed by programming to 25OOC at  6OC/min (referred to as column A) 
and program from 16OoC to 25OOC a t  IO°C/min (referred to ascolhmn 9). 
Methane, with a flow rate giving an ion chamber pressure of -lo00 pm, was 
used as the carrier gas as  well as  the chemical-ionization reagent gas in the 
ion source. Other specifications of the MS were described elsewhere (21). 


Drug and metabolites were identified by comparison of spectra with au- 
thentic standards. Other metabolites (Scheme I )  were tentatively assigned 
structures based on MS. 


RESULTS AND DISCUSSION 


Thin-Layer Chromatographic Identification of Meperidine Metabolites- 
The limit of detection of I ,  11, VI, V11, and IX by T L C  was -10-25 
pg/sample. In general, meperidine was found in the urinary extracts of all 
species studied, except the rabbit. Normeperidine was found in the urine of 
the rat and guinea pig. but not in the urine of the rabbit, cat, and dog. Me- 
tabolites VI and VII were not observed by TLC analysis. 


TLC of extracts of rdbbit urine visualized with ammoniacal silver nitrate 
solution showed two black spots with Rlvalues of 0.50 and 0.44, whereas that 
of a dog showed one black spot, RJ 0.50. The spot at RfO.50 corresponds to 
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Table I-TLC Identification of Meperidine Metabolites in the Urine of 
Several Species 


Compounds R/ 
I 0.78 


I 1  0.33 
VI 0.03 


v11 0.17 
IX 0.50 


Rat 0.78.0.33 
Guinea pig 0.78.0.33 
Rabbit 0.50,0.44 
Cat 0.78 
Do8 0.78.0.50 


Quantum Industries. Fairfield, N.J. Chromatogram was developed with benzene- 
methanol-diethylamine (48:l : I ) ,  or ethyl acetate-methanol-ammonium hydroxide 
( l7:2: l ) .  


Extracts from urine 


that of authentic IX. The other spot was possibly due to X (detailed in the 
GC-MS identification). Metabolite IX was not seen in the TLC analysis of 
the urine of the rat, guinea pig, and cat (Table I). 


Gas Chromatographic-Mass Spectrometric Identification of Meperidine 
Metabolites-Chemical-ionization GC-MS characteristics of peaks observed 
in  the urinary extracts are compared with known standards, and previously 
unidentified peaks were assigned to new metabolites (Table 11). Meperidine 
metabolites, the number of times the metabolite was identified, and the 
number of urine samples examined are listed in Table 111. 


Identification of Metabolites of Meperidine-Meperidine ( I )  and metab- 
olites [i.e.,  11, VI (detected as its thermal decomposition product, 4-ethoxy- 
carbonyl-l-methyl-4-phenyl-l,2,3,4-tetrahydropyridine), IX, and VII (as 
the trimethylsilyl derivatives)] were identified in urine samples by comparison 
of retention times and spectra with authentic materials. The N-hydroxy me- 
tabolite of normeperidine was detected in urine samples only after enzymatic 
hydrolysis. suggesting that this material is excreted only in the conjugated 


form. In addition to the known metabolites, some new metabolites of meper- 
idine were tentatively identified. 


4-Ethoxycarbonyl-4-phenyl-l,2,3,4-tetrahydropyridine (Dehydronor- 
meperidine) (IV)-This metabolite appeared at 3.75 min in the chromato- 
gram of the extract of rabbit urine. The MS of the metabolite contains a 
pseudomolecular ion at m/z 232 (M + H )  and ions at m/z 260 (M + C2H5). 
m/z 186 (232 - C ~ H S O H ) ,  and m/z 158 (232 - C ~ H J O H  - CO). Also. the 
retention time of this metabolite bears the same relationship to normeperidine 
as  docs dehydromeperidine to meperidine. This metabolite was detected in 
all urine samples except those of the female rat, cat, and guinea pig (Table 
111). Based on the structure of the N-hydroxy derivative of normeperidine, 
the olefinic bond of dehydronormeperidine was arbitrarily assigned to positions 
2 and 3. 


Formation of dehydronormeperidine in viuo could occur either through the 
dehydration of the N-hydroxy derivative of normeperidine. observed to be 
a major metabolite in the urinc of the rabbit, or b) dehydration of the 2- 
hydroxy or 3-hydroxy derivatives of normeperidine. In uivo formation of the 
latter metabolites is plausible since analogues of these metabolites [the 2- 
hydroxy-N-nitro derivative of piperidine, a metabolite of the N-nitro derivative 
of piperidine (22) and the 3-hydroxy and 4-hydroxy derivatives of piperidine, 
major metabolites of piperidine in the rat (23)] have been reported. Formation 
of dehydronormeperidine by dehydration of the N-hydroxy derivative of 
normeperidine during GC-MS was considered possible; however, this was 
ruled out since the N-hydroxy derivative of dehydronormeperidine also has 
been observed in the urine (see below). If  dehydronormeperidine is formed 
by dehydration of the N-hydroxy derivative of normeperidine, then the N -  
hydroxy derivative of dehydronormeperidine should not be detected. 


N-Hydroxy Derivative of Dehydronormeperidine (X)-In the GC-MS 
analysis of rabbit urine, this metabolite (as the trimethylsilyl derivative) ap- 
peared at  5.2 min (Fig. I ) .  The M S  of the metabolite shows a molecular ion 
at  m/z 320 with abundant ions at m/z 348 (M + C2H5). m/z 304 ( M  - CH,). 
m/z 246 (320 - C2H5OH - CO), m/z 230 [320 - (CH3)3SiOH], rn/z 202 
(230 - CzHd), and m/z 156 [246 - (CH3)3SiOH]. This metabolite was not 
detected in the urine without enzymatic hydrolysis, suggesting that the me- 
tabolite exists only in the conjugated form. Formation of the N-hydroxy de- 


Table 11-Chemical Ionization CC-MS Characteristics of Peaks Observed in the Urinary Extracts 


Retention 
Time (R,), mino Ions, m/zb 


Column Column Molecular Fragment 
Compound A B (m + H)+ (m + CZH# (m - CH3)+ Others 


I 2.0 
VIC 2.8 


I1  3.2 
IV 3.8 
IX 4.8 
X 5.2 


VI1 7.7 
VIll  8.5 
XI1 
XI11 


XI 


1 . 1  248( 100) 276f 151 174f 10) 
I .6 246('1 ooj 274ii 5 j  
1.9 234( 100) 262( 15) 
2. I 232( 100) 260( 18) 
2.5 322(801 350f 151 
3.1 320i 100) 348i I o i  


i72i8oj 
21 8(30) 160(10) 


158(45) 
306( 70) 232(100), 158(25) 
304120) 246135). 202(30). 1561 15) ,. . , .  , 


3.8 336i iooj 364( I 8 j 304izsj 262(5) 


4.8 424(70) 452(3) 408(60) 
4.9 410(85) 438( 15) 394(100)d 320(80) 
4.9 366f95) 3941 100)d 350(40) 


4.5 322(100) 350( 18) 306( 20) 24n(4), 2 1 2 ( 1 5 )  


~~~~~~ ~~~~ ~~~~ 


Column A temperature was held at 1 50'C for 3 33 min and then raised to 2 5 0 T  at 6T/min Column B was programmed from 1 6 0 T  to 2 5 0 T  at 10°C min Relative intensity 
is in parentheses This compound was thermally decomposad through GC-MS to form 4-ethoxycarbonyl-I-methyl-4-phenyl-I .2.3,4-tetrahydropyridine ( I  71 The relative intensity 
appeared to be the sum of two metabolites 


Table Ill-Meperidine Metabolites Identified in tbe Urine of Several Species by CC-MS 


Metabolites 
Species 11 IV VI IX X VII VIIl XI XI1 X l l l  
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Figure I-GC-MS analysis of the extract of enzymatic hydrolyzed urine of 
a rabbit administered meperidine. The chromatogram was obtained using 
column A (see Table 11). Key: (I) I: (2) V l ;  (3)  I I ;  (4)  IV; (5) IX; (6) XV; (7) 
VII. 


rivative of dehydronormeperidine may be through N-hydroxylation of dehy- 
dronormeperidine. 


p-Hydroxy Derivative of Normeperidine (VfII)-This metabolite (as the 
trimethylsilyl derivative) has the same molecular ion as the trimethylsilyl 
derivative of the N-hydroxy derivative of normeperidine, but the mass spectral 
characteristics and retention time (R, = 4.5 min) are different. The MS of 
this peak showed a molecular ion at m/z 322 (M + H) and ions at m/z 350 
(M + CZHs), m/z 306 (M - CH3), m/z 248 (322 - CzHsOH - CO), and 
m/z 212. Since the retention time of this material is longer than that of the 
p-hydroxy derivative of mcperidine, and p-hydroxylation of aromatic rings 
is a predominant metabolic pathwa) for this type of compound, it is reasonable 
to assume that this material is VII I .  It is reasonable to assume that the hy- 
droxyl group is in the para position based on the isolation of the p-hydroxy 
derivative of meperidine from urine (5). 


The in vitro synthesis of V l l I  for use as a standard was attempted by in- 
cubating VII with rat liver homogenate and the NADPH-generating system 
used for N-demethylation of meperidine (24). After incubation, the medium 
was pooled, adjusted to pH 10 with sodium hydroxide solution, buffered with 
1 mL of KzHPOl solution, and extracted. The extracted residue was 
dissolved in methanol and chromatographed on TLC. No spots other than 
those of VII and NADP were observed. 


Biosynthesis of V l l l  has also been attempted without success by adminis- 
tration of VII to a rat. An aliquot of the urine of rat administered VII was 
hydrolyzed with @-glucuronidase-sulfatase6 and extracted. The residue was 
derivatized with trimethylsilylimidazole and analyzed by GC-MS. No peak 
corresponding to V l l l  was observed. 


Dihydroxy Derivafive of Meperidine (XI1)-The integrated total-ion- 
current chromatogram obtained by column B was scanned for m/z 424 the 
molecular ion of XI1 (as the trimethylsilyl derivative). A peak was localized 
at retention time 4.8 min (Fig. 2). The MS of this peak represents a mixture 
of at least two, probably three compounds. including XI1 and VII I  both as 
the trimethylsilyl derivatives. The MS showed a molecular ion at m/z 424 (M 
+ H) and ions at m/z 452 (M + C2H5) and m/z 408 (M - CH,), which were 
tentatively identified as XI1 as the trimethylsilyl derivative. The formation 
of XI1 could result from oxide formation and hydroxylation of both thearo- 
matic and piperidyl rings of the meperidine molecule. Based on the MS. it is 
difficult to assign positions to the hydroxyl groups in XI I; however, in vitro 
hydroxylation of other opiates and phenolic compounds leads to mefa-para 
hydroxylation (25). The MS showed a molecular ion at  m/z 322 (M + H) and 
ions at m/z 350 (M + CzH5) and m/z 306 (M - CH,), identified as  VII I  as 
the trimethylsilyl derivative. The MS also showed a molecular ion at m/z 234 
(M + H) and ions at m/z 262 ( M  t CzHs) and m/z 248 ( M  - CH3), which 
appear to be from normeperidine. 
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Figure 2-GC-MS analysis of the extract of enzymatic hydrolyzed urine of 
a rabbit administered meperidine. The chroma togram was obtained using 
column B (see Table I I ) .  Key: (1-7) as in Fig. 1 legend; (8) VIII;  (9) XII: (10) 
XI and XIII. 


GUINEA PIG 


Figure 3-GC-MS analysis of the extract of enzymatic hydrolyzed urine 
samples of animals administered meperidine, obtained using column A. The 
peaks are  as listed in Fig. 1 .  


Dihydroxy Derivative of Normeperidine (XIII) and Methoxy Hydroxy 
Derivative of Meperidine (XI)-The integrated total-ion-current chro- 
matogram was scanned for m/z 410. indicative of XI11 as  the trimethylsilyl 
derivative. A peak with retention time at 5.0 min was located which overlapped 
another metabolite. One is due to Xl l l  as the trimethylsilyl derivative, which 
has molecular ion at m/z 410 (M + H) and ions a t  m/z 438 ( M  + CzH5) and 
m/z 320 [410 - (CH3)3SiOH]. The other is due to XI as the trimethylsilyl 
derivative, which has molecular ion at m/z 366 (M + H )  and ions at m/z 394 
(M + C2H5) and m/z 350 (M - CH3). 


Formation of XI could result from hydroxylation to form a catechol, fol- 
lowed by methylation with catechol methyltransferase. Evidence for this 
metabolic pathway has been demonstrated in vitro for opiates and other 
phenolic compounds (25) and in vivo for naltrexone (26,27). 


Although the position of the hydroxyl and methoxy groups could not be 
assigned based on the MS, a reasonable assignment could be made based on 
the structure of the methoxy hydroxy derivative of naltrexone (isolated from 
urine), whosestructure is secure (26). Therefore, i t  is reasonable to assign the 
structure for X I  as illustrated in Scheme I. 


Based on the ratio of meperidine to its metabolites observed in the total-ion- 
current chromatogram. it appears that IX was a major metabolite in the rabbit, 
while normeperidine was found in minor amounts (Fig. 1). On the other hand, 
normeperidine was found to be a major metabolite in the other species studied, 
while IX was minor (Fig. 3). As mentioned previously, severe interaction 
between MA01 and meperidine has been observed in humans and rabbits, 
but has seldom been observed in other species. The role of IX in the interaction 
between MA01 and meperidine observed in  rabbits is not well understood. 


Other major metabolites of meperidine, the corrcsponding free and con- 
jugated carboxylic acids of V and 111 (4, 13), are not extracted by the assay 
used here. 


Identification of Metabolites of the p-Hydroxy Derivative of Meperidine 
in the Urine of the Rat-The integrated total-ion-current chromatogram and 
MS of the extract (as the trimethylsilyl derivative) of an enzjmatically hy- 
drolyzed urine sample of a rat administered VII are shown in Fig. 4. The 
chromatogram showed a major peak and several small peaks. The retention 
time and MS of the major peak correspond to that of VII as the trimethylsilyl 
derivative. Minor metabolites of VII were also identified. 


p-Hydroxy and Dihydroxy Derivatives of Normeperidine-The peak with 
retention time at  4.7 min was apparently due to a mixture of thep-hydroxy 
and dihydroxy derivatives of normeperidine, both as the trimethylsilyl de- 
rivatives (Fig. 4). The MS with a molecular ion at m/z 322 (M + H) and ions 
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Figure 4-GC-MS analysis of the extract of enzymatic hydrolyzed urine of 
a rat administered VII. obtained using column A. The peaks were identified 
as VII. VIII and XIII. and XI and XII .  
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at  m/z 350 ( M  t C2Hs). m/z 306 (M - CH,). m/z 276 (322 - C2H50H). 
and m/z 248 (322 - C2H5OH - CO) was attributed to V l l l  as the trimeth- 
ylsilyl derivative. The MS with a molecular ion at m/z 410 (M + H) and ions 
at m/z 438 (M + C2H5) and m/z 394 (M - CH3) was attributed to XI11 as 
the trimethylsilyl derivative. The concentration of XI11 was low but detectable. 
Formation of Vll l  was apparently through N-demethylation of V I I .  Com- 
pound X l l l  appears to be formed in oiuo by hydroxylation of VIII .  


Merhoxy Hydroxy and Dihydroxy Derivariues of Meperidine -The pcdk 
with retention time at 5.0 min was apparently due to a mixture of XI and XII, 
both as the trimethylsilyl derivatives (Fig. 4). The MS with a molecular ion 
atm/z 366(M +H)andionsatm/z 394(M+C2Hs),m/z35O(M-CH3),  
and m b  292 (366 - C2H50H - CO) was attributed to XI as the trimethylsilyl 
derivative. The MS with a molecular ion at m/z 424 (M + H), and ions at m/z 
452 (M + CzH5) and m/z 408 (M - CH3) was attributed to XI1 as  the tri- 
methylsilyl derivative. Formation of XI1 and XI  in civo apparently occurs first 
by hydroxylation of VII and then by methylation of oneof the hydroxyl groups. 
Evidence for this metabolic pathway has been mentioned above (26.27). 


Metabolites XII, VIII,  X111, and XI were not detected in the urineof rats 
administered either meperidine or VII without enzymatic hydrolysis, 
suggesting that these metabolites exist only in the conjugated form. The peak 
with retention time at I .O min has a M S  with a molecular ion at m/z 306 (M 
t H) and ions at m/z 334 (M + C2Hs) m/z 290 (M - CH,), and m/z 232 
(306 - C2H50H - CO). The peak with retention time at 8 min showed a 
molecular ion at  m/z 364 (M + H) and ions at m/z 392 (M + C2H5) and m/z 
348 (M - CH3). Peaks at 1.9,3.6,5.8, and 7.7 min were also observed in the 
extract of the control urine, indicating that these are due to natural urinary 
products and from the enzyme source. 


N-Demethylation is a major metabolic pathway for biotransformation of 
meperidine, but plays only a minor role on the metabolism of VII. This is 
probably due to the fact that VII has a phenolic group available for conjuga- 
tion. Conjugation has been shown to be a major metabolic pathway for com- 
pounds having both N-methyl tertiary amine and phenolic groups, such as 
morphine (28). In addition, N-demethylation of a compound depends on its 
lipid solubility, N-demethylation taking place to a greater degree with more 
lipid-soluble compounds (29). That the p-hydroxy derivative of meperidine 
(VII) .  a more polar compound than meperidine. would yield less of V l l l  than 
meperidine would yield normeperidine is understandable. 
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Abstract 0 Adsorption of pepsin by gibbsite and boehmite, non-acid-reactive 
forms of aluminum hydroxide, was observed and related to the surface area 
of the adsorbent. Adsorption was pH dependent, with maximum adsorption 
occurring between pH 2.7-3.3 for gibbsite and pH 2.7-4.3 for boehmite. 
Electrostatic attraction was an important adsorption mechanism at  the pH 
conditions encountered in the GI tract; the isoelectric point of pepsin was - I ,  
giving it a negative charge, and the p i n t  of zero charge for the adsorbents was 
>9, giving them a positive charge. However, the pH-adsorption profile can 
not be fully explained by electrostatic considerations. Desorption studies in- 
dicate the importance of specific adsorption because pepsin was not desorbed 
by washing with acidified water, but was partly desorbed by exchange with 
phosphate. The IR spectrum of adsorbed pepsin also suggested that specific 
adsorption of pepsin occurred through anionic ligand exchange involving 
carboxylate groups of pepsin and surface aluminum ions. 


Keyphrases 0 Aluminum hydroxide --adsorption, pepsin 0 Pepsin-ad- 
sorption by aluminum hydroxide 0 Adsorption-pepsin by aluminum hy- 
droxide 


Aluminum hydroxide is widely used in peptic ulcer therapy. 
Recent clinical studies, which have shown that aluminum 
hydroxide-containing antacid products are effective in healing 
ulcers (1 -3), have stimulated interest in the mechanism by 
which antacids act to heal ulcers. The Food and Drug Ad- 
ministration's OTC Panel on Antacids suggested that the 
neutralization of gastric acid was the only mechanism of action 
(4). Because the activity of pepsin is pH dependent, the neu- 
tralization of gastric acid will affect the activity of pepsin. Piper 
and Fenton ( 5 )  concluded that one mechanism by which alu- 
minum hydroxide reduced pepsin activity was to raise the pH 
of the gastric fluid. Kuruvilla (6) concluded that antacids in 
general reduce pepsin activity by raising the gastric pH. Piper 
and Fenton (7) also stated that antacids which raise the gastric 
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Figure I-Adsorption isotherms of pepsin on gibbsite (0) or boehmite 
(.I. 


pH to 4-5, i.e., aluminum hydroxide, only temporarily inhibit 
pepsin activity while antacids such as sodium bicarbonate, 
which raise the pH above 8, will denature pepsin and perma- 
nently inhibit its activity. 


Other reports have speculated that antacids reduce pepsin 
activity by precipitating pepsin from solution (8 ,9)  or by ad- 
sorbing pepsin (5, 10- 16). The adsorption of bile acids is be- 
lieved to aid in ulcer therapy ( 17- 19). Earlier studies suggested 
that antacids act by coating the mucosal lining and protecting 
it from the digestive action of gastric acid and pepsin (20-22). 
The reports of ulcer coating by antacids have been contradicted 
(23,24), and the recent trend in formulating antacid products 
has been to incorporate only acid-reactive antacid mate- 
rials. 


This study was undertaken to investigate the interaction of 
aluminum hydroxide and pepsin with special emphasis on any 
specific mechanism by which aluminum hydroxide reduces the 
proteolytic effect of pepsin on the gastrointestinal mucosa. 


BACKGROUND 


Pepsin, a globular proteolytic enzyme, is secreted by the chief cells of the 
gastric mucosa as its zymogen, pepsinogen. At I p H  5 ,  pepsinogen is converted 
to pepsin by the cleavage of six peptide segments from the N-terminal end of 
pepsinogen. Pepsin and pepsinogen have molecular weights of -35,000 and 
42.000, respectively (25). 


The primary structure of pepsin consists of 327 amino acids including 43 
acidic amino acids and 4 basic amino acids (26). The isoelectric point of pepsin 
is - I ,  so pepsin is a negatively charged protein in the GI  tract (27). Pepsin 
is composed of a single polypeptide chain which has foldcd and packed to form 
a globular protein. The calculated molecular diameter of pepsin is 4.38 nm 
(28). The three-dimensional structure is stabilized by three disulfide bonds. 
Pepsin has only one active site which is believed to include the carboxyl group 
from two aspartic acids (29). 


The role of pepsin in the body is to digest proteins, and it is most active in 
hydrolyzing bonds involving phenylalanine, tyrosine, and leucine (30). Bonds 
involving glutamic acid are hydrolyzed, but to a lesser extent (30). The pro- 
teolytic activity of pepsin is dependent on pH. Pepsin A, which has also been 
termed pepsin 111, is the predominant pepsin and exhibits an optimal pH range 
for activity between 1.5 and 3.0 (31). 


The adsorption of pepsin by aluminum hydroxide is well documented, but 
the mechanism of adsorption has not been elucidated. Pawelczak determined 
the extent of pepsin adsorption by a number of antacid preparations (32). 
Wenger and Sundy determined thc adsorption of pcpsin by various colloidal 
materials a t  different pH conditions and suggested that the extent of ad- 
sorption was dependent on particle size and the chemical nature of the colloidal 
material (1 3). Pipcr and Fenton dctcrmined that aluminum hydroxide and 
charcoal were the best adsorbers of pepsin among a group of materials ( 5 ) .  
Anderson and Harthill found pepsin to be completely adsorbed by an acid- 
reactive aluminum hydroxide gel as well as by an acid-insoluble aluminum 
hydroxide gel (14). Liebman also found that pepsin was adsorbed by aluminum 
hydroxide ( 1  5). 


EXPERIMENTAL SECTION 


Materials-Porcine pepsin', gibbsite2, and boehmitcZ were obtained 
commercially. The surface area of gibbsite and boehmite was determined by 
~ ~~ ___ 


I Worthington Biochemical Corp.. Freehold, N.J. * Reynolds Metals Co.. Bauxite. Ark. 
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"O c Table I-Desorption of Pepsin by Washing Pepsin-Adsorbent Complex 
with Acidified Water (pH 2.4) 
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Figure 2-pH profile of the percent pepsin bound on gibbsite (0) or boehmite 
(*). 


the triple-point gas adsorption method). The point of zero charge was deter- 
mined using a continuous titration procedure (33). 


Adsorption Isotberms-Adsorption isotherms for pepsin on gibbsite or 
boehmite were determined at  pH 2.3. Pepsin stock solutions were prepared 
at 2 and 3 mg/mL in 0.01 M HCI for gibbsite and boehmite, respectively. 
Gibbsite and boehmite stock suspensions ( I % )  were prepared and sonicated 
to break up aggregates. Ten milliliters of the stock suspension was transferred 
into a 25-mL volumetric flask. The suspension was adjusted to pH 2.3 by 
adding a total of 0.26 or 0.27 mmol of HCI to the gibbsite or boehmite sus- 
pensions, respectively. The actual amount of 0. I M HCI added depended on 
the amount of pepsin required, since 1 mL of the pepsin solution provided 0.01 
mmol of HCI. After the addition of the appropriate amount of 0.1 M HCI, 
the required amount of pepsin was added. The final volume of the suspension 
was brought to 25 mL by the addition of distilled water. The suspensions were 
shaken for a 5-min adsorption period, after which the pH was recorded. The 
suspensions were centrifuged at 10,000 rpm for 30 min and the supernatants 
were filtered through a 0.45-pm filter. The absorbance of the supernatants 
was read at 280 nm (34. 35): the equilibrium pepsin concentration was de- 
termined by use of a Beer's law plot, and the amount adsorbed was calculated 
by difference. 


Fraction Bound Study-The percentages of pepsin bound on gibbsite and 
boehmite were determined at  various pH conditions. Pepsin solutions ( I  and 
2 mg/mL for gibbsite and boehmite, respectively) were prepared in 0.001 M 
HCI. Gibbsite or boehmite stock suspensions ( I % )  were prepared and soni- 
cated to break up aggregates. Ten milliliters of the stock suspension was 
transferred into 25-mL volumetric flasks and adjusted to the desired pH with 
appropriate quantities of HCI or NaOH. Five milliliters of the appropriate 
pepsin solution was added. and the final volume was adjusted to 25 mL with 
distilled water. The suspensions were shaken for 5 min, and the pH was re- 
corded. The suspensions were centrifuged at 10,OOO rpm for 25 min, and the 
supernatants were filtered through a 0.45-pm filter. The absorbance of the 
supernatants was read at  280 nm. Blanks were prepared and treated in the 
same manner except that 0.001 M HCI was used instead of the pepsin solution. 
Also, another pepsin solution was prepared in the absence of gibbsite or 
boehmite. The percent pepsin bound was calculated by: 


where B is the percent pepsin bound; A0 is the absorbance of the pepsin solution 
without gibbsite or boehmite; A, is the absorbance of the supernatant from 
the pepsin-adsorbent suspension: and A b  is the absorbance of the supernatant 
of the blank. 


Desorption by Acid Wash-Pepsin solutions in 0.001 M HCI having a 
concentration of 1 and 2.5 mg/mL were prepared for gibbsite and boehmite, 
respectively. Gibbsite and boehmite stock suspensions (1%) were prepared 
and sonicated to break up aggregates. Ten milliliters of the stock suspension 
was transferred into 25-mL volumetric flasks and adjusted to pH 2.4 with 0.1 
M HCI. The appropriate pepsin solution (5 and 8 mL, respectively) was added 
to the gibbsite or boehmite suspensions. The suspensions were adjusted to 25 
mL with distilled water. A blank was prepared in the same manner, except 


Quantasorb Quantachromc Corp.. Greenvale, N.Y. 


Pepsin Pepsin 
Adsorbed, Cumulative Adsorbed, Cumulative 


mg/ 100 mg Percent mg/ 100 mg Percent 
Wash of Gibbsite Dcsorbed of Boehmite Desorbed 


0 1.938 14.413 
I I .884 2.8 13.137 8.8 
2 1.811 6.6 12.977 10.0 


1.810 6.6 12.926 10.3 
- 12.861 10.8 


3 
4 
S - 12.829 10.9 


0.001 M HCI replaced the pepsin solution. The suspensions were shaken for 
5 min. and the pH was recorded. The suspensions were centrifuged at 1O.OOO 
rpm for 15 min. The supernatant was decanted, and its volume was recorded. 
The absorbance of the supernatant was read at 280 nm, and the pepsin con- 
centration determined by use of a Beer's law plot. I f  the absorbance of the 
supernatant was >O.OOl, the solids were washed with acidified water a t  pH 
2.4. The volume of the acidified water added to the solids was the same as the 
volume of the supernatant that was decanted. The suspension was shaken for 
5 min. the pH was recorded, and the procedure was repeated until the ab- 
sorbance of the supernatant was CO.001. The solid phase was resuspended 
in 25 mL of water a t  pH 2.4 and lyophilized. The carbon content of the solid 
phase was determined by microanalysis4. The amount of pepsin adsorbed was 
calculated from the carbon content of pepsin. 


Desorption by Exchange with Phosphate-Pepsin solutions having con- 
centrations of 0.5 mg/mL and 2.5 mg/mL in 0.01 M HCI were prepared for 
gibbsite and boehmite, respectively. Gibbsite and boehmite stock suspensions 
(1%) were prepared and sonicated to break up aggregates. Ten milliliters of 
the stock suspension was adjusted to pH 2.4 with 0.01 M HCI. Five milliliters 
of the appropriate pepsin solution was added, and the volume was adjusted 
to 20 mL. The suspensions were shakcn for 20 min (control). Similar sus- 
pensions were prepared, and 5 mL of a 0.1 2-g/mL phosphate solution was 
added to 20 mL of suspension after the 20-min shaking period. The control 
and phosphate-containing suspensions were centrifuged at 10,000 rpm for 
15 min, and the supernatants were filtered through a 0.45-pm filter. The 
absorbance of the supernatants was read at  280 nm; the equilibrium pepsin 
concentration was determined by use of a Beer's law plot, and the amount 
adsorbed was calculated by difference. 


Infrared Spectroscopy-Samples were lyophilized and prepared as potas- 
sium bromide pellets ( I  mg of lyophilized sample/300 mg of KBr). The IR 
spectrum was recorded between 1800-1000 cm-I. The IR spectrophotometer5 
was interfaced with a computer to provide subtraction of different spectra. 


RESULTS AND DISCUSSION 


Acid-reactive aluminum hydroxide gels, which are known as carbonate- 
containing aluminum hydroxide or aluminum hydroxycarbonate (36) and 
which are used in antacid products, usually react completely within 15-20 
min at the pH and temperature of the stomach. Although the adsorption of 
pepsin by acid-reactive aluminum hydroxide has been demonstrated (5, 
12-1 5), elucidation of the mechanism of adsorption requires a stable surface. 
To obtain a stable aluminum hydroxide surface, gibbsite and boehmite were 
used as models because they are closely related structurally to acid-reactive 
aluminum hydroxide, but they react very slowly with acid, i.e., <2% reacts 
in  90 min at  pH 3 and 37'C. Gibbsite is the most stable polymorph of alu- 
minum hydroxide and has the molecular formula AI(0H))  (37). Boehmite 
is an aluminum oxyhydroxide which has the molecular formula AIO(0H) 
(37). Hydroxyl is the only surface group of gibbsite, while hydroxyl and oxide 
surface groups are present in boehmite. The samples of gibbsite and boehmite 
had surface areas of 5 and 250 m2/g, respectively. 


The adsorption isotherms of pepsin on gibbsite and boehmite were deter- 
mined at pH 2.3, the pH of maximum proteolytic activity (31). As seen in Fig. 
1, the adsorptive capacity was I .7 mg of pepsin/ 100 mg of gibbsite and 13.9 
mg of pepsin/100 mg of boehmite. Thus. the adsorptive capacity was related 
to the surface area of the adsorbent. 


The percent pepsin bound by gibbsite and boehmite was determined at  
various pH values (Fig. 2). Adsorption of pepsin by both gibbsite and boehmite 
was observed over the pH range of the GI tract. The greater adsorptive ca- 
pacity of boehmite was again apparent. Maximum pepsin adsorption occurred 
at pH 2.7-3.3 for gibbsite, while the range was pH 2.7-4.3 for boehmite. The 
broader range of maximum adsorption observed for boehmite may be due to 


Model 240C; Perkin-Elmer Co.. Norwalk, Conn. 
Model 180; Perkin-Elmer Co.. Norwalk. Conn. 
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Figure 3- IR spectrum ojboehmite (A) ,  pepsin (B) ,  andpepsin adsorbed on 
boehmite (C). 


a difference in the pH of maximum adsorption for hydroxyl surface groups 
when compared with oxide surface groups. 


The adsorption of pepsin by gibbsite and boehmite can be partially explained 
on the basis of electrostatic attraction; the isoelectric point of pepsin was -I 
(38). and the points of zero charge of gibbsite and boehmite were 9.2 and 9.1, 
respectively. Thus, in the pH region studied, i.e., pH <8, the adsorbent will 
have a positive surfacc chargc while pepsin will have a negative charge which 
will decrease as the pH approaches 1. The decreased adsorption at very acidic 
conditions seen in Fig. 2 may be related to a reduced electrostatic attraction. 
However, the adsorbent should retain a strong positive charge until the pH 
was within I unit of the point of zero charge, i.e., pH -8 (39). Thus, the de- 
creased adsorption above pH 3.3 or 4.3 for gibbsite or boehmite, respectively, 
was not expected based solely on electrostatic attraction. 


The pH-adsorption profile seen in Fig. 2 suggests that specific adsorption 
was also important. Hingston et al. (40) and Bowden et al. (41) found that 
anions of incompletely dissociated acids, such as phosphate, are specifically 
adsorbed by metal oxides and that maximum adsorption occurs when the pH 
equals the pK, of the weak acid. The pK, values of the acidic amino acids in 
pepsin, such as aspartic acid and glutamic acid, are 3.86 and 4.25, respectively 
(42), and are in the pH region where maximum adsorption occurred. In ad- 
dition, the general shape of the pH-adsorption profile is similar to that ob- 
served for specific adsorption of anions by metal oxides (40,41,43). Bowden 
et al. (41) indicated that the increase in specific adsorption as the pH increases 
toward the pKo is due to a more rapid increase in the number of adsorbing 
species than in  the rate of decrease of the positive charge of the surface. The 
extent of specific adsorption decreases as  the pH increases above the pK. 
because the surface becomes less positive at a rate greater than the rate of 
dissociation. 


A study of pepsin desorption from gibbsite or boehmite was performed to 
determine if specific adsorption was an important mechanism. Once pepsin 
was adsorbed by gibbsite or boehmite a t  pH 2.4, the pepsin-adsorbent com- 
plexes werc washed repeatedly with acidified water a t  pH 2.4. Analysis of the 
supernatant (Table I )  following each wash showed that little pepsin was de- 
sorbed by acidic washing. The amount of pepsin adsorbed following five washes 
was also determined by carbon analysis of the solid phase. The analysis of 
duplicate samples yielded the following results: 1.80 and 1.74 mg of pepsin 
adsorbed/100 mgofgibbsite and 12.7 and 13.2 mgof pepsin adsorbed/lOO 
mg of boehmite. It is interesting to note that the adsorptive capacity deter- 
mined from the plateau of the adsorption isotherm (Fig. 1) alsoagrees with 
the results of the desorption cxperiment. Desorption was expected if  the only 
mechanism of adsorption was electrostatic attraction. as a chloride anion would 
replace pepsin, or protons would neutralize the negativc charge of pepsin, and 
facilitate pepsin desorption. 


Phosphate is specifically adsorbed by aluminum hydroxidc by anionic ligand 
exchange (40,44). Therefore, washing with phosphatc should desorb pepsin 
if  pepsin is also adsorbed by specific adsorption through anionic ligand ex- 
change. The pepsin-gibbsitr or pepsin-boehmite complexes were washed with 
a phosphatc solution at 8 times the phosphate concentration of intestinal fluid 
at pH 2.4. Analysis of the supernatant showed that 95 and 79%of the adsorbed 
pepsin was desorbed from gibbsitc and boehmite, respcctivcly. Since phosphate 
desorbed pepsin, i t  was concluded that pepsin was also specifically adsorbed 
by anion ligand exchange. Phosphate is known to complex with gibbsite by 
a mono- or bidentate ligand mechanism (40.44). Desorption studies of mo- 
nodentate ligands show that binding is reversible, whereas multidentate ligands 
favor irreversible binding (44). Since phosphate did not totally desorb pepsin, 
pepsin is believed to form multidentate ligands with gibbsite and boehmite. 


The mechanism of adsorption was further investigated by IR spectroscopy. 


The I R  spectrum of pepsin in  the 1800- I300-cm-' region is shown in Fig. 3 
(line B). The major absorption bands occur at 1530 and 1650 cm-I. The band 
at  1530 cm-I, known as thc amide II band, is due to the N -  H deformation 
vibrations of the main chain of pepsin (45). The band at  1650 cm-I, termed 
the amide I band, results from the C=O stretching vibrations of thc main 
chain (45). A shoulder present at 1730 cm-' is belicvcd to be due 10 the C=O 
stretching vibrations from the undisociated carboxylic acid groups of glutamic 
and aspartic acids (46). 


The IR spectrum of pepsin adsorbed on gibbsite could not be determined 
because the small amount of adsorbed pepsin could not be detected. However, 
the degree of adsorption of pepsin on boehmite was sufficient to permit 
measurement of the IR spectrum of adsorbed pepsin. Boehmite has minimal 
absorbance in the 1800-1300-cm-' region of the IR spectrum (Fig. 3A). 
However, to eliminate the contribution of boehmite, the spectrum of the ad- 
sorbent was subtractcd by computer from the pepsin--boehmite spectrum to 
produce the IR spectrum of adsorbed pepsin (Fig. 3, line C). The subtraction 
was performed based on a boehmite band at 1070 cm-I. Before subtracting, 
a multiplication factor was used on the pepsin-boehmitc spectrum to cancel 
the 1070 cm-' band, i.e., the contribution of boehmite to the spectrum. A 
multiplication factor of 2.2 was used on the spectrum to produce the same 
relative absorbance of the amide I band as in  pepsin. 


As seen in Fig. 3 line C, the amide I I band of pepsin at I530 cm-' was un- 
affected by adsorption, but the amidc I band was shifted to a slightly higher 
frequency. A slight deformation of structure of pepsin due to adsorption might 
cause this frequency shift (47). The shoulder at 1730 cm-l was not present 
in the 1R spectrum of adsorbed pepsin, indicating that the carboxyl groups 
are ionized. The absence of the band at  1730 cm-l supports thc ligand ex- 
change adsorption mechanism, since the carboxylic acid groups involved in 
ligand exchange would have to be in their ionized form to interact by ligand 
exchange with surface aluminum ions. Thus, ligand exchange would be ex- 
pected to cause the decrease in absorbance at 1730 cm-' observed for adsorbed 
pepsin. 


Pepsin is adsorbed by aluminum hydroxide in the pH range of the 61 tract 
by specific adsorption involving anionic ligand exchangc as  well as by elec- 
trostatic attraction. Some carboxylate groups of pepsin will displace hydroxyl 
or water groups from the surface of aluminum hydroxide and covalently bond 
with surface aluminum. Othcr carboxylate groups of pepsin which are not 
physically able to specifically adsorb will interact with the positive surface 
of aluminurn hydroxide by electrostatic attraction. This combination of 
mechanisms results in strong adsorption which is not reversed by simple 
washing. 
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Abstract 0 Pepsin adsorbed on gibbsite or boehmite, non-acid-reactive forms 
of aluminum hydroxide. had a significantly lower activity than pepsin in so- 
lution. IR and desorbed pepsin activity studies showed that the reduced activity 
of adsorbed pepsin was not due to denaturation of pepsin on adsorption. Steric 
occlusion of the active site. following pepsin adsorption, was responsible for 
the lower activity of pepsin adsorbed on gibbsite. The porous morphology of 
boehmite caused diffusional resistance and steric exclusion, contributing to 
the decreased activity of adsorbed pepsin. The specific inactivation of pepsin 
by adsorption on aluminum hydroxide may be important in ulcer therapy. 


Keyphrases 0 Aluminum hydroxide-adsorption of pepsin. pepsin inacti- 
vation 0 Pepsin-adsorption by aluminum hydroxide, inactivation 0 Ad- 
sorption-pepsin adsorption by aluminum hydroxide, pepsin inactivation 


active due to denaturation by the high local pH of the surface. Bismuth alu- 
minate, magnesium oxide, and magnesium carbonate were effective in in- 
hibiting pepsin following adsorption (6). Berstad et al. (7) assumed that pepsin 
adsorbed by aluminum hydroxide was inactive. Piper and Fcnton (8) stated 
that the effect of adsorption on pepsin activity was just as  important as  the 
pH effect for aluminum hydroxide. Anderson and Harthill (9) found that 
pepsin adsorbed on an acid-reactive aluminum hydroxide exhibited only 21% 
of the theoretical activity. Liebman ( lo)  reported that the activity of pepsin 
was 22% of the control following adsorption on aluminum hydroxide, 29% of 
the control following adsorption by magnesium hydroxide, and 46% of the 
control following adsorption by cholestyramine. It was concluded that pepsin 
was still active while adsorbed because pepsin activity, following dissolution 
of the three adsorbents, was 88-91% of the control. 


The first phase of this study demonstrated that aluminum 
hydroxide adsorbs pepsin by anionic ligand exchange and 
electrostatic attractive forces ( I ) .  The effect of adsorption on 
the activity of pepsin and the elucidation of the mechanism 
responsible for any specific antipepsin effect is the focus of this 
study. 


BACKGROUND 


The reduction of pepsin activity by colloidal antacid materials was initially 
hypothesized to be due to the precipitation of pepsin (2. 3). Berstad (4) has 
recently concluded that aluminum hydroxide has powerful adsorbent and 
precipitation effects on pepsin in human gastric juice. Aluminum hydroxide 
was reported to precipitate pepsin in an inactive form (2). Mutch (5) indicated 
that pepsin was adsorbed on kaolin, silica gel, calcium phosphate. and mag- 
nesium phosphate. Pepsin adsorbed on kaolin or silica gel remained active, 
but pepsin adsorbed on calcium phosphate or magnesium phosphate was in- 


EXPERIMENTAL SECTION 


Gibbsite’, bxhmite’, aluminum hydroxycarbonate gel2, aluminum chlor- 
ohydrate’, porcine pepsin4. and bovine hemoglobin4 were obtained commer- 
cially. The proteolytic activity of pepsin was determined by either the Anson 
method (1 I ,  12). using hemoglobin as the substrate, or the dipeptide method 
( 1  3), which uses the dipeptide N-acetyl-~-phenylaIanyl-~-3,5-di- 
iodotyrosine as  the substrate. The activity of pepsin in the presence of a series 
of soluble cations was determined using a pepsin solution (20 pg/mL) which 
was 0.14 mM with respect to the appropriate cation. Likewise, the activity 
of pepsin in the presence of gibbsite or boehmite was determined using a pepsin 
solution (20 pg/mL) which contained 0.5 mg/mL of gibbsite or boehmite. 


Pepsin solutions (20 pg/mL), or pepsin (20 pg/mL) and gibbsite (0.5 
mg/mL) or boehmite (0.5 mg/mL) suspensions, were lyophilized and pre- 


I Reynolds Metal Co., Bauxite. Ark. 


’ Wicken Products, Huguenot, N.Y. ‘ Worthington Biochemical Corp.. Freehold, N.J. 


Chattem Chemical Co., Chattanooga. Tenn. 
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DISCUSSION 
The method presented above offers many advantages over the existing 


method for measuring alkylating activity. This fluorescence method is a t  least 
50 times as sensitive as the nitrobenzylpyridine colorimetric procedure pro- 
posed by Balazs et a / .  (5). The interassay relative standard deviations given 
may represent the variations in the intensity of the UV lamp and the daily 
variations in the fluorometer light source; these deviations are  much lower 
when a standard curve is used for each assay. This assay may be performed 
in protein-containing solutions, in contrast to the other assays available which 
require incubation at  85'C and c a u e  protein precipitation. 


Since alkylating activity is measured in this assay, it is essential that the 
assay is performed with an active alkylating agent; therefore, chlorambucil 
must be kept in a desiccator to prchnt hydrolysis and formation of the hemi- 
mustard. The method proposed above measures the alkylating activity of 
chlorambucil; it should be useful for studying the metabolism of this compound 
i n  biological fluids. 
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Table I-Intra- and Interassay Relative Standard Deviations for Two 
Concentrations of Chlornmbucil and Isocyanate of Cblorambucil 


Mean of NSD, % 
Assay Conc., pg/mL Fluorescence Intra-assay Interassay 


Chlorambucil 
1 2 1 I .9 & 0.854 7 .17  
2 2 i 1 . 6 I  i.25 i0.i 9.25 
3 2 11.5 f 1.08 9.39 
4 2 9.63 f 0.479 4.97 
1 5 48.2 f 1.41 2.92 
2 
3 
4 


5 52.1 f 1.93 3.70 8.79 
5 58.0 f 1.73 2.98 
5 57.8 f 2.66 4.60 


Isocyanate of Chlorambucil 


1 5 51.1 f 1.65 3.23 
2 5 50.0 f 1.73 3.46 
3 5 48.9 f 1.03 2.1 1 5.25 
4 5 45.2 f 1.16 2.57 


limit of sensitivity of 0.1 pg/mL found with this method was 50-fold lower 
than the one obtained with the nitrobenzylpyridine method (5). 


Reproducibility of the Assay-We found intra-assay RSD of 8.1 and 3.6%. 
respectively, a t  2 and 5 pg/mL. The interassay SD was determined on four 
fluorescence measurements at 2 and 5 pg/mL and we found SD of 9.3 and 
8.896, respectively. The intra- and interassay relative standard deviations were 
also obtained with the isocyanate derivative of chlorambucil a t  the same 
concentrations (Table I). 


Fluorophoce Stability-Contrary to the nitrobenzylpyridine assay, the 
fluorescence could be read several hours after the photoactivation of the 
samples by UV. When the fluorophore produced was kept in thedark, it was 
stable for a t  least 24 h. We found a variation of only 5% in the fluorescence 
during the 24-h period at room temperature. This is an advantage over the 
nitrobenzylpyridine method, which yields a highly unstable chromophore. 


Quantitation of Phenobarbital and Phenobarbital 
Sodium in Pharmaceutical Dosage Forms 
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Abstract 0 A reverse-phase high-performancc liquid chromatographic method 
for the quantitation of phenobarbital and phenobarbital sodium in pharma- 
ceutical dosage forms (elixir, injection. and tablets) was developed. The 
method is precise and accurate with percent relative standard deviations of 
0.9 (without an internal standard) and 0.7 (with an internal standard) based 
on six injections. The method is stability indicating and is more sensitive than 
the revised USP-NF method. The products of decomposition showed two new 
peaks in the chromatogram. 


Keypbrases 0 Phenobarbital-quantitation with phenobarbital sodium in 
pharmaceutical dosage forms 0 Phenobarbital sodium-quantitation with 
phenobarbital in  pharmaceutical dosage forms 


Phenobarbital ( I )  and phenobarbital sodium ( I I ) ,  exten- 
sively used as sedatives, are available in a variety of dosage 
forms, including capsules, elixir, injectable, tablets, etc. The 
literature for the quantitation of phenobarbital has been sur- 
veyed by Schmidt and Pennington (1). According to this re- 
port, investigations in which reverse-phase HPLC have been 
used without the addition of a counterion have not been suc- 


cessful. A reverse-phase HPLC assay procedure for pheno- 
barbital with 0.01 M tetramethylammonium chloride as the 
counterion has been reported (1); however, the use of coun- 
terions usually shortens column life (2). 


The revised USP-NF method for the quantitation of phe- 
nobarbital appeared in USP Supplement 3 (3) ,  and use of a 
mobile phase of pH 4.5 is recommended. 


The purpose of this investigation was to develop a stabil- 
ity-indicating assay method for the quantitation of pheno- 
barbital and phenobarbital sodium in pharmaceutical dosage 
forms at neutral or weakly basic pH without the addition of 
a counterion to the mobile phase. 


EXPERIMENTAL SECTION 
Chemicals and Reagents-All chemicals and reagents were USP, NF. or 


ACS quality and used without further purification. The USPquality powders 
of phenobarbital' and phenobarbital sodium' were used as received. 


' American Chemical and Drug Co., Los Angela, Calif 
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Table I-Assny Results of Dosage F o r m  


W 
(I) z 
0 


Percent of Label Claim Found 
Type of Dosage Form Active Ingredient 230 nma 245 nmb 


A 0 
C 


9 4 2 


- - . - . ... . 
Elixir 


Lot I 
Lot 2 
Lot 3 


Injection 
Lot 1 
Lot 2 
Lot 3 
Lot 4 


Tablcts 
1-01 I 
Lot 2 
Lot 3 
Lot 4 
1-01 5 


Lot 6 


Mixture 
I 


2 


3 


I 
2 


Dccomposcd sample 


I ( 4  mg/mL) 


I ( 4  mg/mL) 
1(4  mg/mI.) 


I 1  (65 mg/mL) 
I I  ( I  30 mg/mL) 
I I  (65 mg/mL) 
11 ( 1  30 mg/mL) 


1 ( 1 5  mg) 
1 (30 mg) 
I(60 me) 
I (100 mg) 
I ( I  6.2 mg) 
With 10.8 mg of 


belladonna extract 
per tablet 


I (30 mg) 
Recovery Data of Synthetic Mixtures 


I (60 mg/200 mg of 


I I  (80 mg/300 mg of 


I (4 mg/mL)d 


-4 min boiling 
-30 min boiling 


lactose) 


lactose) 


99.0 
99.8 
99.2 


100.8 
99.4 


100.0 
101.2 


98.8 
100.2 
100.0 
99.2 


100.1 


98.8 


99.8 


100.0 


100.9 


78.2% 
15.4% 


99.0 
100.2 
99.3 


100.8 
99.6 


100.1 
101.0 


98.9 
99.9 


100.4 
99.2 


100.5 


99. I 


- c  


- c  


- c  


C 


- c  


- 


With internal standard. Without internal standard. Not determined at  this wavelength. I n  aqueous solulion containing 15% ethanol ( v / v )  and 45% glycerol (v!v) 


Apparatus -The chromatograph* was quipped with a multiple-wavelength 
dctector'. a recorder4. and a digital integrator5. A semipolar column6 (30 cm 
X 4 m m  i.d.) wah used. Thc mobile phasc contained 35% (v/v) of methanol 
in 0.02 M aqucous ammonium acetatc. The flow rate was 2.0 mL/min. and 
thc temperaturc was ambient. The sensitivity was set at either 0.2 (245 nm) 
or 0.1 (230 nm). and the chart spccd was 30.5 cm/h. 


Preparation of Stock and Standard Solutions-The stock solutions of 
phenobarbital (2.0 mg/mL in methanol), phenobarbital sodium (2.0 mg/mL 
in water) and the internal standard. mezlocillin sodium' (10.0 mg/mL in  
water) werc prepared fresh daily. Thc standard solutions were prepared by 
diluting the appropriate quantities of stock solutions with watcr. methanol, 
or a mixture of both. as nccded. All standard solutions of phenobarbital sodium 
were dilutcd with water. The standard solution of phcnobarbital for assays 
at 230 nm contained 10% methanol (final conccntration. v/v) in water, and 
purc methanol was used for diluting all solutions for assays at  245 nm. No 
intcrnal standard was used for assays at 245 nm due to vcry poor absorbance 
at this wavelengrh. For assays at  230 nm, thc concentration of the internal 
standard was 600.0 pg/mI.. 


Preparation of Assay Solutions- -For assay at 230 nm, an appropriate 
quantity (3 .75  ml.) of phenobsrbital elixir USP (4.0 mg/mL) was mixed with 
10 ml. of methanol and 6.0 mL of stock solution of the internal standard and 
brought to volumc with water (100 mL). For assay at 245 nm, 6.25 mL of elixir 
was dilutcd to 25.0 m L  wi th  rncthanol. 


Injecrions---An appropriate quantity of the injcction of phenobarbital so- 
dium was diluted with water to contain either 0.1 5 or l .O mg/mL of the drug 
for assays at 230 and 245 nm, rcspcctively. The solution for assa) at 230 nm 
also contained 0.6 mg/mL of mczlocillin sodium (internal standard). 


Tablets-An appropriatequantity of the fine powder representing 200.0 
mg of the phenobarbital powder was thoroughly mixed with 80 mL of meth- 
anol and shaken for 5 min. The mixture was brought to volume (I00 mL) with 
methanol and filtcred8. The first I 5  mL of the filtrate was rejected and then 
collectcd for assay. For assaysat 230 nm. 7.5 mL of thcclear filtrate was mixed 
with 2.5 mL of methanol and 6.0 mL of the internal standard stock solution 
and brought to volume (100 mL) with water. For assays at 245 nm, a 12.5-mL 
quantity of the clear filtrate was dilutcd to 25 m L  with methanol. 


Model ALC 202 equipped with a U6K universal injector; Waters Associates. Milford. 
Mass. ' Spcctroflow monitor SF770; Schwffel Insmment Corp. Ramsey. N.J. ' Omniscribe 5 2  13-1 2: Houston Instruments. Austin. Tex. 


Autolab minigrator; Spectra-Physics, Santa  Clara, Calif. 
)I-Bondapak phenyl (catalog no. 27198); Waters Associates. Milford, Mass. 


Whatman no. I filter paper. 
' Wiles Pharmaceutical. West Haven. Conn. 


A s a y  SolutionS of Decomposed Phenobarbital Sodium-A 30.0-mg sample 
of phenobarbital sodium powder was mixed with -2 mL of -I M NaOH 
solution in a 150-mL beaker. The mixture was boiled on a hot plate for ( a )  
-4 min and ( 6 )  -30 min; additional water was added as needed. and the 
mixture was cooled lo room temperaturc and neutralized (pH -6-8) with -4 
mL of - 0 . 5  M HCI. A 12.0-mL quantity of the stock solution of the internal 
standard was added, and the mixture was brought to volume (200 mL) with 
water. These solutions were assayed only at 230 nm. 


Chromatographic Procedure-A 20-pL aliquot of the assay solution was 
injected into the chromatograph at  the conditions dcscribed (solutions with 
internal standard, 230 nm; others, 245 nm). For comparison, an identical 
volume of the standard solution containing an identical concentration of the 
drug was injected after the assay solution was eluted. 


Calculations-Since the peak heights (ratio of the peak heights when in- 
ternal standard was added) were directly related to concentrations, thc results 
were calculatcd by the equation: 


100 X Rpha = percent of the label claim 
Rphr 


where R p h l  is the peak height (ratio of the pcak height of drug to internal 
standard for assays at 230 nm) of the assay solution and Rph is the p a k  height 
of the standard solution. 


I ,  


I 
I I I 1 1 


0 4  6 4 a o 4  $ 12 $ 
MINUTES 


Figure I-Typical chromarograms at 230 nm. Peaks I and 2 are from phe- 
nobarbital sodium (11) and mezlocillin sodium (internal standard), respec- 
tively. Key: (A/ srandard solution; (BJ injection containing 130 mg/tnL of I I ;  
(C) decomposed solution (-30 min boiling, see text). 
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Figure 2-Typical chromatograms at 245 nm. Peak I isfrom phenobarbital 
sodium (11). Key: (A) standard soluiion; ( B )  injeciion containing 130 mgfmL 
of 11. 


RESULTS AND DISCUSSION 


The assay results indicate (Table I )  that the proposed HPLC method can 
be adopted for the quantitation of phenobarbital and phenobarbital sodium 
in pharmaceutical dosage forms. The method is accurate and precise. The 
percent relative standard deviations based on six injections were 0.9 and 0.7 
at  245 and 230 nm (with internal standard), respectively. The internal stan- 


dard was not used for assays at 245 nm due to poor absorption of mezlocillin 
a t  this wavelength. However, the results by both assay methods were similar 
(Table I). The concentrations uersus peak heights were directly related in the 
7- to 21-pg range at 245 nm. The ratio of peak heights (drug to internal 
standard) were directly related to drug concentrations at the 1.5- to 4.5-jtg 
range at 230 nm. The method is -I .7 times more sensitive at 230 than a t  245 
nm, as determined by using a standard solution (300 pg/mL in water) and 
a sensitivity of 0. I .  Moreover, the method is a t  least two times more sensitive 
than the USP-NF method (3). as determined by UV spectrometry with the 
two mobile phases. The elixirs and injections can be simply diluted and assayed 
for phenobarbital and phenobarbital sodium. A simple preliminary extraction 
procedure is required to assay phenobarbital in tablets. There was no inter- 
ference from excipients present in the tablets and the red colorant of the elixir 
(Table I). 


The decomposed samples of phenobarbital sodium showed a new peak (peak 
1. Fig. 1C) in the chromatogram, and the potency of the drug remaining intact 
was only 15.4% after -30 min of boiling (see above). After -4 min of boiling, 
there were two small peaks (side by side) in the chromatogram a t  about the 
same location as  peak I ,  Fig. IC. The scheme of decomposition has been re- 
ported previously in the literature (4). It is interesting to point out that there 
were two additional pcaks when the same lot of phenobarbital was assayed 
at  245 nm versus only one peak when assayed at  230 nm. It is perhaps due to 
the facts that ( a )  thc concentration of excipients was 3.33 times higher (also 
considering AUFS of 0.2 at 245 nm and 0. I a t  230 nm) at  245 L’ersus 230 nm 
and (b) there was poor or no absorption from one of the excipients a t  230 nm. 
Furthermore. the same lot of phenobarbital sodium injection showed a small 
additional peak (Fig. 28)  when assayed at  245 nmversus almost none (Fig. 
1 B) when assayed at 230 nm. 
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Mesophase Formation During Cholesterol Gallstone 
Dissolution in Human Bile: Effect of Bile Acid 
Composition 


C. C. SU *, W. I. HIGUCHI *x, 1. T. GILMORE 6, 
R. G. DANZINGERI, and A. F. HOFMANNs 
Received February 14, 1983, from the *College of Pharmacy, University of Utah, Salt Lake Ciiy, UT84112, k’ollege offharmacy, University of 
Michigan, Ann Arbor, M I  48/05. OUniversity of California at San Diego. San Diego, CA 92/03, and 1st. Boniface General Hospital, Winnipeg, 
Manitoba, Canada. Accepted for publication July 8, 1983. 


Abstract 0 Duodenal bile obtained from patients with gallstones who were 
acutely infused with chenodeoxycholic acid, ursodeoxycholic acid, or cholic 
acid were examined for the propensity toward the formation of a liquid crys- 
talline mesomorphic phase when cholesterol gallstones were incubated in these 
bile acids. Bile taken from patients infused with ursodeoxycholic acid was 
found to be enriched in  ursodeoxycholic acid; mesophase formation was de- 
tected in  these samples but not in  bile from patients infused with chenodeox- 
ycholic acid or cholic acid. 


Keyphrases 0 Cholesterol -gallstone dissolution in human bile, effect of bile 
acid composition 0 Gallstone dissolution-human bile, effect of bile acid 
composition 0 Bile acids-mesophase formation during cholesterol gallstone 
dissolution 


Clinical investigations have shown that ursodeoxycholic acid 
is as effective or more effective than chenodeoxycholic acid 
in gallstone dissolution. From the physicochemicdl standpoint, 


these results are interesting, because ursodeoxycholic acid (1) 
and its conjugates are generally not as effective as cheno- 
deoxycholic acid and its conjugates in solubilizing cholesterol 
in  the bile acid or the bile acid-lecithin solution (2). We have 
recently suggested (2, 3)  that during in uitro dissolution of 
cholesterol monohydrate in the form of powder, compressed 
disks, single crystals, or in gallstones, a transition from the 
micellar phase to the liquid crystalline phase occurs when the 
dissolution media contain lecithin and predominantly urso- 
deoxycholic acid conjugates, but not chenodeoxycholic acid 
or cholic acid conjugates. 


I t  was shown that mesophase formation and subsequent 
dispersion may contribute to the total dissolution/disinte- 
gration of cholesterol in the solid phase. To determine whether 
mesophase formation would occur during the in uitro disso- 
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The Need for Information on Product 
Formula tions 


I thoroughly enjoyed your editorial “Putting An End tosecret 
Formulations.” I Over the years I’ve had numerous debates wi th  
manufacturers over the issuc of “trade secrets” (Boloncy!) wrsus the 
health professionals’ nccd for information on product formulations. 


As you pointcd out, any competrtors’laboratory worth their salt will 
rapidly crack such “secret formulations.” Therefore. the only ones kept in 
the dark are the physician prescribers and pharmacist dispensers of these 
pharmaceuticals. 


Although you state that “manufacturers are required by law and 
regulation to make known the identity and quantity of the medicinally 
active ingredients in  their products.” even this is not always the case. For 
example. in many artificial tcar solutions and contact lens solutions, the 
functionally active components may only be identified as “a water-soluble 
polymeric system” or “an anionic surface-active agent.” 


I f  health care professionals are to make informed product selcction 
decisions, the industry must provide this needed information. Although 


BOOKS 


regulatory remedies may be necessary, industry leaders with vision might 
see that voluntary cooperation would result in  benefits to all concerned. 


to maintain their competence’! Must we have mandatory relabeling 
requirements bcforc the industry responds to the information needs of thc 
public? Must we always havc an expensive. legislative. regulated, 
bureaucratized solution to every problem? 


The PMA has taken B significant First step in stating “the medical 
justification for disclosure . . . warrants release of that information . . .” 
Let’s hope that individual manufacturers respend to your call for “putting 
an end to secret formulations.” 


Must we have mandatory CE before pharmacists accept their obligation 


James R. Boyd 
Editor-in-Chief 
“Facts and Comparisons” 
St. Louis, MO 63 I46 


’ Edward G. Feldmann, J .  Pharnc. Sci., 73,577 (1984) 


lnstrumental Data for Drug Analysis. Vol. 2. (Elsevier Series in Forensic and 
Police Science.) By TERRY MILLS I l l ,  WILLIAM N. PRICE, and J. 
CONRAD ROBERTSON. Elsevier Science Publishing Co., Inc. 52 
Vanderbilt Ave., New York. NY 10017. 1983. pp. 662- 1358. 22  X 28.5 
cm. Price $95.00. 
This second volume contains data on an additional 300 drug substances 


bringing the total compounds covcred in both volumes to 600. 
Each drug cubstancc is allotted two pages on which ultraviolet. electron 


impact mass. proton nuclear magnetic resonance, and Fourier transform in-  
frared spectra are presented. All spectra are of exceptional quality. Also given 
are molecular formulas and weights, synonyms, trade names, therapeutic 
categories and, in shorthand style. HPLC and GC data where applicable. 
There are also four appendices containing standard KBr infrared spectra and. 
in  tabular form, Kovats retention indices for gas chromatography. the ultra- 
violet absorption maxima in  acid, basic and ethanol solution. and mass spectral 
indices for basc peaks and prominent ions. 


Thc a t h s  has been compiled by forcnsic scientists of the Georgia State 
Crime Laboratory and should be useful for the identification ofdrugs. Thus, 
the compilation scrves as a supplement to the Marck Index which does not 
present spectra. The two volumcs compete with two (’KCHandhooks of Mass 
Spectra and Specrrophoromerric Data of0rug.s which together sell for about 
the same price. I prefer the volumes under review for better organization. 
clearer spectra and coverage of more drugs. One can quibble t h a t  the short- 
hand data on HP1.C and GC arc of questionable value. I t  also would havc been 
useful to identify for each drug the source of the sample, particularly whether 
the drug was a USP reference standard. 


All efforts to provide comprehensive information on drugs are welcome. 
Therefore, the authors should be congratulated and encouraged to continue 
the series. 


ReGiewed by Klaus G .  Florey 
The Squihh Insriture for Medical Research 
P.0 .  Box I Y I  
New Brunswick, N J  OR903 


Applied Therapeutics: The Clinical Use of Drugs, 3rd Ed. Edited by BRIAN 
S. KATCHER, LLOYD YEE YOUNG, and MARY ANNE KOUA- 
KIMBLE. Applied Therapeutics, lnc.. P.O. Box 1903. Spokane. WA 
99210-1903. 1983. 1,619 pp. 19.5 X 24cm. PriceS54.00. 
The editors and authors o f  Applied Therapeurics: The Clinical Use of 


Drugs. 3rd edition, have refined and expanded the book previously titled, 
Applied Therapeirrics for Clinical Phannacisrs. I t  is appropriate that the title 
has been changed because the book can be of great value to any health pro- 
fessional involvcd in  treating and monitoring patients receiving drug 
t herapy. 


Applied Therapeirrirs: The Clinirul L!se of Drugs is relatively compre- 
hcnsive. The book consists of 61 chapters. 1619 pages with numerous tables 
and figures. The more commonly occurring chronic and acute diseases are 
presented with heavy emphasis being placed on drug therapy management. 
This book is not a substitute for a standard textbook of medicine i n  terms of 
understanding pathophysiology and diagnosis of various discase entities. It 
is an essential companion textbook to a medical textbook. however, and is 
evolving as the premier book in the field of drug therapy management of 
disease processes. 


The book is well written and referenced. The question and answer format 
and utilization of case studies is particularly effective in demonstrating ap- 
propriate application of pharmacotherapeutic information in spccific clinical 
situations. The book fosters the development of a rational approach to drug 
therapy management. 


There is nothing esoteric about this book. I t  is a practical guidc tooptimal 
drug therapy. I t  is an excellent manual for the clinician. All health care pro- 
fessionals involved in primary medical care. particularly pharmacists. phy- 
sicians. and nurse practitioners, would be well served by this book. 


Kerieued by Tim R. Covington 
Professor and Chairman 
School of Pharmacy 
Wesr Virginia Unicersity 
Medical Cenrer 
Morganrown, W V A  265064303 
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where V ,  is the velocity of the process under steady-state conditions, i.e., when 
the concentration of the intermediate products remains constant and, thus, 
the velocities of formation and decomposition of the enzyme-substrate com- 
plex are equal; Eo is the enzyme concentration in the subphase; S is the surface 
concentration of substrate in  the monolayer; K ,  is the Michaelis-Mcntcn 
interfacial constant (k&, + Kd/Kp); and K ,  and Kd are the penetration and 
desorption constants of the enzyme. As can be seen in this equation, the hy- 
drolysis rate of the pivampicillin must increase proportionately with the in- 
crease of the enzyme concentration, which agrees with the results shown in 
Fig. 5. 


The increase of the reaction rate with increasing surface pressure in the 
monolayer can be interpreted only when the increase in the pressure causes 
a higher surface concentration. One must remember, however, that the in- 
crease of surface pressure reduces the penetration capacity of the enzyme in 
the monolayer, as shown by Verger et al. (16) using radioactive enzymes. 
These two phenomena are the reason that a pressure of maximum activity can 
normally be reached, varying according to the enzyme and substrate used, 
after which the velocity of reaction decreases. In the process of the hydrolysis 
of pivampicillin by penicillinase, it has been impossible to reach this maximum 
value. However, using Fig. 4, one can assume that this maximum is found at  
1.7-1.8 X Nm-’ .  


Finally, one fact in this study that might be considered paradoxical is the 
decreaseof the induction time ( T )  when the surface pressure of the monolayer 
is increased (Fig. 6). That is, the enzyme penetrates more quickly in mono- 
layers which are tightly compacted than in the monolayers in which the 
molecules of penicillin are free, leaving largc intermolecular spaces. This effect 
can be interpreted as a result of the improvement of the “quality of the in- 
terface,” especially as to the packing of the substrate molecules, which [as 
was demonstrated by Slotboom e/ 01. ( 1  7)] influence the kinetic parameters 
of the enzyme, especially increasing the value of the penetration constant 
KP. 
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Time-Dependent Elimination of Cinoxacin in Rats 
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Abstract 0 The effect of the variation of urinary pH on the pharmacokinetics 
of the acidic antibacterial agent, cinoxacin (pK, 4.60). was examined. Urinary 
pH of 24-h fasted rats remained at  about pH 6 during the daytime, while that 
of nonfasted rats was high (about pH 7.5) in the morning and gradually de- 
creased to a pH similar to that of the fasted rat in the afternoon. The free 
fraction of cinoxacin in fasted rat sera in the morning was similar to that in 
nonfasted rats despite the longer half-life of cinoxacin in fasted rats. In the 
afternoon the free fraction was slightly different despite similar cinoxacin 
elimination in fasted and nonfasted rats. These findings seemed to exclude 
the contribution of protein binding from the causes of increased cinoxacin 
elimination in nonfasted rats in the morning. Elimination rate constants of 
cinoxacin obtained with a one-compartment open model correlated well with 
urinary pH 30 min after injection. suggesting that the urinary pH plays a morc 
important role in cinoxacin elimination. When cinoxacin was orally admin- 
istered to fasted rats at 11:00, the area under the plasma concentration-time 
curve was threefold larger than in nonfasted rats. As found with the intrave- 
nous administration, this difference may be explained by the prolonged 
half-life caused by decreased urinary pH after fasting. This study revealed 
the time-dependent elimination of cinoxacin in nonfasted rats, which is related 
to physiological change of urinary pH caused by food intake. 


Keyphrases 0 Cinoxacin-time-dependent elimination, effect of fasting. 
urinary pH, rats 0 Urinary pH--effect of fasting on cinoxacin elimination, 
diurnal alteration, rats 


The chronopharmacological aspects of drugs have been 
discussed i n  many review articles (1-3). Some attribute these 
phenomena to the diurnal oscillation of pharmacological 
sensitivity to drugs (4) and others to the diurnal variance of 


Co., Ltd., Osaka, Japan. Accepted for publication March 8, 1984. 


plasma levels (or levels at the receptor site) without alteration 
of the sensitivity to the drugs. Alteration of plasma levels can 
be expressed by pharmacokinetic parameters such as ab- 
sorption, distribution, metabolism, and excretion (5-9). Cir- 
cadian rhythms of hepatic drug-metabolizing ability have been 
especially well investigated (10-13), but the causes of the 
rhythmicity in absorption, distribution, and excretion have not 
been thoroughly investigated in spite of being frequently de- 
scribed (9). 


We noticed a diurnal rhythm of urinary pH in normally fed 
rats and found that the rhythm disappeared with fasting. We 
tried to clarify the effect of such diurnal alteration of urinary 
pH and fasting on the pharmacokinetics of drugs in  the rat. 
The model compound was cinoxacin ( 1 -ethyl- 1,4-dihydro- 
4-0xo[ 1,3]dioxolo[ 4,5-g]cinnoline-3-carboxylic acid). Ci- 
noxacin is an acidic (pK, 4.60), antibacterial agent, which is 
excreted almost completely unchanged in rat urine ( 1  4, 15). 


EXPERIMENTAL SECTION 


Materials-Male Sprague-Dawley rats, weighing 240 270 g, were pur- 
chased commercially’ and were housed i n  group cages with wooden chips on 
the floor in a room with constant temperature (24 f 1 “C) and humidity (55 


’ Clea Japan, Inc.. Tokyo, Japan. 
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Table I-Biochemical Examination of Rat Sera. 


Sera at 09:30 
Fasted, Nonfasted, 


Sera at 15:30 
Fasted, Nonfasted, 


Examination n = 5  n = 6  n = 6  n = 4  


0.32 f 0.04b 0.18 f 0.05 Total bilirubin, mg/dL 0.34 f 0.06b 0. I7 f 0.05 
Albumin, g/dL 3.12 f 0.1 I c  3.22 f 0.07d 3 . 3 5  f 0 .  I5 3.40 f 0.08 
Total protein, g dl, 5.38 f 0.1 5 d  5.60 f 0.21 5.92 f 0.27 5.90 f 0.12 


0.26 f 0.10 Non-esterified / atty acidc, mEq/L 


Significant difference at p < 0.01 compared with nonfasted rats. Significant difference at p < 0.05 compared with sera at I5:30. Significant difference at 
p < 0.01 compared with sera at I5:30. Calculated as oleic acid. 


0.58 f 0.1 1 0.52 f O.OSb" 0.15 f 0.05" 


a Mean f SD. 


f 5%). Under a 12-h light-dark cycle, rats were given free access to solid 
animal chowZ and water. One-half of the rats were transferred to a cage with 
a stainless steel net floor (mesh size: 1.5 X 1.5 cm) 24 h prior to drug admin- 
istration to prevent coprophagy (It I )  and deprived of chow but not water. 
Cinoxacin was obtained commercially3. I4C-Labeled cinoxacin was synthe- 
sized by the method of Nagasaki et al. (16). Its specific activity was 37.2 
pCi/mg and radiochemical purity was >98%. All other chemicals were of 
reagent grade. 


Animal Experiments-Fasted and nonfasted rats, under light ether anes- 
thesia, werecatheterized in the right external jugular vein by Upton's method 
(17)  and urineallecting adapters were attached to their penises. The animals 
were then placed in individual cages4 and left for >2 h to eliminate the effect 
of ether. Next, 20 mg/kg of I4C-labeled or unlabeled cinoxacin (10 mg/mL 
of aqueous solution with an equivalent amount of sodium hydroxide) was in- 
travenously administered uia the caudal vein. At 12:00, [t4C:]cinoxacin was 
used and at 1590,  unlabcled cinoxacin was used. The rats were periodically 
forced to void urine by using ether. Blood was taken uia the catheter and irn- 
mediately centrifuged to obtain the plasma. In the case of oral administration, 
[i4C]cinoxacin was used and blood sampling was done nonserially. Twenty 
mg/kg of [14C]cinoxacin (10 mg/mL of aqueous solution prepared similarly 
to the intravenous injection) was orally administered and blood samples were 
taken uia the aorta after abdominal incision under light ether anesthesia. 
Cinoxacin in plasma wasdetermined by fluorometry (15) and the urinary pH 
was measured. When i4C-labeled cinoxacin was administered, radioactivity 
was measured with a liquid scintillation counter5. Diurnal changes of urinary 
pH in noncatheterized rats were measured as described above without ci- 
noxacin administration. 


Biochemical Examination of Serum and Protein Binding -At 09:30 and 
1930, fasted and nonfasted rats were lightly anesthetized with ether and blood 
was withdrawn uia the aorta after an abdominal incision. Serum was obtained 
by centrifugation using a serum separation aid6. Total bilirubin, albumin, and 
total protein in the serum were determined with an autoanalyzer' and 
nonesterified fatty acids were determined with a kit*. Free cinoxacin in  the 
serum was measured with an ultrafiltration method in vitro. Five microliters 
of cinoxacin (6.0 mg/mL, pH 7.4 phosphate buffer solution) was added to 
2 mL of the serum to make a final concentration of 15 pg/mL. After this 
mixture had been left for 1 h at 25OC. the serum was centrifuged in a mem- 
brane cone9. The free cinoxacin in the filtrate was determined by fluo- 
rometry. 


Calculation of Pharmacokinetic Parameters and Statistical Analysis-The 
cinoxacin elimination rate constant in plasma was calculated using MULTl 
(18), a nonlinear least-squares program, based on a one-compartment open 
model. For statisticalanalyses, the paired t test and regression analysis were 
used. 


RESULTS AND DISCUSSION 


The rat which we usually use as an experimental animal takes food exclu- 
sively at night and rarely during the daytime. Biological rhythmicity probably 
exists based on the food intake rhythm. The effect of food and diet on phar- 
macokinetic parameters, e.g., absorption, distribution, metabolism, and ex- 
cretion, have been reviewed ( I9 - 2 1 ) .  Therefore, time-dependent pharmace 
kinetics may be considered in relation to the rhythmicity of food intake. We 
examined the alteration of cinoxacin pharmacokinetics as a function of time 
and feeding. 


* Type CA-I; Clea Japan, Inc. 


' Ballman cage Model KN-326; Natsume Seisakusho, Tokyo, Japan. 


' Model S M A  plus MICR0;Technicon Instruments Corp., N.Y. * NEFA Test-C Woko; Wako Pure Chemical Industries. Ltd., Osaka, Japan. 


Eli Lilly Co., Indianapolis, Ind. 


Model 1215 Rackbeta; LKB-Wallac. Turku .  Finland. 
Separaid; HATCO International. Los Angeles. Calif. 


Centriflo CF-25; Amicon Corp.. I.exington, M a s .  


5 t  
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Figure I--Diurnal variance of urinary p H  in fasted and nonfasted rats. The 
means and SD ualues from 15 rats areshown. Key: (e) nonfasted rats; (0) 
fasred rats; (**) significantly different from fasted rats at p < 0.01. 


In fasted and nonfasted rats, at either 09:30 or 15:30, serum was examined 
for factors affecting the protein binding of drugs (22-24). As shown in Table 
1, total bilirubin and nonesterified fatty acids increased markedly with fasting 
both in  the morning and afternoon. Furthermore, a slight increase was ob 
served in the afternoon in albumin, total protein, and nonesterified fatty acids 
in fasted and nonfasted rats. These results alerted us to the possibility that 
protein binding might be changed by time and feeding. 


Next, we examined the diurnal rhythm of urinary pH and the effect of 
feeding. As shown in Fig. 1, urinary pH in fasted rats was constant during the 
daytime, whereas in nonfasted rats it was high in  the morning and decreased 
slightly in the afternoon to the level of the fasted rats. This variance of urinary 
pH is likely to affect the renal excretion rate for drugs with pK,, values similar 
to urinary pH ( 2 5 ) .  


We selected cinoxacin as a model compound to investigate the effect of this 
variance of physiological parameters on pharmacokinetics. Renal excretion 
of cinoxacin is reported to be dependent on urinary pH because of renal 
reabsorption (26-29). 


Table 11 shows serum protein binding of cinoxacin in uirro. Significant 
differences were detected between the serum of fasted and nonfasted rats at 
15:30 but not at 09:30. Though the extent of the difference was small, it could 
affect the cinoxacin pharmacokinetics. Therefore, we investigated the ci- 
noxacin elimination from plasma after intravenous administration in fasted 
and nonfasted rats in the morning and afternoon. Figure 2 shows the time 
course of plasma levels of cinoxacin after intravenous administration at 12:OO 
to fasted and nonfasted rats having different urinary pH values. As expected, 
plasma elimination was slower in fasted rats than nonfasted rats, and urinary 
excretion during the initial I h in fasted and nonfasted rats was 45.8 and 73.7% 
and at  2 h. 62.6 and 83.8% of the dose, respectively (data not shown). These 
results suggest that cinoxaein elimination was rapid especially in nonfasted 
rats, and the elimination was affected by minor difference of urinary pH at 
the time of and for at least I h after drug administration. This can be easily 
explained by greater renal reabsorption due to lower urinary pH in fasted rats 
(26-29). 


On the other hand, when cinoxacin was injected at I5:OO. it was similarly 
eliminated from plasma in both rat groups (Fig. 3 ) .  in  spiteofdifferent serum 
protein binding ratios between fasted and nonfasted rats (Table 11). This 


Table 11-h Vitro Serum Protein Binding of Cinoxacin in Rats 


Rat 
Unbound fraction, %" 


Sera at  09:30 Sera at 15:30 


Fasted 6.36 f 0.38b 6.65 f 0.25C*d 
Nonfasted 6.54 f 0.45= 6.00 f 0.47 


Percent of total concentration (15 pg/rnL) f SD. * n = 5 .  n = 6. 
difference a t  p < 0.05 compared with sera i n  nonfasled rats at I5:30. 


Significant 
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Figure 2-Average plasma levels of cinoxacin ajier intravenous adminis- 
tration of 20 mglkg of f"Clcinoxacin to three fasted or nonfasted rats at 
I2:00. Key (0)  fasted rats; !@) nonfasted rats. 
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Figure 4-Correlation between urinary p H  30 min after administrarion of 
20 mglkg of ''C-labeled or unlabeled cinoxacin and elimination rate constant 
obtained from fasted or nonjasted rats at 1 2 9 0  or I5:30. Key: (@) nonfasted 
rats at 12:OO: (0) fasted rats ar 12.00; (8)  twnfasted rats at I5:OO: (0)  fasted 
rats at 1590.  


suggests that urinary pH plays a more important role than protein binding 
in cinoxacin elimination from the plasma. As previously described, cinoxacin 
elimination in nonfasted rats administered a t  12:OO was rapid (Fig. 2) and 
>70% of the dose was excreted in urine until I3:oO; furthermore. a higher pH 


a 


TIME AFTER ADMINISTRATION, h 


Figure 5-Plasma levels of cinoxacin after oral administration of 20 mglkg 
off ''C/cinoxacin in fasted or nonfasted rals at I 1 : O O .  Means and SD values 
f rom three rats. Key: (0) fasted rats; (@) nonfasted rats. 


in urine was maintained at least until -I 3:OO (Fig. I ) .  These results accounted 
for the faster elimination in nonfasted rats than fasted rats administered the 
drug at 12:OO. 


We investigated thecorrelation between urinary pH 30 min after intrave- 
nous administration and the elimination rate constant calculated from the 
values in Figs. 2 and 3. Figure 4 shows a significant correlation between the 
elimination rate constant obtained with the one-compartment open model and 
the urinary pH ( r  = 0.8427. p < 0.01). As the slope of the regression line is 
1.033. if urinary pH decreases from 7 to 6, the elimination rate constant de- 
creases from 2.43 to 1.40. Thus, diurnal variance of urinary pH in normally 
fed rats has an important effect on cinoxacin elimination. though in fasted 
rats changcs in cinoxacin elimination do not arise because urinary pH remains 
constant during the daytime. 


Figure 5 shows the plasma levels of cinoxacin orally administered to fasted 
and nonfasted rats at 11:oO. As expected, higher plasma levels were observed 
in fasted rats. The area under the plasma concentration-time curve (AUC) 
calculated by the trapezoidal rule was 125.8 wgh/mL in fasted rats and 40.9 
p g h / m L  in nonfasted rats. The larger AUC in fasted rats is due to the lower 
urinary pH and in addition, a higher peak level may be partly attributable to 
a faster gastric emptying rate, as mentioned by Watanabe et 01. (30). 
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Abstract 0 A new, simple, and useful approach for the analysis of benzal- 
konium chloride is presented. A gas chromatograph (GC) has been used to 
pyrolyze benzalkonium chloride in a spccific and rcprcduciblc manncr to yicld 
two tertiary amines for each homologue of benzalkonium chloride present. 
These are separated by G C  and are used to determine the homologue w m -  
position of the bcn7alkonium chloride. These determinations can be made with 
an analysis time of 25 min/sample. 


Keyphrases 0 Benzalkonium chloride--determination by G C  0 GC-de- 
termination of benzalkonium chloride 


Benzalkonium chloride is used in pharmaceuticals as an 
antimicrobial preservative and is a mixture of homologous 
compounds (I) ,  where the R group represents an n-alkyl chain 
which can vary from 10-18 carbon atoms. The relative 
amounts of the different n-alkyl species in benzalkonium 
chloride solutions greatly affect the antimicrobial spectrum 
and activity on the mixture (1).  The current methods for 
analysis of benzdkonium chloride solutions according to the 
USP ( 2 )  rely upon titrimetric analysis of the total alkylben- 
zyldimethylammonium chloride based upon potassium iodate 
equivalents. Additionally, the ratio of n-alkyl components of 
benzalkonium chloride can be determined by microhydrogen- 
ation followed by solvent extraction and gas chromatography 
(GC). The ratio of alkyl components is then calculated and 
must meet specific USP requirements. These requirements 
state that the C12 homologue must comprise at least 40% of 
the total benzalkonium chloride content and that the C14 ho- 
mologue must be at least 20%. Furthermore, these two 
homologues together must comprise not less than 70% of the 
total content. 


Other methods have been reported for the determination 
of benzalkonium chloride, for example, ion-pairing techniques 
(3-5), direct titration involving tetraphenylboron sodium ( 6 )  
and iodate (7) .  Later methods of analysis have included MS 
using laser ionization (8), chemical ionization (9), and HPLC 
(10). 


GC methods include one based on a modified Hofmann 
degradation of benzalkonium chloride with subsequent anal- 
ysis of the formed benzyldimethylamine and the corresponding 
alkene (1  1). Another method involves chemical derivatization 
of the benzalkonium chloride to introduce specific functional 


groups into the derivatives which are amenable to GC with 
enhanced detectability using electron capture and nitrogen- 
specific thermionic detecting systems ( 1  2 ) .  


The procedure presented here determines directly the alkyl 
chain-length ratios of benzalkonium chloride species in samples 
of benzalkonium chloride in an easy, sensitive, and reliable 
operation. 


EXPERIMENTAL SECTION 


Apparatus--Measurements were carried out using a GC1 fitted with 
a flame ionization detector. The column used was a 0.9 m (2 mm i.d.) glass 
column packed with OV17 (3%) on Chromosorb W H P  (80/100 mesh). A 
10-pL syringe2 was used to inject samples. The chromatograms were recorded 
on a potentiometric recorder’ and peak area measurements were obtained 
using an integrator‘. 


Mass spectromctric measurements for identification of the GC pyrolysis 
products wcrc conducted using a spectrometer5 operating in the clcctron 
impact ionization mode. The mass spectrometric data was handled by a data 
system6. 


Reagents, Solvents, and Standards-The carrier gas for the G C  work was 
nitrogen; for MS work, the carrier gas was helium. The commercial samples 
of benzalkonium chloride were obtained from various manufacturers. Samples 
of benzalkonium chloride for analysis were prepared as solutions in methanol 
(0.5%). For confirmation, a benzalkonium chloride standard was obtained’. 
Individual pure benzalkonium chloride standards were examined with R = 
C14, C16. and CIS. The standards were also examined as solutions in methanol 
(0.5%). 


’ Model 204; Pye-Unicam. 
S.G.E. 
Model 2s; Servoscribe. 


4 Model 3390A; Hewlctt Packard. 
5 Models MS30  and MS50; Kratos. 


7 USP Convention Sample. 
Model DSSS; Kratos. 
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Abstract 0 Previously, a series of N-substituted indazolone derivatives proved 
to be effective hypolipidemic agents in rodents. The most effective agent, 
N2-n-butylindazolone, at 20 mg/kg/d was shown to suppress the levels of 
cytoplasm acetyl coenzyme A required for cholesterol and fatty acid synthesis 
as  well as  sn-glycerol-3-phosphate acyl transferase and phosphatidate phos- 
phohydrolase activities. Lipid content of the liver, small intestine, and serum 
lipoprotein fractions was lowered, whereas lipid content was increased in fecal 
excretions by drug treatment for 14 d. The absorption of orally administered 
cholesterol from the intestine was severely reduced after drug administration. 
The mode of action of N2-n-butylindazolone appears to be similar to cyclic 
imides possessing hypolipidemic activity. 


Keyphrases 0 N2-n-Butylindazolone--hypolipidemic activity in rodents, 
cholesterol and triglycerides reduction 0 Antihyperlipidemic agents-N2- 
n-butylindazolone, activity in rodents, cholesterol and triglycerides reduc- 
tion 


A series of N-substituted indazolone derivatives were pre- 
viously screened for hypolipidemic activity in mice and were 
observed to be potent hypolipidemic agents at the low dose of 
20 mg/kg/d (1). N-Substitutions of four carbon atom chain 
lengths in the indazolone (1) as well as in the phthalimide (2) 
and saccharin (2) series afforded the best hypolipidemic ac- 
tivity. Thus, N2-n-butylindazolone (I) was selected for a more 
in-depth investigation of its effects on lipid synthesis and dis- 
tribution in rodents. 


0 


1 


EXPERIMENTAL SECTION 


The N2-n-butylindazolone was synthesized by the method of Schwartz et 
a/ .  (3). The details of the synthesis and physical characteristics have been 
reported previously ( I ) .  


Antihyperlipidemic Screens in Normal Rodents-N2-n-Butylindazolone 
was suspended in I %  carboxymethylcellulose-water, homogenized, and ad- 
ministered to CFI male mice (-25 g) intraperitoneally for 16 d or to 
Sprague-Dawley male rats (-350 g) orally by an intubation needle for 14 
d. On days 9 and 14 or 16, blood was obtained by tail vein bleeding and the 
serum was separated by centrifugation for 3 min. The serum cholesterol levels 
were determined by a modification of the Liebermann-Burchard reaction (4). 
Serum was also collected on day 14 or 16 and the triglyceride content was 
determined by a commercial kit1. 


Testing in Hyperlipidemic Mice-CFI male mice (-25 g) were placed on 
a commercial diet2 which produced a hyperlipidemic state. After the serum 
cholesterol and triglyceride levels were observed to be elevated, the mice were 
administered test drugs at 20 mg/kg/d intraperitoneally for an additional 
14-d period. Serum cholesterol and triglyceride levels were measured. 


Animal weights were obtained periodically during the experiments and were 
expressed as a percentage of the animal’s weight on day zero. After dosing 
for 14 d with test drugs, selected organs were excised, trimmed of fat, and 
weighed. 


I Hycel Triglyceride Test Kit; Fisher. 
2 Basal Atherogenic Test Diet; US. Biochemical Corp. 


The acute toxicity ( L D ~ J  values) (5) was determined in CF,  male mice by 
administering test drugs at 100 mg-2 g/kg ip as a single dose. The number 
or deaths were recorded over a 7-d period for each group. 


In oirro enzymatic studies weredetermined using IO?h homogenates of CFI 
male mouse liver with 50-200 p M  of test drug. In oiilo enzymatic studies were 
determined using 10% liver homogenates (prepared in 0.25 M sucrose + 0.001 
M cthylenediaminetetraacetic acid, pH 7.2) from CF,  male mice obtained 
after administering the agents at a 10-60 mg/kg/d i.p. dose for 16 d. The 
enzyme activities were determined by following literature procedures (2) for: 
acetyl coenzyme A (CoA) synthetase (6); ATP-dependent citrate lyase (7); 
mitochondrial citrate exchange (8.9); cholesterol side-chain oxidation (10); 
3-hydroxy-3-methylglutaryl coenzymc A reductase (HMG CoA reductase) 
( 1  I ,  12); acetyl CoA carboxylase activity ( 1  3); fatty acid synthetase activity 
(14); sn-glycerol-3-phosphate acyl transferase activity ( 1  5); phosphatidate 
phosphohydrolase activity ( I  6). 


Rat Studies-In Sprague-Dawley rats that had been administered test 
drugs in 14 d, the liver, small intestine, and fecal materials (24-h collection) 
were removed, extracted (17, 18), and analyzed for cholesterol levels (4), 
triglyceride levels3, neutral lipid content (19), and phospholipid content 
(20). 


Sprdgue-Dawley rats (-400 g) were administered test agents for 14 d 
orally. On day 13, 10 pCi of [3H]cholesterol was administered, orally in rats, 
and according to procedures described previously (2). tissue samples were 
combusted4 or plated on filter paper, dried and digested for 24 h in base’ at 
4OoC, and counted6. Results were expressed as disintegration/min (dpm) per 
total organ. 


Sprague-Dawley rats (-400 g) were administered the test drug intra- 
peritoneally for 14d at 20mg/kg/d. On day 13, 1OpCi of [1,2-3tl]cholesterol 
(40.7 Ci/mmol) was administered to the rat, orally. Twenty-four hours later, 
the blood was collected and the serum was separated by centrifugation 
(21 ). 


Sprague -Dawley male rats (-350 g) were treated with test drugs at 20 
mg/kg/d orally for 14 d. After anesthetizing the animal, the bile duct was 
cannulated as previously described (2). [ I  ,2-3H]Cholesterol (40.7 mCi/mmol) 
(10 pCi) was administered orally 18 h prior to commencing the surgery. The 
bile was collected over the next 6 h and the volume (mL) measured. Aliquots 
were counted6 and analyzed for [3H]cholesterol content (4). 


Sprague-Dawley male rats (-350 g) were administered test drugs at 20 
mg/kg/d orally. Blood was collected from the abdominal vein and lipoprotein 
fractions were obtained by the method of Hatch and Lees (22) and Have1 er 
a/.  (23). Each fraction was analyzed for cholesterol (4), triglyceride3, neutral 
lipids (19). phospholipids (20), and protein levels (24). 


RESULTS 


N2-n-Butylindazolone proved to be a potent hypolipidemic agent in mice 
and rats after intraperitoneal and oral administration, respectively. In mice, 
thc dose affording the maximal lowering effect was 20 mg/kg/d, reducing 
serum cholesterol 53% and serum triglyceride levels 56%. This dose was 
slightly less effective in rats, lowering the levels of cholesterol 44% and tri- 
glycerides 53% (Table I). 


Examination of in oitro enzymatic activities in CF, mice (Table 11) dem- 
onstrated that mitochondrial citrate exchange was effectively reduced 34% 
at 100 p M  and 43% at 200 pM. In tiirro ATP-dependent citrate lyase activity 
was suppressed 35% at  200 pM. Acetyl CoA synthetase activity was lowered 
46% at  100 p M  and 49% at 200 pM. H M C  CoA reductase activity was re- 
duced 28% at the lower concentration (50 p M )  but returned to more normal 
levels of activity at 100-200 pM. Cholesterol side-chain oxidation was reduced 


~ ~~ ~~ 


Triglyceride Kit (bmc); Bio-Dynamics. 
Tissue-Oxidizer: Packard. 


5 Hyamine Hydroxide; New England Nuclear. 
6 Fishcr Seintiverse in a Paekard Scintillation Counter. 
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Table I-Hypolipidemic Activity of NZ-n-Butylindazolone in Male CFI Mice and Sprague-Dawley Rats 


Mice (Intraperitoneal Dose) - Rats (Oral Dose) 
Serum Serum 


Serum Cholesterol Triglyceride Serum Cholesterol Trig1 yceride 
ComDound Dav 9 Dav 16 Day 16 Day 9 Day 14 Day I4 


N2-n-Butylindazolone 
10 mg/ks/d 
20 mnlknld 


- - - 86 f 7b 58 f 6c 64 f 6c 
86 f 6b  47 f 4c 44 f 4c 92 f 8 56 f 6c 47 f 5 c  


- - - io mi)ki)d 
72 f 6c  56 f S c  50 f 4c 


60 mg kg/d 67 f 6c  55 f 4c 50 f 4c - - - 
Control 1 I% Carboxymethylcellulose) l00f 7d 100 f 6c  100 f 7f 100 f 88 100 f 7h 100 f 7’ 


Expressed as percent of control (mean f SD); n = 6. * p  5 0.010. c p  5 0.001. 1 I8 mg W .  122 mg96.J 137 m g 8 .  73 mg 96. * 78 mg W .  I I10 mg W .  


Table 11-In Vitm Effects of NZ-n-Butylindnzolone on CFI Mouse Liver- 
Enzyme Activities * 


Enzyme Assay Control 50pM 100pM 200pM 


Mitochondria1 citrate exchange 100 f 7d 71 f 6c 66 f SC 
ATP-de ndent citrate lyase 100f6e101  f 7  7 8 f 6 C  
Acet I E A  synthetase 100 f 19 73 f 6c 54 f 7c 
HM& C ~ A  reductase 100 f 9; 72 f 5 c  81 i 7b 
Cholesterol side-chain oxidation 100 f 5 - 71 f 6  
Acetyl CoA carboxylase 1 0 0 f 6 ’  9 1 f 7  9 0 f 6  
Fatty acid synthetase 1 0 0 f 8 J  91 f 7  8 5 f 7  
sn-Glycerol-3-phosphate acyl 


Phosphatidate phosphohydrolase 


100 f 7k 73 f 6‘ 45 f 5 c  


100 f 7‘ 100 f 8 74 f 6c 
transferase 


57 f 6e  
65 f 6c  
51 f 5 c  
92 f 8 


90 f 7 
73 f 6c 
53 f 5 c  


57 f 7c 


- 


0 E x p r d  as pcrcen! of control (mean f SD); n = 6. p -< 0.01. p 5 0.001. 30.8% 
exchange of mitochondria1 citrate. 30.5 mgof citratc hydrolyz.cd/g wet tissue/20 min. 
J 28.5 mg of acetyl CoA formed/ wet tissue 20 min. 8 384,900 dpm of cholesterol 
formed/g wet tissue/60 min. h 60!0 dpm of d l 0 2  formed/g wet tissue/l8 h. ’ 32,010 
dpm/g wet tissue/30 min. J 37.656 dpm g wet tissue/20 min. 537,800 dpm/g wet 
tissue/2Omin. ’ 16.7 p P J g  wet tissue/l/min. ’ 


29% at 100 pM. The activities of regulatory enzymes of triglyceride synthesis, 
sn-glycerol-3-phosphate acyl transferase and phosphatidate phosphohydrolase 
were significantly inhibited by N2-n-butylindazolone. The former was in- 
hibited 55% at 100 WM and 47% at 200 pM. The latter was suppressed 26% 
at 100 pM and 43% at 200 pM. The effects of N2-n-butylindazolone on in 
uiuo enzyme activities of mouse liver (Table 111) were a 38% suppression of 
acetyl CoA synthetase activity at 60 mg/kg/d and a 20% inhibition of HMG 
CoA reductase activity at 10 mg/kg/d. Acetyl CoA carboxylase activity was 
suppressed 2&30% for all of the doses tested. Fatly acid synthetase activity 
was reduced 25% at 20 mg/kg, but the agent had no effect at other doses. 
Phosphatidate phosphohydrolase activity was reduced in a dose-dependent 
manner with 60 mg/kg/d resulting in a 59% reduction. sn-Glycerol-3-phos- 
phate acyl transferase activities were inhibited >20% at 10 and 20 mg/kg/ 
d. 


Lipid content was lowered 20% in  the liver and 65% in the small intestine 
after dosing rats 20 mg/kg/d for 14 d. Cholesterol content in the liver was 
lowered to 29%. triglyceride level and neutral lipids were reduced 21 and 3496, 
respectively; phospholipid content was elevated 24%. In the small intestine, 
cholesterol, triglycerides, and neutral lipid levels were lowered 27,84, and 80%. 
respectively. In the feces, lipid content and cholesterol levels were elevated 


5% and 8% which IS not significant, but there were elevations in the levels of 
neutral lipids and phospholipids which were significantly different from the 
control (Table IV). 


The serum lipoprotein fractions obtained from rats treated for 2 weeks 
showed decreased cholesterol, triglyceride, and neutral lipid levels in all four 
lipoprotein fractions. Phospholipid levels were generally not affected with the 
exception of the high density lipoprotein which had a 14% reduction (Table 
1V). 


[3H]Cholesterol distribution after 2-weeks dosing in rats shoved that 
cholesterol was not accumulated in the brain, lung, heart, liver, or spleen. On 
the other hand, higher concentrations of cholesterol were found in the small 
intestine (52%), large intestine (129%), chyme (80%), and feces (60%) when 
compared with control values. Bile excretion studies showed a 28% increase 
in [3H]cholaterol excretion in the bile on day 14, and studies also demon- 
strated a 95% suppression of absorption of [3H)cholesterol from the intestine 
after oral administration over a 24-h period (Table V). 


Organ weights of the control and treated animals did not differ significantly 
although those of the treated animals were slightly lower. The weight of the 
control and treated animals increased 9.76% and 5.86%, respectively, over 
two weeks. Daily food intake (g/d) was 30.39 for the control and 28.75 for 
the treated group. Adrenal weights were not altered by drug treatment indi- 
cating that there was no compensating hypertrophy of the adrenal cortex to 
produce increased steroidogenesis. 


Data in Tables I-V are expressed as percent of control f SD. The probable 
significance level @) between each test group and the control group was de- 
termined by the I test. 


DISCUSSION 


In comparing the mode of action of N2-substituted indazolone to N-sub- 
stituted cyclic imides and derivatives [e.g., phthalimide (2). saccharin (2), 
and I’,8‘-naphthalimide (25)l. some similarities exist. All of these agents 
inhibit mitochondria1 citrate exchange decreasing the availability of the key 
intermediate, acetyl CoA, which is required for fatty acid and cholesterol 
synthesis. All of the N-substituted imides block the two regulatory enzymes 
of triglyceride synthesis (sn-glycerol-3-phosphate acyl transferase and pho- 
sphatidate phosphohydrolase) and showed marginal inhibition of HMG CoA 
reductase, the regulatory enzyme of cholesterol synthesis. Differences which 
exist between N-substituted indazolohe and N-substituted saccharin, 
phthalimide, and I’.8‘-naphthalimide cyclic imides include marginal inhibition 


Table 111--10 Vivo Eflects of N2-n-Butylindnzolone on CF1 Mouse Liver-Enzyme Activities’ 


ATP-Dependent Acetyl HMG CoA 
Compound Citrate Lyase CoA Synthetase Reductase 


NZ-n-But lindazolone 
1 0  mg/L/d 
20 mg/kg/d 
40 mg/kg/d 
60 mg kg/d 


Control (1% carboxymethylcellulose) 


NZ-n-Butylindazolone 
10 mg/kg/d 
20 mg/kg/d 
40 mg/kg/d 
60 mg kg/d 


Control (I % carboxymethylcellulose) 


97 f 8 
1 0 0 f 6  
101 f 7  
92 f 7 


100 f 8c 


99 f 7 
98 f 6 
91 f 7  
62 f 5 c  


100 f 71 


80 f lC  
91 f 7  
91 f 6  
98 f 8 
I00 f 68 


sn-GI ycerol- 
Phosphatidate 3-Phosphate Acetyl Fatty Acid Acyl Transferase 


77 f 6c 93 f 7 75 f 7c 79 f 6c 
69 f S C  75 f 6c 68 f 6c  72 f 7c 
78 f 5‘ 94 f 7 58 f 5 c  84 f 8b 
80 f 6 ;  102 f 8 41 f 5 f  88 f 7 


100 f 5 100 f 63 100f7 100 f 7k  


CoA Carboxylase Synthetase Phosphohydrolase 


0 Sec legend for Table 11. 
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Table IV-In Vivo Effects of N2-n-Butylindazolone on Lipid Levels in Liver, Small Intestine, Feces, Bile, and Serum Lipoprotein Fractions of Rats. 


Lipid, mg Cholesterol Triglycerides Neutral Lipids Phospholipids Proteins 


Control 1 0 0 f 8  100 f 7d 100 f 6' l 0 0 f 7 f  l 0 0 f 9 I  100 f 8h 
Treated 80 i 7h 71 f 6 C  81 i s C  66 f 6c 1 2 4 f 8  102 f 8 


Control 100 & 7 100 f 6' 100 f 7J 100 f 8& l 0 0 f 8 /  100 f 7"' 
Treated 35 f 4c 73 f 6r  I6 f 3c 20 f 4c 75 f 6< 104 f 6 


Control l O O f 8  100 f 7" I00 f 6O 100 f 8P 100% 84 100 f 8' 
Treated I05 i 7 107 f 8 1 1 4 f 5 C  125 f l r  131 f 7c 76 f 7 


Liver 


Small intestine 


Feces 


Serum lipoprotein 
Chylomicron 


Control 
Treated 


- 100 f 7$ 100 f 5' 100 f 7" 100 f 7' 100 f 6" 
- 66 f 6c 65 f 4' 10f I 102 f 8 108 f 7 


Very low-density lipoprotein 
Control - 100 f 7x 100 f 6Y 100 f 72 100 f 8"" 100 f 5bb 
Treated - 33 f 3c 42 f S C  60 f 6c  I07 f 9 8 8 f 6  


Control - 100 f gCc 100 f 7dd 100 f 8'' 100 f 9ff 100 f 7k-I 
Treated - 33 f 2c 78 f 5 c  67 f 6' 1 1 5 f 6  92 f 6 


Control - 100 f ghh 100 f 7'' 100 f bJJ 100 f 7kk 100 f 71' 
Treated - 23 f Z C  34 f 4c 60 f S C  86 f 6b I06 f 7 


Low-density lipoprotein 


High-density lipoprotein 


After 14 d of dosing, expressed as percent of control (mean f SD), n = 6. p 5 0.010. p 6 0.001. d 24.03 mg cholesterol/g tissue. 
mg triglyceride/g tissue. I7.19 mg. 
4 1.39 kg/f ' 6.99 mg/g. 5 331 pg/mL. 61 pg/mL. " 420 p / m L  " 149 fig/mL. 
pg/mL. d 10 pg/mL. 


44.1 1 mg neutral lipid/g tissue. f 6.37 
33.94 mg/g. P 1.86 mg/g. 


26 pg/mL. bb 50 pg/mL. cc 210 
4.5 mg protein/g wet tissue. 7.82 mg/g. J 6.98 mg/g. 1.12 mg/g. I2.06 mg/g. 42 mg/g. " 28.47 mg/g. 


184 pg/mL. I90 p /mL Y 98 fig/mL. * 22 pg/mL. 
45 pg/mL. ff 41 pg/mL. 18 122 p g f m L .  h h  544 pg/mL. I f  620 pg/mL. J j  21 pgfmL.  k k  I53 pg/mL. 657 pg/mL. 


Table V-Effects of NbBulylindazolone on [3H]Cholesterol Distribution 
in Rats 


Organ Weight, g Total Organ dpm 
Organ Control Treated Control Treated 


Brain 
Lung 
Heart 
Liver 
Kidney 
Spleen 
Adrenal 
Stomach 
Small intestine 
Large intestine 
Chyme 
Feces 


I .866 
1.766 
1.333 


12.000 
2.900 
0.566 
0.036 
2.066 
8.333 
4.100 
5.866 
5.702 


I .766 
I .661 
1.001 


I I .682 
2.466 
0.666 
0.034 
2.100 
8.400 
5.000 
3.233 
6.566 


29, I I 5  12,956 
15,350 12,838 
24.582 21.868 
47,429 25,756 


5,875 5.191 
19,388 15,988 


1 1,375 40,005 
15,291 37,298 
47,109 108,044 


102,772 185,024 
320,454 512,301 


- - 


I? 24 h after administration for 14 d; n = 6. 


of fatty acid synthesis at the lower doses by theN-substituted indazolone; the 
latter agent also suppresses appctite. The N-substituted indazolone did lower 
lipid levels in the liver and small intestine of the rat with increased lipid levels 
in the fecal material after I4 d of dosing. Lower levels of cholesterol, triglyc- 
erides, and neutral lipids of the four blood lipoprotein fractions were evident 
after drug therapy. The A'-substituted indazolone derivatives more consistently 
lowered lipid content of the four lipoprotein fractions when compared with 
cyclic imides. Whereas the ratio of cholesterol level of high density lipoprotein 
to low density lipoprotein probably did not change significantly, lower levels 
were noted in both lipoprotein fractions. Supposedly, lower levels of cholesterol 
in the low density fraction and higher levels of cholesterol in high density li-  
poprotein fraction protect against lipid deposition in the atherogenic plaque 
of the blood vessel and leads to clearance of lipoproteins from the blood. 


Like N-substituted cyclic imides, [3H]cholesterol distribution and excretion 
was altered by N2-n-butylindazolone. First, after oral administration of 
cholesterol, GI tract absorption over a 24-h period was reduced markedly, 
Second, there was less cholesterol in the major organs, e.g., brain, liver, heart, 
lung, and kidney. Third, drug therapy resulted in larger amounts of labeled 
cholesterol being excreted by the fecal route compared with the control. 
Fourth, the increase in fecal [3H)cholesterol may reflect the decreased ab- 
sorption of cholesterol caused by the drug and the increase in biliary excretion. 
The N-substituted indazolone derivatives appeared to be more effective than 
cyclic imides in  reducing cholesterol absorption and appeared to be slightly 
less effective in reducing liver regulatory enzyme activity than cyclic imides. 
For example, phthalirnidc and saccharin reduced cholesterol absorption 56% 
and 33%, respectively, whereas N2-n-butylindazolone resulted in  a 95% re- 
duction. However. phosphatidate phosphohydrolase activity was reduced 97% 


by phthalimide at 60 mg/kg/d and 70% by saccharin at 100 mg/kg/d, 
whereas N2-n-butylindazolone at 60 mg/kg/d only lowered the activity 59%. 
its maximum effect. Thus, the modes of action of cyclic imidcs in lowering 
body lipids vary from compound to compound, usually affecting the same 
biochemical parameter but having different magnitudes of response. All of 
the tested cyclic imides to date appear to have multiple sites in metabolism 
on which they act to lower serum lipid levels in  the body. 


In conclusion, Nz-n-butylindazolone appears to be a potent hypolipidemic 
agent and, like cyclic imides tested, more potent than clofibrate which is 
commercially available. The therapeutic index was well within safe utilization 
of the compound and the compound7 effectively suppressed both serum cho- 
lesterol and triglyceride levels. 
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Abstract 0 Tris(2-butoxyethyl) phosphate (I), a plasticizer commonly found 
in evacuated blood collection tubes, displaces many basic drugs from their 
binding sites on serum proteins and causes them to redistribute from serum 
into red blood cells (i.e.,  artificially lowering serum or plasma drug concen- 
tration). Thus, the ability to quantitate I in serum or plasma may be helpful 
in establishing the suitability of various lots of evacuated blood collection tubes 
for use in drug level monitoring and pharmacokinetic studies. In the process 
of establishing a minor modification of an assay which has been reported, 
remarkable and reproducible interindividual variability (n = 10) i n  the slope 
of standard curves was obscrved (range, 0.0143-0.0486). This variability 
appeared to be caused by differences in the recovery of I from the serum of 
these individuals. The source of this difference seemed to be related to serum 
lipoprotein concentration since the slope of standard curves was highly cor- 
related with serum triglyceride concentration ( r  = -0.800) as  well as  with 
the sum of serum triglyceride and cholesterol concentrations ( r  = -0.88 I ) .  
These observations suggest that the examination of interindividual differences 
in the recovery of drugs and related compounds from serum should be a routine 
part of assay development. 


Keyphrases 0 Tris(2-butoxyethyl) phosphate-recovery variability, human 
serum, correlation to lipoprotein, triglyceride and cholesterol levels 


Tris(2-butoxyethyl) phosphate ( I ) ,  a plasticizer found in 
the rubber stoppers of many evacuated blood collection tubes 
and in some catheter materials, has been shown to significantly 
displace basic drugs such as propranolol ( I ) ,  quinidine (2), 
lidocaine (3), imipramine (4), and alprenolol (4) from their 
binding sites on al-acid glycoprotein (the principal base 
binding protein in human serum). Spuriously low (typically 
25%) plasma or serum concentrations accompany this dis- 
placement due to increased partitioning of the drugs into red 
blood cells (1, 3). Artifacts related to this phenomenon may 
pervade much of the published data describing the pharma- 
cokinetics of this type of compound. Furthermore, this artifact 
may adversely affect therapeutic drug monitoring. Specifically, 
it is likely that different lots of evacuated blood collection tubes 
cause varying amounts of “displacing activity” (3)  and that 
different lots of tubes may be used to collect blood during a 
hospital admission. Thus, the capacity to approximate the 
concentration of I in plasma or serum samples is important. 


A second reason to examine the analysis of I in biological 
fluids was that preliminary studies in this laboratory suggested 
remarkable intersubject variability in the slopes of standard 
curves for I in human serum. It is well known that the recovery 
of some compounds is dependent upon the biological fluid 
(urine, blood, serum, etc.) being extracted. For example the 
lidocaine metabolites, monoethyl-glycinexylidide and gly- 
cinexylidide, have a significantly lower recovery from serum 
than from urine ( 5 ) .  The present text describes the evidence 
for large (approximately threefold) interindividual differences 
in the recovery of I from serum, provides preliminary obser- 
vations regarding the plasma constituents which exhibit co- 
variance with these interindividual differences, and presents 
a description of analytical methods which allow the estimation 
of I in serum samples. 


EXPERIMENTAL SECTION 


Tris(2-butoxyethyl) phosphate’ and dioctyl phthalatel were used as  re- 
ceived. All solvents were spectral or HPLC grade. 


Standard Assay of I in Serum-The concentration of I in serum samples 
was determined using a minor modification of a previously published proce- 
dure (4). The original extraction method was modified by increasing the or- 
ganic to aqueous phase volume ratio from 2:1 to 10: I .  To a 0.50-mL serum 
sample was added 5 mL of dichloromethane containing I .O gg/mL of dioctyl 
phthalate as an internal standard. The mixture was agitated on a fixed-angle 
rotary mixer (20 rpm) for 10 min and centrifuged ( IOOOXg). The organic 
phase was transferred to a clean tube and evaporated to dryness. The residue 
was redissolved in 25 p L  of ethyl acetate, and I p L  was injected into a gas 
chromatograph equipped with flame-ionization detectors*. This instrument 
contained glass columns (122 X 0.2 cm) packed with 3% OV-101 on 80/ 
IWmesh chromosorb W(HP)3. Helium was used as a carrier gas at a flow 
rate of 30 mL/min. The analysis was run isothermally at a column tempera- 
ture of 22OOC with injector and detector temperatures of 250°C. The flow 
rates of hydrogen and air were 30 and 300 mL/min, respectively. 


I Aldrich Chemical Company, Inc., Milwaukee, Wis. 


’ Alltech Associates. Arlington tleights, 111. 
Modcl 5730A; Hewlett Packard. 
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Abstract 0 A new, simple, and useful approach for the analysis of benzal- 
konium chloride is presented. A gas chromatograph (GC) has been used to 
pyrolyze benzalkonium chloride in a spccific and rcprcduciblc manncr to yicld 
two tertiary amines for each homologue of benzalkonium chloride present. 
These are separated by G C  and are used to determine the homologue w m -  
position of the bcn7alkonium chloride. These determinations can be made with 
an analysis time of 25 min/sample. 


Keyphrases 0 Benzalkonium chloride--determination by G C  0 GC-de- 
termination of benzalkonium chloride 


Benzalkonium chloride is used in pharmaceuticals as an 
antimicrobial preservative and is a mixture of homologous 
compounds (I) ,  where the R group represents an n-alkyl chain 
which can vary from 10-18 carbon atoms. The relative 
amounts of the different n-alkyl species in benzalkonium 
chloride solutions greatly affect the antimicrobial spectrum 
and activity on the mixture (1).  The current methods for 
analysis of benzdkonium chloride solutions according to the 
USP ( 2 )  rely upon titrimetric analysis of the total alkylben- 
zyldimethylammonium chloride based upon potassium iodate 
equivalents. Additionally, the ratio of n-alkyl components of 
benzalkonium chloride can be determined by microhydrogen- 
ation followed by solvent extraction and gas chromatography 
(GC). The ratio of alkyl components is then calculated and 
must meet specific USP requirements. These requirements 
state that the C12 homologue must comprise at least 40% of 
the total benzalkonium chloride content and that the C14 ho- 
mologue must be at least 20%. Furthermore, these two 
homologues together must comprise not less than 70% of the 
total content. 


Other methods have been reported for the determination 
of benzalkonium chloride, for example, ion-pairing techniques 
(3-5), direct titration involving tetraphenylboron sodium ( 6 )  
and iodate (7) .  Later methods of analysis have included MS 
using laser ionization (8), chemical ionization (9), and HPLC 
(10). 


GC methods include one based on a modified Hofmann 
degradation of benzalkonium chloride with subsequent anal- 
ysis of the formed benzyldimethylamine and the corresponding 
alkene (1  1). Another method involves chemical derivatization 
of the benzalkonium chloride to introduce specific functional 


groups into the derivatives which are amenable to GC with 
enhanced detectability using electron capture and nitrogen- 
specific thermionic detecting systems ( 1  2 ) .  


The procedure presented here determines directly the alkyl 
chain-length ratios of benzalkonium chloride species in samples 
of benzalkonium chloride in an easy, sensitive, and reliable 
operation. 


EXPERIMENTAL SECTION 


Apparatus--Measurements were carried out using a GC1 fitted with 
a flame ionization detector. The column used was a 0.9 m (2 mm i.d.) glass 
column packed with OV17 (3%) on Chromosorb W H P  (80/100 mesh). A 
10-pL syringe2 was used to inject samples. The chromatograms were recorded 
on a potentiometric recorder’ and peak area measurements were obtained 
using an integrator‘. 


Mass spectromctric measurements for identification of the GC pyrolysis 
products wcrc conducted using a spectrometer5 operating in the clcctron 
impact ionization mode. The mass spectrometric data was handled by a data 
system6. 


Reagents, Solvents, and Standards-The carrier gas for the G C  work was 
nitrogen; for MS work, the carrier gas was helium. The commercial samples 
of benzalkonium chloride were obtained from various manufacturers. Samples 
of benzalkonium chloride for analysis were prepared as solutions in methanol 
(0.5%). For confirmation, a benzalkonium chloride standard was obtained’. 
Individual pure benzalkonium chloride standards were examined with R = 
C14, C16. and CIS. The standards were also examined as solutions in methanol 
(0.5%). 


’ Model 204; Pye-Unicam. 
S.G.E. 
Model 2s; Servoscribe. 


4 Model 3390A; Hewlctt Packard. 
5 Models MS30  and MS50; Kratos. 


7 USP Convention Sample. 
Model DSSS; Kratos. 
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Scheme I-Gas chromaingraphy pyrolysis products of benzalkonium 
chloride ( I ) .  


Assay-AII ben7alkonium chloride samples were dissolved in methanol to 
give 0.5% solutions which were used for the GC determinations. The optimum 
conditions for programmed G C  were as follows: the oven start temperature 
was 100°C and this was programmed at 8.0°C/min up to 280'C; the flame 
ionization detector temperature was set at 350'C; the injection port tem- 
perature was 25OOC; the carrier gas flow-rate was 40 mL/min. The injection 


Table I-MS Data on the GC Pyrolysis Products of Pure Cld 
Benzalkonium Chloride 


GC Peak 
Retention 


time, Molecular Base Pcak. Identity of 
min Ion, m/z nt/z Compound 


0.8 I26/ I28 91 Benzyl Chloride 
5.2 24 I 58 Dimethylalkylamine (11)  


R = c14 
13.0 317 I34 Benzylmethylalkylamine (111) 


R = c14 


Table Il-Analysis of USP Benzalkonium Chloride Sample 


Homoloaue Label Claim. % Found. % 


0.8 
41.5 
49. I 


8.7 
0.0 


0.0 
41.3 
50.5 


8.2 
0.0 


Table Ill-Assay Reproducibility of the USP Sample 


size was 2 pL. The flame ionization detector sensitivity was 6.4 X 
scale deflection. 


A full 


RESULTS AND DISCtJSSION 


It has been shown previously (14) that when certain quaternary ammonium 
halides are pyroly7.ed thcy yield tertiary amines. knzalkonium chloride 
samples, when analyzed using the conditions described, yield two tertiary 
amines for each homologue of benzalkonium chloride present (Scheme I). 
The MS data supporting the structure of the pyrolysis products of the pure 
c14 benzalkonium chloride homologue are shown in Table I. 


The method was applied to mixtures of benzalkonium chlorides. Using the 
retention times of the pyrolysis products of pure benzalkonium chloride 
homologues, the distribution of benzalkonium chloride was determined in a 
USP convention sample. The result is shown in Table 11. 


As there are two compounds formed for each homologue present, there are 
three possible methods available for calculating the percentage distribution 
of benzalkoniurn chloride homologues: 


Method I-Determination of the ratio of the responses for pyrolysis 


Method 2-Determination of the ratio of the responses for pyrolysis 


Method 3-Ratio of the sum of the responses determined for the corre- 


Table 111 shows the reproducibility of the assay using the USP convention 
sample. The results of all three methods for calculating thc homologuc dis- 
tribution are shown. 


Since there is considerable variation in homologue composition between 
samples of benzalkonium chloride from different commercial sources, one 
commercial sample was analyzed by the new procedure. The chromatogram 
of the sample is shown in  Fig. 1 and the homologue distribution and repro- 
ducibility data are presen:ed in Table I V .  


This assay was also conducted using nonpolar silicone phases such as SE-30, 
OV-I, and OV-101 (all 0.9 m columns with 3% loadings). The results obtained 
were reproducible for benzalkonium chloride samples which were composed 
predominantly of the Clz, C14, and homologues, although they proved 
to be unsuitable i n  cases where the C I S  homologuc was present as the CIS di- 
methylalkylamine could not be resolved from the benzylmethylalkylamine. 
To  demonstrate the ability of the described systcm to separate the pyrolysis 
products, a commercial sample was spiked with pure CIS benzalkonium 
chloride homologue. The resulting chromatogram is shown in Fig. 2. 


Freshly packed OV- 17 columns required considerable conditioning before 
they were suitable for use. New columns appearcd to adsorb the dimethylal- 
kylamine degradation products strongly resulting in poor peak shape ( i x . ,  
considerable peak tailing). This was overcome by conditioning the columns 
by silylation and repeated injection with a bcnzilkonium chloride sample. such 


products (dimethylalkylamines) (11). 


products (benzylmethylalkylamines) (I I I). 


sponding pyrolysis products I I  and 111. 


S a m d e  c17 Cld Clh Total" 


Mean 
CV 


1 
2 
3 
4 
5 


Mean 
CV 


I 
2 
3 
4 
5 


Mean 
CV 


40.8 
41.4 
41.2 
41.3 
41.3 
41.2 
f 0.21 


42.1 
42.0 
42. I 
42.0 
42.0 
42.0 
f 0.05 


41.0 
41.5 
41.4 
41.4 
41.4 
41.3 
f 0.17 


Method I 
51.0 
50.4 
50.6 
50.4 
50.4 
50.6 
f 0.23 


Method 2 
50.0 
49.8 
50.0 
49.8 
50.2 
50.0 
f 0.15 


Method 3 
50.8 
50.8 
50.5 
50.3 
50.5 
50.5 
f 0.19 


8.3 
8.2 


8.2 
8.2 


8. I 
8.2 


f 0.06 


7.8 
x.2 
7.9 
x.2 
7.8 
8.0 


f 0.IX 


8.2 
8.2 
8.2 
8.2 
8 .  I 
8.2 


f 0.04 


100.0 
105.1 
99.5 


101.2 
102.4 
101.6 
f 2.00 


100.0 
106.3 
IOO.0 
103.9 
103.6 
102.8 
f 2.44 


IOO.0 
105.3 
99.6 


101.4 
102.6 
101.8 
f 2.06 


~ ___ 


Total response relative 10 sample I (100%). 
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Figure I-Chromatogram of a commercial benralkonium chloride 
sample. 


Table IV-Assny Reproducibility of  Commercial Sample 


111 


i“ 
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Figure 2-Chromutvgrum of a commercial benzalkonium chloride sample 
spiked with C I  8 benzulkonium chloride homolope. 


Sample Cl2 c14 Cl6 Total 


Method I 
1 58.4 34.9 6.7 100.0 
2 58.7 34.7 6.6 103.7 
3 59.8 33.8 6.4 105.1 
4 58.7 34.7 6.5 104.7 
5 58.9 34.5 6.6 101.9 


Mean 58.9 34.5 6.6 103.1 cv f 0.48 f 0.38 f 0.10 f 1.89 
Method 2 


1 58.8 34.7 6.5 100.0 
2 58.9 34.4 6.6 103.0 
3 58.9 34.5 6.6 100.9 
4 59. I 34.3 6.6 105.0 
5 59.0 34.4 6.6 99.9 


Mean 58.9 34.5 6.6 101.8 
CV f 0.10 f 0.14 f 0.04 f 1.97 


Method 3 
I 58.5 34.9 6.6 100.0 
2 58.7 34.7 6.6 103.6 
3 59.6 33.9 6.5 104.5 
4 58.8 34.7 6.5 104.7 
5 58.9 34.5 6.6 101.6 


Mean 58.9 34.5 6.6 102.8 cv f 0.37 f 0.34 f 0.05 f 1.81 


as the USP convention standard, until an adequate peak shape was achieved 
from all thermal degradation products. 
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Advances in Chromatography, Vol. 22. Edited by J. CALVIN GIDDINGS, 
ELI GRUSHKA, JACK CAZFS, and PHYLLIS R. BROWN. Marcel 
Dckker, 270 Madison Avenue, New York, NY 10016. 1983.344 pp. 15.5 
X 23.4 cm. Price $49.75. 
The latest volume maintains the high quality that chromatographers have 


come to expect from this invaluable series. Eleven authors present reviews of 
seven contemporary topical areas in  liquid chromatography. 


This volume is comprised of chapters dealing with HPLC and mass spec- 
trometry of neuropeptidcs, HPLC of amino acids, chromatographic resolution 
of racemates, H PLC of metal complexes, chromatography of carotcnoids and 
retinoids, HPLC of porphyrins. and small bore columns in liquid chroma- 
tography. Without exception. these reviews arc authored by individuals ac- 
tively working and publishing in their respective fields and all arc authoritative 
and well written. There is also reasonable uniformity of organization of the 
first six chapters, indicative of active editorial involvement i n  the final pub- 
lication. The final chapter focuses on the theoretical and practical application 
of a technology (small bore columns) rather than on a specificclass of com- 
pounds, and is also well written. albeit organized along different lines. 


Following a brief introduction, each chapter presents a critical rcvicw of 
the specific analytical problem using detailed examples. The summary sections, 
in  which the authors’ views toward the dircction that important developments 
will likely take, separates this treatment from a bland, noncritical review of 
a multitude of published articles. The chapters arc well referenced and gen- 
erally encompass the literature well into 1982, making this a reasonably up- 
to-date volume in  this rapidly changing field. 


Like previous volumes in this series, this book is more useful as a reference 
for scientists from many disciplines involved with separation problems than 
as a textbook in a specific graduate course. Because of its obvious emphasis 
on biologically important molecules (neuropeptides, amino acids, retinoids, 
and porphyrins), it is particularly recornmended to biochemists and clini- 
cal/analytical chemists involved with thcse separation problems. Its treatment, 
however, is sufficiently broad so that many other researchers who utilize 
HPLC should consider adding this to their personal libraries. 


Reoiewed by Jordan L. Cohen 
University of Southern Californiu 
School of Pharmacy 
Los Angeles, CA 90033 


Information Theoretic Indices for Characterization of Chemical Structures. 
By DANAIL BONCHEV. Research Studies Press. John Wiley & Sons, 
h e .  One Wiley Dr., Somerset, NJ 08873. 1983. 249 pp. 15.5 X 23.5 cm. 
Price $54.95 
This book is a presentation of information theory as i t  is applied to chemical 


structures. Regretably, the author devotes only eight pages to the basic 
Shannon equation-its meaning and broad implications in science. Much of 
the work presented in this book is based on Bonchev’s studies. Chapters 3 and 
4 deal with atomic and molecular information, respectively. Under the dis- 
cussion of molecules, the author briefly rcviews graph theory and some of the 
topological indices such as molecular connectivity. These arc not based upon 
probabilities, as is the Shannon equation, and so should not be classcd with 
indices based upon information theory. A large number of indices are reviewed 
i n  Chapter 4 based upon various attributes of molecular structure or their 
graphic representations. It is apparent that there is a rich potential herc for 
structure quantitation; however, practically no examples are presented where 
correlations with real physical properties arc achieved. Only 30 pages at  the 
end of the book are devoted to applications of any of the indices to chemical 
or biological problems. 


Much of the work presented in this book has yet to bear real fruit in terms 
of structure quantitation influencing physical or biological properties. Perhaps 
within a decade much will have been published using this approach in  QSAR 
studies and then this book may be regarded as a classic work. On that basis 
it is valuable to the scientist with a creative and pioneering spirit. I’m glad I’ve 
got a copy: 


Reoiewed by Lemont B. Kier 
Deportment of Medicinal Chemistry 
School of Pharmacy 
Virginia Commonwealth Unitiersity 
Richmond, VA 


The Clinical Research Process in the Pharmaceutical Industry. (Drugs and 
the Pharmaceutical Sciences, Vol. 19). Edited by GARY M. MATOREN. 
Marcel Dekker, Inc., 270 Madison Ave., New York NY 10016. 1984.549 
pp. 16 X 23.5 cm. Price $59.75. 
The first edition of this comprehensive reference covers all of the pertinent 


aspects of industrial pharmaceutical research and development. It represents 
a major step forward in the identification and description of the critical aspects 
of new drug development, which the book terms “pharmogenology.” 


The 27 chapters in this book have been written by a truly distinguished 
group of academicians, industrial scientists, and regulatory experts. Each 
chapter represents a step in the critical path through which each new drug 
must pass on its way towards an N.D.A. submission. In addition. there are 
a number of specialized chapters in this book dealing with critical aspects that 
form the background for the drug development process. In these chapters, the 
following topics are covered: Legal and Ethical Problems in Clinical Research; 
The Monitoring Process; Research Quality Assurance; The Role of Contract 
Research Organizations; The Impact of the Pharmaceutical Industry on 
Health Care; and Career Opportunities in  Industrial Clinical Research. 


The Clinical Research Process in the Pharmaceutical Industry is an in- 
dispensable reference for R&D managers in  the pharmaceutical industry. 
for clinical pharmacists in medical center hospitals, and for academicians and 
students in clinical research and drug regulatory affairs. 


Ketiiewed by Jack W. Keich 
Assistant Dean for  Research 


and Deoelopment 
Creighton Unioersity 
School of Pharmacy 
Omaha. NE 68178 


Drug Dosage and Administration-Modern Theory and Practice. By 
JOSEPH WARTAK. University Park Press, 300 North Charlcs Street, 
Baltimore, MD 21201. 1983. 173 pp. 18 X 26 cm. Pricc $32.50. 
This volume is authored by a research cardiologist from Canada who claims 


it is “intended for medical students and physicians.” The book is divided into 
five parts dealing with “Dosage of Drugs,“ “Drug Concentrations in Blood,” 
“Presentation of Drugs,” “Administration of Drugs,” and “Rational Use of 
Drugs.” Each part is further divided into five or more chapters. I n  addition, 
a slide rule is provided for dosage adjustment and calculations. The current 
volume appears to be closely related to another book, by the same author, 
entitled “Clinical Pharmacokinetics: A Modern Approach to Individualized 
Drug Therapy,” published by Praeger Scientific. 


Part I presents very basic information on drug dosage scales; concepts of 
minimal, maximal, and average doses; and individualimtion of drug dosage 
and dosage adjustment in children and in patients with renal impairment. Use 
of the slide rule is included in the illustrations. 


Part 11 deals with elementary pharmacokinetic principles presented in a 
manner that assumes that the reader is completely unfamiliar with any of these 
concepts. A few comments on the dose-response relationship are also included. 
Drug dosage forms including basic information on solid. semi-solid, liquid, 
long-acting, and sustained release dosage forms arc prescntcd in Part 111. 


Part I V  contains information on different modes of drug administration 
including enteral administration, intravcnous injection and infusion. pulmo- 
nary and local administration. and a few sentences on transdermal drug de- 
livery systems. Planning a treatment program. choice of drugs and thc outcome 
of drug treatment are discussed in Part V .  A bibliography of 5 2  references 
is presented at the end of the book. 


This book is a very superficial presentation of the many concepts embodied 
in  the disciplines of pharmacokinetics and biopharmacokinctics and their 
application to drug therapy. These concepts arc presented in such a simplistic 
fashion that the text can easily be read by a lay person. The book cannot be 
recommended for anyone other than the junior’medical student, nursing staff, 
or other paramedical personnel. It is of very limited value for the pharmacist, 
pharmacy student, academic physician, or pharmaceutical scientist. Its pur- 
chase, therefore, cannot be recommended. 


Reoiewed by lqbal Ramran 
School of Pharmacy 
Ikparrment of Pharmac~eurics 
State Unirersity of N e v  York ar Buffalo 
Buffalo. NY 14260 
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Abstract 0 Tris(2-butoxyethyl) phosphate (I), a plasticizer commonly found 
in evacuated blood collection tubes, displaces many basic drugs from their 
binding sites on serum proteins and causes them to redistribute from serum 
into red blood cells (i.e.,  artificially lowering serum or plasma drug concen- 
tration). Thus, the ability to quantitate I in serum or plasma may be helpful 
in establishing the suitability of various lots of evacuated blood collection tubes 
for use in drug level monitoring and pharmacokinetic studies. In the process 
of establishing a minor modification of an assay which has been reported, 
remarkable and reproducible interindividual variability (n = 10) i n  the slope 
of standard curves was obscrved (range, 0.0143-0.0486). This variability 
appeared to be caused by differences in the recovery of I from the serum of 
these individuals. The source of this difference seemed to be related to serum 
lipoprotein concentration since the slope of standard curves was highly cor- 
related with serum triglyceride concentration ( r  = -0.800) as  well as  with 
the sum of serum triglyceride and cholesterol concentrations ( r  = -0.88 I ) .  
These observations suggest that the examination of interindividual differences 
in the recovery of drugs and related compounds from serum should be a routine 
part of assay development. 


Keyphrases 0 Tris(2-butoxyethyl) phosphate-recovery variability, human 
serum, correlation to lipoprotein, triglyceride and cholesterol levels 


Tris(2-butoxyethyl) phosphate ( I ) ,  a plasticizer found in 
the rubber stoppers of many evacuated blood collection tubes 
and in some catheter materials, has been shown to significantly 
displace basic drugs such as propranolol ( I ) ,  quinidine (2), 
lidocaine (3), imipramine (4), and alprenolol (4) from their 
binding sites on al-acid glycoprotein (the principal base 
binding protein in human serum). Spuriously low (typically 
25%) plasma or serum concentrations accompany this dis- 
placement due to increased partitioning of the drugs into red 
blood cells (1, 3). Artifacts related to this phenomenon may 
pervade much of the published data describing the pharma- 
cokinetics of this type of compound. Furthermore, this artifact 
may adversely affect therapeutic drug monitoring. Specifically, 
it is likely that different lots of evacuated blood collection tubes 
cause varying amounts of “displacing activity” (3)  and that 
different lots of tubes may be used to collect blood during a 
hospital admission. Thus, the capacity to approximate the 
concentration of I in plasma or serum samples is important. 


A second reason to examine the analysis of I in biological 
fluids was that preliminary studies in this laboratory suggested 
remarkable intersubject variability in the slopes of standard 
curves for I in human serum. It is well known that the recovery 
of some compounds is dependent upon the biological fluid 
(urine, blood, serum, etc.) being extracted. For example the 
lidocaine metabolites, monoethyl-glycinexylidide and gly- 
cinexylidide, have a significantly lower recovery from serum 
than from urine ( 5 ) .  The present text describes the evidence 
for large (approximately threefold) interindividual differences 
in the recovery of I from serum, provides preliminary obser- 
vations regarding the plasma constituents which exhibit co- 
variance with these interindividual differences, and presents 
a description of analytical methods which allow the estimation 
of I in serum samples. 


EXPERIMENTAL SECTION 


Tris(2-butoxyethyl) phosphate’ and dioctyl phthalatel were used as  re- 
ceived. All solvents were spectral or HPLC grade. 


Standard Assay of I in Serum-The concentration of I in serum samples 
was determined using a minor modification of a previously published proce- 
dure (4). The original extraction method was modified by increasing the or- 
ganic to aqueous phase volume ratio from 2:1 to 10: I .  To a 0.50-mL serum 
sample was added 5 mL of dichloromethane containing I .O gg/mL of dioctyl 
phthalate as an internal standard. The mixture was agitated on a fixed-angle 
rotary mixer (20 rpm) for 10 min and centrifuged ( IOOOXg). The organic 
phase was transferred to a clean tube and evaporated to dryness. The residue 
was redissolved in 25 p L  of ethyl acetate, and I p L  was injected into a gas 
chromatograph equipped with flame-ionization detectors*. This instrument 
contained glass columns (122 X 0.2 cm) packed with 3% OV-101 on 80/ 
IWmesh chromosorb W(HP)3. Helium was used as a carrier gas at a flow 
rate of 30 mL/min. The analysis was run isothermally at a column tempera- 
ture of 22OOC with injector and detector temperatures of 250°C. The flow 
rates of hydrogen and air were 30 and 300 mL/min, respectively. 


I Aldrich Chemical Company, Inc., Milwaukee, Wis. 


’ Alltech Associates. Arlington tleights, 111. 
Modcl 5730A; Hewlett Packard. 


0022-3549f 8# 7200- 179 1$0 1.OOf 0 
@ 1984. American Pharmaceutical Association 


Journal of Pharmaceutical Sciences f 1791 
Vol. 73, No. 12, December 1984 







Table I-Serum Biochemistry a d  Characteristics of the Tris(2-butoxyethyl) Phosphate Standard Curves Observed in Normal Volunteers 
~~~ 


Sum of Serum 
Serum High-Density Trig1 yceride 


a,-Acid Serum Serum Lipoprotein Serum and 
Standard Glycoprotein Albumin Triglyceride Cholesterol Cholesterol Cholesterol 


Curve Conc., Conc., Conc., Conc., Conc., Conc.. 
Subject Slope r mg/dL g/dL mg/dL mg/dL mg/dL mg/dL 


1 0.04855 0.970 57 4.6 32 52 155 187 
2 0.03290 0.996 58 4.7 55 93 187 242 
3 0.03225 0.997 63 - 30 69 192 222 
4 0.02985 0.989 86 4.6 65 49 198 263 
5 0.02290 0.991 88 5.0 I66 52 212 378 
6 0.02280 0.980 74 4.7 181 49 I69 350 
7 0.02035 0.966 80 5.0 95 48 I93 288 
8 0.01865 0.972 61 4.7 29 I 56 I39 430 
9 0.0 I655 0.993 71 4.9 I93 56 258 45 1 


10 0.01425 0.984 I10 4.5 275 50 204 479 


TRIS(2-BUTOXYETHYL) PHOSPHATE 
CONCENTRATION, pglmL 


Figure 1 -The intersubject variability of peak height ratio /tris(l-butoxy- 
ethyl) phosphateldioctyl phthalate] as a function of the concentration of 
tris(2-butoxyethyl) phosphate added to human serum with dfferent normal 
volunteers. The identification number of each uolunteer 1s given at the end 
of each standard curve. 


Preparation of Standard Curves for I-Serum samples for use in the prep- 
aration of standard curves were drawn into glass syringes. Ten normal adult 
voluntcers (eight males and two females) ranging in age from 23 to 37 years 
served as study subjects. Each volunteer gave 50 mL of blood to allow the 
construction of standard curves for I (0, 10,20,30,40, and 50 pg/mL) as well 
as to perform the battery of biochemical tests intended to identify the basis 
for the interindividual differences in standard curve slope (see below). Com- 
pound I was added to serum samples as a methanol solution4. Peak height 
ratios were plotted versus concentrations of I. Linear least-square regression 
analysis was used to determine the slopes, y-intercepts, and correlation 
coefficients of the lines of best fit. Repeated standard curves and single-con- 
centration quality-control checks performed on numerous occasions were 
consistent with the interindividual slope differences observed in this study. 


External Standard Experim%ts--ln an effort to determine if the inter- 
subject differences in the standard curves weredue tovariable recovery of the 
internal standard (dioctyl phthalate)’, this compound was added as an external 
standard and as an internal standard to separate aliquots of serum from 
subjects 2 and 9 (concentration of I was 30pg/mL). One set of the samples 
was extracted and assayed as described above with the exception of the transfer 
of an exact volume (3.0 mL) of organic phase to a clean tube. The other set 
of serum samples from the same subjects was extracted with 5 mL of blank 
dichloromethane (without internal standard) and 3.0 mL of this organic phase 


‘ Preliminary studies indicated that initial evaporation of the methanol using either 
a stream of nitrogen or a 50°C water bath caused a loss >XI% of I (i.e.. as stimated from 
reduction in peak height ratio). Later studies comparing samples dried at room tem- 
perature (18 h) to those prepared by the addition of ]as a methanol solution yielded es- 
sentially identical results (i .e..  standard curves). Thedata from this series of studies were 
all obtained with serum samples containing <S% methanol (v/v). 


was transferred to a clean tube. Five micrograms of dioctyl phthalate in 1 .O 
mL of dichlorornethane was added as an external standard. Blank dichloro- 
methane (1  .O mL) was added to the control samples. All samples were then 
assayed as described above. 


Effect of Alteration of Extractioa Conditions-Overuiew-The primary 
objective of the following experiments was to establish a method which min- 
imized or eliminated the intersubject differences in the extraction of 1 from 
serum. Pooled serum samples from individuals known to exhibit high recovery 
(subjects 1-3) or low recovery (subjects 8-10) of I were used for this series 
of studies. 


Multiple Extraction Experiment-The assay procedure for I was modified 
to include repeated extractions o f 0 3  mL of serum with dichloromethane (5.0 
mL X 3). The first organic phase was transferred to a clean test tube leaving 
the aqueous phase in the original test tube. An additional 5 mL of dichloro- 
methane (without internal standard) was added to the aqueous phase. This 
sample was then rotary mixed for 10 min. centrifuged, and transferred as 
described above. This procedure was repeated a third time and the pooled 
dichloromethane extracts containing I and internal standard were evaporated 
to dryness and chromatographed as described5. 


Ethyl Acetote Experiment-Serum samples (0.25 mL) were extracted as 
described above except that 5 mL of ethyl acetate containing 0.5 pg/mL of 
dioctyl phthalate was used instead of dichloromethane. Evaporation of the 
organic phase and GC was then performed as described above. 


Assay of Serum Triglycerides, Total Cholesterol, High-Density Lipoprotein 
Cholesterol, Albumin, and al-Acid Clycoproteim-Serum concentrations of 
cholesterol, high-density lipoprotein cholesterol, and triglycerides were de- 
termined by previously described methods (7, 8). Serum albumin concen- 
trations were determined using an auto analyze@ and the concentration of 
al-acid glycoprotein in serum was determined using a radial immunodiffusion 
assay’. This last procedure was performed in a manner to yield a coefficient 
of variation of 9.5%. 


Statistical Analysis-All data are presented as population mean f SD 
unless indicated othewise. The quality of the various standard curves was 
estimated using linear regression analysis. 


RESULTS AND DISCUSSION 


Using the standard assay procedure described above, the lower limit of 
detection for I was 1 I,cg/mL and standard curves were linear to at least 50 
pg/mL (standard curves were performed using single determinations at six 
concentrations; see above). A linear relationship between peak height ratio 
and serum concentrations of I was observed in all subjects. The range ofcor- 
relation coefficients was 0.965-0.999 (mean = 0.984). A greater than 
threefold intersubject variability in slopes of standard curves was observed 
with a range of 0.0142-0.0486 (Table I, Fig. I ) .  


Addition of dioctyl phthalate as an external standard confirmed that the 
intersubject variability was related to the extraction of I and not the internal 
standard. Thedata presented in Table I I  demonstrate that a threefold range 
of s l o p  exists between “high” and “low” extraction sera independent of when 
the dioctyl phthalate is introduced. The diminished peak height ratio observed 


A number of other alterations in the extraction procedurc. including protein pre- 
cipitation with trichloroacetic acid and dilution of serum with distilled water. werealso 
evaluated as methods to reduce the intersubject variability in the recovery of 1. These 
ap roaches wcrc all unsuccessful. 


gModel SMA-2: Technicon Corporation. 
’. M-partigen; Calbiochcm-Behring Corp.. 1.a Jolla. Calif. 
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Table Il-Influence of Selected Treatments on the Peak Height Ratio of Tris(Zbutoxvethvl1 Phosohate to Dioctvl Phthalate 


Peak Height Ratio from 
High-Extraction Serum Low-Extraction Serum Peak Height Ratio from Low-Extraction Serum 


Peak Height Ratio from Peak Height Ratio from High-Extraction Serum/ 


Extcrnal Standard Experiment" 
Internal standard (control) 1.17 f 0 . 0 6 0 0  0.396 f 0.0295 
External standard 0.614 f 0.0483 0.225 f 0.0177 


Multiple Extraction Experimentb 
0.871 f 0.152 0.685 + 0.1 18 


2.96 
2.73 


1.27 


a The serum used in this studv was from subjcct 2 (high cxtraction) and subject 9 (low extraction). The serum used in these studies were prepared by pooling Serum from subjects 
I ,  2, and 3 (high extraction) a i d  8.9,  and 10 (low extraction). 


Table 111-Intersubject Variability in Peak Height Ratio When Ethyl 
Acetate is Used in Place of Dichloromethane' 


Subject Peak Height Ratio 


2 
3 
5 
8 
9 


10 


1.1232 f 0.1435 
1.7668 f 0 . 1 3 1 9  
1.5404 f 0.0680 
1.8942 f 0.0400 
1.1761 0.0162 
I .6229 f 0.0235 


0 All serum samples contained I at a concentration of 30 pg/mL 


in the external standard component of this study is presumably related, at least 
in part, to the incomplete recovery of dioctyl phthalate when it is used as  an 
internal standard. 


The results of the cxperiments utilizing repeated extraction to eliminate 
the intersubject difference in the recovery of I are also presented. Multiple 
extractions with dichloromethane substantially reduced the intersubject 
variability in the peak height ratio of I/dioctyl phthalate (Table 11). However, 
this procedure was substantially more laborious than the standard procedure. 
Replacing dichloromethane with ethyl acetate (Table 111) did result in elim- 
ination of much of the variability. Though this assay still has limitations, it 
appears to be the best procedure presently available (i.e., assuming that blank 
serum which could bc used to preparc an individual's own standard curve is 
unavailable). The use of ethyl acetate as the organic phase for the extraction 
of I from serum samples eliminates much of the intersubject variability and 
enables investigators to ensure the absence of 1 from study samples. 


The chemical basis for this variability has not been established. However, 
highly significant correlations were found between the slope of the individual 
standard curves and serum concentrations of triglycerides ( r  = - 0 . 8 0 , ~  < 
0,005) and triglycerides plus cholesterol ( r  = -0.881. p < 0.0025). A much 
weaker correlation was also found betwecn the standard curve slope and serum 
concentration of a,-acid glycoprotein ( r  = -0.578, p < 0.05). However, 
significant covariance existed between a,-acid glycoprotein concentration 
and the sum of triglycerides and cholesterol serum concentrations ( r  = -0.563, 
p < 0.05)x. There was no significant correlation between the standard curve 
slope and albumin ( r  = -0.292). total cholesterol ( r  = -0.403), or high- 
density lipoprotein cholesterol concentrations ( r  = -0.289). Based on the 
observation that the addition of al-acid glycoprotein to serum did not affect 
the extraction of Ix, it is presumed that the correlation between concentration 
of this protein and the slope of the individual standard curves is fortuitous (i.e., 
it was observed because al-acid glycoprotein exhibited covariance with tri- 
glyceride concentrations, an indicator of the concentration of very low-density 


8 When nl-acid glycoprotein (the gift of Dr. Kcnneth Piafsky of the University of 
Toronto) was added to serum. the recovery of I was not altered. 


lipoproteins). The precise nature of the chemical basis for the intersubject 
variability in serum extraction of I cannot be established on the basis of the 
present series of experiments. However, given the lipophilic characteristics 
of I, it is reasonable to assume that association with or dissolution in lipo- 
proteins plays a major role. 


Part of the overall significance of these results lies in the widespread use 
of pooled serum by research investigators and analytical laboratories. The 
use of pooled serum in the preparation of standard curves for I could have 
resulted in a greater than threefold error in estimates of the concentration of 
I in serum of certain individuals. This variability in serum extraction observed 
with tris(2-butoxyethyl) phosphate may occur with other highly lipophilic 
compounds. Indeed, it has been observed recently that bis(2-ethylhexyl) 
phthalate behaves in a very similar manner (9). Therefore, it is necessary to 
rule out possible serum-dependent extractability during the early stages of 
assay development for at least certain classes of compounds. 


Based upon the results of the present study, the use of ethyl acetate would 
appear to be the best approach to minimizing assay error due to intersubject 
variability in the extraction of I if a relatively simple assay is to be utilized. 
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Figure 2-Typical chromatograms at 245 nm. Peak I isfrom phenobarbital 
sodium (11). Key: (A) standard soluiion; ( B )  injeciion containing 130 mgfmL 
of 11. 


RESULTS AND DISCUSSION 


The assay results indicate (Table I )  that the proposed HPLC method can 
be adopted for the quantitation of phenobarbital and phenobarbital sodium 
in pharmaceutical dosage forms. The method is accurate and precise. The 
percent relative standard deviations based on six injections were 0.9 and 0.7 
at  245 and 230 nm (with internal standard), respectively. The internal stan- 


dard was not used for assays at 245 nm due to poor absorption of mezlocillin 
a t  this wavelength. However, the results by both assay methods were similar 
(Table I). The concentrations uersus peak heights were directly related in the 
7- to 21-pg range at 245 nm. The ratio of peak heights (drug to internal 
standard) were directly related to drug concentrations at the 1.5- to 4.5-jtg 
range at 230 nm. The method is -I .7 times more sensitive at 230 than a t  245 
nm, as determined by using a standard solution (300 pg/mL in water) and 
a sensitivity of 0. I .  Moreover, the method is a t  least two times more sensitive 
than the USP-NF method (3). as determined by UV spectrometry with the 
two mobile phases. The elixirs and injections can be simply diluted and assayed 
for phenobarbital and phenobarbital sodium. A simple preliminary extraction 
procedure is required to assay phenobarbital in tablets. There was no inter- 
ference from excipients present in the tablets and the red colorant of the elixir 
(Table I). 


The decomposed samples of phenobarbital sodium showed a new peak (peak 
1. Fig. 1C) in the chromatogram, and the potency of the drug remaining intact 
was only 15.4% after -30 min of boiling (see above). After -4 min of boiling, 
there were two small peaks (side by side) in the chromatogram a t  about the 
same location as  peak I ,  Fig. IC. The scheme of decomposition has been re- 
ported previously in the literature (4). It is interesting to point out that there 
were two additional pcaks when the same lot of phenobarbital was assayed 
at  245 nm versus only one peak when assayed at  230 nm. It is perhaps due to 
the facts that ( a )  thc concentration of excipients was 3.33 times higher (also 
considering AUFS of 0.2 at 245 nm and 0. I a t  230 nm) at  245 L’ersus 230 nm 
and (b) there was poor or no absorption from one of the excipients a t  230 nm. 
Furthermore. the same lot of phenobarbital sodium injection showed a small 
additional peak (Fig. 28)  when assayed at  245 nmversus almost none (Fig. 
1 B) when assayed at 230 nm. 
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Abstract 0 Duodenal bile obtained from patients with gallstones who were 
acutely infused with chenodeoxycholic acid, ursodeoxycholic acid, or cholic 
acid were examined for the propensity toward the formation of a liquid crys- 
talline mesomorphic phase when cholesterol gallstones were incubated in these 
bile acids. Bile taken from patients infused with ursodeoxycholic acid was 
found to be enriched in  ursodeoxycholic acid; mesophase formation was de- 
tected in  these samples but not in  bile from patients infused with chenodeox- 
ycholic acid or cholic acid. 


Keyphrases 0 Cholesterol -gallstone dissolution in human bile, effect of bile 
acid composition 0 Gallstone dissolution-human bile, effect of bile acid 
composition 0 Bile acids-mesophase formation during cholesterol gallstone 
dissolution 


Clinical investigations have shown that ursodeoxycholic acid 
is as effective or more effective than chenodeoxycholic acid 
in gallstone dissolution. From the physicochemicdl standpoint, 


these results are interesting, because ursodeoxycholic acid (1) 
and its conjugates are generally not as effective as cheno- 
deoxycholic acid and its conjugates in solubilizing cholesterol 
in  the bile acid or the bile acid-lecithin solution (2). We have 
recently suggested (2, 3)  that during in uitro dissolution of 
cholesterol monohydrate in the form of powder, compressed 
disks, single crystals, or in gallstones, a transition from the 
micellar phase to the liquid crystalline phase occurs when the 
dissolution media contain lecithin and predominantly urso- 
deoxycholic acid conjugates, but not chenodeoxycholic acid 
or cholic acid conjugates. 


I t  was shown that mesophase formation and subsequent 
dispersion may contribute to the total dissolution/disinte- 
gration of cholesterol in the solid phase. To determine whether 
mesophase formation would occur during the in uitro disso- 
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Table I-Biliary Lipid Composition During Infusion with 
Chenodeoxycholic, Ursodeoxycholic, and Cholic Acid a 


Phospho- Phospholipids- 
Bile Acid Bile ,Acid, lipids, Cholesterol, Cholesterol 
Infused mol % mol % mol % Molar Ratio 


Chenodeoxycholic 87.2 8.3 4.5 I .84 
acid 


acid 
Ursodeoxycholic 86.2 11.4 2.4 4.75 


Cholic acid 89.2 6.7 4. I 1.63 


Averages of two samples are  presented. 


lution of cholesterol gallstones in human bilc, we studied the 
mesophase formation tendency with gallstones in human bile 
samples which were sclectively enrichcd with conjugates of 
ursodeoxycholic acid, chenodeoxycholic acid, or cholic acid 
by prior infusion of these bile acids into the jejunum of patients 
with gallstones. 


EXPERIMENTAL SECTION 


Materials-A triple-lumen orojcjunal tube was placed into the patient with 
gallstones fluoroscopically', and synthetically prepared conjugates of 
chenodcoxycholic, ursodeoxycholic, or cholic acids were infused into the je- 
junum at 2 mmol/h for 8 h (3) .  Bile uas aspirated from the duodenal port, 
bcginning at 8 h, at which time replaccment of the bile acid pool by the infused 
bile acid was 69-90% complete. Bile was collected in  60-min pools for the 
subsequent 28 h and frozen. Each bile acid was infused in random order in 
three consecutive 72-h periods. Before the experiments, the bile samples were 
freeze-dried, weighed. and reconstituted to predetermined concentrations by 
equilibrating in water at 37OC for 3 d. After inactivating the enzymes by 
heating at 6OoC for 30 min, the reconstituted bile was filtered through a 
0.45-pm filter2. The biliary lipid compositions weredetermincd by enzymatic 
methodsJ (4 .5) .  


Gallstones were obtained at routine cholecystectomy from patients' who 
had not taken a gallstone-dissolving bile acid. Gallstones were washed free 
of bile and mucus and stored for short periods in normal saline solutions under 
nitrogcn at 4OC in the dark. 


Mesophase Detection-Two gallstones were placed in 2.5 mL of the filtered 
bile in a test tube. The test tube was flushed with nitrogen, capped, and then 
shaken with a wrist-action shaker in a watcr bath at 37°C. At predetermined 
intervals, samples of the dissolution media wcre taken and examined imme- 
diately under a polariling microscope. The observation of birefringent 
spherulcs was interprcted to mean that the formation of a liquid crystalline 
phase had occurred. 


RFSULTS AND DISCUSSION 


The effect of infused ursodcoxycholic acid on hepatic secretion of biliary 
lipids is shown in Table I. The better suppression of hepatic cholesterol output 
during ursodcoxycholic acid infusion than under the other experimental 
conditions has also bccn reported in hcalthy volunteers either acutely infused 
with (6, 7) or chronic enterally administered this bile acid and in patients with 
radioluccnt gallstones (8). It is interesting to note that acute administration 
of ursodeoxycholic acid increased the amount of phospholipids secreted per 
mole of cholesterol (6). Table I I  indicates that during infusion with ursc- 
deoxycholic acid, this bile acid increased to 73% of the bilc, whereas chenc- 
deoxycholic acid decreased to 11.5% of the total biliary bile acids. An even 
higher (>80%) enrichment of ursodeoxycholic acid in  bile has recently been 
reported by others (6)  in patients during the postreplacement phase of urso- 
deoxycholic acid studies. 


Table I l l  presents the results of the mesophasc formation studies performed 
with the polarizing microscope. A transition from the micellar phase to the 


I Dr. A. F. Hofmann. University of California. San Diego. Calif.; written informed 
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Millipore Corp.. Redford. Mass. 


Table 11-Bile Acid Composition in Reconstituted Duodenal Bile 


Molar 9% 
Chenodeoxy- Ursodeoxy- Deoxy- Litho- 


Bile Acid cholic cholic Cholic cholic cholic 
Infused Acid Acid Acid Acid Acid 


Chenodeoxycholic acid 5 I .  I 37.4 10.5 0.6 0.4 
Ursodeoxycholic acid 11.5 73.1 12.0 3.0 0.4 
Cholic acid I . 3  - .- 98.2 0.5 - 


Table 111-Mesophase Formation in Reconstituted Duodenal Bile 


Time 
Bile Acid Bile Acid, Phospholipid, Cholesterol, Mesophase 
Infused mM mM mM Observed 


Chenodeoxycholic acid 


Ursodeoxycholic acid 


Cholic acid 


81.2 8.1 4.3 -4  Sample I 
Sample 2 142.5 13.9 7.6 


Sample 3 81.3 13.2 2.1 <10 d 
Sample 4 123.6 12.7 3.9 <2 d 


Sample 6 90.4 6.4 4.6 


- 


- Sample 5 52.6 4.2 2.1 
- 


0 No1 observed. 


liquid crystalline phase was detected in the ursodcoxycholic acid-enriched 
bile samples but not in  the chenodeoxycholic acids or cholic acid-enriched bile 
(Table I l l ) .  


Although these bilc samples were obtained from patients with acute infusion 
of bile acids and although ursodeoxycholic acid concentrations in these bile 
samples appear to be higher than those taken from patients taking urso- 
deoxycholic acid orally (8), these results provide the first insights regarding 
the possibility of mesophase formation during ursodeoxycholic acid admin- 
istration in v i m  in patients undergoing ursodeoxycholic acid therapy for 
gallstone dissolution. Mesophase formation is believed (3)  to be the conse- 
quence of thermodynamics favoring the formation of a lecithin-cholesterol- 
rich mesophase from cholesterol monohydrate in the presence of aqueous bile 
acid-lecithin solutions when the bile acid is an ursodeoxycholic acid conjugate. 
The subsequent dispersion of the mesophase may then contribute to the total 
dissolution/disintegration of cholesterol in the solid phase (2, 3). and this 
process may effect mass transfer significantly beyond the micellar phase 
saturation limit. Thus, this finding that ursodeoxycholic acid conjugates, but 
not chenodeoxycholatc conjugates, induced the formation of mesophases 
during the gallstone dissolution process in the conjugated ursodeoxycholic 
acid-enriched bile may relate to the equal or supcrior clinical efficacy of ur- 
sodeoxycholic acid compared with chcnodeoxycholic acid. 
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Abstract 0 Pepsin adsorbed on gibbsite or boehmite, non-acid-reactive forms 
of aluminum hydroxide. had a significantly lower activity than pepsin in so- 
lution. IR and desorbed pepsin activity studies showed that the reduced activity 
of adsorbed pepsin was not due to denaturation of pepsin on adsorption. Steric 
occlusion of the active site. following pepsin adsorption, was responsible for 
the lower activity of pepsin adsorbed on gibbsite. The porous morphology of 
boehmite caused diffusional resistance and steric exclusion, contributing to 
the decreased activity of adsorbed pepsin. The specific inactivation of pepsin 
by adsorption on aluminum hydroxide may be important in ulcer therapy. 


Keyphrases 0 Aluminum hydroxide-adsorption of pepsin. pepsin inacti- 
vation 0 Pepsin-adsorption by aluminum hydroxide, inactivation 0 Ad- 
sorption-pepsin adsorption by aluminum hydroxide, pepsin inactivation 


active due to denaturation by the high local pH of the surface. Bismuth alu- 
minate, magnesium oxide, and magnesium carbonate were effective in in- 
hibiting pepsin following adsorption (6). Berstad et al. (7) assumed that pepsin 
adsorbed by aluminum hydroxide was inactive. Piper and Fcnton (8) stated 
that the effect of adsorption on pepsin activity was just as  important as  the 
pH effect for aluminum hydroxide. Anderson and Harthill (9) found that 
pepsin adsorbed on an acid-reactive aluminum hydroxide exhibited only 21% 
of the theoretical activity. Liebman ( lo)  reported that the activity of pepsin 
was 22% of the control following adsorption on aluminum hydroxide, 29% of 
the control following adsorption by magnesium hydroxide, and 46% of the 
control following adsorption by cholestyramine. It was concluded that pepsin 
was still active while adsorbed because pepsin activity, following dissolution 
of the three adsorbents, was 88-91% of the control. 


The first phase of this study demonstrated that aluminum 
hydroxide adsorbs pepsin by anionic ligand exchange and 
electrostatic attractive forces ( I ) .  The effect of adsorption on 
the activity of pepsin and the elucidation of the mechanism 
responsible for any specific antipepsin effect is the focus of this 
study. 


BACKGROUND 


The reduction of pepsin activity by colloidal antacid materials was initially 
hypothesized to be due to the precipitation of pepsin (2. 3). Berstad (4) has 
recently concluded that aluminum hydroxide has powerful adsorbent and 
precipitation effects on pepsin in human gastric juice. Aluminum hydroxide 
was reported to precipitate pepsin in an inactive form (2). Mutch (5) indicated 
that pepsin was adsorbed on kaolin, silica gel, calcium phosphate. and mag- 
nesium phosphate. Pepsin adsorbed on kaolin or silica gel remained active, 
but pepsin adsorbed on calcium phosphate or magnesium phosphate was in- 


EXPERIMENTAL SECTION 


Gibbsite’, bxhmite’, aluminum hydroxycarbonate gel2, aluminum chlor- 
ohydrate’, porcine pepsin4. and bovine hemoglobin4 were obtained commer- 
cially. The proteolytic activity of pepsin was determined by either the Anson 
method (1 I ,  12). using hemoglobin as the substrate, or the dipeptide method 
( 1  3), which uses the dipeptide N-acetyl-~-phenylaIanyl-~-3,5-di- 
iodotyrosine as  the substrate. The activity of pepsin in the presence of a series 
of soluble cations was determined using a pepsin solution (20 pg/mL) which 
was 0.14 mM with respect to the appropriate cation. Likewise, the activity 
of pepsin in the presence of gibbsite or boehmite was determined using a pepsin 
solution (20 pg/mL) which contained 0.5 mg/mL of gibbsite or boehmite. 


Pepsin solutions (20 pg/mL), or pepsin (20 pg/mL) and gibbsite (0.5 
mg/mL) or boehmite (0.5 mg/mL) suspensions, were lyophilized and pre- 
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Table I-Pepsin Activity Corrected for the Time Effect 


Elapsed 
Time to Mean 


Start Corrected Predicted Correction Corrected 
Replicate Replicate, Activity (n) ,  Activity ( A ) ,  Activity (ap), Factor, Activity ( A ) ,  
Number S AU AU AU AU AU 


1 0 
2 334 
3 839 
4 3685 
5 401 3 


Mean 
SD 


3120 
3180 
3035 
2740 
2675 
2950 
f228 


3152 
3152 
3152 
3152 
3152 
- 
- 


3158 
31 19 
3060 
2726 
2688 
- 
- 


-6 
33  
92 


426 
464 
- 
- 


3114 
3213 
3127 
3166 
3139 
3152 
139 


pared as potassium bromide disks ( I  mg of lyophilized sample/300 mg of KBr) 
for 1R analysis. The pepsin solution was denatured by either adding I M 
NaOH to adjust the pH to 9 (base-denatured pepsin) or by heating the pepsin 
solution at 9OoC for 1 h (heat-denatured pepsin). The denatured pepsin so- 
lutions were lyophilized and prepared for IR analysis as  above. The IR spec- 
trum was recorded using a spcctr~photometer~ interfaced with a computer. 
The spectrum of adsorbed pepsin was obtained by subtracting the spectrum 
of boehmite from the spectrum of pepsin-boehmite based on the 1070 cm-l 
band of bochmite ( I ) .  


Desorbed-pepsin studies were performed by initially interacting pepsin (25 
pg/mL) and aluminum hydroxycarbonate gel (1 .7  mg equivalent of aluminum 
oxide/mL) at pt i  2.3 in a pH-stat titrator6. Preliminary studies indicated 
immediate adsorption under these conditions. The aluminum hydroxycar- 
bonate was dissolved under pH-stat6 conditions at  pH 2.3 and 5OC. After 
complete dissolution of the aluminum hydroxycarbonate gel, the activity of 
pepsin was determined by the modified Anson method. 


The activity of desorbed pepsin was also determined by adsorbing pepsin 
(20 pg/mL) on gibbsite (0.5 mg/mL) or boehmite (0.5 mg/mL) at  pH 2.3. 
After adsorption, a 0.12-g/mL phosphate solution (pH 2.3) was added. The 
supernatant was analyzed at 280 nm to monitor the desorption of pepsin. The 
activity of the desorbed pepsin was determined by the modified Anson 
method. 


Samples of gibbsite and boehmite were prepared for scanning electron 
microscopy' by air-drying a sonicated 0.2% suspension. The samples were 
coated with gold and platinum8. A microdrop of a 0.2% sonicated gibbsite or 
boehmite suspension was placed on a 300-mesh copper grid which was coated 
with polyvinyl formal9 and stabilized with evaporated carbon. After airdrying, 
the sample was examined by transmission electron microscopylo at 80 
keV. 


RESULTS AND DISCUSSION 


To improve the precision of the Anson method, which has a CVof -5% (14), 
five replicates were run rather than three. Pepsin activity tended to decrease 
with each replicate (Table I). The decrease appeared to be related to timeand 
is believed to be due to the autodigestion of pepsin in the pepsin stock solution. 
The autodigestion of pepsin was slowed by maintaining the Fpsin stock so- 
lution at 5OC, but a variation in pepsin activity ( a )  with time was still observed. 
A plot of pepsin activity uersus time for the data in Table I showed that time 
accounts for the major part of the variation in activity. Equation1 was used 
to correct for time to obtain the mean corrected pepsin activity. A: 


; i = r 2 y + ( I  -r2)7i (Es. 1) 


where r2 is obtained from the linear regression analysis and y represents the 
intercept of the optimal straight line. The experimental mean peesin activity, 
ii, is influenced by the time dependence of the replicates. Thus, A represents 
the mean activity that would be observed if autodigestion did n o t s c u r .  
However, if r2 = 4 (indicating only slight time dependence), then A = si. 
I f  op reprcsents the predicted activity a t  time t ,  obtained from the optimal 
straight line, then each individual activity, a. may bc corrected to give a cor- 
rected pepsin activity, A: 


A = a t (2 - ap) (Es. 2) 


Thus, the procedure to correct for the effect of time adjusted the mean pepsin 
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activity from 2950 to 3 152 activity units and decreased the SD from 228 to 
39 activity units. The correction for autodigestion of the stock pepsin solution 
reduced the CY-1%. Perhaps some of the conflicting reports on pepsin in- 
activation are due to the large CV associated with the unmodified Anson 
method. All results in this study were obtained using the aforementioned 
modificiation of the Anson method. 


The pH-activity profile of pepsin obtained by the modified Anson method 
is shown in Fig. 1, line A and is similar to previously reported profiles ( 1  5, 16). 
The optimal pH range for pepsin activity is pH 2.2-2.6. Pepsin activity ap- 
proaches zero at pH 4, which supports one of the goals of peptic ulcer therapy, 
i.e., to raise the gastric pH to minimize pepsin activity. 


The activity of pepsin in  the presence of soluble forms of aluminum was 
determined because numerous investigators have reported an inhibitory effect 
by aluminum (3.8, 17. 18). However, Anderson and Harthill (9) reported that 
aluminum ions had no effect on pepsin activity. Two forms of soluble alumi- 
num (aluminum chloride and aluminum chlorohydrate) were tested for an 
antipepsin effect a t  pH 2.4 by the modified Anson method. Aluminum chlo- 
rohydrate was chosen because it is an aluminum complex with a +7 charge 
(19). A concentration ratio of 250 ions per pepsin molecule was chosen to 
provide a substantial excess of aluminum ions, because pepsin contains -43 
carboxylate groups on the surface. The results (Table 11) indicate a slight 
enhancement of pepsin activity (-4%) by aluminum cation and a slight in- 
hibition (-4%) by aluminum chlorohydrate. These differences are statistically 
significant a t  an a level of 0.05. Even though statistically significant differ- 
ences in pepsin activity were observed in the presence of aluminum ion and 
aluminum chlorohydrate, these differences are not believed to be large enough 
to produce any significant in uiuo effects. Furthermore, aluminum cation did 
not alter the pH-activity profile of pepsin (Fig. 1, line B). 


The first part of this series demonstrated that pepsin was specifically ad- 
sorbed by aluminum hydroxide through anionic ligand exchange, involving 
carboxylate groups of pepsin and surface aluminum ions, and electrostatic 
attraction ( I  ). Therefore, the effect of adsorption on pepsin activity was ex- 
amined by determining pepsin activity in the presence of gibbsite or boehmite, 
non-acid-reactive forms of aluminum hydroxide. Under normal physiological 
conditions, a 600-mg dose of aluminum hydroxide will produce a pepsin to 
aluminum hydroxide ratioin thestomach of 0.021 to0.16:l (20). Thus, a ratio 
of pepsin to  aluminum hydroxide of 0.04: I was used. The activity of pepsin 
in the presence of either gibbsite or boehmite was lower than the control (Table 


0 1.00 2.00 3.00 4.00 x 4 J  


PH 


Figure 1 -pH-activity profile. Key: (A) pepsin solution using mod fled Amon 
method; (B)  pepsia solution in presence of aluminum ion using modified 
Anson method; (C) pepsin solurion using the dipepiide method. 
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Table 11-Effect of Soluble Forms of Aluminum on Pepsin Activity 
~ 


Aluminum Chloride Aluminum Chlorohydrate 
I l l  I I I  


Treatment Control Treatmcnt Control Treatment Control Treatment Control 


Mean corrected activity, AU 3152 3030 3155 3034 3017 3170 3097 3186 
SD f 3 9  f 6 3  f 4 6  f 5 9  f 1 3 6  f 6 6  f 3 1  f 2 5  
PH 2.26 2.27 2.56 2.58 2.42 2.42 2.37 2.39 


~ 


Table Ill-Effect of Gibbsite or Boehmite on Pepsin Activity 


Gibbsite Boehmite 
Trea tment Control Treatment Control 


~ ~ 


Mean corrected activity, AU 2518 2999 1571 2753 
SD f l O O  f 1 4 8  f 4 0  f 7 9  


Percent Adsorbed 50 - 74 - 
PH 


Activity of adsorbed pepsin, % 68 - 42 -. 


2.43 2.42 2.64 2.61 


111). However, the observed activity of pepsin in the aluminum hydroxide 
suspensions was not due to adsorbed pepsin alone since not all of the enzyme 
was adsorbed. Activity due to adsorbed pepsin will be termed immobilized 
pepsin activity. To calculate the immobilized pepsin activity, the extent of 
adsorption had to be determined. Also, it was assumed that free pepsin in the 
aluminum hydroxide suspension had the same activity as pepsin in the control 
solution. For example, UV analysis of the supernatant from the pepsin- 
bochmite suspensions indicated that 26% of the pepsin was in solution. Thus, 
the activity contributed by the free pepsin was calculated to be 716 AU, i.e., 
26% of the activity of the control. Since the total activity of the pepsin- 
boehmite suspension was 1571 AU. the adsorbed pepsin (which comprised 
74% of the pepsin in the suspension) had an activity of 855 AU. However, 74% 
of the activity of the control is 2037 AU. Thus, the adsorbed pepsin exhibited 
42% as much activity as unadsorbed pepsin. The adsorbed pepsin in the pep- 
sin-gibbsite suspension was only 68% as active as free pepsin. 


The decreased antiproteolytic activity of adsorbed pepsin was directly 
measured by adsorbing pepsin on gibbsite or boehmite, washing, and sepa- 
rating the solid phase to obtain only immobilized pepsin. Adsorption was strong 
enough that desorption did not occur when the immobilized pepsin was 
resuspended ( I ) .  Pepsin immobilized on gibbsite was 59-67% as active as free 
pepsin while pepsin adsorbed on bochmite was only 31 -39% as active as the 
control, as determined by the modified Anson method (Table IV). These re- 
sults agree with the 68 and 42% activity calculated for pepsin adsorbed on 
gibbsite and boehmite, respectively, based on the activity of the unwashed 
suspension (Table I l l ) .  


Threc factors may be involved in the decreased immobilized pepsin activity. 
A structural change in pepsin may result from adsorption on the aluminum 
hydroxide surface. The properties of the active site of an enzyme depend on 
the tertiary structure and any modification of the three-dimensional structure 
could have an effect on activity. A second factor might involve steric occlusion 
of the active site due to adsorption. Depending on the orientation of the ad- 
sorbed pepsin molecule, the accessibility of the active site may be reduced or 
blocked altogether. This effect would reduce the rate of proteolysis. A third 


_ . . . I . . 1 . I . . I I I . I . I I . . . I  


x) 1700 600 Is00 1400 IXK, 


WAVENUMBER. an-' 


Figure 2-IR spectra. Key: ( A )  pepsin; (B)  base-denatured pepsin; (C) heat- 
denatured pepsin; (D) pepsin adsorbed on boehmite. 


possible mechanism is the development of a substrate concentration gradient 
between the bulksolution and the microenvironment of the adsorbed pepsin. 
The substrate concentration gradient can be due to diffusional resistance of 
the substrate or steric exclusion of the substrate from reaching the adsorbed 
pepsin. 


The possibility that adsorption produces a structural change in pepsin was 
investigated by IR spectroscopy and by determining the activity of pepsin 
which had been desorbed from gibbsite or boehmite. The IR spectra of pepsin, 
base-denatured pepsin, and heat-denatured pepsin are compared in Fig. 2. 
The major bands for pepsin occur at 1530 cm-I (amide 11) and 1650 cm-1 
(amide I )  (21). The shoulder a t  I730 cm-' is due to the C=O stretching vi- 
brations from the carboxylic acid groups of glutamic and aspartic acids (22). 
The spectra of the base-denatured and heat-denatured pepsin also had bands 
at  1530and 1650cm-'. Thebase-denatured pepsin had a band at -1600cm-' 
which was due to the strong asymmetric stretching vibrations from the ionized 
carboxylic acid groups of glutamic and aspartic acids. Since the carboxylic 
acid groups will be ionized at  the pH required for base denaturation, the 
shoulder a t  1730 cm-I was not present in the spectrum of the base-denatured 
pepsin. Both the base-denatured and the heat-denatured pepsin possess a 
unique band a t  1400 cm-I. This band has not been assigned but is believed 
to be associated with the denaturation of pepsin. 


The IR spectrum of pepsin adsorbed on boehmite was obtained by computer 
subtraction of the boehmite spectrum from the pepsin-boehmite spectrum 
and is shown as  Fig. 2, line D. The amount of pepsin adsorbed by gibbsite was 
too low to obtain an IR spectrum. The absence of the band at  1400 cm-I 
suggests that pepsin was not denatured by adsorption. The amide 1 band a t  
1650cm-l shifted to a slightly higher frequency, possibly due to a slight de- 
formation of the structure of pepsin as a consequence of adsorption. The 
similarity of the spectra of pepsin and pepsin adsorbed on boehmite suggests 
that pepsin was still active even when adsorbed on aluminum hydroxide. 


Pepsin activity following desorption was determined to further establish 
whether pepsin *as denatured due to adsorption. A dissolution method and 
an exchange method were used to desorb pepsin. Aluminum hydroxycarbonate 
gel. the acid-reactive form of aluminum hydroxide, was used as the adsorbent 
for the dissolution method. A low ratio of pepsin to aluminum hydroxide was 
used so that thc majority of pepsin would be adsorbed. Following dissolution 
of the aluminum hydroxycarbonate gel. the activity of the desorbed pepsin 


Figure 3-Scanning electron micrographs of gibbsite (left) and boehmite 
(right) at 30,OOOX. 
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Table IV-Immobilized Pepsin Activity 


Gibbsite Boehmite 
1 11 I 11 .. ._ 


Treatment Control Treatment Control Treatment Control Treatment Control 


Mean corrected activity, AU 
SD 
pH 


1854 3124 I996 3002 938 3046 1 I63 2992 
f32 f4 I f30 f32 f 20 f63 f80 f42 


2.41 2.42 2.50 2.51 2.48 2.49 2.50 25 1 
~ - Immobilized oeosin activitv. % 59.3 - 66.5 30.8 - 38.9 


was determined by the modified Anson method (Table V). The desorbed 
pepsin was 96% as active as the control indicating that adsorption by aluminum 
hydroxide did not affect the structure of pepsin enough to alter its activity. 
This result corresponds well with an earlier study which reported a 94% re- 
covery of activity following dissolution of the adsorbent, aluminum hydroxide 


Pepsin was also desorbed from gibbsite or boehmite by exchange with 
phosphate. As seen in Table V1, almost all of the adsorbed pepsin was desorbed 
from either gibbsite or boehmite by exchange with phosphate. The activity 
of the desorbed pepsin, as determined by the modified Anson method, was 
virtually identical to the controls. However, the mean corrected activity after 
phosphate exchange includes both desorbed pepsin and pepsin which had not 
been adsorbed. When Eq. 3 was applied to calculate the activity of only de- 
sorbed pepsin, the pepsin desorbed from gibbsite and boehmite was 91 and 
96% as active as the control, respectively. 


(9). 


- 
At - (2,;) 


A, - (7,;) 
D =  x loo (Eq. 3) - 


where D is the activity of d E r b e d  pepsin, %; 7, is the mean corrected activity 
after phosphate exchange; A, is the mean corrected activity of control; Fr is 
the fraction of pepsin in the supernatant initially; and Fgis the fraction of 
pepsin in the supernatant after phosphate exchange. Thus, IR and desorption 
studies indicate that adsorption of pepsin by aluminum hydroxide does not 
denature pepsin. 


To determine whether steric effccts were involved in  reducing the activity 
of adsorbed pepsin. the activity of pepsin against a smaller substrate was 
studied. Hemoglobin (Hb). the substrate used in the Anson method, is a 
macromolecule with a mol. wt. of -35.000 (23). The low-molecular-weight 
substrate selected was N-acetyl-~-phenylalanyl-~-3,5-diiodotyrosine, a di- 
peptide with a mol. wt. of -600. The smaller size of the dipeptide should enable 
it to reach the active site of adsorbed pepsin more easily, and increased activity 
against the dipeptide should be observed if steric effects are important. The 
autodigestion of pepsin was observed using the dipeptide, and the mathe- 
matical procedure used to correct for the autodigestion of pepsin during the 
Anson method was also used for the dipeptide method. This method is reportcd 
to have a CYof 6% (13). When the modifications developed for the Anson 


Table V-Activity of Pepsin Desorbed From Aluminum Hydroxycarbonate 
Gel by Acid Dissolution 


Treatment Control 


Mean corrected activity, AU 1951 2037 
SD f39 f29 


Activity of desorbed pepsin, TO 
2.63 2.68 


- 96 
PH 


Table VI-Activity of Pepsin Desorbed from Gibbsite and Boehmite by 
Pbospbate Exchange 


Pepsin in supernatant 
initially, 90 


Pepsin in supernatant 
after phosphate 
exchange, TO 


Mean corrected activity 
after phosphate 
exchange, 'A U 


SD 
PH 
Activity of desorbed 


pepsin, % 


Gibbsite Boehmi te 
Treatment Control Treatment Control 


2363 2521 2822 2918 


!c4 I f39 f64 f107 
2.49 2.49 2.30 2.30 


- 96 - 91 


method were applied to the dipeptide method. the CY was reduced to 2%. The 
pH-activity profile of pepsin using the dipeptide (Fig. I ,  line C) was similar 
to the pH-activity profile using hemoglobin (Fig. I ,  line A). 


The activity of pepsin adsorbed on gibbsite or boehmite was determined 
in two separate studies using the modified Anson and the modified dipeptide 
methods. As seen in Table VII, pepsin adsorbed on gibbsite was less active 
than the control, but the Student's t test, at an cy level of 0.05, showed that 
the immobilized pepsin activity was statistically the same for both substrates. 
Thus, both the dipeptide and hemoglobin interacted with the active site of 
pepsin to the same extent, indicating that both hemoglobin and the dipeptide 
experienced the same inhibitory steric effect. This steric effect is probably 
due to steric occlusion of the active site of pepsin resulting from adsorption. 
Anderson and Harthill (9) also suggested that some active site occlusion occurs 
when pepsin is adsorbed by aluminum hydroxide. 


The immobilized pepsin activity depended on the substrate when pepsin 
was adsorbed on bcehmite (Table VII). Pepsin adsorbed on boehmite was less 
active than the control, but greater activity occurred with the dipeptide sub- 
strate. The I test indicated that the difference in  activity against hemoglbbin 
and the dipeptide was statistically significant at an a level of 0.05. These results 
suggest that a steric factor related to the adsorbent is important, in addition 
to steric occlusion. 


It is possible that the substrate may interact directly with the adsorbent and 
that the degree of adsorption may differ between hemoglobin and the dipep- 
tide. An adsorption effect occurring between the dipeptide and boehmite can 
be considered negligible, since the activity of pepsin adsorbed on either 
boehmite or gibbsite was similar when the dipeptide WAS used as the substrate. 
However, hemoglobin may be adsorbed by boehmite since the activity of pepin 
adsorbed on boehmite decreased when compared with pepsin adsorbed on 
gibbsite with hemoglobin as the substrate. This lower activity may be caused 
by a decrease in  hemoglobin concentration in the microenvironment of the 
adsorbed pepsin due to adsorption of hemoglobin on boehmite. This possibility 
was discounted when calculation showed that the hemoglobin could form a 
monomolecular layer 400 times as  great as  the surface area of the boehmite 
used in the test. Thus, even if adsorption of a hemoglobin bilayer occurred, 
the concentration of hemoglobin in  solution would not be substantially re- 
duced. 


Adsorption of hemoglobin could also affect the activity of adsorbed pepsin 
if the adsorbed pepsin was "buried" by the adsorption of hemoglobin on the 
adsorbed pepsin. This mechanism was also discounted because both hemo- 
globin and the dipeptide were affected equally by pepsin adsorbed on 
gibbsite. 


Diffusional resistance may be partially responsible for the reduced activity 
of adsorbed pepsin. Hemoglobin has a diffusion coefficient of 6.3-6.7 X lo-' 
emz/s (24). The diffusion coefficient of the dipeptide has not beem determined, 
but it is expected to be at  least 10 times larger than hemoglobin since there 
is a 58-fold difference in molecular weight. Thus, the dipeptide would be more 
likely to maintain an equal concentration between the bulk and the mi- 


Figure 4- Transmission elec~ron micrographs of gibbsire {left) and boehmite 
fright] at 170,OOOX. 
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Table VII-Immobilized Pepsin Activity Using Hemoglobin and Dipeptide Substrates 


Gibbsite Boehmite 
I I I  I I1 


Hemoglobin Dipeptide Hemoglobin Dipeptide Hemoglobin Dipeptide Hemoglobin Dipeptide 
T 4  C b  T C T C T C T C T C T C T C 


Mean corrected 1854 3124 12.8 24.8 1996 3002 14.0 20.8 938 3046 30.8 66.7 1163 2992 35.9 64.0 


SD f 3 2  f 4 1  f l . 2  f 1 . 4  f 3 0  f 3 2  f 3 . 1  f 3 . 3  f 2 O  f 6 3  f 1 . 9  f 1 . 4  f 8 O  5 4 5  f0.8 f l . O  


59.3 - 51.6 . 66.5 - 61.3 - 30.8 - 46.2 - 38.9 - 56.1 -- 
PH 
Immobilized pepsin 


activity, AU 


2.41 2.42 2.11 2.11 2.50 2.51 2.16 2.17 2.48 2.49 2.10 2.10 2.50 2.51 2.21 2.22 


activitv. % 


a Treatment. Control 


croenvironment of the adsorbed pepsin. In addition to the size of the diffusing 
species, the morphology of the surface may be an important factor in dif- 
fusional resistance. Scanning electron micrographs of gibbsite and boehmite 
at 30.000X magnification are shown in Fig. 3. Gibbsite is platy with smooth 
faces and sharp edges, while boehmite is porous. Because the boehmite par- 
ticles did not have the well-defined edges of gibbsite, the scanning electron 
micrographs are not as well resolved. 


Transmission electron micrographs (Fig. 4 )  provide more information on 
the morphology of the adsorbents. Gibbsite particles again appear to have a 
well-defined structure with distinct edges. The material is platy which can 
beseen bycloseexamination of theedgesofthe hexagonal units. Thedarker 
particles are a collection of stacked plates. The individual bochmite particles 
are shown to be smooth flat plates. The plates tend to roll up and form an 
aggregate of interpenetrating scrolls. The tubular nature of the boehmite 
particles was deduced because the cores appear to be less dense. Gibbsite 
particlcs and bochmitc aggregates are approximately the same size, but the 
porous nature of the boehmitc aggregate results in a larger surface area. 


The lower activity against hemoglobin of pepsin adsorbed on boehmite when 
compared with gibbsite can be explained by the porous nature of the boehmite 
aggregate. Pepsin adsorbcd on gibbsitc is similar to adsorption on a smooth 
flat plate. whereas adsorption on boehmite is similar to adsorption in a long 
narrow channel (Fig. 5). In  the case of pepsin adsorbed on gibbsite, the sub- 
strate only has to diffuse to the surface. In this situation, the size of the sub- 
strate would not be expected to be a factor. Thus, the observation that pepsin 
adsorbed on gibbsite was equally active against either hemoglobin or the di- 
peptide is consistent with the morphology of the gibbsite particle. 


The porous boehmite morphology requires that the substrate must diffuse 
through channels in the porous structure to rcach adsorbed pepsin. The di- 
peptide has a diffusion coefficient high enough to maintain the same con- 
centration throughout the channels as in the bulk solution. Thc dipeptide is 
also more likely to reach all of the adsorbed pepsin due to its small size. Thus, 
the lower activity against hemoglobin of pepsin adsorbed on boehmite can also 
be related to thc morphology of boehmite. The lower diffusion coefficient of 
hemoglobin would make it difficult to maintain the same concentration of 
hemoglobin in the channcls as in thc bulk solution. The continuous digestion 
of hemoglobin as i t  diffuscs through the channels will also lower the concen- 
tration of hemoglobin in the microenvironmcnt of the adsorbed pepsin. Thus, 
pepsin adsorbcd at the opening of a channel will have a faster rate of proteolysis 
than pepsin adsorbed in the interior of a channel. The large size of hemoglobin 
may cven sterically exclude hemoglobin from narrow pores. 


GI8ESITE EMHMITE 


BUM S o l U l r n  


Figure 5-  Schematic diagram of pepsin adsorbed on gibbsite and 
boehmite. 


The conclusions regarding the importance of the morphology of the ad- 
sorbent are consistent with reported differences in activity between low- and 
high-molecular-weight substrates when an enzyme was adsorbed on a porous 
material. Immobilized papain on a copolymer had a lower activity using casein 
than benzoyl-L-arginine ethyl ester as the substrate (25). Pronase adsorbed 
on a diazotized copolymer had different activities, depending on the molecular 
weight of the substrate (26). The results were explained on the basis of im- 
pedance of substrate access to the catalytic site by the supporting solid matrix. 
The activity of trypsin adsorbed on aminoethylcellulose also depended on the 
molecular weight of the substrate (27,28). It was concluded that the lower 
activity against the larger substrate was due to the inaccessibility of the ad- 
sorbed enzyme. 


Thus, pepsin is not denaturerd by adsorption on boehmite or gibbsite. 
However, the orientation of the adsorbed pepsin results in steric occlusion of 
the active site, thereby reducing the activity of adsorbed pepsin. In addition 
to steric occlusion, the activity of pepsin adsorbed on boehmite is also reduced 
by diffusional resistance and steric exclusion due to the porous morphology 
of boehmite. 


Antacids such as sodium bicarbonate, calcium carbonate, and magnesium 
hydroxide react very rapidly with acid. pH-Stat titration of these antacid 
compounds at pH 3 and 37OC showed that the time required to neutralize 50% 
of the theoretical acid, fso, is < I  min. Therefore, these antacid compounds 
are expected to be present in the gastric fluid as their soluble ions soon after 
ingestion. To  determine if these antacid compounds exhibit a specific a n t i p  
epsin effect in addition to the general pH effect, the activity of pepsin in the 
presence of sodium, calcium. and magnesium ions was determined. Concen- 
trations of ions and pepsin were selected to provide 250 ions per pepsin mol- 
ecule. As seen i n  Table VIII, no statistically significant ((Y = 0.05) change 
in pepsin activity was observed in the presence of sodium, calcium, or mag- 
nesium ions. 


Aluminum hydroxide reacts more slowly with acid; even amorphous alu- 
minum hydroxycarbonate gel. the acid-reactive form of aluminum hydroxide, 
does not react as quickly as sodium bicarbonate, calcium carbonate, or mag- 
nesium hydroxide. A recent survey of antacid suspensions containing alumi- 
num hydroxide gcl and magnesium hydroxide gel showed that the most rapidly 
reacting product neutralized 96% of the theoretical amount of acid in 15 min 
a t  pH 3 and 37OC. while the slowest reacting product neutralized only 31% 
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Figure 6--Efject ofphosphate on the fraction ofpepsin adsorbed by boehmite. 
The shaded area indicates the phosphate concentration of gastric fluid. 


Journal of Pharmaceutical Sciences I 1521 
Vol. 73. No. 11. November 1984 







Table VIII-Effect of Sodium, Calcium, and Magnesium Ions on Pepsin Activity 


Sodium Calcium Magnesium 
Treatment Control Treatment Control Treatment Control 


~ 


Mean corrected activity, AU 3099 31 I4 2921 3003 2929 2965 
S D  f 8 6  f 6 3  f 6 7  f173  f 4 2  1 1 5 5  
PH 2.43 2.43 2.41 2.4 I 2.43 2.43 


under the same conditions (29). Thus, a solid phase, which can adsorb and 
inactivate pepsin, will be present in the gastric fluid for a longer time when 
aluminum hydroxide is used as an antacid in comparison with sodium bicar- 
bonate, calcium carbonate, or magnesium hydroxide. 


Before the adsorption and inactivation of pepsin by aluminum hydroxide 
can be extrapolated to in viuo conditions, the possibility that solutes in the 
gastric fluid (such as phosphate) will compete with pepsin for adsorption by 
aluminum hydroxide must be considered. Phosphate is also specifically ad- 
sorbed by aluminum hydroxide (30, 3 I ) .  The extent of pepsin adsorption in 
the presence of phosphate is shown in  Fig. 6. The shaded area of the curve 
indicates the phosphate concentration which is found in gastric fluid (32). 
Pepsin was 85% bound in the absence of phosphate. The extent of pepsin ad- 
sorption gradually decreased with increasing phosphate concentration. Pepsin 
was 75% bound at  the phosphate concentration of the gastric fluid. Therefore, 
even in the presence of other solutes which are strongly adsorbed by aluminum 
hydroxide, a major fraction of pepsin would be expected to be adsorbed by 
aluminum hydroxide. 


Non-acid-reactive forms of aluminum hydroxide have been used in ulcer 
therapy. In 1941 it was reported that non-acid-reactive alumina produced 
nearly the same symptomatic relief as acid-reactive alumina (33). The effect 
of non-acid-reactive alumina was attributed to the coating of the gastric 
mucosa, which provides a physical barrier to gastric acid. Antacid products 
were marketed that contained a non-acid-reactive aluminum hydroxide. Two 
gastroscopic studies concluded that non-acid-reactive aluminum hydroxide 
coated ulcers and acted as an inert physical barrier (34. 35). The results of 
these studies were contradicted by Hoon (36) who observed no coating, and 
by Morrissey ef  al. (37) who found approximately one-third of the ulcers 
completely coated, but the coatings remained for only a short time. Thus, 
recent thinking has been that acid neutralization is the chief function of ant- 
acids. Accordingly, the recent trend in formulating antacid products has been 
to incorporate only acid-reactive materials. The results of the present study 
of the adsorption and inactivation of pepsin by gibbsite and bxhmite  suggest 
that earlier antacid products containing non-acid-reactive aluminum hy- 
droxide may have promoted ulcer healing by adsorbing and temporarily in- 
activating pepsin, rather than by coating the ulcers. 


Based on this study, it is hypothesized that acid reactive aluminum hy- 
droxycarbonate promotes ulcer healing by neutralizing gastric acid, inacti- 
vating pepsin by raising the pH of the gastric contents, and specifically ad- 
sorbing and inactivating pepsin. The spccific adsorption and inactivation of 
pepsin by aluminum hydroxide may be responsible for the wide use of alu- 
minum hydroxide in ulcer therapy. The specific adsorption and inactivation 
of pepsin in ulcer therapy may be enhanced by the use of a non-acid-reactive 
form of aluminum hydroxide that has a high surface area, such as  
boehmite. 
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Abstract 0 Two high-performance liquid chromatographic (HPLC) tech- 
niques hevc been used for the determination of the lipophilicity of 50 gluco- 
corticosteroids. For ;I log P range of I to 3, we used a persilylated octade- 
cylsilanc phase saturated wi th  I-octanol, which was eluted with I-octanol 
saturated phosphate buffer (pH = 7). For log P values 13.00, the same phase 
was used without I-octanol saturation and was eluted with different metha- 
nol-buffer mixture\. These two procedures allowed the determination of log 
P values ranging from 1.00 to >5.00. Good agreement was found between 
these procedurcs and others described in the literature. The effect of different 
structural changes in the glucocorticosteroid molecule on the lipophilicity is 
discussed. 


Keyphrases 0 Glucocorticosteroids- -partition coefficients, determination 
by two t1PI.C methods 0 HPLC- -partition coefficients of glucocorticoste- 
roids determination with and without I -octanol 0 Partition cocfficients-- 
I -octanol -water, glucocorticosteroids 


The determination of 1 -octanol-water partition coefficients 
is of particular interest in drug design for several reasons, but 
primarily because i t  governs absorption and transport to the 
site of action ( I ) .  Attempts have been made to calculate the 
partition coefficient of a given compound (2-4), but these 
theoretical approaches cannot take into account all the phys- 
icochemical propcrties of the molecule, especially the stereo- 
chemistry. I t  is thus advantageous to experimentally determine 
the lipophilicity of the compounds of interest. For this purpose, 
several methods havc been proposed, of which the shake-flask 
technique (5) and the TLC method (6) are the most widely 
used. More recently, high-performance liquid chromato- 
graphic (HPLC) has been proposed for this purpose (7,9) and 
we selected revcrse-phasc HPLC as a rapid and reliable 
method for the determination of log P. Log P is defined as the 
logarithm of the partition coefficient, P = Cs/Cw, where C, 
and C, are the cquilibrium concentrations of a solute in the 
organic (usually I-octanol) and aqueous (usually a buffer) 
phase, respectively. 


EXPERIMENTAL SECTION 
Materials - llydrocortisone and its derivatives', triamcinolone acetonide2, 


and other glucocorticostcroids' were used as received. Phenol, aniline. acet- 
anilide, quinolinc. anisole. benzene, p-chlorophendl, 4-methylquinoline, 3- 
bromoquinolinc. phcna~ine, and acridinc were analytical grade4. Pyridine, 
pyridine-N-oxide, I -cxtanol. ethanol, trimethylchlorosilane, and hexameth- 
yldisilazane were also analytical grade5. The HP1.C columns used (stainless 
steel. 4.6 mm id) were of different lengths ( 5 ,  10. 15, 20, and 30 and 
packed with C I X  Corasil' (particle size. 37-SO pm). The HP1.C apparatus 
consisted of a pumps, a valve injector9. a UV-visible detector'" fixed at 254 
nm. and a strip chart recorder". 


Methods-Two systems have been used for the determination of log P. 
depending on the lipophilicity of the compound studied. 


Logf  Range, 0.93 to 3.00 (a)--The method of Mirrless el al. ( 7 )  was used 
with minor modifications. The HP1.C column was dry packed with a persil- 
ylated octadecylsilane phase and saturated with I -0ctanol by successive in- 
jections of 250 p L  of alcohol under pressure un t i l  droplets appeared at the 
outlet of the column. The column was then flushed with I-octanol-saturated 
phosphate buffer (0.01 M, pH 7) until the eluate appeared clear. The column 
was then attached to the detector and elution was continued un t i l  a stable 
baseline was obtained ( 1  --2 h). 


Samples were dissolved in ethanol a t  a concentration of 0.2% (w/v) and 
10 p L  was injected uia the valve injector. Pyridine-N-oxide was used as a 
nonretained solute for the determination of the void volume of the column. 
measured as the elution time on the recorder. 


We determined the correlation between log P and log k' for 1 1 standards 
of known log P (9) (aniline, acetanilide, quinolinc, bcnzcne, anisole. p-chlo- 
rophenol, phenol, 4-methylquinolinc, 3-bromoquinoline, phenazine. and ac- 
ridine) for a given flow rate and length of column. Thecapacity factor. k' ,  is 
defined as: ( r ,  - i o ) / i o  where t ,  is the retention time of the compound and to  
is the retention time of a nonrctained solute. 


The calibration curve obtained by the HPLC I-octanol saturation method, 
for a given column length and flow rate, is shown in Fig. I ,  There is good linear 
correlation between log Pobtained by the shake-flask method (7) and log k' 
( r  = 0.994) which is expressed as: log Psi: = 1.024 log k' + 0.775. The slope 
is near unity and indicates that the HP1.C elution process emulates a true 
I -octanol-buffer partition. 


To determine the log P of steroids, three standards appropriate to the log 
P range under investigation were run twice a day. The reproducibility between 
days appeared to be >2% i n  the k'. For each unknown cornpound, the average 
of three determinations of the elution time was used to determine k',  and again 
the SD was >2%. The log P of steroids 53.00 log P units was determined in  
this way. 


The use of a 5-cm column with a flow rate of 4 mL/min results in retention 
times of 1-30 min for a log P rangeof I -  3 using the octanol saturation method. 
Under these conditions. it is calculated that a compound with a log P = 4 would 
have a retention time of 280 min; if  log P = 5, a retention time of 2670 min 
would be anticipated. Long retention times for log P values > 3  under these 
experimental conditions lead to peak broadening with a resultant loss in res- 
olution, accuracy, and sensitivity. I n  addition, high flow rates lead to a rapid 
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Figure 1 - Srandurd calibration curi'e. Conditions: column lcngih, 20 em: 
f low rate. I nil./min. The curced lines show, (he 95% coifidenre limits. 
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wash out of the I-octanol coating of the column, the frequent replacement 
of which considerably rcduccs the convenience of the procedure. These points 
led us to the idea of the solvent mixture method for the determination of log 
P values >3.00 (9, 10). 


Log P Values of3.00 and Aboce (b)-For the measurement of these log 
P values. a 20-cm column, filled with the same persilylated octadccylsilane 
phase, was used but without thc I-octanol coating. Elution was performed with 
at least five different methanolLbuffer mixtures, and the retention time for 
any given solvent composition was detcrmined for each compound (standards 
and unknown). An extrapolation of the logarithm of the capacity factor to 
O?h of organic solvent gives an estimation of thc lipophilicity of the molecules 
studied (Fig. 2). 


The. proportions of methanol for each compound were chosen to keep the 
log k' <1.5 so that retention times could be precisely determined ( tr  5 4 5  min). 
These proportions were usually kept between 45 and 95% of methanol. For 
five different methanol buffer mixtures, the correlation between log k' and 
the proportion of methanol was linear; the correlation coefficient was always 
>0.98 (for the majority of the steroids. r 2 0.99). Figure 2 shows examples 
of such correlations for prednisolone, triamcinolone acetonide, and hydro- 
cortisone-21-butyrate, which cover two decades of log P. 


RESULTS A N D  I)ISCI:SSION 


a HPLCIRM 


b 
HPLCISF 


I # 
- 1  0 1 I a 4 


REKKER By the first procedurc, we determined the log Pof 12 steroids in the range 
1.21 -2.88 for which the log P was reported in thc literature ( I  I ) .  A good 
correlation was obtained ( r  = 0.95 I ) :  log PSF = I .01 I log PIipLc + 0.072. 


Using the second procedure, extrapolation to 0% methanol gave a measure 
of the partition between the buffer and the octadecylsilane phase. which is 


- 1  0 1 I 3 4 


Figure 3-Correlation between log P determined by HPLCl.,,,,,/ and (a) 
the R ,  method (r = 0.9831; (b) the shake-flask method (r = 0.980); (c) the 
Rekker method ( r  = 0.9141. 


Table I-Log P Values for the Glucocorticosteroids Obtained by Different Methods 


Shake 
Steroid ~ ~ ~ ~ - c l . , X , a " " l  R m O  Flask" Rekker 


Cortisone 
Triamcinolone 
Prednisonc 
H yd rocor tiaonc 
Prednisolone 
9n-  F- hydrocortisone 
Dexamethasonc 
Betamet habone 
Corticostcrone 
1 i ydrocortisone-2 1 -acetate 
Triamcinolonc acetonide 
Deox ycort icostcrone 
Progesterone 
Betamethasone- 17-valcrate 


I S O  
I .02 
I .36 
I .50 
I .58 
1.67 
I .95 
2.01 
2.06 
2.21 
2.21 
2.70 
3.26 
3.60 


0.88 
0.24 
0.84 .. 


0.96 
0.90 
0.73 
I .30 
1.26 
I .27 
I .58 
I .63 
I .78 
2.28 
2.77 


I .47 
1.21 
I .46 
I .93 
I .42 
I .68 
I .93 
I .98 
2.17 
2.37 
2.44 
2.88 
3.87 
3.94 


0.64 
-0.90 


0.07 
-0.47 
-0.4 I 
-0.14 


0.78 
0.78 
1.17 
0.39 
0.46 
2.19 
4.40 
3.22 


Kef. 10. The correlation between the shake-flask and K,, method was 0.963; between thcshake-flask and Rekker method. 0.914. Ref. 9. Ref. 3 .  
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Table 11-Log P of Glucocorticosteroids Determined by the Solvent Mixture Method. 


Log P by 
Procedure b AIq2 R I  R2 R3 R4 Rs 


Progesterone 
1 7a-Hydroxyprogesterone 
Deoxycorticosterone 
Cortexolone 
Corticosterone 
Cortisone 
Prednisone 
Hydrocortisone 
Hydrocortisone- 17-butyrate 
Hydrocortisone-2 1 -acetate 
Hydrocortisone-2 1 -butyrate 
9a-Fluorohydrocortisone 
Prednisolone 
9a-Fluoroprednisolone 
Triamcinolone 
Triamcinolone acetonide 


Betamethasone 
Betamet hasone- 17-valerate 
Betamethasone-21 -valerate 
Betamethasone-17,21-divalerate 
2 1 -Deoxybetamethasone 
2 1 -Deoxybetamethasone- 17-propional 
Clobetasol 
Clobetasol- I 7-propionate 
Clobetasol-17-butyrate 
Clobetasol- 17-propionate (CI) 
Clobetasol- 17-propionate (F) 
Clobetasone 
Clobetasone- 1 7-propionate 
Clobetasone- 1 7-butyrate 
Clobetasone- 17-propionate (F) 
Clobetasone- 17-propionate (H) 
Clobetasone- 17-propionate (Br) 
9a-Fluorocortisone 
Dexamcthasone 
Nandrolone 
Betamethasone-2 1 -butyrate 
Hydrocortisone- 17-valerate 
Hydrocortisone- 17-propionate 
Prednisone- 17-acetate 
Cortisone- 17-acetate 
Hydrocortisone-2 I -propionate 
Hydrocortisone- 17-acetate 
Hydrocortisone-21-valerate 
Prednisone- 17-valerate 
Betamethasone-2 1 -propionate 
Betamethasone-21 -acetate 


;e 


3.26 
2.74 
2.70 
2.04 
2.06 
1 S O  
1.36 
1 S O  
3.18 
2.21 
2.91 
I .67 
1.58 
1.51 
1.02 
2.27 


2.01 
3.60 
3.87 
5.26 
2.35 
3.09 
2.48 
3.18 
3.63 
3.28 
3.34 
2.61 
3.46 
3.76 
3.30 
3.09 
3.55 
1.37 
1.95 
2.62 
3.55 
3.79 
2.70 
2.43 
2.45 
2.80 
2.30 
3.62 
3.82 
3.06 
2.77 


H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
F 
H 
F 
F 
F 


F 
F 
F 
F 
F 
F 
F 
F 
F 
CI 
H 
F 
F 
F 
H 
F 
F 
F 
F 
H 
F 
H 
H 
H 
H 
H 
H 
H 
H 
F 
F 


H 
H 
H 
H 
OH 
4 
4 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 


OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
=O 
=o 
4 
=O 
4 
=o 
4 
OH 
H 
OH 
OH 
OH 
4 
4 
OH 
OH 
OH 
=O 
OH 
OH 


H H 
H OH 
H H 
H OH 
H H 
H OH 
H OH 
H OH 
H OCOPr 
H OH 
H OH 
H OH 
H OH 
H OH 
OH OH 


Me OH 
Me OCOBu 


Me OH 
Me OCOEt 
Me OH 
Me OCOEt 
Me OCOPr 
Me OCOEt 
Me OCOEt 
Me OH 
Me OCOEt 
Me OCOPr 
Me OCOEt 
Me OCOEt 
Me OCOEt 
H OH 
Me OH 
H OH 
Me OH 
H OCOBu 
H OCOEt 
H OCOMe 
H OCOMe 
H OH 
H OCOMe 
H OH 


H 
H 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
OCOMe 
OCOPr 
OH 
OH 
OH 
OH 
OH 


OH 
OH 
OCOBu 
OCOBu 
H 
H 
CI 
CI 
CI 
CI 
CI 
CI 
CI 
CI 
CI 
H 
Br 
OH 
OH 


OCOPr 
OH 
OH 
OH 
OH 
OCOEt 
OH 
OCOBu 


- 


H OCOBu OH 
Me OH ~ OCOEt 
Me OH OCOMe 


These values are the means calculated from our experimental data and are not to bc used to predict the lipophilicity changes induced by structure modification. refers to 
a n  olefinic bond between CI  and C2. 


not, in fact, ;I true I-octanol--buffer partition. When we compared these log 
k’O% with the log P of the steroids determined by the saturation method, we 
obtained a linear relationship expressed as: log P (procedure b )  = 0.939 log 
k’  (procedure a )  + 0.147 which validates the postulate that this procedure 
can be used for log P determinations >3 units, if closely related standards are 
used for the calibration. The main advantages of this method are the rapidity 
and ease of use, compared with the saturation method, but it also may allow 
us to determine log P values up to 6. 


Listed in  Table I are the log Pvalues obtained by the I-octanol saturation 
HPLC method, the shake-flask technique ( 1  I ) ,  the R, values of Biaggi er 
a / .  ( I  2), and hydrophobicity calculated by the Rekker method (3). R, is 
defined as R, = log ( I/RJ - I )  and is related to the lipophilicity by log P = 
log K + R, u here K is a constant for the system. Rf is the usual measure of 
the migration of a compound in TLC. 


Figure 3 shows the correlation between HPLCI.,,,,,I and the 3 other 
methods for the 14 steroids of Table I .  The agreement between HPLCl.,,,,d 
and shake flask and R, methods is better than the correlation with the cal- 
culated hydrophobicity (Rckker). This is due to the fact that the Rekker 
method givcs only an approximation and, like all results based upon calcula- 
tions, it cannot take into account all the physicochemical properties of a 
molecule which are responsible for its lipophilicity (3). 


We have used these 14 steroids as standards to determine, by the solvent 
mixture method. the log P of the glucocorticosteroids listed in  Table 11. The 
effect of the different structural changes on the lipophilicity of the steroids 


21 c H* R~ 
I 
I 


%=o A ring = A’J 
Rt = H, F 
Ra = H, OH, 4 
Rs = H, OH, CHI 


R6 = H, OH, ester ,CI 
R, = H, OH, ester 


can be determined by examining pairs of compounds differing by only one 
substituent. 


Thechanges induced by the introduction of a double bond at C I  -Cz, the 
substitution of the hydrogen atom by a fluorine at C9, or by changing from 
hydroxyl to carbonyl at Cl I have only little effect on lipophilicity. However, 
changes at C16, C17. and Czl have a more significant effect on lipophilicity. 
The substitution of the C16 hydrogen atom by a methyl group induces a small 
increase in the lipophilicity (fO.50). At C17, the substitution of H by OH only 
slightly modifies the lipophilicity, but the esterification of the hydroxyl group 
leads toan increase of the lipophilicity. Changing from OH toacetate increascs 
the log P by 0.89 f 0.15 (n  = 4). A further increase in the chain length of the 
ester increases the log P with an increment of0.46 f 0.12 ( n  = 5) per carbon 
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atom. The C21 position shows the same tendency. Here the log P value changes 
by 0.42 f 0.22 ( n  = 6) per carbon atom with increasing chain length. The 
introduction of a chlorine atom in place of O H  causes only a slight increase 
in the log P value. 


The two HPLC methods described for the determination of the lipophilicity 
of glucocorticosteroids are more rapid than the shake-flask method, and are 
more convenient than the TLC procedure. 
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Abstract 0 A high-performance liquid chromatographic method was devel- 
oped for the simultaneous determination of azobenzene, hydrazobenzene, and 
four other decomposition products in phenylbutazone injectable formulations. 
Separation was achieved on a C18 column, with 0.1 M Tris-citrate buffer (pH 
5.25) and acetonitrile (52:48), at  a flow rate of 2 mL/min and a detection 
wavelength of 237 nm. Diphenylamine was used as an internal standard. The 
limit of quantitation is 0.5% (with respect to phenylbutazone) of each degraded 
product. The detectability is 2.4 X lop3 pg for azobenzene and 1.5 X lo-) 
pg for hydrazobenzene. The limit of quantitation may be lowered to 0.1% (with 
respect to phenylbutazone) for azobenzene and hydrazobenzene in the pres- 
ence of the two major decomposition products, which have been determined 
in commercially available injectable formulations. A higher sensitivity was 
obtained for azobenzene using the mobile phase 0.1 M Tris-citrate buffer (pH 
= 5.25) and acetonitrile (40:60) with detection at 314 nm. Under these con- 
ditions, 0.025% (with respect to phenylbutazone) of azobenzene is quanti- 
tated. 


Keypbmses 0 Phenylbutazone-HPLC, stability-indicating assay, degra- 
dation products 0 Azobenzene-HPLC determination 0 Hydrazoben- 
zene-HPLC determination 


The sodium salt of phenylbutazone (I) in aqueous solution 
undergoes hydrolysis and, to a small extent, oxidation and 
decarboxylation according to degradation Scheme I (1). 
Among these degradation products, some are of particular 
interest because of their dcleterious effects: 4-butyl-4-hy- 
droxy- 1,2-diphenyl-3,5-pyrazolidinedione (11) may be involved 
in allergic reactions (2); hydrazobenzene (VIII) and azoben- 
zene (IX) are suspected carcinogens (3). Despite their toxicity, 
no analytical method has been proposed for the identification 
and quantification of VII I  and IX in phenylbutazone formu- 
lations. Only separation on chromatographic columns and 
identification by TLC have been reported as evidence for the 
presence of IX in commercial injections after prolonged stor- 
age (4). The present study was undertaken to complete pre- 
liminary work ( 5 ,  6); the conditions used previously in the 


high-performance liquid chromatographic (HPLC) procedure 
(6) did not allow the determination of VIII  and IX within 
acceptable time. In this report, an improved, rapid, and sen- 
sitive HPLC procedure is presented that allows simultaneous 
determination of trace levels of 11, 111, IV, VI, VIII, and IX 
and a monitoring of the stability of I in injections. 


EXPERIMENTAL SECTION 


Materials a id  Reagents-Compounds I ,  11, I l l ,  IV ,  and V I  were used as 
received’. Compounds V l l l  and IX, diphenylamine (DPA), Tris, and citric 
acid were analytical reagent grade. HPLC-grade acetonitrile, distilled-in-glass 
grade methanol, and water were also used. Injectable formulations were 
commercial formulations2 (600 mg of the sodium salt of phenylbutazone, 6 
mg of dibucaine, propylene glycol, and water per 3 mL of solution). 


The HPLC) was equipped with a variable-wavelength U V  detector4. The 
separation was carried out on a laboratory-made column ( I 5  cm X 4.0 mm) 
containing microsilica particulate-bonded (5-pm) octadecylsilanG. The mobile 
phase A was 0.1 M Triscitrate buffer (pH 5.25) and acetonitrile (52:48). The 
citrate buffer was filtered through a 0.45-pm filter6, and the mixture was 
deaerated before use. 


Standard Solutions-An initial mixed stock solution was prepared in the 
mobile phase using I (200pg/mL) and I I . 1 1 1 ,  IV,  V I ,  VIII .  and IX (1OOpg 
of each/mL). This solution was suitably diluted in  the mobile phase to give 
standard solutions. An internal standard solution (diphcnylaminc, 500 pg/mL 
in  the mobile phase) was added to each diluted standard solution to give a 
100-pg/mL concentration of diphenylamine. The final concentration range 
was from 5 to 160 pg/mL for I and from 2.5 to 80 pg/mL for 11-IV, VI, VIII, 
and IX. 
Test Solutions-Recovery studies were carried out on laboratory-prepared 


injections similar to commercial formulations with the following amounts 


I Gifts from Geigy Laboratories, Basel. Switzerland. 
1 Butazolidine; Geigy. 


SP 8ooO. SDectra Phvsics. 
‘SF 770; Schoeffel. ’ 


6 Sartorius. 
Lichrosorb RP-18; Merck, Darmstadt, W. Germany. 
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Abstract 0 The enhancing effect of 1 -dodecylazacycloheptan-2-one (I) on 
the penetration kinetics of triamcinolone acetonide (11) and the possible 
mechanisms of enhancement were studied using nonreinforced and reinforced 
silicone elastomer membranes and full-thickness hairless mouse skin as  pen- 
etration barriers. Lactam I, a t  test concentrations of 0.1-1 0%. significantly 
promoted the extent and the rate of penetration of the acetonide I I .  Regardless 
of the barrier used the effect was concentration dependent, but the penetration 
profiles were different. The enhancement with synthetic membranes was at- 
tributed solely to the effect of lactam I doubling the diffusion constant (D), 
which resulted in the increase of the permeability coefficient ( K p )  and the 
shortening of the lag time (7); the partition coefficient (K,,,), however, was 
not affected. With mouse skin, I exerted effects on both D and K,. Compound 
I potentiated the retention of 11 in  skin (a reservoir effect) about sevenfold; 
however, the enhancing reservoir cffect was independent of the concentration 
of 1. Pretreatment with I was found to be more efficient than the coapplication 
of 1 and I1 i n  the vehicle. The coexistence of I and I I  was not required for the 
enhancement. and the reduced enhancing efficiency suggested an interaction 
between I and I 1  in the vehicle. Penetration impedance was observed after 
exposure to I with skin, but not with synthetic membranes. Interaction of I 
with the skin component, or the coexistence of I and I 1  in the skin, could be 
responsible for such an impedance. 


Keyphrases 0 Penetration kinetics-triamcinolone acetonide, influence of 
I-dodecylazacycloheptan-2-one, concentration dependence 0 Mechanisms 
of enhancement-reservoir effect, diffusion constant, partition coefficient, 
promotion of skin hydration 0 1 -Dodecylazacycloheptan-2-onc-influence 
on penetration kinetics of triamcinolone acetonide, concentration depen- 
dence 


I -Dodecylazacycloheptan-2-one~ ( I )  enhances the biological 
activity of various topically active agents (antibiotics and 
antifungals, glucocorticoids, and antipsoriatic agents) using 
corresponding bioassays, the zonal inhibition of microorganism 
growth, vasoconstriction, and lesion clearance, respectively 
(1, 2). The enhancing effect of I was observed with concen- 
trations as low as 1% ( 1 ,  2), which is much lower than that 
required with other, enhancers, such as urea, dimethyl sulf- 
oxide, and N,N-dimethylformamidc. In  addition, lactam I 
causes practically no irritation to human skin even at con- 
centrations >50% (2). In the light of these advantages, this 
substance is a promising new enhancer for topical pharma- 
ceutical formulations. 


Therapeutic activity of a topical agent is known to be the 
result of drug release from the dosage form, penetration of 
released molecules through skin barrier, and intrinsic activity 
of the penetrating agent at  the target sites (3). The reported 
enhancement may be due to the I effect on any one or combi- 
nation of the three components. A few studies have attempted 
to evaluate the I effect on thc individual processes. Using tri- 
amcinolone acetonide ( l ) ,  methanol (4), 8-bromoadenosine 
3’,5’-hydrogenphosphate (8-bromo-CAMP; 111)2, 9-@-~-ara-  
binofuranosyladenine (vidarabine, ara-A; IV) ( 5 ) ,  arabino- 
furanosyladenine 5’-valerate (ara-A-5’-valerate; V) ( 6 ) ,  5- 


’ Azone: Nelson Research and Development Co.. Irvine. Calif. 
R. B. Stoughton. unpublished data. personal communication, 1981. 


fluorouracil, indomethacin, and hydroquinone (2), the en- 
hancing effects of I have been demonstrated to be on the 
penetration process, with ( 6 )  or without the mechanism of drug 
release. Stoughton ( 1 )  reported that percutaneous penetration 
of triamcinolone acetonide (11) in the presence of 109‘0 I (within 
7 and 24 h)  was 10- and 5-fold higher than that without I. 
Greater enhancement was observed with 5-fluorouracil and 
indomethacin at I concentrations of 1.8-4570, yet only a two- 
to threefold increase was observed with hydroquinone at 2 and 
5% I (2). Stoughton also found that in the case of 111, the same 
level of penetration enhancement induced by 1% I was barely 
achievable with 50% dimethylformamide2. 


Behl et al. (4) demonstrated that the permeability of 
methanol was promoted 200-400-fold by I (asymptotically 
with I concentrations) with maximal enhancement at 10-25% 
I .  Vaidyanathan et al. (5) showed that I enhanced the delivery 
of IV with systematic increase in  the presence of 0.1-396 1. The 
permeability of IV with 3% I was 1.4 X lo-’ cm/s, 10-fold 
greater than the control. The absolute amount that penetrated 
at 24 h was a 170-fold increase over the control value with 3% 
I and a 42-fold increase with 0.1%. Vaidyanathan et al. ( 6 )  also 
reported that 20% 1 promoted the total fluxes of 1V and V from 
a suspension with emulsified 1 or from gel formulation, 20-fold 
greater than those found using dimethyl sulfoxidc as the ve- 
hicle. Nevertheless, no complete profile of the penetration due 
to I has been established. In  addition, the mechanisms of such 
enhanced penetrations have not been elucidated in terms of 
the modifications of I on the basic parameters of percutaneous 
penetration kinetics [other than the permeability coefficient 
( 5 ) ] :  lag time, diffusion constant, and partition coefficient. 


Penetration enhancement appeared to be dependent on the 
concentration of 1. The extent of I1 penetration increased with 
increasing I up to 10%; further increase of I (40%) diminished 
the extent of enhancement (1) .  The highest level of enhance- 
ment on 5-fluorouracil penetration was achieved with 1.8% I 
among test cencentrations, 1.8,9, and 45%. With indomethacin 
as a penetrant, 2% I exerted an effect similar to that of 8%; both 
were higher than that of 24%. Similarly, 2% 1 had a greater 
effect on hydroquinonc penetration than 5% I (2) .  Optimal 
enhancement was also observed with mcthanol(4) at 10-25% 
I .  The enhancing effect of I on biological activity, determincd 
either by the vasoconstriction assay or other biodssays, seemed 
to be concentration dependent as well ( I ,  2), and the pattern 
of such a dependence also seemed to vary with test compounds. 
For instance, erythromycin and clindamycin had increasing 
antibacterial effect with increasing I ,  while glucocorticoids and 
fusidic acid gave the greatest biological effect with the lowest 
examined concentrations of I ( I  -3%). Therefore, we attempted 
to characterize such a dependence and to explore its possible 
mechanism. 


One of the most frequently prescribed topical glucocorti- 
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coids, I1 (7),  was selected for the study. Unlike antifungal and 
other antimicrobial agents, glucocorticoids exert pharmaco- 
logical effects only after the agents have penetrated through 
the skin barrier and reached the target cells in the epidermis 
and dermis. In  regard to therapeutic efficacy, bioavailability 
of the active ingredient at the site of target cells is of more 
concern than the concentration of the drug in the dosage form. 
The importance of the bioavailability of glucocorticoids in 
various topical drug-delivery systems has received attention 
from both the pharmaceutical and medical communities 
during the past decade. However, vehicles in use are still in- 
efficient or only marginally effective in providing satisfactory 
bioavailability (8, 9). Maibach studied the percutaneous 
penetration of radioactively labeled hydrocortisone in 18 
subjects at a dose of 4 pg/cm2 and found that only -1% of the 
dose was actually absorbed from the forearm of a normal 
subject (10). This problem of low bioavailability of glucocor- 
ticoids called for an urgent need to develop more efficient 
systems for delivering this therapeutically useful agent. 


This study is intended to evaluate the penetration en- 
hancement of I1 by I (in terms of the modifications of I on the 
individual penetration parameters) and to elucidate the pos- 
sible mechanisms of concentration-dependent effects of I using 
an in oitro penetration study with excised full-thickness 
hairless mouse skin. In addition, two synthetic, nonreinforced 
and reinforced, silicone elastomer membranes were evaluated 
for use as artificial skin models. 


A0 


0 
H. 


II 


EXPERIMENTAL SECTION 


Materials-Compound I’ was used as  supplied. Tritiated 114 in benzene- 
ethanol (9:l), with a specific activity of 37.0 Ci/mmol. was used as the pen- 
etrant. Test solutions of II [3.01 X mol/mL in propylene glycols ( I  I)]. 
with or without 0.1,0.5,1,2,3,4,5,8,  and 10% (v/v) I were prepared with 
methanol6 as an intermediate solvent (12). 


Skin Preparation and Synthetic Membranes-Skin preparations from 
homozygous Hr/Hr hairless mice (HRS/J  strain)’ (age, 2-4 months) were 
used. The skin of all animals appeared normal and was free of bites, scratches, 
or bruises. The mice were sacrificed by ether inhalation, and the skin was 
dissected. Full-thickness skin was used for the penetration study. Tritiated 
water8 served as a standard penetrant to check the intactness of the skin 
preparation. The thickness of the skin preparation was measured with a mi- 


~~~ ~ 


Arone. lot 0486K0610; kindly supplied by Nelson Research and Development 


Lot 1227-060 and 1461 1-204; New England Nuclear, Boston, Mass. 
Lot A-6M04; MCB. Norwood, Ohio. 
OmniSolv, glass distilled; MCB. Gibbstown. N.J. 


’Jackson Laboratory. Bar Harbor, Me. ’ Lot 272-980. 2.16 X 106 dpm/mL; New England Nuclear, Boston. Mass 


co. 


crometer9. Membranes of silicone elastomerIO, nonreinforced and reinforced 
with plain weave fabric of polyethylene terephthalates, were 127.0 and 177.8 
Fm thick, rcspectively. 


In  Vitro Penetration Study-Thc skin sample or synthetic membrane was 
mounted between the donor and receptor chambers of the Franz diffusion 
cellti ( 5  mL) with a 9 mm i.d. O-ring flange. The stratum corneum was ex- 
posed to ambient conditions, and the dermal side was oriented toward the 
saline-phosphate buffer (pH 7.4) (13). simulating the physiological pH of 
the dermis [pH 7.3-7.4 (14)). in the receptor chamber. 


Prior to the application of the test sample, the solution in the receptor 
chamber was equilibrated by circulating water through a jacket surrounding 
the chamber a t  32OC. which was chosen to reflect the temperature of the 
stratum corneum ( 1  5 ) .  The solution in the receptor chamber was stirred with 
a polytefcoated magnetic bar driven by a magnetic stirrer. A sample (0.2 mL) 
of I1  test solution, with or without I, was spread across the exposed stratum 
corneum surface of the mounted skin. Aliquots of saline-phosphate buffer 
containing the penetrated I1 (0.2 mL) were withdrawn from the side-arm of 
the receptor chamber; this volume was replaced with fresh buffer at 32OC. 
Samples were taken every 30 min for the initial 2 h and hourly thereafter to 
12 h. The amount of II  penetrated was measured by liquid scintillation 
counting of the withdrawn diffusate (0.2 mL in 4 mL of xylene-based cock- 
taillz). 


The reservoir effect of the skin to retain I I  was examined after the 12-h 
penetration study. The exposed skin was blotted dry, dissolved in 1 mL of 
quaternary ammonium hydroxide tissue solubilizer” a t  5S°C for 2 h, and 
decolorized with 0.1 mL of 30% hydrogen peroxide14 for 30 min. The radio- 
activity in the solubilized skin was monitored by liquid scintillation counting 
in 10 mL of toluene-based cocktailis. The background counts and quenching 
effects of blank diffusate aliquot and solubilized skin were negligible. No 
quench correction was employed. 


Data Analysis (16,17)-The penetration parameters of I1 (lag time (7). 
permeability coefficient through the membrane (Kp), diffusion constant within 
the membrane (D), and partition coefficient between the membrane and the 
vehicle (K,,,)] were calculated from the penetration data. The penetration 
profiles were constructed by plotting the total amount of I1 penetrated uersus 
time. The x-intercept of the extrapolated linear region of the curve gives T. 
D was calculated from T with known thickness of the penetration barrier (6). 
using Q. I .  The slope of the linear portion of the profile, determined by linear 
regression analysis, was J,. K, was calculated by dividing J ,  by the employed 
concentration of 11, C, (Eq. 2), and K, was calculated with Eq. 3: 


7 = 6*/6D (Eq. 1) 


(Eq. 2 )  


(Eq. 3) 


J I  = (K, * D * C,)/6 = KpCa 


K, = (K, - D)/A 


The significance of the difference in parameter values among groups with 
and without I was tested by a nonpaired Student’s t test. 


RESULTS AND DISCUSSION 


Effects of 1 on Penetration Profiles and Kinetic Parameters of 11-The 
penetration profiles of 11, with and without I, through the nonreinforced and 
reinforced silicone elastomer membrane and full-thickness hairless mouse 
skin for 12 h, are shown in Figs. I ,  2, and 3, respectively. Regardless of the 
type of membrane used, both the extent and the rate of I I  penetration through 
the membrane were significantly enhanced with I. The penetration profiles 
through synthetic membranes always consisted of a lag phase followed by the 
linear rise. This profile was obtained with hairless mouse skin only when the 
concentration of I was 52% (Fig. 3). With I > 2%, thesteady-state penetration 
was somewhat impeded after 8 h of exposure to I, as reflected by the plateau 
in the profile. The impedance was noticed only with the skin; this cautioned 
the use of synthetic membranes as  artificial skin models for studies of 1. 


The percentage of I 1  penetration at 12 h through synthetic membranes 
increased from two- to fourfold the control value with increasing concentra- 
tions of I (0.1, 2, and 10%. Table I). A different concentrationdependence 
was observed with hairless mouse skin (Table 11). Compound I effectively 


Hi-precision, Model 221; theStarrett Co., Athol, Mass. 
lo Silastic sheets. Lot H049156 (nonreinforced) and H021446 (reinforced); Dow 


I ’  FDC 108 series with FDC 128 manifold and FDC-127 magnetic bar; Crown Glass 


Iz Aquaso1-2.079ATI; New England Nuclear. 
I 3  Protosol, 092PRI; New Enfland Nuc!ear. 


, , , 1‘ Analytical Reagent, Lot K GP. Malltnckrodt Inc, Paris. Ky 
I 5  Econofluor. 231ECI; New England Nuclear. 


Corning Co., Midland, Mich. 


Co.. Somerville. N.J. 
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Figure 1 --Penetration profiles of I! through nonreinforced silicone elastomer 
membrane with various concentrations of I. Key: (0) 0%; (0)  0.1%; (0) 2%: 
(A) 10%. 


elevated the percent of 11 penetrated through the skin with concentrations 
>0.5% (p < 0.02). Penetration increascd 8-, 28-, and 124-fold over that ob- 
served without I. at 0.5, 1, and 2-3% I,  respcctively. However, increased 
concentrations of I (4-10%) reduced the promotion (p < 0.005, except p < 
0.1 with 5% I) to 76-98-fold thecontrol value (i.e.,only 61-792of the max- 
imum enhancement achieved at 2-3% I) .  This was a result of late-stage pen- 
etration impedance. 


The steady-state penetration rate of I 1  (J , )  through nonreinforced silicone 
elastomer membrane was doubled with as low as 0.1% I, but increases to 2 and 
10% did not further promote the penetration rate. Similar results were ob- 
served with reinforced membrane, except that the effective concentration was 
>O.l% (Table I). The J,value of I1 through the hairless mouse skin was also 
concentration dependent (Table 11). The rate was 3.38 X mol/cm2/s 
without I, doubled with 0.1% 1, and drastically increased 14-, 46-, and 138-fold 
with 0.5, I, and 2-3% 1. respectively. Increasing I to 4% reduced the effect 
to -66% of the observed maximal enhancement (4.67 X mol/cm2/s) 
with 2-3% 1) or -90-fold greater than the control penetration rate. Relatively 
constant penetration rates (3.05-3.38 X mol/cm*/s) were obtained with 
I concentrations of 4-10% (Table 11). 


The effect of I on the gross penetration process can be explained by indi- 
vidual parameters of penetration kinetics as shown in Tables I and 11. With 
synthetic membranes T values were not appreciably altered with 0. I% I, but 
were shortened to about one-half with I concentrations of 2 and 10%. K ,  values 
similarly incrcased with J ,  values as a function of I concentrations. Since K ,  
values were not significantly affected by test concentrations of I, the increase 
in K ,  and reduction in T were due solely to the I effect of increasing D in 
synthetic membranes, 


0 2 4 6 8 1 0 1 2  


HOUR 


Figure 2- Penetration profiles of II through reinforced silicone elastomer 
membrane with various concentrations of 1. Key: (0) 0%; (0)  0.1%: (0) 2%; 
(A) 10%. (n  = 3 each). 
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Figure 3-Penetration profiles of I! through full-thickness hairless mouse 
skin with various concentrations of 1. Key: (0) 0%, n = 6; (0)  0.1%. n = 3; 
(A) 0.5%. n = I; (.) 1%. n = 4: (0) 2%. n = 6; (V) 3%. n = 2; (0 )  4%. n = 
4; (0) 5%, n = 4; (0) 8%. n = 8; (A) 10%, n = 7. 


Table I-Percutaneous Penetration Parameters of Triamcinolone Acetonide Through Silicone Elastomer Membranes with Various Concentrations of 1- 
Dodecylazacyeloheptan-2-one (I) 


Percent Penetration Permeability Diffusion Partition 
Penetrated Rate ( J d ,  Lag Time Coefficient, Constant Coefficient 


I ,  ?h at 12 h 10-18 mol/cm2/s0 (TI, h ( K , ) ,  cm/s* (D), c m 2 / s E  ( K m ) ,  I O - Z d  


Nonreinforced Membrane 
0 0.04 
0. I 0.07 
2.0 0.12 


10.0 0.14 


0 0.06 
0. I 0.15 
2.0 0.16 


10.0 0.20 


I .97 
4.32 
4.42 
5.02 


1.41 
I .87 
3.08 
3.72 


2.27 
2.04 
I .23 
I .06 


0.73 
I .60 
I .63 
1.86 


Reinforced Membrane 
I .96 0.53 
I .82 0.69 
0.98 1.14 
I .09 I .38 


3.29 
3.66 
6.07 
7.04 


2.82 
5.55 
3.43 
3.35 


0.75 I .24 
0.80 I .53 
1.49 I .36 
I .34 1.83 


~ 


a J ,  = slope/(/\ X 3600 X spc i f i c  activity X lo6 X 2.2 X 10") where slope was in the unit of dpm/h.  A = 0.636 cm2, and specific activity of tritialed I I  was 37 Ci/mmol.  K 
= J,/C',, where C, = 3.01 X 
for reinforced membrane. 


mol/mL. D = b2/67, where 8 was 127 p m  (0.005") as  reported by the manuracturer for nonreinforced membrane and b was 177.8 prn (0.007'p 
K, = K,b/D. 
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Table 11-Percutaneous Penetration Parameters of Triamcinolone Acetonide Through Full-Thickness Hairless Mouse Skin with Various Concentrations 
of l-Dodecylnzscycloheptnn-2-one (I) 


Adjusted 
Permeability Diffusion Diffusion Adjusted 


Percent Penetration Coefficient Constant Partition Cons tan t Partition 
Penetrated Rate ( J A  Lag Time (Kp), (D). Coefficient (D‘h Coefficient 


I ,  % n at  12 h mol/cm2/sa (7), h cmlsb 10-8 cm/z/sc (K,)d cm2/sc (K,,,’) 


0 6 0.1 1 f 0.05 0.04 > I 2  0.01 <1.25 0.06-0.46 <0.62 0.8 1-6.57 
0.1 3 0.18 f 0.04 0.07 >I2 0.03 <1.25 0.12-0.46 <0.62 I .65-6.57 
0.5 1 0.88 0.46 7.20 0.17 2.09 0.46 1.03 6.57 
1.0 4 3.14f1.12 1.56 7.46 0.58 2.02 1.64 0.99 23.43 
2.0 6 13.57 f 1.22 4.65 4.39 1.72 3.43 2.86 1.69 40.71 
3.0 2 12.59 f 3.56 4.67 3.1 I I .73 4.84 2.04 2.38 29.08 
4.0 4 10.75 f 0.73 3.07 2.08 1.14 7.23 0.90 3.56 12.8 1 
5.0 4 10.27 f 4.07 3.14 2.13 1.16 7.06 0.94 3.48 13.33 
8.0 8 9.54 f 1.85 3.38 2.43 I .25 6.18 1.15 3.04 16.45 


10.0 7 8.32 f 0.09 3.05 1.48 1.13 10.20 0.63 5.01 9.03 
~ ~ 


J ,  = slopc/(A X 3600 X specific activity X 106 X 2.2 X 106). where slope was in the unit of dpm/h, A = 0.636 cm*, and specific activity of tritiated I I  was 37 Ci/mmol. b K, 
mol mL. D = 6*/67. where 6 was measured as 570 pm for full-thickness skin, and D was similarly calculated with d estimated as 40 pm for = J,/C,. where Cl = 3.01 X 


hydrated stratum corneum. K,,, = Kp6/D. and K,,,’ was sim/larly calculated with D‘. 


With hairless mouse skin, T values were significantly shortened from > 12 
h to 7.20.4.39, and I .48 h by increasing I from 0 to 0.5.2, and 10%, respec- 
tively (Table 11). K, values gradually increased from 1.25 X lo-* cm/s to a 
maximum of I .73 X cm/s (a 138-fold increase over the control value) 
by increasing I to 2-3%. Values then declined with I 24%. leveling off a t  66% 
of maximum ( I .  13- I .25 X cm/s, Table 11). D and K,,, values were cal- 
culated first with the measured full-thickness of the skin (570 f 104 pm, n 
= IS). However, since the major penetration barrier of the skin is in the 
stratumcorneum (18,19), thederivationsof Dand &,considering theskin 
a uniform and invariant cellglar matrix, might haveoverestimated D values, 
yet underestimated K,,, values. A second attempt was therefore made to es- 
timate Wand Km‘, using the literature thickness value (20) for fully hydrated 
stratum corneum (40 pm). The D’ value thus obtained with no I (< 6.2 X 


cm2/s) was similar to the literature values for steroids [ranging from 
2 X lo-” for progesterone to 3 X lo-” cm2/s for hydrocortisone (21)). The 
K,’ value obtained without I; 0.81-6.57, was comparable to the literature 
value of 5 for hydrocortisone (1 9). 


Unlike the cases with synthetic membranes, I exerted effects on both D’ 
and K,‘ (Table 11). D’ was significantly promoted with I a t  as low as 0.5%; 
the extent of enhancement increased with increased I concentrations. On the 
other hand, K,,,’ increased with increasing I up to a maximum of sevenfold 
greater than the control value with 2% I while further increase in I from 3 to 
109b reduced the enhancement from 67 to 21% of the maximum. The reduction 
in 7 was a result of promoting D’, whereas the increase in K, was the net ac- 
tivity of I effeas on D‘ and K,,,’. With 52% I, both parameters were increased 
with increasing I; however, with I concentrations of L3%, K,,,‘ dwindled from 
the maximum value, offsetting the I promoting effect on IY. The less favored 
partitions of 11 to stratum corneum with 3-10% I in vehicle, as compared with 
that at 2% 1. dominated other effects of I and accounted for the decline in K, 
at  these high concentrations of I .  


la Vitro Pretreatment of Hairless Mouse Skin with I-To determine 
whether the coexistence of I and I1  in the vehicle is essential for penetration 
enhancement and impedance, the excised hairless mouse skin was pretreated 
in oirro with I prior to the penetration of I 1  (instead of coapplication of I and 
11). Compound I (0.2 mL) in propylene glycol (2Wor 10%). was applied on 
theskin mounted on the diffusion cell for 8 h. After the removal of I, 0.2 mL 
of I1 in propylene glycol without 1 was applied and the penetration profile was 
monitored. Controls were samples with pretreatments of 0.2 mL of propylene 
glycol for 8 h, followed by 0.2 mL of I 1  with 0, 2,4,5,  and 10% 1. 


The penetration profiles of I 1  with I pretreatment in propylene glycol or 
with propylene glycol alone were established (Fig. 4), and the penetration 
parameters were evaluated (Table 111). The 8 h contact of skin with propylene 
glycol, a skin-hydrating solvent, did not appreciably alter, or only marginally 
increased, the percent penetrated and Kpof-II (p > 0.2, except for 0% I which 
had a significant i7crease.p < 0.025). Pretreatment of the skin with 2 or 10% 
I in propylene glycol, on the other hand, significantly augmented the I en- 
hancements on the extent (percent penetrated), rate ( J s ) ,  and K,of the pen- 
etration of I1 (0.05 < p < 0. I) .  [Compare the paired values C and B (obtained 
with the skin pretreatment of propylene glycol) or C and A (obtained without 
any skin pretreatment) in Table 111.) The T values were drastically shortened 
to0.7 h after pretreatment with 2 or 109i I ,  as  a result of the substantial pro- 
motion of D’ within the skin by an 8-h Pretreatment. Two percent I was as 
effective as  10% for pretreatment in increasing D’, and significantly more 
effective than 10% 0, < 0.001) in enhancing other parameters; both 2 and IWo 
pretreatments were more effective (0.05 < p < 0.1) than the coexistence of 
I I  and I of corresponding concentrations in the vehicle (Table 111). This ob- 
servation suggested that the penetration enhancement did not require the 


coexistence of I and I 1  in the vehicle. Actually, penetration was more efficiently 
promoted with pretreatment of I than with coapplication of I and 11, suggesting 
a possible interaction between 1 and I I  in the vehicle (unfavorable for the 
penetration process a t  the I concentrations tested). K,,, values were low and 
of the magnituqe obtained with coexisting 0.5% 1; therefore, the great extent 
of penetration enhancement with pretreatment was mainly due to the D’ 
promotion by 1. 


In  addition, the previously reported penetration impedance of I1 with 2 3 %  
I, still occurred with pretreatment of 10% I, and a similar onset of the im- 
pedance (-8 h) was observed (Fig. 4). With the pretreatment of 2% I. no 
plateau of the penetration profile (similar to that with coexisting 2% I) was 
evident after 12 h of penetration (Fig. 4). Theseobservations suggested that 
8-h skin exposure to I alone was unable to induce the penetration impedance; 
otherwise the impedance should have been observed from the initiation of the 
penetration study after pretreatment. Pretreatment of I, without the coexis- 
tence of I and I I  in the vehicle, could still bring about the impedance, again 
at 8 h after penetration began. The observations that coexistence in the vehicle 
(and consequently the simultaneous penetration of 1 and 11) was not essential, 
yet I alone could not cause the impedance, suggested that the coexistence of 
I1 and a sufficient amount of I in  the reservoir site (probably the stratum 
corneum of the skin) might be responsible for the observed penetration im- 
pedance by an as yet undefined mechanism. 


l 2  t 
1 / 1  


0 2 4 6 8 10 12 


Figure 4-Penerration profiles of 11 through full-thickness hairless mouse 
skin pretreated with I or propylene glycol& 8 h. Key: open symbols. pre- 
treated with propylene glycol; (0) 0% I ,  n = 2; (0) 2% 1. n = 2; (0) 4% I, n 
= I; (0) 5% I, n = I; (A) 10% I. n = 2. Solidsymhols. pretrealed with I: ( 8 )  
2%. n = 3; (A) 10%. n = 10. 
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Table 111-Effect of Pretreatments on Percutaneous Penetration Parameters of Triamcinolone Acetonide Through Full-Thickness Hairless Mouse Skin 


Adjusted 
Permability Diffusion Diffusion Adjusted 


I -Dodecyl- Percent Penetration Coefficient Constant Partition Constant Partition 
azacyclo- Pre- Penetrated Rate (Js), Lag Time ( K p ) ,  (D),  Coefficient (D), Coefficient 


heotan-2-one.% treatmenta n at  12 h 10-’bmol/cm2/sb (7). h 10-6cm/sC lo-* cm2/sd ( K m Y  10-I0cm2/sd ( K m ’ )  


0 A 6 
B 2 


2 A 6 
B 2 
C 3 


4 A 4 
B 1 


5 A 4 
B I 


10 A 7 
B 2 
C 10 


0.1 I f 0.05 
1.06 f 0.73 


13.57 f I .22 
16.50 f 2.16 
30.28 4.97 
10.75 f 0.73 
12.13 
10.27 f 4.07 
12.57 
8.32 f 0.90 
9.53 f 0.90 


18.51 f 4.37 


0.04 
0.33 
4.65 
5.21 
8.61 
3.07 
5.24 
3.14 
4.53 
3.05 
3.94 
5.78 


> I 2  
>7.20 


4.39 


0.01 
0.12 
1.72 


2.97 1.93 
0.69 3.19 
2.08 1.14 
2.28 I .94 
2.13 1.16 
1.80 I .68 
1.48 1 .13  
1.27 1.46 
0.77 2.14 


<1.25 
<2.09 


3.43 
5.10 


21.80 
7.23 
6.60 
7.06 
8.40 


10.20 
11.84 
19.54 


0.06-0.46 <0.62 
4 . 3 3  <1.03 


2.86 1.69 
2.17 2.49 
0.83 10.74 
0.90 3.56 
I .68 3.25 
0.94 3.48 
1.15 4.12 
0.63 
0.70 


5.0i 
5.83 


0.62 9.62 


0.8 1-6.57 
-4.74 
40.7 1 
30.95 
11.89 
12.8 I 
23.89 
13.33 
16.33 
9.03 


10.01 
8.90 


~~ ~~~ ~ ~ ~~ 


@ Key: (A) II with I as netrant, without any pretreatment. Data were abstracted from Table 11; (B) skin pretreated wi th  propylene glycol for 8 h and I 1  with I as penetrant; 
(C) skin pretreated with I E r  8 h and I 1  alone as the penetrant. J, = slope/(A X 3600 X specific activity X 106 X 2.2 X 106) where slope was in the unit ofdpm/h. A = 0.636cm2. 
and specific activity of tritiated 11 was 37 Ci/mmol. C K ,  = J,/C,,  where C, = 3.01 X 10-10 mol/mL. d D = 8*/6T, where b was measured as 570 pm for full-thickness skin, and 
D’ was similarly calculated with 8 estimated as 40 pm for hydrated stratum, corneum. K, = K,6/D. and K,,,’ was similarly calculated with D’. 


Table IV-Influence of 1-Dodecylazacycloheptan-Lone on Reservoir 
Effect of Hairless Mouse Skin in Retaining Triamcinolone Acetonide 


Recovery at 12 h, 90 
1. % n Skin Diffusate Total 


0 4 1.4 f 0.5 0.1 f 0.1 1.5 f 0.5 
1 3 9.8 f 4.2 3.1 f 1.1 12.9 f 4.3 
2 4 8.9 f 3.1 13.6 f 1.2 22.5 f 3.3 
5 3 10.6 f 3.3 10.3 f 4.1 20.9 f 5.3 
8 2 10.6 f 5.6 9.5 f 1.9 20.1 f 5.9 


10 2 8.4 f 4.2 8.3 f 0.9 16.7 f 4.3 
Mean 
SD 


9.7 
3.5 


0” 1 3.3 1 . 1  f 0.7 4.4 f 0.7 
2” 2 33.1 f 2.2 30.3 f 5.0 63.4 f 5.5 


100 2 19.5 f 3.6 18.5 f 4.4 38.0 f 5.7 


a Pretreatment for 8 h.  


Reservoir Effect-The so-called “reservoir effect” has been reported 
qualitatively or semiquantitativcly for various topically applied glucocorticoids 
(19). The stratum corneum retains the penetrated drug molecules and makes 
the agents available for additional absorption even when the drug adminis- 
tration is ceased. To examine the I effect on the reservoir effect of 11 in hairless 
mouse skin, the 11 retentions in skin after 12-h penetration (with various 
concentrations of I) were evaluated. The presence of I in the vehicle signifi- 
cantly promoted the retention of 11 in full-thickness skin (0.05 < p  < 0.1); the 
mean was 9.7 f 3.5%. as compared with that without I ,  1.4 f 0.5% (Table 
IV). However, the enhancing effect was independent of the concentration of 
1. With the concentrations of I studied (I-lo%), the I1  retained in the skin 
ranged from 8.4 f 4.2% to 10.6 f 5.6% (Table IV); variations were insignif- 
icant (p > 0.7). 


The pretreatment of the skin with 2 or 10% I for 8 h further increased the 
I enhancing effect on II reservoir in the skin, from 8.9 f 3.1% to 33.1 i 2.2% 
for 2% I 0, < 0.001) and from 8.4 f 4.2% to 19.5 f 3.6% (0.1 < p  < 0.2) for 
10% 1 (Table IV). 


The promotion of skin hydration has been reported as a major mechanism 
of penetration enhancement induced by 8 M urea and dimethyl sulfoxide, as  
evidenced by the respective 280 and 150% weight gain of the epidermis (22). 
The possible I-induced hydration of stratum corneum was accordingly ex- 
plored. The weights of skin samples, with an area of 0.636 cm2, in contact with 
various concentrations of I for 12 h were measured (mean, 108.3 f 17.7 pg; 
range, 84.9- 146.5 pg; n = 12) and were not significantly different (p > 0.6) 
from the samples without 1 (mean, 103.5 f 16.8 pg; range, 84.3 - 124.8 pg; 
n = 4) .  


Another possible mechanism of leaching out normally impermeable com- 
ponents of stratum corneum (lipoprotein or phospholipid) and leavinga per- 
meable channel for easier penetration, reported by Allenby et al. (22) for urea 
and dimethyl sulfoxide, was not explored for I .  


CONCLUSIONS 


The penetration profiles of I I  with I through synthetic membranes were 
different from those through hairless mouse skin. This observation cautioned 
the use of synthetic membranes as skin models in the study of I .  


Compound I significantly enhanced the extent of I 1  penetration through 
hairless mouse skin, from 7-fold with 0.5% I, to 124-fold with 2-3% I, and then 
leveled off at 76-98-fold with 4-1@% 1. A similar pattern was obtained for the 
I enhancement on the penetration rate of 11; a 2-fold increase with 0.1%, in- 
creasing to 138-fold with 2-3% and leveling off at 90-fold with 4-1070. The 
enhancing effect on the penetration of 11 wasdependent on the concentration 
of 1. With I concentrations >2%, penetration impedance was observed after 
an 8-h skin exposure to 1. Optimal concentration of I on the penetration of I1 
was 2% (v/v). Compound I exerted increasing promoting effects on the dif- 
fusion constant of I I  within the stratum corneum with increasing concentra- 
tions of I ,  manifested by the continuous reduction in lag time. On the other 
hand, 1 increased the partition coefficient of I I  between stratum corneum and 
propylene glycol with an optimal concentration of 2%. Further increment in 
I >2% diminished the enhancing effect. 


Compound I potentiated the retention of 11 in skin (reservoir effect) about 
sevenfold; however, such an increase was independent of the concentration 
of 1. The difference between the weights of the skin samples with and without 
I contact was insignificant, suggesting that the promotion of skin hydration 
was not a major mechanism in the penetration enhancement induced by I. 


The pretreatment of I was found to be more efficient than coapplication 
of 1 and I 1  in the vehicle. The pretreatment of skin with 2 or 10% for 8 h further 
augmented the enhancing effect of I on the extent and the rate of I1 penetra- 
tion, and on the reservoir effect, due to the substantial promotion of the dif- 
fusion constant; also, pretreatment with 2% I was more effective than with 
10% I .  The observations indicated that coexistence of I and I1 was not required 
for penetration enhancement and that there was a possible interaction between 
I and II in the vehicle to lessen the enhancing efficiency. 


The pcnctration impedance after 8-h skin exposure to I was observed only 
with skin, not with synthetic membranes. Interaction of I with theskin com- 
ponent could be responsible for such an impedance. In the pretreatment study, 
the penetration impedance after 8 h was still observed with IWO I, suggesting 
that I and I I  were required to coexist (not in the vehicle but probably in the 
stratum corneum) to elicit this impedance. 
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Abstract 0 Spherical medicated microglobules were prepared by complex 
coacervation of Type A gelatin with pectin, having nominal diameters of 5, 
10, and 25 pm and containing 37.3,44.9, and 45.2% (w/w) sulfamerazine. 
respectively. They were recovered as water-insoluble powders and wcre 
spontaneously revertible to highly disperse systems whcn reconstituted in water 
or physiological electrolyte solution. The conditions affecting microglobule 
formation were studied. For complete formation, the crystals must be dispersed 
at  I p H  5. The effect of the sulfamerazine mass addcd on microglobule 
morphology, yield. and contents were investigatcd. As much as 37.3.44.5, and 
69.1% (w/w)  sulfamerazine in 5-. 10- and 25-pm microglobules could be 
formed without loss ofspherical shape. The microglobulc yield ljersus drug- 
to-colloid ratio curves wcre nonlinear below the critical drug-to-colloid ratio 
for loss of sphericity. Addition of sulfamerazine suppressed coacervation by 
10- 1 5% but it had no significant effect on microglobule size. The extraction 
of medicated microglobules in various media demonstrated the existence of 
a porous matrix that required hydration to facilitate extraction of the mi- 
croglobular drug. Fifteen percent of the encapsulated sulfamerazine was cx- 
tracted from 25-pm microglobules as opposed to 9% from 10-pm microglo- 
bules after equilibration for 24 h in  replacement electrolyte solution. 


Key phrases 0 Microencapsulation-pectin-gelatin coacervates, sulfamera- 
zinc 0 Coacervates-pectin-gelatin. sulfamerazine. microglobules, recovery, 
size 


Little consideration of the morphological character of 
complex coacervate-coated particles appears in  the pharma- 
ceutical literature until  Newton et al. ( I )  produced spherical 
microglobules of uniform size with centrally located drug. The 
process of medicated microglobule formation is to be differ- 
entiated from microencapsulation; the latter usually yields 
nonspherical particles. Complex coacervates of gelatin-acacia 
or gelatin-pectin readily wet and surround suspcnded particles 
and emulsified droplets. On cooling and denaturation with 
formaldehyde, the liquid coacervate droplets congeal, forming 


microglobules that are recoverable as water-dispersible pow- 
ders after flocculation in 2-propanol ( 1 ,  2). 


Certain physicochemical conditions for preparing and re- 
covering nonmedicated microglobules from type A gelatin- 
pectin complex coacervates were detailed previously (2). The 
purpose of this investigation was to characterize conditions for 
sulfamerazine microglobule formation in complex coacervates 
of pectin and gelatin, yielding microglobules of uniform size 
with centrally located drug that were recoverable as a dry 
powder. Medicated microglobules with diameters of < 10 pm, 
spontaneously revertible to a polydisperse system in aqueous 
fluids, were sought for potential use in parenteral dosage 
forms. 


EXPERIMENTAL SECTION 


Materials-Type A gelatin‘ and pectin NF2 wcre uscd in sols containing 
I %  benzyl alcohol for preservation. Sulfamerarine LISP3, micronized powder 
( 1 5  pm); formaldehyde solution, USP; glycerin, 99.6%: 2-propanol, 99%; 
replacement electrolyte solution4; collagenase BS: pancrcatins; and pepsinh 
were used as  received. Other reagcnts were of analytical reagent gradc. 


Preparation and Recovery of Microglobules - The method of preparation 
and recovery of microgbbules employed by McMullen et al. (2 )  was used. 
Coacervales wcre prepared at 45OC from 40.0-g batches stirred by a magnetic 
stirrer a t  a speed sufficient to produce a vortex without air bubbles. Appro- 
priate weights of 2% ( w / w )  stock solutions of pectin and gelatin wcre indi- 
vidually adjusted to the mixing pH (pH 8-10) with I .O M YaOH at 45OC to 


’ 275 Bloom. isoclectric point 8.6: Fisher Scientific Co.. Fair Lawn. N.J * Sunkist Growers Inc.. Ontario. Calif. 
Matheson, Coleman & Bell. Norwood, Ohio. 
Normosol-R pH 7.4; Abbott Laboratories. North Chicago. 111. 
Calbiochem. San Dicgo. Calif. 
Wilson Labs. Chicago. 111. 
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A h c t  0 A rapid and accurate method was developed for the determination 
of the enantiomeric composition of amphetamine preparations. Amide de- 
rivatives of the amphetamine enantiomers are  first formed by using achiral 
2-naphthoyl chloride. The resulting enantiomeric amides are  then chroma- 
tographed on a commercially available chiral stationary phase. The capacity 
factors ( k ' )  of (-)- and (+)-2-naphthoylamphetamine are 20 and 22, re- 
spectively, and the separation factor (a) for the two enantiomers is 1.08. The 
method allows detection of as  little as 0.5% of the (-)-enantiomer in (+)- 
amphetamine and is applicable to both bulk drug and single-tablet anal- 
yses. 


Keyphrases 0 Enantiomcrs-(+)- and (-)-amphetamine, HPLC, trace 
amounts 0 Chiral stationary phases-HPLC, detcrmination of trace amounts 
of (+)- and (-)-amphetamine 0 Amphetamine-(+)- and (-)-enantiomen, 
HPLC, trace amounts 


Amphetamine (a-methylphenethylamine) is a pharmaco- 
logically active asymmetric molecule whose ( S )  and ( R )  en- 
antiomeric forms, (+)- and (-)-amphetamine, respectively, 
have different biological activities (1). Accordingly, the res- 
olution and quantification of the amphetamine enantiomers 
have received a great deal of attention. 


The most common approach to this analytical problem in- 
volves the synthesis and separation by GC of diastereoisomeric 
amides of amphetamine (2-9). Although this technique has 
been successfully utilized, it suffers from a number of inherent 
problems which hinder the development of methods for the 
determination of trace amounts of one enantiomer in the 
presence of the other. 


The most serious drawback is that the synthesis of diaste- 
reoisomers necessarily involves the use of a chiral derivatizing 
agent. Any isomeric impurity in this reagent will result in 
spurious results. Liu and Ku (9) have discussed this problem 
in detail for the case of L-prolyl-derivatives of amphetamine 
and were able to correct for it by resolving the diastereoisomers 
into their enantiomeric pairs on a GC chiral stationary phase. 
An additional complication is that enantiomers may have quite 
different rates and/or equilibrium constants when they react 
with another chiral molecule, resulting in the generation of two 
diastereoisomeric products in proportions that differ from the 
starting enantiomeric composition (1 0). 


Both of these problems can be avoided by resolving the en- 
antiomeric pair as enantiomers by utilizing chromatography 
on chiral stationary phases. In such a case, if a derivative is to 
be formed and if the derivatizing agent is not an optically active 
molecule, there is no question of trace isomeric contamination. 
Furthermore, all enantiomers react with an optically inactive 
reagent to the same extent, i.e., they have the same rate con- 
stants and the same equilibrium constants (10). Therefore, 
complete reaction is not a requirement. Direct resolution of 
enantiomeric amphetamine derivatives has been accomplished 
by GC (9, 11) and most recently by Wainer and Doyle uia 
high-performance liquid chromatography (HPLC) ( 12). 


In this report the application of direct HPLC resolution (1 2) 
to the determination of the enantiomeric composition of bulk 
drug and commercial preparations of amphetamine is de- 
scribed. The method involves the synthesis of the 2-naphthoyl 
amide of amphetamine and its resolution by HPLC on a 
commercially available chiral stationary phase containing 
(R)-N-(3,5-dinitrobenzoyl)phenylglycine. It is rapid and ac- 
curate and can detect the presence of as little as 0.5% of the 
(-)-enantiomer in (+)-amphetamine. 


EXPERIMENTAL SECTION 


Apparatus-The liquid chromatograph1 was equipped with a data system2, 
a fixed-wavelength detector) (280 nm), a temperature-controlled column 
compartment, and a 20-pL fixed-loop injector'. All analyses were performed 
with a 25-cm X 4.6-mm i.d. stainless steel column packed with a covalently 
bonded chiral stationary phase' and a SO-mm X 4.6-mm i.d. stainless steel 
guard column packed with 35-50-pm silica. 


Materials-Hexane6, isopropyl alcohol6, and acetonitrile6 were HPLC 
grade and were used as purchased. The 2-naphthoyl chloride7, (+)-amphet- 
amine sulfate (reference standard)8, and (+)-, (-)-, and (&)-amphetamine 
sulfate (bulk drug)9 were also used as purchased. Pharmaceutical preparations 
of (+)-amphetamine sulfate as  capsulelo and syrup", (+)-amphetamine- 
(*)-amphetamine sulfate capsule12, and (*)-amphetamine sulfate capsule13 
were purchased commercially. 


Structural Determinations-Structural determinations were made with 
a 200-MHz NMR ~pectrometer l~.  a gas chromatograph-mass spectrometerI5, 
and an IR spectrophotometerI6. The [ H - N M R  spectra (CDCI,) contained 
the following peaks: 6 1.24 (d, 3), 2.80-3.02 (m. 2), 4.44-4.58 (m. I ) ,  6.19 
(d, I ) ,  and 7.22-8.20 ppm (m, 12). The mass spectra contained a molecular 
ion peak a t  m/z 289 and a basc peak at m/z 155. The IR spectra ( C H ~ C I I )  
contained a sharp peak a t  1655 cm-I. The following melting points for the 
derivatives were obtained: (+)-2-naphthoylamphetamine, 152- 1 55OC; 
(-)-2-naphthoylamphetamine. 152- I 5 Y C ;  (f)-2-naphthoylamphetamine, 


General Procedure-The bulk drug (10 me) or the pharmaceutical prep- 
aration (one 10-mg tablet or capsule or 10 mL of a I-mg/mL syrup) was 
placed in 5 mLof 20% NaOH solution and ultrasonicated until dissolved. The 
solution was then transferred to a 30-mL scparatory funnel. Ten milliliters 
of a 0.01 M solution of 2-naphthoyl chloride in dichloromethane was added, 
and the mixture was shaken for 1 min. The organic phase was transferred to 
another 30-mL separatory funnel. The aqueous phase was washed with a 5-mL 


162-165°C. 


1 Model SP3500 chromatograph; Spectra-Physics, Santa Clara, Calif. 
Model SP4000 data system; Spectra-Physics. 
Model SP8200 detector; Spectra-Physics. 
Valco injector; Spectra-Physics. 


Pfaltz & Bauer. Stamford, Conn. 


ICN K&K Laboratories, Plainview. N.Y. 


J Pirkle Covalent Phenylglycine column; Regis Chemical Co., Morton Grove, Ill. 
6 Distilled-in-glass; Burdick & Jackson Laboratories, Muskegon. Mich. 


8 United States Pharmacopeial Convention, Rockville, Md. 


10 Dexedrine timed-release capsule, 10 mg; Smith, Kline, and French Laboratories. 


1 1  Dexedrine syrup, I mg/mL; Smith. Kline, and French Laboratories. 
Biphetamine. capsule, 10 mg; Penwalt Pharmaceutical Division, Rochester, 


13 Benzedrine capsule. 10 mg; Smith, Kline. and French Laboratories. 
l 4  Varian Model XL-200 NMR spectrometer; Varian Associates, Palo Alto, Calif. 
15 Finnigan Model 4023-T GC/MS/DS; Finnigan MAT, San Jose, Calif. 
16 Perkin-Elmer Model 5998 IR spectrophotometer: Perkin-Elmer, Norwalk, 


Philadelphia, Pa. 


N.Y. 


Conn. 
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Scheme I-Reaciion ojamphetamine Jree base ( I )  and 2-naphthoyl chloride 
(11) to yield 2-naphthoylampheiamine (111). 


portion of dichloromethane, and the organic layers were combined. The di- 
chloromethane was extracted with two 5-mL portions of 0.01 M sulfuric acid, 
filtered through a cotton plug, and injected onto the HPLC column. 


Chromatographic Conditions-The mobile phase was hexane-isopropyl 
alcohol-acetonitrile (97:3:0.5) at a flow rate of 2 mL/min. A column tem- 
perature of 20°C was maintained throughout the analyses. 


Standard Curves-Two standard curves were constructed by combining 
(+)-amphetamine reference standard and (&)-amphetamine in various 
proportions by weight. The enantiomeric composition of one standard curve 
ranged from 50 parts (-)-amphetamine sulfate-50 parts (+)-amphetamine 
sulfate to 10 parts (-)-amphetamine sulfate-90 parts (+)-amphetamine 
sulfate. The other curve measured from 10 parts (-)-amphetamine sulfate-% 
parts (+)-amphetamine sulfate to 0.5 parts (-)-amphetamine sulfate-99.5 
parts (+)-amphetamine sulfate. The ratioof the integrated peakarea of the 
(-)-isomer to the integrated peak area of the (+)-isomer was plotted versus 
the known enantiomeric composition. 


RESULTS AND DISCUSSION 


The reaction of amphetamine ( I )  with 2-naphthoyl chloride (11) proceeded 
rapidly under Schotten-Baumann conditions. When USP reference standard 
(+)-amphetamine sulfate was reacted under these conditions, a single product 
was isolated. The product was recrystallized from methanol and identified 
as the 2-naphthoylamide [ I l l - ( + ) ]  by NMR, MS, and 1R analyses (Scheme 
1). The amide was chromatographed on the chiral stationary phase; the 
chromatogram contained a single sharp peak with a capacity factor ( k ’ )  of 
22. 


A series of five reactions with the USP reference standard and 2-naphthoyl 
chloride was carried out, and the crude reaction mixture was analyzed for 
amide concentration by using the crystalline product prepared as described 
above as an external standard. In this manner, the yield of the reaction was 
determined to be 82%. No attempt was made to increase the yield of the re- 
action, since the use of an achiral acid chloride ensures that both enantiomers 
react equally. 


Table I-Enantiomeric Composition of Commercial Amphetamine 
Preparations 


Sample Assay 1, % Assay 2, % Average, % Label, % 


(+)-Amphetamine (bulk drug) 


(-)-Amphetamine (bulk drug) 


(+)-Amphetamine (timed-release capsule) 


(+)-Amphetamine (syrup) 


(+)-,(&)-Amphetamine (capsule) 


(*)-Amphetamine (capsule) 


(-)-Isomer 8.9 9.6 9.3 0 
(+)-Isomer , 91.1 90.4 90.8 100 


(-)-Isomer 98.4 99.3 98.9 100 
(+)-Isomer 1.6 0.7 I .2 0 


(-)-Isomer I .2 I .5 1.4 0 
(+)-Isomer 98.7 98.5 98.9 I00 


(-)-Isomer 1.4 0.8 1 . 1  0 
(+)-Isomer 98.6 99.1 98.9 100 


(+)-Isomer 74.1 14.5 74.6 75 
(-)-Isomer 25.4 25.5 25.5 25 


(-)-Isomer 49.1 49.5 49.3 50 
I+blsomer 50.8 50.4 50.7 50 


Figure 1-Chromatograms of mixtures of (-)-2-naphthoylamphetamine 
/ I l l - ( - ) ]  and (+)-2-naphihoylampheiamine / I l l - ( + ) ] .  Key: (a) I l l - ( - ) -  
I l l - ( + ) .  50:50; (b) l l l - ( - ) - l I I - ( + ) ,  10:90; (c) I l I - ( ~ ) - l l l - ( + ) ~  1~99.  


The reaction of (-)-amphetamine bulk drug and 2-naphthoyl chloride 
afforded, on recrystallization, a product with the same NMR, MS, and IR 
spectral features as (+)-2-naphthoylamphetamine; this product was identified 
as the (-)-enantiomer [Ill-(-)]. The HPLC chromatogram of the recrys- 
tallized product contained two sharp peaks with capacity factors of 20 and 
22, respectively. The first peak in the chromatogram, that of the (-)-enan- 
tiomer, contained 99% of the integrated area of the chromatogram, and the 
second peak, that of the (+)-enantiomer, contained 1% (Table I). 


Two series of mixtures of (+)- and (-)-amphetamine were prepared by 
combining USP reference standard (+)-amphetamine sulfate and (i)- 
amphetamine sulfate in various proportions by weight. Enantiomeric pro- 
portions in the first series ranged from (&)-amphetamine sulfate (a 5050 
mixture of the two isomers) to a (+)-amphetamine sulfate-(-)-amphetamine 
sulfate mixture of 90:lO. Proportions in the second series ranged from a 
(+)-amphetamine sulfate-(-)-amphetamine sulfate mixture of 90:lO to a 
9950.5 mixture. All solutions were derivatized and analyzed, and standard 
curves were constructed (Fig. 1). The curves were linear over both concen- 
tration ranges. The first standard curve (5050-9O:lO) had a standard error 
of 0.0170 and a correlation coefficient of 0.998. The second curve had a 
standard error of 0.0077 and a correlation coefficient of 0.982. The separation 
factor (a) averaged 1.08. 


Four pharmaccutical preparations of (+)-amphetamine and of (+)-am- 
phetamine-(-)-amphetamine mixtures were purchased commercially and 
analyzed (Table 1). A single 10-mg capsule or 10 mL of a I-mg/mL syrup 
was used in the assays. By this method 1% of the (-)-isomer was detected in 
the (+)-amphetamine preparations; the expected enantiomeric ratios were 
detected in the other preparations. 


The assay is a rapid (requiring no more than 2 h) and accurate method for 
the determination of the isomeric content of amphetamine bulk drug and 
commercial pharmaceutical preparations. It utilizes an achiral derivatizing 
reagent, 2-naphthoyl chloride, and a chiral stationary phase HPLC column 
which are both commercially available. 
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Abstract 0 Experimental dipole moments of substituted I-phenyl- I-fluoro- 
2-halogenoethanes are compared with the vectorially and the theoretically 
calculated values using the C N D 0 / 2  method. Results support the existence 
of a conformational mixture of these compounds as solutes; gauche structures 
are the prevailing conformations as in the related catecholamines. 


Keyphrases Phenylfluorohalogenoethanes-substituted, dipole moments, 
conformations as solutes 0 Dipole moments-substituted phenylfluorohal- 
ogenoethanes as solutes 0 Conformations-phenylfluorohalogenoethanes 
as solutes 


H 


Potentially antiarrhythmic drugs can be prepared from 
substituted l-phenyl-l-fluoro-2-halogenoethanes, because the 
latter are structurally related to catecholamines. However, 
conformations of these intermediates have to be portrayed. For 
this purpose, their experimental dipole moments and the vec- 
torially as well as the theoretically calculated moments were 
compared in this report. 


EXPERIMENTAL SECTION 


Materials-The following compounds were studied: I-phenyl-l-fluoro- 
2-chloroethane ( I ) ,  1-phenyl-(4’-bromo)-1-fluoro-2-chloroethane (II), 1- 
phenyl-(4’-chloro)-I-fluoro-2-chloroethane ( H I ) ,  I-phenyl-(2’-bromo)-I- 
fluoro-2-bromoethane ( IV) ,  I-phenyl-(2’-chloro)- 1 -fluoro-2-bromoethane 
(V), I-phenyl-(2’,4’dichloro)-l-fluoro-2-chloroethane (VI), l-phenyI-(2‘.-5’- 
dichloro)- I-fluoro-2-chloroethane (VII).  and I-phenyl-(2’,6’-dichloro)-l- 
fluoro-2-bromoethane (VI11). These compounds were prepared from the 
corresponding alcohols, in accordance with the process previously described 
(1). 


Methods-The dipole moments of the compounds as  solutes in anhydrous 
benzene were measured at 25.00 f 0.05OC. The permittivityL and refractive 
index2 of the solutions were extrapolated to infinite dilution according to 
Cuggenheim (2) and Smith (3). The quantity (€12 - n:2) - ( € 1  - n:) was 
plotted versus the molar concentration, C, of the solute. The slope of the curve 
at  C = 0 was then used to calculate the dipole moment, p, by: 


where k is the Boltzmann constant, N is Avogadro’s number, T is the absolute 
temperature, and ei and n, are the permittivities and refractive indexes, re- 
spectively, of the solutes (Index 1) and of the solutions (Index 12). 


RESULTS AND DISCUSSION 


The molecular geometry of the compounds studied is schematized in Fig. 
I .  Hence, six limit-conformers have to be considered, because of the pre- 
sumable restricted rotation around the C1-422 bond. These conformers, 


I W.T.W. DM 01 dipolrneier with a DFL I cell. 
O.P.L. Abbe type refractorneter. 


F -  
Figure 1-Molecular geometry of the compounds studied. 


presented in Fig. 2, are noted (A) when bonds are staggered and (B) when 
bonds are opposed. The following bond increments were then used for vectorial 
calculations: H-C,,3, 0.25 D (4); Cs,3-Br, I .38 D; CBP3-C1, 1.46 D; 
C,,3-F, 1.41 D (5); C.,3--C,,2, 0.4 D; CSp2-Br, 1.54 D; and Cs,2--CI, 
1.58 D ( 6 ) .  


As regards the vectorial pattern of the molecules, it must be emphasized 
that spatial orientation of the phenyl ring versus the CI-F bond is of no im- 
portance, except with the ortho-substituted derivatives. In the latter case, four 
possible orientations must be taken into account in accordance either with 


A2 A3 
F F F 


61 B2 6 3  
Figure 2-Schemes of the staggered and the opposed limit-conformers used 
in the calculations. 
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Advances in Chromatography, Vol. 22. Edited by J. CALVIN GIDDINGS, 
ELI GRUSHKA, JACK CAZFS, and PHYLLIS R. BROWN. Marcel 
Dckker, 270 Madison Avenue, New York, NY 10016. 1983.344 pp. 15.5 
X 23.4 cm. Price $49.75. 
The latest volume maintains the high quality that chromatographers have 


come to expect from this invaluable series. Eleven authors present reviews of 
seven contemporary topical areas in  liquid chromatography. 


This volume is comprised of chapters dealing with HPLC and mass spec- 
trometry of neuropeptidcs, HPLC of amino acids, chromatographic resolution 
of racemates, H PLC of metal complexes, chromatography of carotcnoids and 
retinoids, HPLC of porphyrins. and small bore columns in liquid chroma- 
tography. Without exception. these reviews arc authored by individuals ac- 
tively working and publishing in their respective fields and all arc authoritative 
and well written. There is also reasonable uniformity of organization of the 
first six chapters, indicative of active editorial involvement i n  the final pub- 
lication. The final chapter focuses on the theoretical and practical application 
of a technology (small bore columns) rather than on a specificclass of com- 
pounds, and is also well written. albeit organized along different lines. 


Following a brief introduction, each chapter presents a critical rcvicw of 
the specific analytical problem using detailed examples. The summary sections, 
in  which the authors’ views toward the dircction that important developments 
will likely take, separates this treatment from a bland, noncritical review of 
a multitude of published articles. The chapters arc well referenced and gen- 
erally encompass the literature well into 1982, making this a reasonably up- 
to-date volume in  this rapidly changing field. 


Like previous volumes in this series, this book is more useful as a reference 
for scientists from many disciplines involved with separation problems than 
as a textbook in a specific graduate course. Because of its obvious emphasis 
on biologically important molecules (neuropeptides, amino acids, retinoids, 
and porphyrins), it is particularly recornmended to biochemists and clini- 
cal/analytical chemists involved with thcse separation problems. Its treatment, 
however, is sufficiently broad so that many other researchers who utilize 
HPLC should consider adding this to their personal libraries. 


Reoiewed by Jordan L. Cohen 
University of Southern Californiu 
School of Pharmacy 
Los Angeles, CA 90033 


Information Theoretic Indices for Characterization of Chemical Structures. 
By DANAIL BONCHEV. Research Studies Press. John Wiley & Sons, 
h e .  One Wiley Dr., Somerset, NJ 08873. 1983. 249 pp. 15.5 X 23.5 cm. 
Price $54.95 
This book is a presentation of information theory as i t  is applied to chemical 


structures. Regretably, the author devotes only eight pages to the basic 
Shannon equation-its meaning and broad implications in science. Much of 
the work presented in this book is based on Bonchev’s studies. Chapters 3 and 
4 deal with atomic and molecular information, respectively. Under the dis- 
cussion of molecules, the author briefly rcviews graph theory and some of the 
topological indices such as molecular connectivity. These arc not based upon 
probabilities, as is the Shannon equation, and so should not be classcd with 
indices based upon information theory. A large number of indices are reviewed 
i n  Chapter 4 based upon various attributes of molecular structure or their 
graphic representations. It is apparent that there is a rich potential herc for 
structure quantitation; however, practically no examples are presented where 
correlations with real physical properties arc achieved. Only 30 pages at  the 
end of the book are devoted to applications of any of the indices to chemical 
or biological problems. 


Much of the work presented in this book has yet to bear real fruit in terms 
of structure quantitation influencing physical or biological properties. Perhaps 
within a decade much will have been published using this approach in  QSAR 
studies and then this book may be regarded as a classic work. On that basis 
it is valuable to the scientist with a creative and pioneering spirit. I’m glad I’ve 
got a copy: 


Reoiewed by Lemont B. Kier 
Deportment of Medicinal Chemistry 
School of Pharmacy 
Virginia Commonwealth Unitiersity 
Richmond, VA 


The Clinical Research Process in the Pharmaceutical Industry. (Drugs and 
the Pharmaceutical Sciences, Vol. 19). Edited by GARY M. MATOREN. 
Marcel Dekker, Inc., 270 Madison Ave., New York NY 10016. 1984.549 
pp. 16 X 23.5 cm. Price $59.75. 
The first edition of this comprehensive reference covers all of the pertinent 


aspects of industrial pharmaceutical research and development. It represents 
a major step forward in the identification and description of the critical aspects 
of new drug development, which the book terms “pharmogenology.” 


The 27 chapters in this book have been written by a truly distinguished 
group of academicians, industrial scientists, and regulatory experts. Each 
chapter represents a step in the critical path through which each new drug 
must pass on its way towards an N.D.A. submission. In addition. there are 
a number of specialized chapters in this book dealing with critical aspects that 
form the background for the drug development process. In these chapters, the 
following topics are covered: Legal and Ethical Problems in Clinical Research; 
The Monitoring Process; Research Quality Assurance; The Role of Contract 
Research Organizations; The Impact of the Pharmaceutical Industry on 
Health Care; and Career Opportunities in  Industrial Clinical Research. 


The Clinical Research Process in the Pharmaceutical Industry is an in- 
dispensable reference for R&D managers in  the pharmaceutical industry. 
for clinical pharmacists in medical center hospitals, and for academicians and 
students in clinical research and drug regulatory affairs. 


Ketiiewed by Jack W. Keich 
Assistant Dean for  Research 


and Deoelopment 
Creighton Unioersity 
School of Pharmacy 
Omaha. NE 68178 


Drug Dosage and Administration-Modern Theory and Practice. By 
JOSEPH WARTAK. University Park Press, 300 North Charlcs Street, 
Baltimore, MD 21201. 1983. 173 pp. 18 X 26 cm. Pricc $32.50. 
This volume is authored by a research cardiologist from Canada who claims 


it is “intended for medical students and physicians.” The book is divided into 
five parts dealing with “Dosage of Drugs,“ “Drug Concentrations in Blood,” 
“Presentation of Drugs,” “Administration of Drugs,” and “Rational Use of 
Drugs.” Each part is further divided into five or more chapters. I n  addition, 
a slide rule is provided for dosage adjustment and calculations. The current 
volume appears to be closely related to another book, by the same author, 
entitled “Clinical Pharmacokinetics: A Modern Approach to Individualized 
Drug Therapy,” published by Praeger Scientific. 


Part I presents very basic information on drug dosage scales; concepts of 
minimal, maximal, and average doses; and individualimtion of drug dosage 
and dosage adjustment in children and in patients with renal impairment. Use 
of the slide rule is included in the illustrations. 


Part 11 deals with elementary pharmacokinetic principles presented in a 
manner that assumes that the reader is completely unfamiliar with any of these 
concepts. A few comments on the dose-response relationship are also included. 
Drug dosage forms including basic information on solid. semi-solid, liquid, 
long-acting, and sustained release dosage forms arc prescntcd in Part 111. 


Part I V  contains information on different modes of drug administration 
including enteral administration, intravcnous injection and infusion. pulmo- 
nary and local administration. and a few sentences on transdermal drug de- 
livery systems. Planning a treatment program. choice of drugs and thc outcome 
of drug treatment are discussed in Part V .  A bibliography of 5 2  references 
is presented at the end of the book. 


This book is a very superficial presentation of the many concepts embodied 
in  the disciplines of pharmacokinetics and biopharmacokinctics and their 
application to drug therapy. These concepts arc presented in such a simplistic 
fashion that the text can easily be read by a lay person. The book cannot be 
recommended for anyone other than the junior’medical student, nursing staff, 
or other paramedical personnel. It is of very limited value for the pharmacist, 
pharmacy student, academic physician, or pharmaceutical scientist. Its pur- 
chase, therefore, cannot be recommended. 


Reoiewed by lqbal Ramran 
School of Pharmacy 
Ikparrment of Pharmac~eurics 
State Unirersity of N e v  York ar Buffalo 
Buffalo. NY 14260 
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Abstract 0 The mechanism underlying the ability of phosphate derivatives 
to act as adjuvants and coadjuvants was examined in in oioo and in situ 
preparations in rats and dogs. The adjuvant effect of DL-a-glycerophosphate 
on the rectal absorption of sodium cefoxitin was greatly augmented by the 
presence of either sodium phytate or sodium tripolyphosphate. These coad- 
juvants only slightly enhanced cefoxitin rectal absorption when administered 
alone. Therefore, enhancement of the permeation of tripolyphosphate and 
phytate by a-glycerophosphate may be necessary before the coadjuvants can 
significantly affect cefoxitin absorption. The inhibitory effect of disodium 
4,4’-diisothiocyanc-2.2’-disulfonate stilbene, which is known to interact with 
the amino group in the protein fraction, on enhanced cefoxitin absorption 
suggests the involvement of the protein fraction in transport of cefoxitin across 
the rectal membrane. 


Keyphrases 0 Absorption-rectal, cefoxitin. rats and dogs 0 Phosphate de- 
rivatives-adjuvant or coadjuvant action 0 Adjuvants-a-glycerophosphate, 
enhancement of rectal absorption 0 Coadjuvants-phytate, tripolyphosphate, 
adjuvant action in the presence of a-glycerophosphate 0 Bioavailqbility- 
cefoxitin, dogs 0 Inhibitors-disodium 4,4’-diisothiocyano-2,2’-disulfonate 
stilbene and calcium chloride 


Rectal administration of drugs is becoming more popular 
due to the convenience of the suppository dosage form. Some 
anti-inflammatory drugs such as indomethacin (1-3) are 
currently administered as suppositories in clinical therapy. It 
has also been suggested (4, 5 )  that certain drugs which are 
metabolized by the liver (first-pass effect) after oral admin- 
istration mhy have a higher systemic bioavailability when 
administered rectally. 


In our attempt to find novel adjuvants which enhance rectal 
absorption of drugs poorly absorbed from the rectal com- 
partment due to their high water solubility, we initially ex- 
amined compounds with chelating activity. The potential link 
between chelation and adjuvant action was first recognized 
when the weak chelating agent acetoacetic acid was found to 
enhance the uptake of sulfadimethoxine into erythrocytes (6). 
We have since reported that other weak chelating agents such 
as salicylate analogues (7-9), enamine derivatives of @-dike- 
tones (10, 1 l ) ,  and glyceryl derivatives of acetoacetate (12) 
also effectively enhance drug absorption. 


In the present study, we examine the absorption-promoting 
ability of phosphate derivatives since phosphate is generally 
known to have chelating ability. Sodium cefoxitin was used as 
a model water-soluble drug. The adjuvant action of disodium 
DL-a-glycerophosphate (I) ,  sodium tripolyphosphate, and 
sodium phytate on the rectal absorption of cefoxitin in rats and 
dogs is reported. The adjuvant action of glycerol, sodium 
chloride, and disodium phosphate on rectal absorption of so- 
dium cefoxitin in rats is also described. The ability of several 
of the compounds described above to act as coadjuvants, agents 
which promote drug absorption only when their pwn perme- 
ation through the membrane is enhanced by the presence of 
another absorption-promoting compound, was examined, and 


speculations concerning the mechanism of adjuvant and 
coadjuvant action were made. 


EXPERIMENTAL SECTION 


Materials-Disodium DL-a-glycerophosphate ( I ) ’ ,  sodium tripolyphos- 
phate’, and sodium phytate’ were analytical grade. Sodium cefoxitin2 was 
used as obtained from the manufacturer. 


Procedures-Sprague-Dawley male rats (weight, 200-225 g) were fasted, 
with water available, for 16 h prior to experimentation. During the experi- 
ments, rats were anesthetized with sodium pcntobarbital (60 mg/kg) by in- 
traperitoneal injection and kept on a 38OC surface. Drugs were administered 
rectally in microenema formulations with d w g e  volumes of - 100 pL/IOO 
g of body weight. The initial pH of the microenema was adjusted to 5.8-6.3 
with hydrochloric acid when necessary. To avoid leakage of the solution after 
administration, the rat anus was ligated with thread. Blood samples were taken 
from the jugular vein at  designated time intervals with a syringe treated with 
3% sodium citrate. Plasma samples were collected by centrifugation. 


In experiments in which an in situ loop was qsed. the rdt rectum was ligated 
with thread -4 cm from the anus before admihra t ion  of a microenema. The 
insitu loop was excised at 1.5 h after microenema administration (wet weight 
of tissue was 438.4 f 41.3 mg measured after tfie experiments). The loop was 
rinsed with 8 mL of distilled water, and the total volume of the collcctcd rinse 
solution was adjusted to 10 m L  with distillFd water. The amount of cefoxitin 
present in the solution was determined. 


Ten male beagle dogs (weight, 9.5- 12.0 kg) were also fasted, with water 
available, for 16 h prior to thc experiments (crossover design). Drugs with 
particle sizes ranging from 72 to 144 pm were administered as I-g supposi- 
tories, prepared with triglyceride suppository base3 as described previously 
(12). Blood samples were taken from the jugular vein at  designated time in-  
tervals. 


An in oitro study of cefoxitin release from suppositories was carried out 
a t  37OC. One-gram suppositories containing 0.45 mM cefoxitin with I,  tri- 
polyphosphate, and/or phytate (see Table l l  for formulations) wcrc placed 
in 3 mL of a stirred saline solution. Samples were drawn from the beaker at 
designated intervals to determine the amount rcleased. 


Assays-Assays of cefoxitin were performed by the HPLC method de- 
scribed by Nishihata et al. ( I  3). 


RESULTS AND DISCUSSION 


I n  a previous study (13), we found that sodium ccfoxitin was poorly ab- 
sorbed by the rat rectum. Plasma cefoxitin levels were undetectable (<0.22 
pM) or very low (0.22-0.88 pM) after rectal administration of a microenema 
containing 44 mM cefoxitin prepared with distilled water. Coadministration 
of disodium DL-a-glycerophosphate (I) with cefoxitin increased the plasma 
cefoxitin levels significantly (Table I). A dose-response relationship was 
apparent since an increase in the concentration of I in the microenema caused 
an increase in  plasma cefoxitin levels. 


Glycerol was not as effective in promoting rectal cefoxitin absorption as 
did I (Table I). For example, 1.09 mmol of glycerol per kg of rat body weight 
had a similar effect on plasma cefoxitin levels as  103 pmol of I ,  a 10-fold 
difference. The sodium ion and phosphate moiety in 1 may, therefore, be ac- 
tively involved in the adjuvant effect of the compound. 


To investigate the adjuvant activity of the phosphate moiety, the adjuvant 
action of disodium phosphate, sodium tripolyphosphate. and sodium phytate 
was studied. Sodium tripolyphosphate and sodium phytate (dose, 0.026 
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Table I-Effect of a-Clycerophosphate (I), Glycerol (IV), Phosphate (V), Tripolyphosphate (VI), Phytate (VII), and Sodium Chloride (Wl) on Rectal 
Absorption of Cefoxitin 


Dose of Additive. pmol/kg Cefoxitinb 
Plasma Peak Levels. [AUC], Bioavailability, 


Dosane Form 1 1v V VI V I I  Vll l  uM uM-minC %d 


Intravenous injectionC 0 
Microenema 0 


0 
I03 
258 
515 


0 
0 
0 


103 
I03 
I03 


0 
103 
258 


0 0 0 
0 0 0 


I090 0 0 
0 0 0 
0 0 0 
0 0 0 
0 138 0 
0 0 54 
0 0 0 
0 69 0 
0 0 27 
0 0 0 
0 0 0 
0 0 0 
0 0 0 


0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 


26 0 
0 0 
0 0 


13 0 
0 520 
0 520 
0 520 


- 
0.31 & 0.30 
1.36 7 0.53 
2.29 f 0.621 
7.51 f 1.80/ 


13.43 f 2.29f 
0.58 i 0.32 
2.02 f 0.49f 
1.79 f 0.691 
3.51 f 117f 


15.93 f 3.69f.g 
17.60 f 3.13fa 
2.38 f 0.78.’ 
6.64 f 1.60f.8 


15.20 f 3.02f.g 


2991 f 342 
61 f 4 8  


122 f 42 
185 f 54 
756 f 1131 


1274 f l96f 
96 f 57 


153 f 39 
198 f 26f 
472 f 93f.8 


1345 f 2 17f.g 
1618 zk 23us.S 


192 I 6 5  
546 f 121Lg 


I548 f 276f.x 


100 
2.0 
4.1 
6.2 


25.3 
42.6 


3.2 
5. I 
6.6 


15.8 
44.9 
54.1 
6.4 


18.3 
51.8 


A dose of 33.3 pmol/kg administered as microenemas (100 rL/ l00 mg) in rats. 
intravenous injection X IOO/[AUC]inlravenous injection X (dose) rectal administration. 
I test uersus the results obtained after rectal administration without any additive. d p  < 0.001 uersus with I alone. 


Values are mean f SD; n t 4. [AUC]o.l,o min. [AUClrectal administration X (dose) 
Intravenous injection of 33.3 pmol/kg administered in saline. f p  < 0.001; Student’s 


mmol/mL/kg, each contributing 0.27 mmol of sodium to the microenema) 
weakly enhanced the cefoxitin plasma levels, whereas the presence of discdium 
phosphate (0.138 mmol/mL/kg; contributing 0.27 mmol of sodium to the 
micrwnema) did not enhance cefoxitin absorption (Table I). In a sequential 
study in which I was coadministered with either sodium tripolyphosphate or 
sodium phytate in a cefoxitin microenema, the cefoxitin plasma levels were 
enhanced to a much greater degree than when I was administered alone (Table 
I). Although the coadministration of disodium phosphate with I only slightly 
enhanced the plasma cefoxitin level above that obtained with I alone (Table 
1). this enhancement is worth noticing since disodium phosphate itself had 
no effect on drug absorption. These results therefore suggest that once the 
transport of disodium phosphate and particularly sodium tripolyphosphate 
and sodium phytate through rectal epithelial cells is increased by the presence 
of I ,  the adjuvant ability of these phosphate derivatives can be realized. 


In male beagle dogs, results were obtained which exhibited a similar trend 
as observed in the rat studies. The relative bioavailability ofcefoxitin [mea- 
sured by comparing the area under the curve from 0 to 240 min (AUG-240) 
of cefoxitin plasma levels after rectal administration to that after intravenous 
injection] in  the absence of any adjuvant in the suppository was -3% (Table 
I!). The presence of I in the suppositories administered to the dogs enhanced 
the plasma cefoxitin levels (Table I!). Administration of either tripolyphos- 
phate or phytate in a suppository containing cefoxitin only slightly enhanced 
the plasma cefoxitin levels. Howevcr, coadministration of I with either tri- 
polyphosphate or phytate in a cefoxitin suppository produced substantially 
higher cefoxitin plasma levels than when either I or the coadjuvants was ad- 
ministered alone (Table 11). Since >95% of the cefoxitin was released from 
each suppository within 20 min, it is unlikely that the release process was an 
important factor in this absorption study. 


To determine what effect the sodium moiety had in the absorption-pro- 
moting ability of 1. the adjuvant action of I and sodium chloride was compared 
in rats. The presence of 0.52 mmol of sodium chloride in a cefoxitin microe- 
nema did not have as great an effect on cefoxitin rectal absorption as did 0.258 
mmol of I (also contributing 0.52 mmol of sodium/mL) (Table I). The strong 
adjuvant action of I is therefore not due solely to the sodium content. It is in- 
teresting to note that coadministration of sodium chloride with 0.258 mmol 
of I produced greater cefoxitin plasma levels than those obtained when only 


0.258 mmol of I without sodium chloride was administered (Table I). Sodium 
chloride may. therefore, be effectively acting as a coadjuvant. Studies in which 
the effect of sodium ion on drug absorption are investigated are currently 
ongoing in our laboratory. 


The exact physicochemical interactions that take place between I and the 
rectal membrane and that arc involved in the enhancement of membrane 
permeability to cefoxitin and phosphate coadjuvants are not clearly under- 
stood. However, the inhibitory effect of disodium 4.4’-diisothiocyano-2,2’- 
disulfonate stilbene (11) on the enhancing action of 1 possibly suggests in- 
volvement of the membrane protein fraction. Compound I I  is known to inhibit 
anion transport through the erythrocyte membrane (14) by interacting with 
the amino group in the protein fraction (15). The discdium D L - ~ - ~ ~ Y C S @  
phosphate-enhanced disappearance of cefoxitin from the rectal in sifu loop 
was suppressed when I 1  was present in the microenema (Table Ill). Therefore, 
an interaction may occur between the adjuvant phosphate moiety and the 
membrane protein fraction, causing a conformational change in the protein. 
This change in protein structure ensuing from the interaction with 1 most 
probably does not result in membrane damage caused by chelation since the 
adjuvant effect of I on cefoxitin disappearance from a rectal in siru loop was 
only slightly suppressed by calcium chloride (Table 111). 


When calcium chloride was administered with either sodium tripolyphos- 
phate or sodium phytate without I into a rectal in sizu loop, the ability of both 
coadjuvants to enhance the disappearance of cefoxitin was significantly in- 
hibited (Table Il l ) .  The adjuvant action of these coadjuvants was not affected 
by coadministration of I 1  (Table 111). From these findings, we can speculate 
that the apparent adjuvant activity of sodium tripolyphosphate and sodium 
phytate when administered without I may depend primarily on chelating 
activity. In this study, the enhancing action of phytate was found to be similar 
to that of EDTA (16). EDTA, a strong chelating agent which has been shown 
to enhance drug absorption from the small intestine ( I  7 )  and rectum (16) in 
rats, has also been found to cause solubilization of protein from erythrocyte 
ghosts (18). Consequently, the ability of tripolyphosphate and phytate to 
enhance rectal cefoxitin absorption when administered without I may be a 
result of membrane damage. 


In a previous report by Kishihata el al. ( 1  2), the difference in the adjuvant 
action of glyceryl esters of acetoacetate was found to be due, partly, to the 


Table 11-Effect of a-Clycerophosphate (I), Tripolyphosphate, and Phytate on the Rectal Absorption of Cefoxitin a 


Dosage Form 


Cefoxitin. Mean f SD 
Dose of Additives, mmol/body Plasma Peak 


I Tr i~olvphos~hate  Phvtate Levels, PM IAUCI. uM-min* Bioavailabilitv. %= - . -. . _ .  
Intravenous injection 0 0 0 - 2011 f 426 100 
Suppository 0 0 0 2.0 f 0.91 291 f 73 3.6 


I .03 0 0 10.4 i 2.4e 1519 f 232p 19.0 
1.03 0.054 0 21.8 i 3.2e 2458 f 335e 30.6 
I m 0 0.026 24.3 & 3.6‘ 2883 & 437‘ 
0 
0 


0. I35 
0 


~ ~~ ~~~. ~ ~ . ~ .  


0 3.2 f 0.80 422 f 146 
0.065 3.9 i 0.96‘ 519 f 173f 


35.9 
5 .3  
6.5 


At a dose of 0.45 mmol/dog administered as I-g suppositories i n  dogs: crossover desi n with n = 10. Values are [AUC]o.2,0 min. [AUCjrectal administration X (dose) 
intravenous injection X IOO/[AUC]intravenous injection X (dose) rectal administration. !SO mg of cefoxitin/dog was administered in saline. e p < 0.001; Student’s I test. relative 
to results obtained after administration of suppositories without adjuvant. f p < 0.05; Student’s I-test. relative to rcsults obtained after administration of suppositories without adju- 
vant. 
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Table 111-Effect of 4,4'-Diisothiocyano-2,2'di~lfonnte Stilbene (11) and 
Calcium Chloride (111) on tbe Enhancement of Plasma Cefoxitln Levels and 
on Cefoxitin Disappearance from the Rat Rectal In Situ Loop by 
a-Glycerophosphnte (I), Sodium Tripolyphosphate, and Sodium Phytate' 


Adjuvant Additive 
Concentration Concentration 


None None 
I(205 mM) None 


Tripolyphosphate None 


I I  (1 mg/mL) 
111 ( l8OmM) 


(108 mM) 
I 1  ( I  mg/mL) 


111 ( l8OmMb 
Phytate (53 mM) None 


11 ( 1  mg/mL) 
111 (180 mM) 


Percent 
Disappearance 


of Cefoxitin 
at 1.5 h 


5.4 f 5.8 
38.7 f 8.1 
16.8 f 6.3b 
25.2 f 5.3 
18.5 f 4.2 


2 1 . 9 f  7.1 


21.8 f 5.1 
22.5 f 5.4 
7.6 t 3.9b 


7.8 f 3.2b 


<13b 
119 f 28/, 
5 2 f  I I  
9 9 f  18 
61 f I I  


66 f 
<I3 


67 f 8 
77 f 12 


<13b 


0 Micrememas contained 15 mg of cefoxitin/mL and had a dosage volume of 100 
fiL/lOO g of rat body weight; n 2 3. b p  < 0.001 uersus adjuvant without additive. 


difference in their ability to permeate the rat rectal tissue. In the present study, 
we found that the coadjuvants tripolyphosphate and phytate substantially 
enhanced the absorption of cefoxitin only after their own permeation of the 
membrane was apparently enhanced by I. Thus, we speculate that adjuvant 
permeation of the mucosal membrane may be mechanistically necessary before 
enhanced compound absorption acrass the rectal membrane can occur. 


In conclusion, the enhancing action of I on rectal cefoxitin absorption ap- 
pears to depend on the affinity of I to the protein fraction in the mucosal 
membrane. The weak enhancing ability of the phosphate coadjuvants when 
administered with cefoxitin alone may involve chelating activity and possible 
damage to the rectal mucosa. However, the large increase in drug absorption 
after coadministration of I with either chelating agent, tripolyphosphate or 
phytate. is not just a consequence of the added effect of the enhancing action 
of 1 and chelation. These phosphate derivatives apparently have a strong ad- 
juvant efficacy which can be realized only when their own permeation of the 
mucosal membrane is enhanced by adjuvants such as  I. 


REFERENCES 
( I )  K. C. Kwan, G. 0. Breault, E. R. Umbenhauer, F. G. McMahon, and 


D. E. Duggan. 1. Pharmacokinet. Biopharm., 4,255 (1976). 
(2) V. Wright and M. Roberts, Clin. Med.,80, 12 (1973). 
(3) E. C. Huskisson, R. T. Taylor, L. Bureston, P. Chater, and E. D. Hart, 


Ann. Rheum. Dis.. 29,393 (1970). 
(4) A. G. de Boer, D. D. Breimer, H. Mattie, J. Pronk, and J. M. Gub- 


bens-Stibbe, Clin. Pharmacol. Ther., 20,701 (1979). 
( 5 )  A. G. de Boer, J. M. Gubbens-Stibbe, and D. D. Breimer, J .  Pharm. 


Pharmacol., 33,50 (1981). 
(6) T. Nishihata, N. Yata, and A. Kamada, Chem. Pharm. Bull., 27,1740 


(1979). 
(7) T. Nishihata, J .  H. Rytting, T. Higuchi, and L. Caldwell, J. Pharm. 


Pharmacol., 33,334 (1981). 
(8) T. Nishihata, J. H. Rytting. and T. Higuchi, J. Pharm. Sci., 71,865 


(1982). 
(9) T. Nishihata, J. H. Rytting, and T.  Higuchi, J. Pharm. Sci., 71,869 


(1982). 
(10) A. Kamada, T. Nishihata, S. Kim, M. Yamamoto. and N. Yata, 


Chem. Pharm. Bull., 29,2012 (1981). 
( 1 1 )  S. Kim, A. Kamada, T. Higuchi, and T. Nishihata, J. Pharm. 


Pharmacol., 35, 100 (1983). 
(12) T. Nishihata. S. Kim, S. Morishita, A. Kamada, N.  Yata, and T. 


Higuchi, J. Pharm. Sci.,  72,280 (1983). 
(13) T. Nishihata, H. Takahagi, M. Yamamoto, H. Tomida, J. H. Rytting, 


and T. Higuchi, J. Pharm. Sci., 73,109 (1984). 
(14) Z. 1. Cabantchik, P. A. Knauf, and A. Rothstein, Biochim. Biophys. 


Acra, 515,239 (I 978). 
(IS) J. A. F. op den Kamp, in '*Membrane Structure," J. B. Finean and 


R. H. Michell. Fds.. Elsevier/North-Holland, Biomedical Press, Amsterdam, 
1981, p. 86. 


(16) T. Nishihata, J .  H. Rytting, and T. Higuchi,J. Pharm. Sci.. 70.71 
(1981). 


(17) H. Kunm, G. Rehbock, and W. Vogt. Naunyn-SchmiedebergP Arch. 
Pharmacol., 273,331 (1972). 


(18) J .  A. Reynolds and H. Trayer, 1. Biol. Chem., 246,7337 (1971). 


ACKNOWLEDGMENTS 


This work was supported in part by a grant from INTER,. hlerck Sharp 
& Dohme Research Laboratories. The authors also acknowledge support 
provided by the Center for Biomedical Research, The University of Kansas. 
The authors thank M. Dillsaver for useful comments and technical assis- 
tance. 


Physiological Model for Distribution of 
Sulfathiazole in Swine 


JOHN DUDDY $8, THOMAS L. HAYDEN $, DAVID W. A. BOUIb4E *yx, 
WILLIAM D. FISKE *, IRMA H. BENEDEK *, DOROTHY STANLEY *, 
ALBERT0 GONZALEZ $, and WILLIAM HEIERMAN # 


Received August 29, 1983, from the * College of Pharmacy and the f Department ofhfathematics. Uniuersity of Kentucky. Lexington, KY 
40506. 
and 1 Department of Pharmacy, University of Queensland, St. Lucia, 4067, Australia. 


Accepted for publication December 19, 1983. Present addresses: #Department of Mathematics, De Paul University, Chicago, IL 60614 


Abstract 0 A physiological flow model was developed for the distribution of 
sulfathiazole residues in  various tissues in swine. The approach was corn- 


the experimentally determined concentration values in plasma and kidney, 
liver, muscle, fat, and heart tissues. 


partmental. in which the compartments and equilibrium constants had 
physiological meaning. Differential equations were developed, and appropriate 
parameter values and initial conditions were substituted and solved by a 
fourth-order Runna- Kutta technique. Simulation values corresponded with 


Keyphrases 0 Sulfathiazole-physiological flow model. distribution, swine 
19 Physiological flow model-sulfathiazole, swine. distributiona Distribu- 
tion-physiological sulfathiazole* swine 


Allergic reaction and increasing bacterial resistance are 
possible side effects resulting from human consumption of 
meat derived from animals given antibiotics (1). Consequently, 
regulations have been promulgated by the Food and Drug 


Administration setting tolerance levels for antibiotics and other 
drugs in slaughtered animals (2). Mathematical models which 
predict the residual amounts of a given drug in various organs 
at  various times after administration are therefore important 
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atom. The C21 position shows the same tendency. Here the log P value changes 
by 0.42 f 0.22 ( n  = 6) per carbon atom with increasing chain length. The 
introduction of a chlorine atom in place of O H  causes only a slight increase 
in the log P value. 


The two HPLC methods described for the determination of the lipophilicity 
of glucocorticosteroids are more rapid than the shake-flask method, and are 
more convenient than the TLC procedure. 
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Abstract 0 A high-performance liquid chromatographic method was devel- 
oped for the simultaneous determination of azobenzene, hydrazobenzene, and 
four other decomposition products in phenylbutazone injectable formulations. 
Separation was achieved on a C18 column, with 0.1 M Tris-citrate buffer (pH 
5.25) and acetonitrile (52:48), at  a flow rate of 2 mL/min and a detection 
wavelength of 237 nm. Diphenylamine was used as an internal standard. The 
limit of quantitation is 0.5% (with respect to phenylbutazone) of each degraded 
product. The detectability is 2.4 X lop3 pg for azobenzene and 1.5 X lo-) 
pg for hydrazobenzene. The limit of quantitation may be lowered to 0.1% (with 
respect to phenylbutazone) for azobenzene and hydrazobenzene in the pres- 
ence of the two major decomposition products, which have been determined 
in commercially available injectable formulations. A higher sensitivity was 
obtained for azobenzene using the mobile phase 0.1 M Tris-citrate buffer (pH 
= 5.25) and acetonitrile (40:60) with detection at 314 nm. Under these con- 
ditions, 0.025% (with respect to phenylbutazone) of azobenzene is quanti- 
tated. 


Keypbmses 0 Phenylbutazone-HPLC, stability-indicating assay, degra- 
dation products 0 Azobenzene-HPLC determination 0 Hydrazoben- 
zene-HPLC determination 


The sodium salt of phenylbutazone (I) in aqueous solution 
undergoes hydrolysis and, to a small extent, oxidation and 
decarboxylation according to degradation Scheme I (1). 
Among these degradation products, some are of particular 
interest because of their dcleterious effects: 4-butyl-4-hy- 
droxy- 1,2-diphenyl-3,5-pyrazolidinedione (11) may be involved 
in allergic reactions (2); hydrazobenzene (VIII) and azoben- 
zene (IX) are suspected carcinogens (3). Despite their toxicity, 
no analytical method has been proposed for the identification 
and quantification of VII I  and IX in phenylbutazone formu- 
lations. Only separation on chromatographic columns and 
identification by TLC have been reported as evidence for the 
presence of IX in commercial injections after prolonged stor- 
age (4). The present study was undertaken to complete pre- 
liminary work ( 5 ,  6); the conditions used previously in the 


high-performance liquid chromatographic (HPLC) procedure 
(6) did not allow the determination of VIII  and IX within 
acceptable time. In this report, an improved, rapid, and sen- 
sitive HPLC procedure is presented that allows simultaneous 
determination of trace levels of 11, 111, IV, VI, VIII, and IX 
and a monitoring of the stability of I in injections. 


EXPERIMENTAL SECTION 


Materials a id  Reagents-Compounds I ,  11, I l l ,  IV ,  and V I  were used as 
received’. Compounds V l l l  and IX, diphenylamine (DPA), Tris, and citric 
acid were analytical reagent grade. HPLC-grade acetonitrile, distilled-in-glass 
grade methanol, and water were also used. Injectable formulations were 
commercial formulations2 (600 mg of the sodium salt of phenylbutazone, 6 
mg of dibucaine, propylene glycol, and water per 3 mL of solution). 


The HPLC) was equipped with a variable-wavelength U V  detector4. The 
separation was carried out on a laboratory-made column ( I 5  cm X 4.0 mm) 
containing microsilica particulate-bonded (5-pm) octadecylsilanG. The mobile 
phase A was 0.1 M Triscitrate buffer (pH 5.25) and acetonitrile (52:48). The 
citrate buffer was filtered through a 0.45-pm filter6, and the mixture was 
deaerated before use. 


Standard Solutions-An initial mixed stock solution was prepared in the 
mobile phase using I (200pg/mL) and I I . 1 1 1 ,  IV,  V I ,  VIII .  and IX (1OOpg 
of each/mL). This solution was suitably diluted in  the mobile phase to give 
standard solutions. An internal standard solution (diphcnylaminc, 500 pg/mL 
in  the mobile phase) was added to each diluted standard solution to give a 
100-pg/mL concentration of diphenylamine. The final concentration range 
was from 5 to 160 pg/mL for I and from 2.5 to 80 pg/mL for 11-IV, VI, VIII, 
and IX. 
Test Solutions-Recovery studies were carried out on laboratory-prepared 


injections similar to commercial formulations with the following amounts 


I Gifts from Geigy Laboratories, Basel. Switzerland. 
1 Butazolidine; Geigy. 


SP 8ooO. SDectra Phvsics. 
‘SF 770; Schoeffel. ’ 


6 Sartorius. 
Lichrosorb RP-18; Merck, Darmstadt, W. Germany. 
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(Val )  
Scheme I--Degradation pathways of phenylbutazone according to Ref. I .  
Key: ( I )  phenylbutazone; (11) 4-butyl-4-hydroxy- I .2-diphenyl-3,5-pyrazo- 
lidinedione; ( I I I )  3-hydroxy-2-oxohexanoic acid I .2-diphenylhydrazide; 
( I  V) 3-carboxy-2-oxohexanoic acid 1.2-diphenylhydrazide; (V} 2-hydroxy- 
hexanoic acid 1,2-diphenylhydrozide; (VI) hexanoic acid 1.2-diphenylhy- 
drazide; (VII) 2-oxohexanoic acid 1.2-diphenyl hydrazide; (VIII) hydrazo- 
benzene; ( I X )  azobenzene. 


added: 1% (with respect to I )  of 11-IV, VI, VII I ,  and IX; 0.5% (with respect 
to I )  of 11-IV, VI, VIII, and IX;0.2% (with respect to I)  of Vlll and IX in the 
presence of 3% (with respect to I )  of 111 and IV; 0.1% (with respect to I) of 
Vlll and IX in the presence of 3% (with respect to I )  of I l l  and IV. These 
prepared solutions and the commercial injections were diluted in the mobile 
phase and internal standard solution was added to match the calibration 
graph. 


A 10-pL aliquot of each standard solution and 10 pL of test solution were 
injected in duplicate onto the chromatograph. The apparatus was operated 
at ambient temperature. The flow rate was 2 mL/min, the pressure was 140 
f 2 bars, and the detector was set at 237 nm or 314 nm, with a sensitivity of 
0.1 AUFS. 


RESULTS AND DISCUSSION 


Specimen chromatograms of a standard solution recorded at 237 nm 
(suitable wavelength for simultaneous determination of I-IV, VI,  VIII, and 
IX) and 314 nm (maximum absorbance wavelength for IX in the mobile 
phase) are shown in Figs. 1 and 2, respectively. A better sensitivity for IX and 
a negligibleabsorbanceof I-IV, VI, and Vlll isobserved at 314 nm. Diphe- 
nylamine may be used as an internal standard at 237 and 314 nm. An excipient 
blank was injected. No interference was observed at these wavelengths. 


Chromatographic Parameters-Table I lists the chromatographic data for 
phenylbutazone and its main decomposition products, expressed as the ca- 
pacity factor k', the theoretical plate height H, the asymmetry factor A, (7) 
under the conditions used in the present study (mobile phase A). Tocheck the 
efficiency of acetonitrile on the selectivity, a modified mobile phase 0.1 M 
Tris-citrate buffer (pH 5.25)-acetonitrile--methanol (52:30: 18) was used. 
No separation efficiency was obtained and a dramatic increase in the capacity 
factors and increased pressure (p = 218 bars) were observed. 


Comparative data using mobile phase 9, 0. I M Tris-citrate buffer (pH 5.25) 
and acetonitrile (60:40) and the conditions used in a previous paper (flow rate, 


A . min. 
0 4 8 1 2 4  


Figure I-Chromatogram of a standard solution of I(97.0 pg/mL). I I  (44.0 
pg/mL)). I I I  (36.0 pg/mL). IV (40.0 pglmL). VI (54.4 pg/mL). VIII (56.0 
pglmL). IX (48.0,pglmLJ. and DPA (82.5 pg/mL). The mobile phase was 0.1 
M Tris-citrate buffer (pH 5.25)-ace1onitrile (52:48);flow rate was 2 mumin. 
and pressure was I40 bars. Detector sensitivity was 0. I AUFS. chart recorder 
speed was 0.5 cmlmin. and X was 237 nm. 


D P A  !I. 
L ' min 
0 4 8 12 16 


Figure 2-Chromatogram of a standard solution recorded at 314 nm. 
Standard solution and conditions were the same as in Fig. I .  


2.0 mL/min) ( 6 ) .  are given in Table I. Mobile phase B could not achieve the 
separation within an acceptable time. Accordingly, mobile phase A was chosen 
for the simultaneous determination of the degradation compounds. 


Stability Studies-Hydrazobenzene (VIII) has been reported ( I  ) to undergo 
easy oxidation into azobenzene and trans-azobenzene (IX) is susceptible to 
isomerization into cis-azobenzene under photolytic conditions (8). The sta- 
bility of I-IV, VI, VIII, and IX was tested by separatcly injecting onto the 
chromatograph, at different time intervals, a solution of each compound (0.12 


Table I-Chromatographic Data of Phenylbutazone and Its Main 
Decomposition Products 


Mobile Phase A 
Compound k' H, m m  AS 


I 1.914 0.616 1.10 
I 1  3.276 0.042 1.40 
I11 0.086 0.216 1.40 
IV 0.569 0.1 18 I .43 
VI  1 1.948 0.028 1.21 
Vlll 4.603 0.032 I .33 
IX 19.983 0.024 1.37 
DPA 7.138 0.027 I .37 


Mobile Phase B 
k' 


4.700 
9.000 
0.560 
1.740 


38.820 
12.380 
55.040 


_- 
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Table 11-Minimum Detectable Amount and Sensitivity for 
Phenylbutazone and Its Main Decomposition Products 


Minimum 
Detectable Amount, pga Sensitivity 


Compound X = 2 3 7 n m  X = 3 1 4 n m  X = 2 3 7 n m  X = 3 1 4 n m  
- 4.8 x 10-3 - I 1.377 


- 14.740 - 
I 


- 14.296 - 
I I  
IV 1.2 x 10-3 - 14.385 - 
111 


1.8 x 10-3 
1.1  x 10-3 


4.5 x 10-3 - 16.387 - 
- 


VI 
v i i i  1.5 x 10-3 - 19.214 
IX 6.0 X 2.40 X 14.739 37.305 


a Determined in the presence of I (20 gg), 


mgmL-') in the mobile phase. After 3 h at  ambient temperature, under 
diffused light, no decomposition was observed for I-IV and VI. Only 1.37% 
of Vlll  was oxidized and no isomerization of IX was observed. Under chro- 
matographic conditions used in this study, the retention time of cis-azobenzene 
relative to trans-azobenzene was 0.25 min. 


Linearity of response was demonstrated for each solute by plotting the peak 
area ratioof solute to the internal standard against the solute concentration, 
from mixed standard solutions with equivalent concentration of degradation 
compound. The calibration graphs were linear for each compound with a 
correlation coefficient >0.998 in all instances. Each calibration graph inter- 
sected the origin. A similar correlation was obtained using the peak heights 
instead of the peak area. 


Repeatability was assessed by five replicate determinations of a standard 
solution (80 pg/mL for I and 40 pg/mL for each degradation product) and 
a laboratory prepared injection with 3% of each degradation compound (with 
respect to I). For the standard solutions the data, expressed as the CV, were 
1.57% (I) ,  2.86% ( I I ) ,  1.88% ( I l l ) ,  3.85% (IV), 5.54% (VI), 2.22% (VIII), 
and 2.86% (IX). For the laboratory-prepared injection, the data were 0.59% 
(I), l.66%(11), I.OO"/O(~~~),O.~~%(IV),O.~~%(VI), 1.75%(VIII),and 1.35% 
(I)(). 


The detectability [amount (pg) that gives a peak height equal to twice the 
background for the maximum on-column level tolerable for I]  and the sensi- 
tivity (change in the area value, measured at the maximum detector sensitivity, 
resulting from a concentration change of one unit in pg/mL) were evaluated 
at  237 and 3 14 nm (Table 11). The best wavelength for the detection of azo- 
benzene is 3 I4 nm. 


The recovery studies on laboratory prepared injectable formulations with 
and without added amounts of degradation products are given in Table 111. 
To determine trace amounts of decomposition products, a high concentration 
of phenylbutazone (2 mg/mL) had to be injected and a blank determination 


Table 111-Recovery Data from Laboratory Prepared Injectable 
Formulation 


Amount Added, Amount Found, Relative Error, 
mg mg 9a 


Placebo + I 
I 
I I  
111 


Placebo + IV 
VI  
Vlll 
I X  
I 
I 1  
111 


Placebo t IV 
VI 
V I I I  
IX  
1 
I l l  


Placebo t IV 
Vll l  
IX 
I 
I l l  


Placebo + IV 
Vll l  
I X  


600.00 
600.00 


6.00 
6.00 
6.00 
6.00 
6.00 
6.00 


600.00 
3.00 
3.00 
3.00 
3.00 
3.00 
3.00 


600.00 


18.00 
I .2 
1.20 


600.00 
18.00 
18.00 
0.6 
0.60 


I 8.00 


588.06 
591.14 


5.85 
5.76 
5.74 
6.26 
5.85 
6.05 


603.60 
2.85 
3.08 
2.99 
3.15 
3.16 
3.21 


16.89 
17.78 


1.27 
1.16 


592.80 
19.36 
17.68 


584.58 


0.656 
0.588 


- I  .99 
- I  .48 
-2.5 
-4.06 
-4.30 
t4 .37  
-2.47 
t 0 . 7 9  
+0.60 
-4.89 
t 2 . 8 6  
-0.37 
t4 .95  
+5.31 
t6 .95  
-2.57 
-6.16 
- I  .20 
t 5 . 8 3  
-3.33 
- 1.20 
+7.57 
- 1.75 
t 9 . 3 3  
-2.00 


i 


P) 
C 
.- .- 
4 
I 


1 PA 


. min. 
0 4 8 


Figure 3-Chromarogram of a laboratory-prepared injectable formulation 
of I(2.180 mg/mL). I X  (0.525 pg/mL). and spiked with DPA f4.975 pglmL). 
The mobile phase was 0.1 M Tris-citrate buffer ( p H  5.2s) and acetonitrile 
(40:60). Flow rate was 2.0 mL/min and pressure was 127 bnrs. Detector 
sensitivity was 0.01 AUFS. chart recorder speed was 0.5 cmlmin. and X was 
31 4 nm. 


corresponding to an equal concentration of phenylbutazone had to be carried 
out. Recovery data presented in Table 111 are corrected from the blank de- 
termination. I t  must be noted that 0.5% (with respect to I )  is the limit of 
quantitation for I I  because of the resolution between I and II i n  the presence 
of a large amount of I .  The recovery studies for the two carcinogenic com- 
pounds (V111 and IX) were carried out a t  lower limits in the presence of the 
main degradation products ( I I I  and IV) determined in commercially available 
injectable formulations (5,6) within the limit of validity. From Table 111,0.1% 
(with respect to I) may be estimated as the lowest limit ofquantitation for Vlll 
at 237 nm with acceptable accuracy. At 3 I4 nm, where I ,  111, and IV are not 
interfering, the limit of quantitation of IX could be lowered to 0.05% (with 
respect to I). 


To  increase the detectability and the sensitivity for azobenzene, a more 
eluting mobile phase C [O. 1 M Tris-citrate buffer-acetonitrile (40:60)] was 
used. Standard solutions of IX were prepared using mobile phase C as follows: 
I00 pg/mL of DPA was added to make an internal standard of 5 pg/mL. The 
concentration of IX ranged from 0.3 to 2.0 pg/mL. Good linearity was ob- 
served for the calibration graph (r  > 0.999). The chromatogram of a l a b  
ratory-prepared injection with added amount 0.025% (with respect to 1) of 
IX is given in Fig. 3. The recovery was 107.04% by peak area and 94.53% by 
peak height measurements. The detectability was 1.3 X lo-) pg. 


Commercial Injectable Formulation Analysis-Commercial injection 
samples issued from two different batches, within the limit of validity, were 
analyzed with the mobile phases A and C. For one sample, I was 99.73% of 
the declared value, 111 was 0.92% (with respect to I), and IV was 5.32% (with 
respect to I). For the second sample, I was 100.@0%. 111 was 0.8% (with respect 
to I), and IV was 3.77%. Neither hydrazobenzene nor azobenzene were de- 
tected in these two batches. 


CONCLUSIONS 


The proposed method allows the detection of hydrazobenzene and azo- 
benzene at  trace levels: 1.5 X gg for VIII. 2.4 X IO-'pg for IX with 
mobile phase A, and 1.3 X pg for IX with mobile phase C. The resolution 
obtained for these two carcinogenic substances from phenylbutazone and its 
two major decomposition products usually found in injections, allows thc si- 
multaneous determination of 0.1% of each with satisfactory accuracy. Due 
to the high toxicity of hydrazobenzene and azobenzene, such an assay should 
be carried out as a stability-indicating assay for the phenylbutazone injectable 
formulations susceptible to hydrolysis. 
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Autoxidation and Hydrolysis Kinetics of the Sodium 
Salt of Phenylbutazone in Aqueous Solution 
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Abstract 0 The present investigation offers experimental results concerning 
the degradation kinetics of the sodium salt of phenylbutazone based on a re- 
liable HP1.C procedure. The method allows the simultaneous determination 
of the parent compound and its main decomposition products. Thedegradation 
kinetics at 37OC were compared at pH 7.9 and 10.0 and under oxygen and 
nitrogen atmospheres. Parallel tests were carried out in the dark and under 
photolytic conditions for the aforementioned conditions. The influence of 
traces of iron and a chelating agent of iron on the degradation was studied. 
At pH 7.9 and pH 10.0 the main degradation products are 3-hydroxy-2- 
oxohexanoic acid 1,2-diphenylhydrazide and 3-carboxy-2-oxohex~noic acid 
1,2-diphenylhydrazide. Azobenzene is formed only at pH 10.0. At pH 7.9, 
in the dark, the degradation proceeds with a lag phase. In contrast, no lag phase 
is observed under photolytic conditions. The process of autoxidation and hy- 
drolysis is catalyzed by traces of iron both in the dark and under irradiation 
conditions. An unexpected increase in the degradation is observed in the 
presence of iron(ll1) and EDTA in aerobic conditions and under irradia- 
tion. 
Keyphrases 0 Phenylbutazone-autoxidation, hydrolysis, degradation, 
degradation products, effects of light and pH 


Numerous accounts on the stability of phenylbutazone ( I )  
in drugs have been reported (1 -7). A degradation pathway has 
been suggested which involves oxidation and hydrolysis (4). 
Furthermore, Schmid (8)  has shown that the hydrolysis of I 
to IV is reversible. 


Kinetics of the degradation of the sodium salt of phenyl- 
butazone in aqueous solution have been previously investigated 
(9, 10) using UV spectrophotometry. The procedure was only 
valid for the determination of the parent compound; the ki- 
netics of formation of the degradation products were not 
evaluated. 


Since 11, VIII ,  and IX (see Scheme I of the immediately 
preceding paper for the structures of the degradation products) 
have been suspected to have noxious properties (1 I ,  12) it is 
useful to investigate, under different conditions, the degra- 
dation kinetics of I together with the formation of all its de- 
composition products. I n  the present work, a reliable HPLC 
procedure (1 3)  has been used to follow simultaneously the 
kinetics of the breakdown of the parent compound and the 
formation of six main degradation compounds, using experi- 
mental conditions which complement previous work (9, 10). 


EXPERIMENTAL SECTION 


Materials, Reagents, and Solutions-Phenylbutazone and its decomposition 
products(!!', I I I ' ,  !V',VI1,VIII,and IX) wereusedasreceived(seeScheme 


I of the immediately preceding paper for the structures of the degradation 
products). All chemicals were analytical reagent grade and water was glass 
distilled. 


M con- 
centration of I and an ionic strength of p = 0.5. The solutions were prepared 
in 0.2 M ammonium acetate buffer (when a buffer effect wasstudied at pH 
7.9 the buffer concentrations were 0.1.0.2, and 0.3 M). The experiments were 
carried out at pH 7.9 and 10.0 without additives, and at pH 7.9 in the presence 
of iron and iron and EDTA. 


For each set of experiments, the sodium salt of phenylbutazone solution 
(solution A) was prepared in a volumetric flask (100 mL) by dissolving phe- 
nylbutazone ( I 0 0  mg) in a minimum amount of concentrated NaOH (-4 M). 
Solution A was then added to a volume of 100 mL as described below. 


For experiments a t  pH 7.9 and 10.0. without additives, an acetic acid so- 
lution was added to solution A toget a 0.2 M (or 0.1 M. or 0.3 M) final acetate 
concentration. The pH was adjusted2 to 7.9 or 10.0 with ammonium hydroxide. 
Potassium chloride and water were added to a volume of 100 mL to have an 
ionic strength of p = 0.5. 


For experiments in the presence of iron, a saturated solution of iron(l1l) 
chloride in the buffer was prepared by shaking (in a water bath at 40°C) 
iron(ll1) chloride in the buffer for 48 h. The filtered solution was added to 
solution A to make I 0 0  mL. The iron concentration was determined in the 
filtrate by atomic absorption spectr~photometry~ using a graphite furnace. 
The concentrations of the solution was 0.008 X 10-3 M iron(ll1). 


For experiments in the presence of iron and EDTA, an appropriate amount 
of EDTA was added to an aliquot of the solution described above. The con- 
centrationsof thesolutions were 0.008 X M and 10.52 X lo-' M with 
respect to iron(ll1) and EDTA. 


Sample Processing--For each experiment. 3-ml. aliquots of the solution 
were transferred to 10-mL standard antibiotic vials. The vials were closed with 
a rubber seal. The solutions were bubbled for 3 min with either oxygen or ni- 
trogen through the rubber cap using inlet and outlet syringe needles. 


Sets of vials corresponding to the different experiments were placed in the 
same incubator at 37 f I O C .  The ceiling of the incubator was fitted with a 
distributed light source delivering a radiative power - I %  of that emitted by 
the sun on a bright day. The amount of near UV and visible radiation received 
by the solutions was estimated using actinometry4 and was found to bc 800 
pW/cm2. The set of vials to be studied in the dark was enclosed in a light-tight 


The study was conducted at pH 7.9 or 10.0 using a 3.24 X 


~ ~~ ~ ~~~~ ~~~~~ ~ ~ 


I Girls from Geigy Laboratories, Basel, Switzerland. These wmpounds were described 


* Potentiograph Metrohm E 436. 


' In a first step. the spectral power distribution of a lamp was measured by means of 
a calibrated spectroradiometer. Then. a graph of the yield in Fez+ ions versus lamp power 
was obtained using potassium fcrrioxalate actinometry. Actinometer preparation and 
final titration followed the Parker and tlatchard procedure ( C  A. Parker and C. G .  
Hatchard. J .  Pfiys. Cfiem.. 63.22 (1959): see also C. A .  Parker in "Photoluminescence 
of Solutions." American Elsevier. New York, N.Y. 1968, p.  210). The irradiation step 
only was different. since we used the full spectrum of [he lamp. The last step was the 
measurement of the actual sample in the incubator. Oncc the absorbed p w e r  was 
measured. yield was obtained following standard procedures using the power distribution 
of the lamp, the yield wrsus wavelength quantum yield change of the actinometer. and 
the absorption curve of the sample. 


in G. Pawelczyk and R. Wachowiak. Diss. Pharm. Pharmacol.. 20,653 (1968). 


Model 420 equipped with an H . t i .A .  graphite furnace: Perkin-Elmer. 
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Abstract 0 Spherical medicated microglobules were prepared by complex 
coacervation of Type A gelatin with pectin, having nominal diameters of 5, 
10, and 25 pm and containing 37.3,44.9, and 45.2% (w/w) sulfamerazine. 
respectively. They were recovered as water-insoluble powders and wcre 
spontaneously revertible to highly disperse systems whcn reconstituted in water 
or physiological electrolyte solution. The conditions affecting microglobule 
formation were studied. For complete formation, the crystals must be dispersed 
at  I p H  5. The effect of the sulfamerazine mass addcd on microglobule 
morphology, yield. and contents were investigatcd. As much as 37.3.44.5, and 
69.1% (w/w)  sulfamerazine in 5-. 10- and 25-pm microglobules could be 
formed without loss ofspherical shape. The microglobulc yield ljersus drug- 
to-colloid ratio curves wcre nonlinear below the critical drug-to-colloid ratio 
for loss of sphericity. Addition of sulfamerazine suppressed coacervation by 
10- 1 5% but it had no significant effect on microglobule size. The extraction 
of medicated microglobules in various media demonstrated the existence of 
a porous matrix that required hydration to facilitate extraction of the mi- 
croglobular drug. Fifteen percent of the encapsulated sulfamerazine was cx- 
tracted from 25-pm microglobules as opposed to 9% from 10-pm microglo- 
bules after equilibration for 24 h in  replacement electrolyte solution. 


Key phrases 0 Microencapsulation-pectin-gelatin coacervates, sulfamera- 
zinc 0 Coacervates-pectin-gelatin. sulfamerazine. microglobules, recovery, 
size 


Little consideration of the morphological character of 
complex coacervate-coated particles appears in  the pharma- 
ceutical literature until  Newton et al. ( I )  produced spherical 
microglobules of uniform size with centrally located drug. The 
process of medicated microglobule formation is to be differ- 
entiated from microencapsulation; the latter usually yields 
nonspherical particles. Complex coacervates of gelatin-acacia 
or gelatin-pectin readily wet and surround suspcnded particles 
and emulsified droplets. On cooling and denaturation with 
formaldehyde, the liquid coacervate droplets congeal, forming 


microglobules that are recoverable as water-dispersible pow- 
ders after flocculation in 2-propanol ( 1 ,  2). 


Certain physicochemical conditions for preparing and re- 
covering nonmedicated microglobules from type A gelatin- 
pectin complex coacervates were detailed previously (2). The 
purpose of this investigation was to characterize conditions for 
sulfamerazine microglobule formation in complex coacervates 
of pectin and gelatin, yielding microglobules of uniform size 
with centrally located drug that were recoverable as a dry 
powder. Medicated microglobules with diameters of < 10 pm, 
spontaneously revertible to a polydisperse system in aqueous 
fluids, were sought for potential use in parenteral dosage 
forms. 


EXPERIMENTAL SECTION 


Materials-Type A gelatin‘ and pectin NF2 wcre uscd in sols containing 
I %  benzyl alcohol for preservation. Sulfamerarine LISP3, micronized powder 
( 1 5  pm); formaldehyde solution, USP; glycerin, 99.6%: 2-propanol, 99%; 
replacement electrolyte solution4; collagenase BS: pancrcatins; and pepsinh 
were used as  received. Other reagcnts were of analytical reagent gradc. 


Preparation and Recovery of Microglobules - The method of preparation 
and recovery of microgbbules employed by McMullen et al. (2 )  was used. 
Coacervales wcre prepared at 45OC from 40.0-g batches stirred by a magnetic 
stirrer a t  a speed sufficient to produce a vortex without air bubbles. Appro- 
priate weights of 2% ( w / w )  stock solutions of pectin and gelatin wcre indi- 
vidually adjusted to the mixing pH (pH 8-10) with I .O M YaOH at 45OC to 


’ 275 Bloom. isoclectric point 8.6: Fisher Scientific Co.. Fair Lawn. N.J * Sunkist Growers Inc.. Ontario. Calif. 
Matheson, Coleman & Bell. Norwood, Ohio. 
Normosol-R pH 7.4; Abbott Laboratories. North Chicago. 111. 
Calbiochem. San Dicgo. Calif. 
Wilson Labs. Chicago. 111. 
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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 addition 
of 0.5 M HCI to pH 5 ,  then to the pH ofcoacervation (pH,). After stirring 
for 30 min, 5 mL of 37% (w/w) HCHO was added and stirred for 30 min 
under ambient conditions. After 15-20 h, the suspension was centrifuged and 
the supernatant was decanted. The microglobules were resuspended in 5 mL 
of glycerin with a vortex mixer and 35 mL of isopropyl alcohol was slowly 
added as a flocculating agent while mixing. The flocculated microglobules 
were then filtered, washed with two I W m L  portions of isopropyl alcohol and 
dried for 15-20 h in an oven at 36°C f I "C. Pectin and gelatin sol concen- 
trations of 2.0% were selected on the basis of earlier studies (2), which dem- 
onstrated optimum yield at this concentration. The pH of mixing (pH,)', pH 
of coacervation (pH,)*, and colloid ratio were varied to yield microglobules 
of desired morphology and size (2). 


Effect of pH-A sulfamerazine sample (0.8 g) was added to 40.0-g coac- 
ervate batches at three pH,,, values, at pH 5.0, and at several pH, values. The 
system was stirred for 3 min before addition of 0.5 M HCI except when sul- 
famerazine was added at  pH,, and the recovery procedure was completed as 
for nonmedicated microglobules (2). Each batch was evaluated for the extent 
of microencapsulation of the sulfamerazine particles and for microglobule 
morphology. The sulfamerazine content was determined for selected batches 
and the particle size was analyzed using a microscopic count technique. To 
produce a batch of medicated microglobules having a mean diameter of -5 
pm, it was necessary to modify the procedure to eliminate sulfamerazine 
crystals >2-3 pm. I n  this case, a sample of sulfamerazine (1.87 g) was added 
to a 40.0-g batch at  the selected pH,, stirred to disperse the crystals, and 
centrifuged at  1000 rpm for 3 min. The supernatant was transferred to a 
50-mL beaker and the coacervation procedure was resumed. 


Effect of Mass of Sutfamerazine-Samples of sulfamerazine (53.2 g) were 
added (at pH, 10.0) to 40.0-g coacervate batches having a pectin-gelatin 
colloid ratio of 30:70. Coaccrvates formed at pH, of 3.8 and produced mi- 
croglobules of 25 pm. Samples of sulfamerazine ( I  .2 g) were added (at pH,,, 
10.0) to 40.0-g batches having a pectin-gelatin colloid ratio of 33:67. Coa- 
cervates formed at pH, 4.5 and produced microglobules of 10 pm. The re- 
covered batches were evaluated for morphology, total yield, and sulfamerazine 
content. 


Observed Extent of Extraction and Digestion of Microglobules in Aqueous 
Media--Microglobules (-100 me) containing 41% (w/w) of sulfamerazine 
were placed in  20-mL type 1 glass vials containing 10 rpL, respectively, of 
simulated gastric fluid9; 0.1 M HCI, simulated intestinal fluid9; 0.1 M NaOH; 
collagenase B solution, 20 U/mL at p l j  7.0 in 0.05'M Trislo and 0.005 M 
calcium chloride (3); replacement electrolyte solution4; or distilled water. The 
vials were sealed with pretreated rubber closures, crimped with aluminum 
caps and rotated at  25 f 3 rpm at 37°C in an apparatus similar to that used 
by Souder and Ellenbogen (4). The suspensions were observed visually and 
microscopically a t  7.5, 15,30,60, and I20 min to determine the effect of ex- 
traction with the various media on morphology and contents of the micro- 
globules. 


Determination of Sulfamerazine Released from Microglobules Extracted 
with Aqueous Media-Accurately weighed 10-mg samples of microglobules 
125-pm average diameter containing 33% (w/w) sulfamerazine] were ex- 
tracted in 10-mL portions of replacement electrolyte solution and distilled 
water in 20-mL type I glass vials sealed with pretreated rubber closures and 
rotated at 25 f 3 rpm at 37°C. The suspensions were sampled at 0.5, I .O, 2.0, 
4.0.8.0. and 20.0h. filtered through a 0.22-pm micropore filter membrane", 
and assaycd. Similarly, 10-pm microglobules containing 47% (w/w) sulfa- 
merazinc were extracted in replacement electrolyte solution only. 


Determination of Sulfamerazine Released from Microglobules Extracted 
with Aqueous Acetone Solutions-Accurately weighed SO-mg samples of 
microglobules (25-1111 average diameter) containing 41% (w/w) sulfamera- 
zinc were extracted for I5 min in  10 mL of aqueous acetone solutions of 0- 
100% (v/v) acctone in  10% increments. Each sample was filtered through a 
0.25-pm membrane12, 5 mLof filtrate was transferred toa 25-ml. volumetric 
flask. and the solvent was evaporated to dryness. Each sample was brought 
to volume with 0.1 M NaOH and assayed spectrophotometrically. 


Assay of Sulfamerazine Content in Microglobules - Batches of microglo- 
bules were washed with acetone. 1 %  mL/1 .O g of drug originally added, to 
dissolve any superficial drug. An accurately weighed 100-mg microglobule 


' Century SS-I pH meter; Bcckman Instruments, Fullerton, Calif. 
Miniature glass 476031 and Calomel 476017 electrodes; Corning Scientific Products 


Simulated TS as per "The United States Pharmacopeia," 19th rev. US. Pharma- 
Co., Medfield. Mass. 


copcial Convention. Rockville, Md., 197.5, p. 765. 
l o  THAM; Fisher Scientific Co. 
I '  0.22-pm MF filter; Mill ipre Corp.. Bcdford. Mass. 
I z  O.25-pm UG filter; Millipore Corp. 


Table I-Effect of pH of Addition on Microencapsulation of Sulfamerazine 


Pectin-Gelatin Appearancea 
Colloid Ratio pH, v H ~  P H ~  P H ~  D H ~  


5050 8 3.4 A A N 
9 3.4 P A N 


10 3.2 E E P 
40:60 8 3.8 A A N 


9 3.8 E P N 
10 3.8 E E P 


33:67 8 3.9 P A N 
9.5 4.6 E* E P 
10 4.5 EC E P 


30:70 8 4.0 P A N 
9 3.8 E E P 


10 3.8 Ed E P 
25:75 8 4.4 P A N 


9 4.2 E E P 
10 3.8 E E P 


N is no affinity bctwcen drug and microglobulcs; A is surface adsorption; Pis partial 
microencapsulation; E is corn lete microencapsulation. b Mean is 5.7 Fm; SD = 0.93; 
37.3% w/w sulfamerazine. Lean is 9.2 pm; SD = 1.01: 44.9% w / w  sulfamerazine. 


4.3; 45.2% w/w sulfamerazine. Mean is 25.5 pm; SD 


sample was transferred to a 100-mL volumetric flask and brought to volume 
with 0.1 M NaOH. A 10-mL aliquot was filtered using a 0.22-pm mem- 
brane"; 1 .O mL of the filtrate was transferred to a SO-mL volumetric flask 
and brought to volume with 0.1 M NaOH. The absorbance was read at  255 
nm against a blank of 0.1 M NaOH. The concentration (mg/mL) was cal- 
culated from a standard (Beer's) curve. 


Microglobule Formation of Various Drugs-Samples (0.8 g) of hydrocor- 
tisone acetate, chloramphenicol, barium sulfate, aluminum powder, pheno- 
barbital, and cod liver oil were added (at pH,,, 10.0) to 40.0-g batches having 
a pectin-gelatin colloid ratio of 3070 and coacervates formed (pH, 3.8). After 
r h v e r y  as a dry powder, each batch was examined micrmpical ly  a t  IOOOX 
for microglobule morphology. 


RESULTS AND DISCUSSION 


Effect of pH of Addition on Microglobule Formation of Sulfamerazine-The 
results of studies carried out to determine the stage to add and disperse sul- 
famerazine are summarized in Table 1. When the drug was added at  the 
endpoint pH (pH,), complete microencapsulation was never obtained for any 
of the colloid ratio-pH,,, combinations studied. This conf ibs  the highly stable 
nature of pectin-gelatin complex coacervate microglobules reported in a 
previous paper (2) which precluded their coalescence at  temperatures well 
above the gelation point of gelatin. Adding the drug at the starting pH (pH,) 
or at pH 5 resulted in uniform and complete microencapsulation in mast cases 
(except pH, 8). This information indicates that the drug is not included within 
microglobules by a surface-active phenomeqa of wetting and spreading as  
reported for the gelatin-acacia system ( I ,  2.5.6) but probably by entrapment; 
the adsorbed colloids on the surface react to form a coacervate layer as  the 
pH is lowered below 5. In  the cases where adsorption or partial microencap- 
sulation was noted for the addition of drug at  pH,,, and pH 5 for batches with 
a starting pH of 8 and 9, the microglobule size was either equal toor smaller 
than the crystals to be formed. Consequently the forces of cohesion stabilizing 
the microglobules to a set size precluded the complete coating of irregularly 
shaped particles. It was possible to obtain medicated microglobules having 
mean diameters of 5.7,9.2, and 25.5 pm as pictured in Fig. I containing 37.3, 
44.9, and 45.2% (w/w) sulfamerazine, respectively. 


Effect of Mass of Sulfamerazine-The effect of mass of sulfamerazine on 
10-pm and 25-pm microglobules is plotted in Figs. 2 and 3, respectively, and 
demonstrated in  the photomicrographs (Fig. 4). The spherical nature of the 
microglobules was maintained at  569% (w/w) sulfamerazine content for the 
25-pm microglobules and 545.5% (w/w) for the 10-pm microglobules. Above 
these values the spherical shape was lost as a result of the increasing volume 
of suspended particles being coated by a constant volume of coacervate. It is 
interesting to note that the curves of yield uersus drug-to-total colloid ratio 
became linear with the loss of microglobule sphericity. There was a 10- 15% 
suppression in coacervate yield as  shown by the curve for calculated colloid 
yield13uersus drug-to-colloid ratio (Figs. 2 and 3). This can be attributed to 


' 3  Percent suppression = [Coacervatc yield (0% Drug) - Coacervate Yield ( x %  
Drug)/Coacervate Yield (0% Drug)] X 100. 
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Figure 1-Pectin-gelatin microglobules haoing nominal size of 5 ,  10, and 25 p m  containing 37.3.44.9. and 45.2% ( w / w )  sulfamerazine. 


1 
salt suppression by the slight amount of dissolved sulfamerazine at pH,, which 
would insulate ionic groups on pectin and gelatin and decrease their reactivity 
(7). For both systems the curves of percent sulfamerazine in dry product uersus 
drug-to-colloid ratio show a lag phase (more pronounced in Fig. 3) resulting 
from the initial saturation of the equilibrium liquid with sulfamerazine. 


Extraction and Digestion of Microglobules-The results of extraction 
studies on microglobules containing 41% (w/w) sulfamerazine are summarized 
in Table 11. Extraction with collagenase B seems to digest the gelatin portion 
(3,8) of the microglobules as evidenced by their change to near transparency 
in -2 h. They completely fragmcnted after 8 h, having released their sul- 
famerazinc crystals and the fragments and crystals were visible after 24 h of 
extraction. Complete microglobule digestion was observed with gastric and 
intestinal fluid test solution only. No apparent morphological change in the 
appearance of the microglobules was observed during cxtraction in 0. I M HCI, 
0.1 M NaOH, replaccment electrolyte, or distilled water. 


The extractions in  0.1 M HCI and 0. I M NaOH are of particular interest 
in that these seem to suggest the prescnce of a highly porous matrix which, 


Table 11-Effect of Extraction on Morphology and Contents of 
Microglobules 


0 1.0 2.0 1.0 L.0 Microscopic 
Drug to Col lo id Rat io Extraction Minimum Time, h Appearance of 


Medium" Digestion Dissolution SuspensionC Figure 2-Effect of mass of sulfamerazine on total dry yield. content. and 


yield (dry yield - sulfamerazine content]: (A) sulfamerazine content, % (w/w). Gastric fluid 8.0 0.25 d. s 
Intestinal fluid 0.25 N S  d, u 
0.1 M HCI NS 0.5 i ,  s 
0.1 M NaOH NS 0.5 i l  s 
Replacement electrolyte solution NS NS I.  u 


Distilled water NS NS i .  u 


coaceruate yield of25-pm microglobules. Key: (0) dry yield: ( 0 )  coaceruate Collagenasc B (20 u/mL) 8.0 NSh f, 


(PH 7.4) ' 


i 


t l  4 


Drua lo Col lo id Ratio 


37OC. Not sufficient time through 24 h of extraction. i is intact microglobules: 
f is fragmented microglobules; d is digested microglobules: u is sulfmerazine crystals: 
s is sulfamerazine in solution. 


Table MI-Effect of Extraction with Acetone-Water Solutions on 
Microglobules a 


Sulfamerazine Sulfamerazinc Sulfamcrazine 
Amount, Solubility, Dissolved, Extracted. 


90 V / V  g/IOmL g / IOn iL  YO 


n 0.0009 _. . .. 


I 0  0.003 I 
20 0.0078 
30 0.01 30 
40 0.0296 
50 0.0564 
60 0.0808 
70 0. I356 
80 0.2 148 


0.0010 
0.0028 
0.0066 
0.01 15 


4.9 
13.7 
32.2 
56. I 


0.01 56 76.1 . ~~~. .~ 


0.01 56 76. I 
0.0 I57 76.6 
0.01 48 72.2 
0.01 46 71.2 


90 0.28 14 0.01 15 56.1 
Figure 3-Effect of mass of sulfamerazine on total dry yield, content, and I00 0.1342 0.002 I 10.2 
coaceroate yield of 10-pm microglobules. Key: (0) dry yield: ( 0 )  coaceruate 
yield (dry yield - sulfamerazine content); (A) sulfamerazine content. % (w/w). a Containing 41.0% ( w / w )  sulfamerarine (0.0205 g/10 mL). 
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Figure 4-Effect of mass of sulfamerarine on morphology of 10-pm microglobules containing 16.2% (A). 39.1% [B), and 53.6% (w/w) [C) sulfamerarine: 
25-pm microglobules containing 30.5% (D), 58.5% (E). and 73.5% (wlw) (F) sulfamerazine. 


once the microglobules are hydrated, permits the formation and subsequent 
diffusion out of the microglobules of the soluble hydrochloride or sodium salts 
of sulfamerazine, respectively. The dependence on hydration for the pore or 


0 t 0 60 120 


TIME, min 
Figure 5-Effect of extraction with replacement electrolyte solution and 
distilled water on 10- and 25-pm microglobules. Key: 25-pm microglobules 
containing 33% [w/w) sulfomerazine extracted in (v) replacement electrolyte 
solution and (V) distilled water; (0) 10- W r n  microglobules containing 47% 
(wfw) sulfamerazine extracted in replacement electrolyte solution. 


channel formation was confirmed by extraction of microglobules with aqueous 
acetone solutions of various concentrations. These results (Table I l l )  indicate 
that with 53Wo acetone, the amount released is limited by the solubility of 
sulfamerazine in  the binary mixture. For greater concentrations of acetone 
(560%) the microglobules are sufficiently hydrated to allow as much as a 76% 
release of the drug. At still higher concentrations, the amount of sulfamerazine 
released decreases although its solubility increases to a maximum at  -90% 
acetone. The higher acetone concentrations are accompanied by a progressive 
morphological change from uniform smooth microglobules with a smooth 
surface to smaller microglobules with a wrinkled surface, an indication of 
progressive dehydration of the hydrophilic colloids. In  pure acetone the ex- 
traction of 10.2% of the sulfamerazine from the microglobules is attributed 
to solubiliiation of sulfamerazine imbedded superficially in the microglobules 
(1). 


Determination of Sulfamerazine Released from Microglobules Extracted 
with Aqueous Media-The curves plotted in  Fig. 5 demonstrate rapid disso- 
lution of sulfamerazine from the microglobule matrix. The dissolution profile 
is first order with half-lives of 38.7 min and 9.8 min for 25-pm microglobules 
in replacement electrolyte and distilled water, respectively, and 12.2 min for 
10-pm microglobules in replacement electrolyte. The reduced dissolution rate 
for microglobules containing sulfamerazine in  replacement electrolyte as 
opposed to distilled water can be attributed to reduced hydration of the mi- 
croglobule matrix. The higher dissolution rate for sulfamcrazine from the 
10-pn microglobules in replacement electrolyte results from the higher surface 
area. These results indicate a very porous matrix which would be more suitable 
to high molecular weight drugs, drugs microencapsulated as an oil or waxy 
dispersion, or drugs chemically linked to the polymer matrix. 


Microencapsulation of Various Drugs-For successful drug microencap- 
sulation by complex wcervates of pcctin and gelatin, the solubility of the drug 
in  the equilibrium liquid and the coacervatc must be sufficiently low, it must 
not have any surfactant activity (9), it must have adequate stability in alkaline 
and acidic media, and it must have a uniform particle size lower than the de- 
sired microglobule size to maintain a spherical shape. Various organic and 
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F i p  &Pectin-gelatin microglobules containing an undetermined amount of chloramphenicol (A). aluminum powder (B), phenobarbital (C). hydrocortisone 
acetate (D), barium sulfare (E) .  and cod h e r  oil (F).  


inorganic substances complying with these requirements were successfully 
microencapsulated (Fig. 6). 
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Abstract 0 Experimental dipole moments of substituted I-phenyl- I-fluoro- 
2-halogenoethanes are compared with the vectorially and the theoretically 
calculated values using the C N D 0 / 2  method. Results support the existence 
of a conformational mixture of these compounds as solutes; gauche structures 
are the prevailing conformations as in the related catecholamines. 


Keyphrases Phenylfluorohalogenoethanes-substituted, dipole moments, 
conformations as solutes 0 Dipole moments-substituted phenylfluorohal- 
ogenoethanes as solutes 0 Conformations-phenylfluorohalogenoethanes 
as solutes 


H 


Potentially antiarrhythmic drugs can be prepared from 
substituted l-phenyl-l-fluoro-2-halogenoethanes, because the 
latter are structurally related to catecholamines. However, 
conformations of these intermediates have to be portrayed. For 
this purpose, their experimental dipole moments and the vec- 
torially as well as the theoretically calculated moments were 
compared in this report. 


EXPERIMENTAL SECTION 


Materials-The following compounds were studied: I-phenyl-l-fluoro- 
2-chloroethane ( I ) ,  1-phenyl-(4’-bromo)-1-fluoro-2-chloroethane (II), 1- 
phenyl-(4’-chloro)-I-fluoro-2-chloroethane ( H I ) ,  I-phenyl-(2’-bromo)-I- 
fluoro-2-bromoethane ( IV) ,  I-phenyl-(2’-chloro)- 1 -fluoro-2-bromoethane 
(V), I-phenyl-(2’,4’dichloro)-l-fluoro-2-chloroethane (VI), l-phenyI-(2‘.-5’- 
dichloro)- I-fluoro-2-chloroethane (VII).  and I-phenyl-(2’,6’-dichloro)-l- 
fluoro-2-bromoethane (VI11). These compounds were prepared from the 
corresponding alcohols, in accordance with the process previously described 
(1). 


Methods-The dipole moments of the compounds as  solutes in anhydrous 
benzene were measured at 25.00 f 0.05OC. The permittivityL and refractive 
index2 of the solutions were extrapolated to infinite dilution according to 
Cuggenheim (2) and Smith (3). The quantity (€12 - n:2) - ( € 1  - n:) was 
plotted versus the molar concentration, C, of the solute. The slope of the curve 
at  C = 0 was then used to calculate the dipole moment, p, by: 


where k is the Boltzmann constant, N is Avogadro’s number, T is the absolute 
temperature, and ei and n, are the permittivities and refractive indexes, re- 
spectively, of the solutes (Index 1) and of the solutions (Index 12). 


RESULTS AND DISCUSSION 


The molecular geometry of the compounds studied is schematized in Fig. 
I .  Hence, six limit-conformers have to be considered, because of the pre- 
sumable restricted rotation around the C1-422 bond. These conformers, 


I W.T.W. DM 01 dipolrneier with a DFL I cell. 
O.P.L. Abbe type refractorneter. 


F -  
Figure 1-Molecular geometry of the compounds studied. 


presented in Fig. 2, are noted (A) when bonds are staggered and (B) when 
bonds are opposed. The following bond increments were then used for vectorial 
calculations: H-C,,3, 0.25 D (4); Cs,3-Br, I .38 D; CBP3-C1, 1.46 D; 
C,,3-F, 1.41 D (5); C.,3--C,,2, 0.4 D; CSp2-Br, 1.54 D; and Cs,2--CI, 
1.58 D ( 6 ) .  


As regards the vectorial pattern of the molecules, it must be emphasized 
that spatial orientation of the phenyl ring versus the CI-F bond is of no im- 
portance, except with the ortho-substituted derivatives. In the latter case, four 
possible orientations must be taken into account in accordance either with 


A2 A3 
F F F 


61 B2 6 3  
Figure 2-Schemes of the staggered and the opposed limit-conformers used 
in the calculations. 
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Table I-Experimentnl m d  Calculated Dipole Moments. 


Calculated Moments Conformer 
Ring Conformers Populationb 


Compound pcxp Orientation Method A-I A-2 A-3 B-l B-2 B-3 pthcar A-1 A-2 A-3 


1 2.54 1-4 
1 
1 


I I  1.90 1-4 
111 1.93 1-4 


2 
IV 2.65 l a  


Ib 
2a 
2b 
3a 
3b 
4a 
4b 


V 2.7 1 l a  
l b  
20 
2b 
3a 
3b 
4a 
4b 


VI 1.65 l a  
Ib 
Ib 
2a 
2b 
3a 
3b 
4a 
4b 


VII 2.39 1 -4 
VIII 3.09 1-4 


Vect 
K I L O  
C N D 0 / 2  
Vect 
Vect 
CNDO/2 
Vect 
Vect 
Vect 
Vect 
Vect 
Vect 
Vect 
Vect 
Vect 
Vect 
Vect 
Vect 
Vect 
Vect 
Vect 
Vect 
Vect 
Vect 
C N D 0 / 2  
Vect 
Vect 
Vect 
Vect 
Vect 
Vect 
Vect 
Vect 


2.24 
2.80 
3.30 
1.59 
1.60 
1.65 
3.63 
2.46 
2.71 
3.48 
3.50 
2.75 
3.68 
2.21 
3.67 
2.48 
2.73 
3.52 
3.54 
2.17 
3.72 
2.23 
2.94 
1.17 
1.72 
1.67 
2.68 
2.87 
1.80 
3.07 
0.83 
2.24 
3.47 


0.67 
0.64 
1.14 
2.22 
2.26 
1.72 
1.35 
1.30 
1.33 
1.53 
1.42 
1.36 
1.40 
1.37 
1.38 
1.34 
1.36 
1.57 
1.45 
1.40 
1.46 
1.41 
1.93 
1.99 
2.19 
2.01 
1.98 
2.1 1 
2.10 
2.05 
2.17 
0.67 
0.94 


2.82 
2.96 
3.12 
3.51 
3.54 
3.29 
3.99 
I .37 
2.99 
3.08 
4.05 
1.77 
3.88 
1.35 
4.03 
1.34 
3.00 
3.09 
4.08 
1.76 
3.91 
1.33 
4.33 
1.99 
1.26 
3.40 
3.38 
4.45 
2.52 
4.25 
2.1 1 
2.82 
2.84 


2.92 


2.77 
2.79 


4.34 
2.17 
3.20 
3.69 
4.29 
2.55 
4.29 
1.97 
4.37 
2.17 
3.22 
3.72 
4.33 
2.56 
4.33 
1.95 
4.13 
1 S O  


2.87 
3.33 
4.14 
2.10 
4.1 1 
1.36 
2.92 
3.62 


0.99 


0.89 
0.94 


2.16 
2.13 
1.76 
2.54 
2.01 
2.29 
2.3 1 
1.98 
2.20 
2.17 
I .79 
2.58 
2.05 
2.33 
2.35 
2.01 
1.41 
1.49 


0.84 
1.89 
1.37 
1.80 
I .75 
1.45 
0.99 
2.44 


I .98 


3.28 
3.32 


2.73 
0.61 
2.16 
I .96 
2.86 
0.91 
2.61 
0.92 
2.76 
0.58 
2.18 
1.98 
2.89 
0.90 
2.64 
0.91 
3.48 
2.20 


3.08 
2.80 
3.66 
2.36 
3.42 
2.42 
1.98 
1.39 


2.21 I 


2.94 2s7 
1 0.54 


2.40 0.48 


22:;: } 0.50 


2.38 
3.64 
1.91 
3.64 
2.06 


31;; 1 0.56 
2.35 
3.63 
1.89 
3.49 


0.50 
3.53 
2.15 
3.52 
1.61 
2.40 0.51 


0.20 


0.25 
0.23 


0.07 


0.10 


0.10 


0.10 
0.34 


0.26 


0.27 
0.27 


0.35 


0.34 


0.40 


0.39 
0.10 2.80 0.56 ~ ~ 


a I n  Debye units. * According to NMR data (17). 


4 a  4b 
F i r e  3-Ring orientations versus thejluorine-carbon bond, in case of or- 
t hohalogeno(X)-substituted derivatives. 


experimental results concerning benzyl fluorides [Fig. 3, part 1 (7); Fig. 3, 
part 3 (8); Fig. 3, part 4 (9)] or crystallographic data about homologues of 
the compounds studied (Fig. 3, part 2)3. 


Experimental dipole moments and the vectorially calculated moments as 
well as some values theoretically calculated by means of the CNDO/2 (10) 
or PClLO (1 1 )  methods are given in Table 1. On the one hand, all the calcu- 
lated values are in satisfactory agreement, whatever are methods of calcula- 
tion. The slight deviations noted are  due to the bond increments herein used 
in the vectorial calculations instead of molecular increments. Under these 
conditions, atomic interactions through either bonds (12) or space (13) are 
neglected, although they lead to an inductive moment to be added or sub 
tracted to the bond moments (14). 


On the other hand, every vectorially calculated value can be alternately 
compared with the measured value of the dipole moments. In so doing, 
structures labeled “B” can be left out. This latter hypothesis directly proceeds 
from the conformational energy ,mapping (1 5), where energy minima only 
correspond to the “A” conformers. Under these conditions, it follows from 
the comparison that gauche structures (quoted as A-1 or A-3) prevail. 
However, existence of a conformational mixture cannot be ignored, because 
of the difference between experimental and calculated values. This is in 
agreement with the IR results (16). Nevertheless, relative populations cannot 
be then readily calculated using dielectric data, contrary to N M R  data. In- 
deed, the coupling constants &, JWF. and & calculated from the latter lead 
to values of conformational populations (17). Therefore, by using these values, 
theoretical dipole moments of each compound can be calculated according 
to the following: 


Pthcar = dPi.1 * PI + P6.2 * p2 + Pi-3 p3 (Eq. 2) 


These results are also presented in Table 1. 
The conformational multiplicity is then confirmed by the good relationships 


noted between the theoretical and the experimental moments. Added to this, 
the spatial orientation of the phenyl ring can now be figured for IV, V, and 
V1. Indeed, experimental dipole momentsof these molecules are  pointed out 
in Fig. 4, referring to the theoretical moments calculated for the various or- 
ientations previously quoted. In the cases of I V  and V, the geometrical 
structure intermediate between 2b and 3b is certainly favored because of the 


B. Chion. C. Charlon, and C. Luu Duc, unpublished results. 
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4 a  ... 


l a  --. 


3 a  


F 
IV  


I 2 a  2 
Fpgw 4-Experimental dipole moments (values with arrows) and theoretical 
moments calculated for  each ring orientation for IV, V. and VI. 


steric hindrances between halogens in the 2a structure. Conversely, structures 
I b and 4b would have to be equally possible for VI, because the CI-F and 
the C2-X bonds are practically anti in each case. However, as steric hin- 
drances between the halogen bonded to C-2 and the phenyl ring are minimized 
in  position 1 b, the latter will be more stable. These results are in close agree- 
ment with I3C-NMR data (18). 
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Abstract 0 A novel series of 2-arylimino-2,3-dihydrothiazole derivatives, 
substituted in the 3-position with a 8-phenethyl moiety and the Cposition with 
substituted aryl functions, was synthesized as potential antimicrobial, anti- 
hypertensive and anticonvulsive agents. While no antimicrobial or significant 
antihypertensive activity was observed for the products, XII, XIII, and XXI 
displayed potent anticonvulsant activity. 


Keyphrases 0 2,3-Dihydrothiazole derivatives-synthesis antimicrobial, 
antihypertensive, and anticonvulsant properties 0 Antimicrobial activity- 
2.3-dihydrothiazole derivatives, antihypertensive and anticonvulsant prop- 
erties 


The synthesis and pharmacological properties of a variety 
of thioureas (1 -3), thiosemicarbazones (4-6), thiosemicar- 
bazides ( I ,  7, 8), thiazoles (2,6,7),  and thiadiazines (9) de- 
rived from various biologically active nuclei (I-5,8),  aromatic 
(6), and heterocyclic compounds (7, 9) have been recently 


described in connection with our studies on the structure- 
activity relationships of certain thio compounds. The high 
bactericidal activity displayed by some 3,4-diarylthiazolin- 
2-oxo-(3-substituted 4-oxoquinazolin-2-y1)hydrazones (7) 
prompted the investigation of a novel series of 2-arylimino- 
2,3-dihydrothiazoles (VIII-XXXIl1) which bear a structural 
similarity to such active thiazolines with respect to the sub- 
stituents in the 4-position. This paper reports the synthesis and 
evaluation of these materials for antimicrobial, antihyper- 
tensive, and anticonvulsant activities. 


RESULTS AND DISCUSSION 


Chemistry-The N-substituted N’-(2-phcnethyl)thiourea derivatives 
(11-VI I ) ,  Scheme I,  were synthesized (Table 1) by treating 2-phcncthylamine 
( I )  with the appropriate aryl- or aralkylisothiocyanate in  rcfluxing ethanol 
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Advances in Chromatography, Vol. 22. Edited by J. CALVIN GIDDINGS, 
ELI GRUSHKA, JACK CAZFS, and PHYLLIS R. BROWN. Marcel 
Dckker, 270 Madison Avenue, New York, NY 10016. 1983.344 pp. 15.5 
X 23.4 cm. Price $49.75. 
The latest volume maintains the high quality that chromatographers have 


come to expect from this invaluable series. Eleven authors present reviews of 
seven contemporary topical areas in  liquid chromatography. 


This volume is comprised of chapters dealing with HPLC and mass spec- 
trometry of neuropeptidcs, HPLC of amino acids, chromatographic resolution 
of racemates, H PLC of metal complexes, chromatography of carotcnoids and 
retinoids, HPLC of porphyrins. and small bore columns in liquid chroma- 
tography. Without exception. these reviews arc authored by individuals ac- 
tively working and publishing in their respective fields and all arc authoritative 
and well written. There is also reasonable uniformity of organization of the 
first six chapters, indicative of active editorial involvement i n  the final pub- 
lication. The final chapter focuses on the theoretical and practical application 
of a technology (small bore columns) rather than on a specificclass of com- 
pounds, and is also well written. albeit organized along different lines. 


Following a brief introduction, each chapter presents a critical rcvicw of 
the specific analytical problem using detailed examples. The summary sections, 
in  which the authors’ views toward the dircction that important developments 
will likely take, separates this treatment from a bland, noncritical review of 
a multitude of published articles. The chapters arc well referenced and gen- 
erally encompass the literature well into 1982, making this a reasonably up- 
to-date volume in  this rapidly changing field. 


Like previous volumes in this series, this book is more useful as a reference 
for scientists from many disciplines involved with separation problems than 
as a textbook in a specific graduate course. Because of its obvious emphasis 
on biologically important molecules (neuropeptides, amino acids, retinoids, 
and porphyrins), it is particularly recornmended to biochemists and clini- 
cal/analytical chemists involved with thcse separation problems. Its treatment, 
however, is sufficiently broad so that many other researchers who utilize 
HPLC should consider adding this to their personal libraries. 


Reoiewed by Jordan L. Cohen 
University of Southern Californiu 
School of Pharmacy 
Los Angeles, CA 90033 


Information Theoretic Indices for Characterization of Chemical Structures. 
By DANAIL BONCHEV. Research Studies Press. John Wiley & Sons, 
h e .  One Wiley Dr., Somerset, NJ 08873. 1983. 249 pp. 15.5 X 23.5 cm. 
Price $54.95 
This book is a presentation of information theory as i t  is applied to chemical 


structures. Regretably, the author devotes only eight pages to the basic 
Shannon equation-its meaning and broad implications in science. Much of 
the work presented in this book is based on Bonchev’s studies. Chapters 3 and 
4 deal with atomic and molecular information, respectively. Under the dis- 
cussion of molecules, the author briefly rcviews graph theory and some of the 
topological indices such as molecular connectivity. These arc not based upon 
probabilities, as is the Shannon equation, and so should not be classcd with 
indices based upon information theory. A large number of indices are reviewed 
i n  Chapter 4 based upon various attributes of molecular structure or their 
graphic representations. It is apparent that there is a rich potential herc for 
structure quantitation; however, practically no examples are presented where 
correlations with real physical properties arc achieved. Only 30 pages at  the 
end of the book are devoted to applications of any of the indices to chemical 
or biological problems. 


Much of the work presented in this book has yet to bear real fruit in terms 
of structure quantitation influencing physical or biological properties. Perhaps 
within a decade much will have been published using this approach in  QSAR 
studies and then this book may be regarded as a classic work. On that basis 
it is valuable to the scientist with a creative and pioneering spirit. I’m glad I’ve 
got a copy: 


Reoiewed by Lemont B. Kier 
Deportment of Medicinal Chemistry 
School of Pharmacy 
Virginia Commonwealth Unitiersity 
Richmond, VA 


The Clinical Research Process in the Pharmaceutical Industry. (Drugs and 
the Pharmaceutical Sciences, Vol. 19). Edited by GARY M. MATOREN. 
Marcel Dekker, Inc., 270 Madison Ave., New York NY 10016. 1984.549 
pp. 16 X 23.5 cm. Price $59.75. 
The first edition of this comprehensive reference covers all of the pertinent 


aspects of industrial pharmaceutical research and development. It represents 
a major step forward in the identification and description of the critical aspects 
of new drug development, which the book terms “pharmogenology.” 


The 27 chapters in this book have been written by a truly distinguished 
group of academicians, industrial scientists, and regulatory experts. Each 
chapter represents a step in the critical path through which each new drug 
must pass on its way towards an N.D.A. submission. In addition. there are 
a number of specialized chapters in this book dealing with critical aspects that 
form the background for the drug development process. In these chapters, the 
following topics are covered: Legal and Ethical Problems in Clinical Research; 
The Monitoring Process; Research Quality Assurance; The Role of Contract 
Research Organizations; The Impact of the Pharmaceutical Industry on 
Health Care; and Career Opportunities in  Industrial Clinical Research. 


The Clinical Research Process in the Pharmaceutical Industry is an in- 
dispensable reference for R&D managers in  the pharmaceutical industry. 
for clinical pharmacists in medical center hospitals, and for academicians and 
students in clinical research and drug regulatory affairs. 


Ketiiewed by Jack W. Keich 
Assistant Dean for  Research 


and Deoelopment 
Creighton Unioersity 
School of Pharmacy 
Omaha. NE 68178 


Drug Dosage and Administration-Modern Theory and Practice. By 
JOSEPH WARTAK. University Park Press, 300 North Charlcs Street, 
Baltimore, MD 21201. 1983. 173 pp. 18 X 26 cm. Pricc $32.50. 
This volume is authored by a research cardiologist from Canada who claims 


it is “intended for medical students and physicians.” The book is divided into 
five parts dealing with “Dosage of Drugs,“ “Drug Concentrations in Blood,” 
“Presentation of Drugs,” “Administration of Drugs,” and “Rational Use of 
Drugs.” Each part is further divided into five or more chapters. I n  addition, 
a slide rule is provided for dosage adjustment and calculations. The current 
volume appears to be closely related to another book, by the same author, 
entitled “Clinical Pharmacokinetics: A Modern Approach to Individualized 
Drug Therapy,” published by Praeger Scientific. 


Part I presents very basic information on drug dosage scales; concepts of 
minimal, maximal, and average doses; and individualimtion of drug dosage 
and dosage adjustment in children and in patients with renal impairment. Use 
of the slide rule is included in the illustrations. 


Part 11 deals with elementary pharmacokinetic principles presented in a 
manner that assumes that the reader is completely unfamiliar with any of these 
concepts. A few comments on the dose-response relationship are also included. 
Drug dosage forms including basic information on solid. semi-solid, liquid, 
long-acting, and sustained release dosage forms arc prescntcd in Part 111. 


Part I V  contains information on different modes of drug administration 
including enteral administration, intravcnous injection and infusion. pulmo- 
nary and local administration. and a few sentences on transdermal drug de- 
livery systems. Planning a treatment program. choice of drugs and thc outcome 
of drug treatment are discussed in Part V .  A bibliography of 5 2  references 
is presented at the end of the book. 


This book is a very superficial presentation of the many concepts embodied 
in  the disciplines of pharmacokinetics and biopharmacokinctics and their 
application to drug therapy. These concepts arc presented in such a simplistic 
fashion that the text can easily be read by a lay person. The book cannot be 
recommended for anyone other than the junior’medical student, nursing staff, 
or other paramedical personnel. It is of very limited value for the pharmacist, 
pharmacy student, academic physician, or pharmaceutical scientist. Its pur- 
chase, therefore, cannot be recommended. 


Reoiewed by lqbal Ramran 
School of Pharmacy 
Ikparrment of Pharmac~eurics 
State Unirersity of N e v  York ar Buffalo 
Buffalo. NY 14260 
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Table 111-Effect of 4,4'-Diisothiocyano-2,2'di~lfonnte Stilbene (11) and 
Calcium Chloride (111) on tbe Enhancement of Plasma Cefoxitln Levels and 
on Cefoxitin Disappearance from the Rat Rectal In Situ Loop by 
a-Glycerophosphnte (I), Sodium Tripolyphosphate, and Sodium Phytate' 


Adjuvant Additive 
Concentration Concentration 


None None 
I(205 mM) None 


Tripolyphosphate None 


I I  (1 mg/mL) 
111 ( l8OmM) 


(108 mM) 
I 1  ( I  mg/mL) 


111 ( l8OmMb 
Phytate (53 mM) None 


11 ( 1  mg/mL) 
111 (180 mM) 


Percent 
Disappearance 


of Cefoxitin 
at 1.5 h 


5.4 f 5.8 
38.7 f 8.1 
16.8 f 6.3b 
25.2 f 5.3 
18.5 f 4.2 


2 1 . 9 f  7.1 


21.8 f 5.1 
22.5 f 5.4 
7.6 t 3.9b 


7.8 f 3.2b 


<13b 
119 f 28/, 
5 2 f  I I  
9 9 f  18 
61 f I I  


66 f 
<I3 


67 f 8 
77 f 12 


<13b 


0 Micrememas contained 15 mg of cefoxitin/mL and had a dosage volume of 100 
fiL/lOO g of rat body weight; n 2 3. b p  < 0.001 uersus adjuvant without additive. 


difference in their ability to permeate the rat rectal tissue. In the present study, 
we found that the coadjuvants tripolyphosphate and phytate substantially 
enhanced the absorption of cefoxitin only after their own permeation of the 
membrane was apparently enhanced by I. Thus, we speculate that adjuvant 
permeation of the mucosal membrane may be mechanistically necessary before 
enhanced compound absorption acrass the rectal membrane can occur. 


In conclusion, the enhancing action of I on rectal cefoxitin absorption ap- 
pears to depend on the affinity of I to the protein fraction in the mucosal 
membrane. The weak enhancing ability of the phosphate coadjuvants when 
administered with cefoxitin alone may involve chelating activity and possible 
damage to the rectal mucosa. However, the large increase in drug absorption 
after coadministration of I with either chelating agent, tripolyphosphate or 
phytate. is not just a consequence of the added effect of the enhancing action 
of 1 and chelation. These phosphate derivatives apparently have a strong ad- 
juvant efficacy which can be realized only when their own permeation of the 
mucosal membrane is enhanced by adjuvants such as  I. 
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Abstract 0 A physiological flow model was developed for the distribution of 
sulfathiazole residues in  various tissues in swine. The approach was corn- 


the experimentally determined concentration values in plasma and kidney, 
liver, muscle, fat, and heart tissues. 


partmental. in which the compartments and equilibrium constants had 
physiological meaning. Differential equations were developed, and appropriate 
parameter values and initial conditions were substituted and solved by a 
fourth-order Runna- Kutta technique. Simulation values corresponded with 


Keyphrases 0 Sulfathiazole-physiological flow model. distribution, swine 
19 Physiological flow model-sulfathiazole, swine. distributiona Distribu- 
tion-physiological sulfathiazole* swine 


Allergic reaction and increasing bacterial resistance are 
possible side effects resulting from human consumption of 
meat derived from animals given antibiotics (1). Consequently, 
regulations have been promulgated by the Food and Drug 


Administration setting tolerance levels for antibiotics and other 
drugs in slaughtered animals (2). Mathematical models which 
predict the residual amounts of a given drug in various organs 
at  various times after administration are therefore important 
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Scheme I -  Body compartments in sulfathiazole distribution 


in setting the minimum time until slaughter after adminis- 
tration of the drug. The model must be sensitive to a number 
of factors, including the characteristic properties of the drug, 
the species of the animals, and the weight of the animal. 


In this report, a model developed for the distribution of 
sulfathiazole residues in a number of organs in swine is de- 
scribed. Previously, a two-compartment model was used to 
describe these data (3). This work has been extended by de- 
velopment of a physiologically based model. The additional 
information obtained and the accuracy of physiological models 
for drug tissue concentrations has been well recognized in 
human pharmacokinetic modeling, especially with chemo- 
therapeutic agents. In general, data from a number of organs 
and knowledge of several physiological parameters are needed. 
This allows the more detailed physiological model to yield more 
information than the usual compartmental model, in which 
the parameters are not directly related to the physiology of the 
animal. The model developed in this report closely follows the 
basic ideas developed previously (4,5) (the Bischoff-Dedrick 


Table I-Parameters for Sulfathiazole Distribution in Swine (34 kg) 
Plasma Flqw to Organs (Q), mL/min 8; : 2$ 


01 460 


Organ Volumes (V), mL 
V ,  = 18300 


V ,  = 1610 
Tissue-to-Plasma Eauilibrium Constant I/?) ~, 
R, = 0.4 
Rr = 0.2 
RI = 1.0 
Rk = 3.0 
Rh = 0.55 


Tissue Clearance (E), mL/min 
Ek = 61.8 
El = 76.8 


lo> 0 PleSma 


1 0 ' j  


lo-' , , , 
0.0 4.0 8.0 12.0 16.0 


TIME, h 


Figure 1 -Semilogarithmic ploi of plasma concentration of sulfathiazole 
(0) versus time after intravenous administration to swine. The poinis were 
experimentally determined (SD as error bars), and the line was calculated 
according to Scheme I with the parameter values from Table 1. 


model). This approach has been applied to pharmacokinetic 
models in humans for thiopental(5,6), methotrexate (4,7,8),  
cytarabine (9), and salicylate (10). 


EXPERIMENTAL SECTION 


Theoretical Basis-Like the Bischoff-Dedrick model, the approach de- 
scribed here is a compartmental approach in which the compartments and 
equilibrium constants have physiological meaning. Scheme I displays the 
pattern of blood flow through the animal. Since the drug is administered by 
rapid injection. it was assumed that at the initial time I = 0 h the total dose 
of the drug was homogeneously distributed throughout the plasma compart- 
ment. 


Compartments corresponding to plasma. kidney, liver, muscle, fat. and heart 
have been included. Data were available for all of these tissues. In particular, 


lo' 10 Kidney 


0.0 4.0 8.0 12.0 16.0 
TIME, h 


Figure 2-Semilogarithmic plot of kidney concentration of sulfathiazole 
(0) versus time after intraoenous administration to swine. The points were 
experimentally determined (SD as error bars), and the line was calculated 
according to Scheme I with the parameter values from Table I .  
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lo' 7 0  Fat 0 Llver 


lo0 


lo' i 
- 


lo-' L--- 0 0  4.0 8.0 12.0 16.0 


TIME. h 


Figure 3-Semilogarithmic plot of liver concentration of suIJathiazole (0) 
versus time after intravenous administration to swine. The points were ex- 
perimentally determined (SD as error bars), and the line was calculated 
according to Scheme I with the parameter values from Table I .  


small amounts of drug were located in the heart, but it was included in the 
model as additional verification of the accuracy of the simulation. 


From Scheme I a system of ordinary differential equations was derived by 
using the mass balance approach developed for physiological models (4,5): 


dCr Qr 
dt Rr 


vr.-= Qr.cp--.cr 


TIME, h 


Figure 4-Semilogarithmic plot of muscle concentration of sulfathiazole 
(0) versus time after intravenous administration to swine. The points were 
experimentally determined (SD as error bars), and the line was calculated 
according to Scheme I with the parameter values from Table I.  


lo-' 
0.0 4.0 8.0 12.0 16.0 


TIME, h 


Figure 5-Semilogarithmic plot of fat  concentration of sulfathiazole (0) 
versus time after intravenous administration to swine. The points were ex- 
perimentally determined (SD as error bars), and the line was calculated 
according to Scheme I with the parameter values from Table 1. 


where V is volume, C is concentration. t is time, Q is plasma flow rate, R is 
the tissue to  plasma equilibrium constant, E is the plasma clearance of the 
organ, and the subscripts represent the various organs: p for plasma, k for 
kidney, 1 for liver, f for fat, m for muscle, and h for heart. Hence, Qm represents 
the plasma flow rate to the muscle. 


The dose of the drug ( D )  was administered by rapid injection. By assuming 
it is instantly distributed through the plasma, the following initial conditions 
apply: 


Cp(0) = WVp (Eq. 7) 


(Eq. 8)  Ck(0) = Cl(0) = CI(0) = Cm(0) = Ch(0) = 0 


O M  


100 


lo' i 


0.0 4.0 8.0 12.0 16.0 
TIME, h 


Figure 6-Semilogarithmic plot of heart concentration of sulfathiazole (0) 
versus time after intravenous administration to swine. The points were ex- 
perimentally determined (SD as error barsj. and the line was calculated 
according to Scheme I with the parameter values from Table I .  
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On substitution of appropriate parameter values and the initial conditions 
of Eqs. 7 and 8, Eqs. 1-6 were solved numerically by the fourth-order 
Runga-Kutta technique. 


Parameters-Table I gives the parameters used in the simulation. The 
volumes for the blood, liver. kidney, and heart were obtained by first computing 
the organ weight by the method of Adolf ( 1  I )  and then assuming a tissue 
density of 1 g/mL. Muscle and fat volumes were calculated from the per- 
centages of body weight found in swine (12) and converted to the corre- 
sponding weight in the swine used. The average weight of the experimental 
swine was 34 kg. The plasma volume was computed as 60% of the whole blood 
volume. Bischoff e/ al. ( 1  3 )  have indicated that the method of Adolf of cal- 
culating blood volume produced a value lower than that reported in humans. 
Bischoff e/ al. have corrected for this difference by adjusting the Adolf values 
upward by a factor of I .43. This adjustment was also made in this study. 


Plasma flow rates for kidney, liver. and muscle were obtained from the 
relationship between plasma flow and body weight reported by Bischoff et 
al. (1 3). As fat is poorly perfused, it was assumed to have a very low flow rate. 
The actual value used was determined by perturbation. The heart plasma flow 
rate (adjusted for weight) was assumed to be the same as  that for humans 


The total body clearance and renal clearance values were calculated from 
the data of Bourne e/ al. (3) as k,i Vd and k, - Vd respectively, where k , ~  is 
the elimination rate constant, k ,  is the excretion into urine rate constant, and 
Vd is the apparent volume of distribution for a one-compartment phar- 
macokinetic model. The hepatic clearance term was calculated as  the differ- 
ence between the total body clearance and renal clearance values and repre- 
sents the formation of an acetyl metabolite and sulfathiazole not recovered 
in urine. 


The initial values for the equilibrium constants (R) were obtained from 
human autopsy ( I  5) and were perturbed to obtain the simulation values. The 
dose of sodium sulfathiazole given to each animal was 72 mg/kg of body 
weight. In the simulation, the dose used was 2290.5 mg/kg of body weight, 
which was the average amount of sulfathiazole administered. 


Experimental Data-The experimental data from Bourne ef  al. (3) were 
obtained by averaging the concentration of drug in the tissue of the three swine 
sacrificed at each time point. Sulfathiazole was extracted from tissues, as 
described by Bevill et al. (16). and quantitated by a modified Bratton-Mar- 
shall colorimetric method (17). The plasma concentrations (Fig. 1 )  were 
calculated as the average of the values obtained from the remaining swine at  
each time point. Plasma concentrations of sulfathiazole were measured by 
the modified Bratton-Marshall method of Annino (18). 


(14). 


RESULTS 


The experimental data and the simulation for the plasma, kidney. liver, 
muscle. fat, and heart are shown in Figs. 1-6. The simulation parameters were 
chosen so that the graphs closely followed the trends indicated by the data. 
The values of those parameters which were obtained by experimentation or 
from the literature were not adjusted. The simulation results show a good 
correlation with the experimental data in all tissues except, possibly, fat. Data 
were collected from the muscle of the shoulder, loin, and leg. In Fig. 4. the 
experimental data are the average of these three concentrations in muscle 
tissue. The results obtained for fat tissue are shown in Fig. 5 (the simulation 


corresponds with the first two points, whereas the third point may indicate 
a factor not accountable by the model). The fat tissue included in the simu- 
lation is probably more diffuse than the samples taken for the experimental 
values. 


DISCUSSION 


A general physiological model has been presentcd for sulfathiazole in swine. 
The physiological meaning of each compartment allows the prediction of drug 
concentrations in those organs. The ability of the model to predict residue levels 
with reasonable accuracy in many different compartments suggests that the 
physiological approach is valuable. With this more complete model it should 
be possible to extrapolate or interpolate tissue concentrations of sulfathiazole 
in the various important food-providing tissues down to the regulated tolerance 
levels with more confidence than is possible with the linear compartmental 
approach. Giben suitable estimates of the required parameters, drugs which 
are likely to give significant residue problems may be identified. Greater re- 
liance on the model can be achieved with parameters specific for the species 
rather than parameters determined by extrapolation from other species. 
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DC Polarographic Reduction of Chloroguanide Hydrochloride 
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Abstract 0 Chloroguanide hydrochloride, an antimalarial drug, shows one 
well-defined DC polarographic wave in Britton-Robinson buffered media. 
In the pH range 3-9 the observed reduction wave is related to the reduction 
of the two azomethine centers on the monoprotonated biguanide group (BH+). 
The effects of pH and other experimental variables on the limiting current 
and half-wave potentials as well as the reduction mechanism arc discussed. 


Keyphrases 0 Polarography-proguanil hydrochloride, effect of pH 0 
Pronuanil hydrochloride-DC polarographic reduction 


The different pharmacological and physical properties of 
each biguanide derivative depend on the chemical nature of 
the substituent radicals joined to the biguanide group. Nev- 
ertheless, in addition to its chemical properties, the specific 
applications for biguanides also depend on the solubility and 
surface-active characteristics ( 1  -4). 


The present study concerns results which have been obtained 
with the antimalarial ( 5 )  and antirheumatic (6-10) substance, 
chloroguanide hydrochloride [ 1 -(p-chlorophenyl)-5-isopro- 
pylbiguanide hydrochloride] in Britton-Robinson media. 


The general difficulties encountered in reducing the bi- 
guanide group of other monoprotonated biguanides on the 
dropping mercury electrode (1 1, 12) are associated with the 
great delocalization of its R-electronic system, as is the case 
of guanidine derivatives ( 1  3) since the R electrons are delo- 
calized over the entire area of this monoprotonated or basic 
group. Under these circumstances, the particular behavior of 
chloroguanide should be associated with the configuration of 
its biguanide group. The X-ray studies have demonstrated, for 
this monohydrochloride in solid form, -60' angle between the 
two "guanidine planes" ( 14), whereas this angle is substantially 
lower for other biguanides (1 5, 16). This leads us to speculate 
that chloroguanide shows a polarographic wave, like chlor- 
hexidine (17-19), that is independent of the guanidinc planes. 
The angle is larger than that in other cationic biguanides that 
do not show polarographic waves having the characteristics 
( 1  2, 20) described in this work. 


EXPERIMENTAL SECTION 


The polarographic waves were obtained with a polarographl. A digital pH 
meter* with a combined glass-reference electrodc was utilized which enabled 
us to attain a pH precision of 0.01 pH unit. Thermostabilization was achieved 
with a fO. 1" C precision, using a cryostat' and a thermostat4. In the thrce- 
electrode coulometric cell, the working cathode was a mercury pool, the 
auxiliary electrode was platinum, and the reference electrode was Ag/AgCI, 


The chloroguanide hydrochloride was used as supplieds. mp 238 f 2" C, 
and showed one spot on TLC. The U V  and IR spectra were obtained with 
spcctrophotometers6. Nonaqueous tritration i n  acetic media (21) was used 
to confirm the purity. The chemicals used to prepare the buffered solutions 


KCI(s). 


~- 


I Polarecord E-506; Metrohm. S A. 
Radiometer. 
Heto 03T623. 
Heto OSE623. 
Paludrine; I.C.I. Farma S.A. 
Model SP-8-1 I .  Pye Unicam was used toobtain UV spectra and a Model 281; Per- 


kin-Elmer was used far  IR spectra 
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were analytical reagent grade: water was distilled and the mercury was 
double-distilled. 


The polarographic measurements were carried out on freshly prepared 
samples in a total volume of 25 mL. Purified N2 was passed through all sample 
solutions (7 min) for deaeration. Other polarographic conditions were: mercury 
flow, m = 0.88 f 0.02 rnps-l; controlled drop time, T = 0.6 s: depolarizer 
concentration (chloroguanide hydrochloride), C = 4 X M; temperature, 
T = 298 K; and Britton-Robinson buffer mixture, I = 0.5 M. The diffusion 
current ( i d )  was measured as shown in Fig. 1. 


RESULTS AND DISCUSSION 


Chloroguanide is electroactive in Britton-Robinson buffered solutions over 
the pH range studied, 3-9. The polargrams show one reduction wave (Fig. 
I ). 


The drop time effect on the cathodic waves (Table I )  is shown by slopes 
AE1/2/A In T = 22 f 2 m V  and A In i l /A  In T = 0.18 f 0.02, two character- 
istics of the diffusion-controlled processes (22). Also, the effects of both the 
mercury pressure and chloroguanide concentration on the diffusion current 
of the wave shows that this current appears to be diffusion controlled at  every 
pH examined. The limiting current intensity remains essentially constant a t  
pH 3.5-6.5 and decreases a t  pH > 6.5 (Fig. 2). The decreasing current in- 
tensity has the form of a dissociation curve with an apparent polarographic 
pK, = 8.3 [pK, = pH, where il = id/2 (23)]. To verify the pK. value, a 
spectrophotometric study (24) of this compound was performed: pK.1 = 2.3 
f 0.1 and pK.2 = 10.4 f 0.2. The pK, value is apparently affected by the 
double layer structure. Due to this change, the overall absorptivities of the 
protonated and unprotonated forms are different. From the dependence of 
the half-wave potentials of quasi-diffusion kinetic surface wavw on pH (Fig. 
2), the K. values cannot be determined directly, as was possible for quasi- 
diffusion kinetic volume waves (25). 


The number of electrons involved in the electroreduction process at different 
pH values have been estimated by substituting the values of c, T ,  m, and the 
x conductometric coefficient of diffusion, Do [5 X 10-6cm2-s-' (26)] in the 
llkovic equation (22). In moderately acidic media the height of the cathodic 


1.2 1.4 1.8 1:8 
- E N  


IVS. W W l .  KC\,,) 
Figure I-DC polarograms of chloroguanide in Britton- Robinson bufler 
at p H  3.01 (a), 3.99 (b), 4.88 (c), 5.75 (d) ,  6.76 (e), 7.53 If). and 8.55 ( g / .  
Conditions: C = 4 X M; I = 0.5 M; T = 298 K; m = 0.88 mg.s-1; T = 
0.6 s. 


Table I-Effect of the DroD Time (d on the Wave' 


0.4 
0.6 
0.8 
1 .O 
1.2 
1.4 
2.0 
3.0 


1.65 
I .75 
1.91 
2.06 
2.10 
2.24 
2.38 
2.54 


I503 
I489 
I482 
I476 
1470 
1469 
I460 
1449 


a pH 5.78. Conditions: depolarizer concentration. C = 4.10-4 M; temperature, T = 
298 K ;  mercury flow, m = 0.88 mgs-I; ionic strength, I = 0.5 M. 
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8 p H  
3 5 6  7 


Figure 2-pH-Dependence of limiting current and halj-wave potentials 
(0) i l :  (A) Elp (Conditions:see Fig. I ) .  


Key: 


wave corresponds to the uptake of 4 electrons. Controlled-potential coulometry 
with a mercury pool eleqtrode, performed at a controlled-applied potential 
corresponding to the plateau of the polarographk curve, verified a con- 
sumption of 4 electrons per molecule a t  all values of pH studied. 


Plotting El12 of the wave versus pH in the 3-7 range (Fig. 2) gives a straight 
line of slope, AElp/ApH = 93 f 2 mV. From this slope, the number of H +  
ions (zH+) in the rate-qetermining step can be calculated using the following 
equation (27): 


anaAE 1/2 
59ApH 


ZH+ = 


By substituting the value of an,, obtained from the slope of log (i / i l  - i )  
versus -E plots, the ZH+ values are -1.0 (Table 11). The most probable 
number of electrons (n,) in the ratedetermining step is one electron. 


The addition of dimethylformamide to chloroguanide solutions decreases 
the absolute value of El12 (Table 111). This shows the strong influenck exerted 
by the Helmholtz double layer around the electrode on the cathodic mecha- 
nism. The addition of gelatin in amounts <6 X 9% by weight prevents 
registration of these waves. The electrocapillary curves (T versus E) shows 
a slight adsorption of the monoprotonated chloroguanide on the dropping 
mercury electrode (DME) at the wave potentials (18). The wave has a surface 
character. 


The ionic strength decreases the il values and causes displacement of the 
to more negativevalues (Table IV), whereas the effect of thedecreased 


buffering capacity (Table V) is lower than that produced by variation of the 
ionic strength. 


On the other hand, the energies of activation, Q. which are calculated by 
the following equation (28): 


(Eq. 2) id = A ~ - Q I R T  


are higher than typical for diffusionantrolled processes. Therefore, the value 
at pH 5.34 is Q = 3.8 f 0.1 kcal-mol-l and at  pH 7.11, the value is Q = 4.1 
f 0.1 kcalmol-I. This slight dependence on pH values coincides with an in- 
creased irreversibility when pH is increased (Fig. 1). The Ell2 values remain 
nearly constant at pH 7.1 I ,  when T is varied from 0°C to 50"C, which should 
be related to the fact that the first single ekctron transfer is not exceedingly 
slow. 


As Hollek (29) has indicated, the adsorption of a depolarizer or a reaction 
product on the DME is a potential caw for deviation of the AElp/ApH value 
from -60 mV/pH unit. Therefore, :!though the AE1,2/ApH surface waves 


Table 11-Polarographic Data for Chloroguanide a 


Number of 
H+ ions, 


PH il, PA -E112, mV n,a ZH+ 


3.01 I .85 I224 0.86 1.33 
3.99 I .83 1307 0.65 1.01 
4.88 I .69 1400 0.60 0.93 
5.75 I .70 1493 0.64 0.99 
6.73 I .43 I576 0.79 1.22 
7.53 1.31 1630 0.72 1.12 
8.55 0.45 I665 0.67 1.04 


a Conditions: 7 = 0.6 s; others as dcscribed in Table I. 


Table 111-Effect on Cathodic Waves of Dimethylformamide in Britton- 
Robinson Buffer Mixtures 


Dimethylformamide, 
?h (v/v) il. PA -E+ mV naa 


0.0 2.07 I538 0.78 
0.1 2.05 1539 0.80 
0.2 2.05 I539 0.8 I 
0.3 2.07 I538 0.75 
1 .o 2.05 1531 0.69 
2.0 I .98 1519 0.68 
4.0 1.71 I488 0.88 
8 .O I .80 I489 1.15 


~ ~ ~~~ 


Conditions: pH = 6.40, T = 0.6 s; C = 5.6 X M; others as described in Table 
1. 


0.5 2.13 
1.4 2.04 
I .9 1.70 
2.3 I .64 


1545 0.75 
I598 0.79 
I599 0.80 
1602 0.78 


a Conditions: pH = 6.45; T = 0.6 s; C = 5.6 X M; others as described in Table 
1. 


Table V-Effect of Buffering Capacity on Waves. 


0.10 
0.07 
0.05 
0.04 


2.13 
2.05 
2.00 
1.95 


~~ 


I545 
1560 
1568 
I569 


T =0.6 s. Total concentrations: [acetic] = [boric] = [phosphoric). Conditions: I = 
0.5 M (with KCI); others as described in Table I. 


are smaller than the slope of their plots on semilogarithmic coordinates, the 
absolute value of AE1/2/ApH for surface wavcs is larger than the AE lp/ApH 
volume for surface waves. Since the rate of the previous surface reaction is 
sufficiently high in chloroguanide reduction. the il value of the kinetic wave 
is close to the diffusion intensity. Under these conditions, the wave has a 
well-defined limiting current plateau, and the wave height is determined by 
the llkovic equation. The wave is a quasi-diffusion surface wave. 


The biguanide group reduction is made evident by UV spectroscopy, since 
the chloroguanide absorption r - r* transition at 232 and 251 nm decreases 
when chloroguanide is fully reduced, and a single band with one maximum 
value (-256 nm) is registered. This means a decrease of the electronic delo- 
calization, and a new transition (n -* T*) appears with a maximum absorption 
value at  -290 nm. This is a typical example of a reduced substance obtained 
when the two azomethine groups have been transformed into the corresponding 
amine groups, as'Schultz (30) confirmed with the chemical reduction of 
chloroguanide using a zinc amalgam. 


Based on the experimental results, the reduction of the biguanide group 
is likely to take place as shown in Scheme I:  


BH++( BH+), 


3e-.2H+ 
( B H + ) ~  + H+ ~(BH:+), S ( B H ; ) $  --+ B H ~  


B: 


A II I1 


2 
BH;: ClPh-NH-CH-NH-CH-NH-CH(Me) 


B H 4  : C l P h - N H - C H  ( N H 2 )  -NH-CH (NH2) -NH-CH (Me) 


Scheme I 
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As stated earlier, this reduction seems to take place through an intermediate 
(BHf), which disappears quickly with the complete reduction of the double 
bonds at the potentials at which the polarographic wave is detected. Thep-  
chlorophenyl substituent in chloroguanidc scems to be transformed into a state 
of reduced electron delocaliiration with respect to the other biguanides. Perhaps 
as is the case in the solid state (14), the monoprotonated molecule-cation, 
(BH+), which exists at physiological pH in  solution, is present as a result of 
a certain independence of the guanidine groups. as occurs with other efficient 
antimalarial drugs which show the independent imine groups (3 I ) .  


The polarographic method can be applied for the analytical determination 
of chloroguanide at  pH 3-7 in buffered media. The plots of id uersus C give 
linear calibrations at 10-s-5 X lo-? M concentrations. For example, a t  pH 
5.01: i&A) = (4.25 X lo3) - C (mol L-‘)(SD = 5 X lo-’), 


The assay is rapid and has great sensitivity. The lowest sensitivity limit 
recorded is 0.05-0.1 jig.ml,-’. At 7 = 0.6 s the limit of detection is less fa- 
vorable than in conventional DC polarography because the ratio of charging 
current to faradic current increases when drop time decreases (32). 


Any substance having a half-wave potential within the range o f f  100 mV 
with respect to the of chloroguanide produces an overlapping of both 
waves. Also, the presence of gelatin, Triton X-100. or another strongly ab- 
sorbable substance on the DME produces interferences since the chloroguanide 
electroreduction is a heterogeneous process. 
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Abstract 0 Conventional hard gelatin capsules were made GI-tract resistant 
by formalin vapor treatment. The residual formalin content was 80 &capsule 
24 h after treatment. which decreased with increased storage time. An in uitro 
GI-tract resistance test was performed by exposing the capsules to simulated 
gastric fluid for 4 h and then to simulated intestinal fluid for 4 h at 37OC. The 
resistance was further confirmed by in uiuo X-ray studies in human volunteers. 
Minute pores were drilled on the hardened shells of the capsules with a carbon 
dioxide gas laser. This permitted the slow passage of the eficapsulated tetra- 


cycline hydrochloride when subjected to 0.1 M HCI in in uitro dissolution 
studies. In uitro drug release from these capsules followed zero-order kinetics 
after an initial lag period of 30 min. The factors influencing the inuitro release 
rate of tetracycline hydrochloride from these capsules are discussed. 


Keyphrases 0 Gelatin capsules-drug release, GI-tract resistance, laser-drilled 
design 0 Laser-drilled capsules-drug release, GI-tract resistance, X-ray 
studies 


The potential application of the laser in the fields of com- 
munication, industry, military science, chemistry, biology, and 
medicine has been well established and well documented (1 ) .  
The possible use of the laser in designing a controlled-release 
capsule dosage form has been recently reported (2). Theeuwes 
et al. (3) reported the use of automated laser drilling in making 


exit pores for indomethacin in the design of an elementary 
osmotic pump. 


Conventional hard-gelatin capsules normally disintegrate 
rapidly and the encapsulated drug exhibits a cube-root disso- 
lution pattern (4). Exposure to formalin vapors causes the 
cross-linkage of the gelatin molecule, resulting in an unpre- 
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As stated earlier, this reduction seems to take place through an intermediate 
(BHf), which disappears quickly with the complete reduction of the double 
bonds at the potentials at which the polarographic wave is detected. Thep-  
chlorophenyl substituent in chloroguanidc scems to be transformed into a state 
of reduced electron delocaliiration with respect to the other biguanides. Perhaps 
as is the case in the solid state (14), the monoprotonated molecule-cation, 
(BH+), which exists at physiological pH in  solution, is present as a result of 
a certain independence of the guanidine groups. as occurs with other efficient 
antimalarial drugs which show the independent imine groups (3 I ) .  


The polarographic method can be applied for the analytical determination 
of chloroguanide at  pH 3-7 in buffered media. The plots of id uersus C give 
linear calibrations at 10-s-5 X lo-? M concentrations. For example, a t  pH 
5.01: i&A) = (4.25 X lo3) - C (mol L-‘)(SD = 5 X lo-’), 


The assay is rapid and has great sensitivity. The lowest sensitivity limit 
recorded is 0.05-0.1 jig.ml,-’. At 7 = 0.6 s the limit of detection is less fa- 
vorable than in conventional DC polarography because the ratio of charging 
current to faradic current increases when drop time decreases (32). 


Any substance having a half-wave potential within the range o f f  100 mV 
with respect to the of chloroguanide produces an overlapping of both 
waves. Also, the presence of gelatin, Triton X-100. or another strongly ab- 
sorbable substance on the DME produces interferences since the chloroguanide 
electroreduction is a heterogeneous process. 
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Abstract 0 Conventional hard gelatin capsules were made GI-tract resistant 
by formalin vapor treatment. The residual formalin content was 80 &capsule 
24 h after treatment. which decreased with increased storage time. An in uitro 
GI-tract resistance test was performed by exposing the capsules to simulated 
gastric fluid for 4 h and then to simulated intestinal fluid for 4 h at 37OC. The 
resistance was further confirmed by in uiuo X-ray studies in human volunteers. 
Minute pores were drilled on the hardened shells of the capsules with a carbon 
dioxide gas laser. This permitted the slow passage of the eficapsulated tetra- 


cycline hydrochloride when subjected to 0.1 M HCI in in uitro dissolution 
studies. In uitro drug release from these capsules followed zero-order kinetics 
after an initial lag period of 30 min. The factors influencing the inuitro release 
rate of tetracycline hydrochloride from these capsules are discussed. 


Keyphrases 0 Gelatin capsules-drug release, GI-tract resistance, laser-drilled 
design 0 Laser-drilled capsules-drug release, GI-tract resistance, X-ray 
studies 


The potential application of the laser in the fields of com- 
munication, industry, military science, chemistry, biology, and 
medicine has been well established and well documented (1 ) .  
The possible use of the laser in designing a controlled-release 
capsule dosage form has been recently reported (2). Theeuwes 
et al. (3) reported the use of automated laser drilling in making 


exit pores for indomethacin in the design of an elementary 
osmotic pump. 


Conventional hard-gelatin capsules normally disintegrate 
rapidly and the encapsulated drug exhibits a cube-root disso- 
lution pattern (4). Exposure to formalin vapors causes the 
cross-linkage of the gelatin molecule, resulting in an unpre- 
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dictable decrease in solubility of these capsules ( 5 ) .  The ob- 
jectives of this study were: ( a )  to prepare GI-tract resistant 
hard-gelatin capsules by formalin vapor treatment and to 
confirm their resistance by in uitro and in uiuo studies; ( 6 )  to 
make minute pores on the hardened shells of the capsules by 
laser drilling to allow the contents to release slowly through 
these minute pores; (c) to report on the different factors that 
are likely to influence the in uifro drug release rate from these 
capsules. 


EXPERIMENTAL SECTION 


Preparation of GI-Tract Resistant Capsules-The conventional hard-gelatin 
capsules were exposed to formalin vapor under normal temperature and 
pressure conditions. After the vapor contact time, the capsules were dried in 
an oven at 50°C. The formalin vapor contact time and drying time were op- 
timized with respect to GI-tract resistance, residual formalin content, drilling 
requirements. physical characteristics of the capsules, etc., by trial experi- 
ments. 


Residual Formalin Conten--The analytical procedure used to determine 
the residual formalin content was based on the method of Macfadyan (6). The 
method involves the spectrocolorimetric measurement (at 490 nm) of the violet 
color produced when 1 .O mL of the sample, containing -2-3 pg of formalin 
with 9.0 mL of 0.2% (w/v) solution of chromotropic acid' in 8Wo (v/v) sulfuric 
acid, was heated on a boiling-water bath for 30 min. 


Thesample was prepared by placing one formalin-treated capsule in each 
of the three clean, dry, 20.0-mL vials containing 10.0 mL of distilled water. 
After closing with rubber stoppers and sealing with aluminum seals, the vials 
were agitated on a mechanical agitator for 1.0 h. The saturation solubility of 
the formalin capsule in 10.0 ml. of distilled water was optimized with respect 
to agitation time by trial experiments. A sample ( I  .O mL) was withdrawn from 
each vial with a syringe, and the residual formalin content was determined. 
The average content of the three vials was reported as the residual formalin 
con tent. 


In  Vitro GI-Tract Resistance Test-The studies were carried out by the 
rotating-basket method (7). A flaskcontaining 900.0 mL ofsimulated gastric 
fluid as the dissolution medium (8) was immersed in a constant-temperature 
bath at  37 f O S O C .  The empty formalin-treated capsule (with laser drilled 
pores on the body) was then inserted, and thc basket was rotated at  100 rpm 
for 4 h. At the end of 4.0 h, 900.0 mL of the simulated gastric fluid was re- 
placed by the same quantity of simulated intestinal fluid (8), and the experi- 
ment was repeated for 4.0 h. 


In Vim X-ray Studies-Two human malevolunteers (age, 27 and 29 years; 
weight, 65.5 and 7 I .5 kg.) were selected for the study. The subjects had no 
history of GI disease and neither used any medication regularly. Both vol- 
unteers were asked to abstain from alcoholic beverages for 48 h preceding each 
expcriment and fasted overnight. At 8:30 a.m. one capsule containing 250.0 
mg of barium sulfate (band sealed with a suitable GI-tract resistant material) 
was administered orally with -25.0 mL of water. Volunteers wcre allowed 
to take food 4.0 h after administration of the capsule. X-ray photographs were 
taken at 0.5, 1.0, 2.0,4.0,6.0, and 8.0 h after capsule administration. 


Laser Drilling-A CO2 (CW/pulsed) laser2 (Fig. I )  was used todrill small 
pores into the hardened shells of thc capsules. This laser can be operated in  
continuousor pulsed modes. I n  the pulsed mode, the pulse width of the laser 
can be varied from 100 ps to I s, and the frequency can be varied from I to 
lo00 pulses/s. Pulse width and frequency variations changed the diameter 
of the drilled pores and the number of drilled pores, respectively. The laser 
was internally pulsed through an electronically controlled triggcr switch. This 
type of pulsing provides a power output four to five times the average output, 
depending on the pulse width selected. This lascr system had well-insulatcd 
high-voltage terminals and an automatic switch to ground the capacitor bank 
when switching off or tripping off the power supply; the power supply and the 
coolant flow wcre interlocked. 


In this investigation, laser-drilled capsules were studied with respect to 
variation in the number ofdrilled pores. diameter of the drilled pores, and the 
drilling pattern of the pores. To vary the number of pores, the capsule was 
mounted on a linear drive (speed, 2 mm/s). By changing the laser frequency 
and keeping the power and pulse width (220ps) constant. 25,50,75, and 100 
pores with an SD2 size distribution were drilled on thc body of the capsule shell. 


I P.B. No. 6136; Lob-Chernie. Indoaustranal Co., Bombay, India. 
50W CO2 Laser model J1.S-C-101; designed anddeveloped by Laser Division, Jyoti 


Ltd.. Baroda. India. 


Figure 1-Carbon dioxide gas laser with a linear drive. 


Table I-Pulse Widtb Variations with Corresponding Pore Size 
Distributions and Average Diameters 


Average 
Pore Diameter, 


Pore Size Pulse Width, Ctm 
Distribution US dln" dn 


S D I  100 83-88 78.50 f 1.57 
SD2 220 103.60 100.00 f 1.41 
SD7 3 00 160.20 155.00 f I .52 
S D; 420 207.80 205.00 f 1.38 


Statistical length-number mean diameter. * Geometric mean diameter from the 
probability plot ( fSD) .  


The pores were placed equidistant in three lines with an almost equal numbcr 
of pores per line. 


For the study of diameter variation, 50 drilled h r e s  with size distributions 
of SD, ,  SD2, SD,, and SDd, with an average length-number mean diameter 
(dln)  equal to83.58, 103.60, 160.20, and 207.80 pm, respectively [determined 
by the optical microscopic method (9)], wcrc obtained by varying the pulse 
width of the laser and keeping the frequency constant a t  I pulse/s (Table I). 
The variation in the pore drilling pattern was studied with 50-porecapsules 
(of SD2 distribution) on the body only and on both the cap and body. I,aser- 
drilled pores on the hardencd shells of the capsules are shown in Fig. 2. 


Factors Influencing Release Rate --GI-tract resistant capsules with 50 
laser-drilled pores (SD2 size distribution) on the body, containing tetracycline 
hydrochloride3 (as a model drug) and band sealed with GI-trdCt resistant seals, 
were used for the study. The average weight of the filled capsules was deter- 
mined by weighing 10 capsules. Friability testing of the capsules was done 
on a friabilator4 (10). The bulk density of the sample was determined by the 


Figure 2--Di/jerent sizes of laser-drilled pores on the hardened capsule 
shell. 


Synbiotics, Wadi Wadi, Baroda. India. 
Roche. 
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standard three-tap method suggested by Butler and Ransey ( I  I ) .  The particle 
size and size distribution analyses were made by the optical microscopic 
method (9), by preparing a suspension of the sample in  glycerol. 


To study the effect of diluents, capsules containing 250.0 mg of tetracycline 
hydrochloride were prepared using lactose or microcrystalline cellulose as 
diluent. Differences in bulk density bctween the drug and the diluents were 
taken into consideration when calculating the fill weight of individual cap- 
sules. 


The effect of powder properties such as particle size and distribution and 
bulk density were studied by using capsules filled with three powder samples 
with different characteristics. The original sample of tetracycline hydro- 
chloride (sample I )  was screened through a 360-mesh standard sieve; an 
oversized fraction (sample 11). and an undersized fraction, which was pul- 
verized with a pestle and mortar (sample I l l ) ,  were also used for the study. 
Tetracycline hydrochloride capsules were prepared by filling tetracycline 
hydrochloride with 2.0% talc or I .O% magnesium stearate to study the effect 
of common lubricants. , 


Saturated solutions of dioctyl sodium sulfosu~cinate~ and polysorbate 806 
in alcohol were sprayed separately on the tetracycline hydrochloride to give 
0.5% (w/w) and 1.m (w/w)  of these wetting agents uniformly distributed 
in the dried (at 40°C) tetracycline hydrochloride. These samples were used 
to study the effect of wetting agents. 


In Vitm Dissdution Rate Studies-The dissolution rate studies were carried 
out by a method similar to that used in the in oitro GI-tract resistance test. 
However, the dissolution medium was 0.1 M HCI, 5.0-mL samples were 
withdrawn at 30-min intervals and the volume of the dissolution medium was 
maintained by replacing an equal volume of the medium after each with- 
drawal. Thesamples were analyzed a t  353 nm using a spectrocolorimeter’. 


RESULTS AND DISCUSSION 


All the samples tested for in uitro GI-tract resistance showed resistance 
in both simulated gastric and intestinal fluids. The capsules remained intact 
throughout the GI tract in the X-ray studies, confirming in oiuo resistance 
in the subjects tested. Figure 3 shows the position of the capsule in the GI tract 
at 0.5, 1 .O, 2.0,4.0,6.0, and 8.0 h after the capsule was administered in one 
of the subjects. The capsule remained in the stomach for more than 1 .O h; 2.0 
h after administration, the capsule was seen in the duodenal area of the small 
intestine. The capsule was traced intact in the ileum after 4.0 h, in the colon 
after 6.0 h ,  and finally in the rectum at 8.0 h. The residual formaldehyde 
content after 24.0 h of treatment was 80 bg/capsule, which reduced to 68 and 
60 pg/capsule after 15 and 30 d of storage, respectively. 


The number of drilled pores considerably influenced the release rate of 
tetracycline hydrochloride from the capsule (Fig. 4). A plot of percentage of 


V 


I V  


Figure 3-Schemaiic representation of ihe position of the capsule in the GI 
tract (deiected by X-ray photography) after capsule administration. Key: 
(I) 0.5 h; (11) 1.0 h; (1111, 2.0 h; ( IV)  4.0 h. (V)  6.0 h; ( V l )  8.0 h. 


Doxinate; Hoescht Aktiengeselschaft, Badvilbcl, F.R.G. 
Twecn 80; Atlas Chemical Co., Wilmington, Del. ’ Model VSUZ-P C.Z. Spcctrophotometer. F.R.G. 


4 
0 0.5 1.0 1.5 2.0 2.5 3.0 3.6 4.0 
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Figure 4-Effect of variation in number of drilled pores, n (with SD2 iype 
of size disiribuiion) on percent drug retained as a function of time. Key: ( A )  
n = 25;(B) n = SO;(C) n = 75;(D) n = 100. 


the drug retained against time indicates that the drug release follows a zero- 
order pattern after an initial lag period of 30 min in all cases. This lag period 
may be attributed to the time required for the dissolution fluid to penetrate 
the capsule, wet and dissolve the drug, and finally allow the drug to pass 
through the pores. 
The slope values werc calculated by ( 1  2): 


where tr is the slope, x is the time (in hours), and y is the percentage drug 
retained. Since the release follows zero-order kinetics, the slope represents 
the rate of the release (k,) and n indicates the number of pores drilled. The 
calculated values of kz5, k50, &,J, and klm were 3.30, 6.32, 8.92, and 
12.27%/h, respectively. The variations in number of drilled pores were in the 
ratio of 1 :2:3:4; the release rate constant. &., showed a similar ratio. This in- 
dicatb a proportionate increase in the release rate of the drug with an increase 
in the number of drilled pores ( n ) .  


The effect of pore size and size distribution on the release rate constant of 
tetracycline hydrochloride is shown in  Fig. 5 for the size distribution ranges 
S D I ,  SD2, SDj, and SD4. The statistical mean diameter of each s i 7 ~  distri- 
bution was calculated by (12): 


0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
HOLRS 


Figure 5-Effeci of variaiion in size disiribuiion of drilled pores on percent 
drug reiained as a function of rime. Key: (A) S D I ;  (B) SD2; (C) SD3: (Dl 
SD4. 
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Figure 6-Frequency distribution plots of dijjerent size ranges of drilled 
pores. Key: (0) S D I ;  (0) SD2; (A) SD3; (0) SD4.  


where n is the number of pores in a size range whose midpoint, d ,  is oneof the 
equivalent arithmetic. geometric, or harmonic mean diameters; p is the index 
related to size of an individual pore, since d raised to the power p = I or p = 
2 is an expression of the pore length or surface, respectively. The frequency 
with which the pores in a certain size range wcur  is expressed by ndf. When 
the frequency index has values of 0, 1. or 2 the size frequency distribution is 
expressed in terms of total number, length, or surface of pores, respectively. 
The frequency distribution and the log probability plots of S D l ,  SD2, SD3, 
and SDd pore size distributions are shown in  Figs. 6 and 7, respectively. The 
arithmetic length-number mean diameters, dln, were calculated by ( I  2): 


and were 83.58, 103.60, 160.20, and 207.80 pm. These values correlated well 
with the corresponding geometric mean diameters of 78.50. 100.00. 155.00, 
and 205.00 pm obtained from the log probability plot. The respective standard 
deviations calculated from the slops of the lines were 1.57, 1.41, 1.52, and 


Oii 0.5 


m? I I i I 


Figure I-L.ogprobability plots of dqferent size ranges of drilled pores. Key: 
(A) S D , ;  (BJ SD2; (C) SD3; (0) SD4. 


0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
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Figure 8-Influence of uariation in pattern of drilling on percent drug retained 
as a function of time. Key: (0) only body drilling: (0) cap and body 
drilling. 


1.38. The total surface'area available for the release of the drug with 50 pores 
on the body of the capsule for each of the four groups was I .lo, 1.68,4.03, and 
6.78 cm2/capsule. The calculated release rate constants indicate that the drug 
was released at  the rate of 5.04.6.32.8.96. and 10.60%/h for the respective 
release areas. The release rate followed zero-order kinetics after an initial lag 
period of 30 min in all cases, except the capsules with SD4 pore size distribution 
had no lag period. Such a deviation for larger pore sizes may be due to a de- 
crease in  the time required for the dissolution fluid to penetrate the capsule 
with a larger surface area. The capsules with pores of S D I  and SD2 size dis- 
tributions showcd a loss of <0.8%/capsule when subjected to friability tests, 
unlike the capsules with SD3 and SD4 distributions, where the loss was 
> I%/capsule. 


The variation in drilling pattern did not show statistically significant dif- 
ferences ( I  = 0.037, d = 16, p < 0.01) in release rates of the drug (Fig. 8). The 
higher standard deviations observed in  the values for cap and body drilling 
as  compared with body drilling alone may be attributed to incomplete drilling 
when the comparatively thicker cap and body surface was drilled simulta- 
neously. 


The release rate of the drug from the capsule was considerably affected by 
the powder characteristics, i .e.,  bulk density and particle size distribution, 
of the encapsulated drug samples I,  11, and 111. The bulk densities were 0.61, 
0.60, and 0.73 g/cm3. Average length number mean diameters (dln) were 
51.20, 95.74, and 23.30 pm and showed release rates of 6.32, 5.00, and 
8.1 I%/h, respectively (Fig. 9). This probably indicates an increase in release 
rate with dccrcased particle size of the encapsulated drug. The frequency 
distributions and log probability plots of the three samples are shown in Figs. 
10 and I I ,  respectively. The aforementioned statistical diameters correlated 
well with the geometric mean diameters (dg)  of 48.50. 85.0, and 17.50 pm, 
respectively, obtained from the log probability plot. The corresponding 
standard deviations calculated from each slope were 3.03, 1.67, and 2.8. 


Figures 12 and 13 show the effect of different additives on the release rate 
of the drug from the capsules. The use of lactose and microcrystalline cellulose 


0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
m x R S  


Figure 9-Effect of particle sire and size distribution of the encapsulated 
drug sample on percent drug retained as a function of time. Key: (A )  sample 
I ;  (B)  sample 11: (C) sample 111. 
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F w e  10--Frequency distriburion plots of diyferenl samples of powder. Key: 
(A) sample I; (B)  sample 11: (C) sample I l l .  


as diluents and magnesium stearate and talc as lubricants did not significantly 
affect the release rate of the drug. Of the two wetting agents used, dioctyl 
sodium sulfosuccinate showed a statistically significant enhancement of the 
release rate, unlike polysorbate 80 which showed some enhancement but was 
not statistically significant. Table I1 is the analysis of variance ( 1  3) to compare 
the effect of additives on the release rate of the drug. The calculated F ratio 
is higher than the F value obtained from the table ( I  3) C/I = 6, f 2  = 56. p = 


0.2 


0.5 


2t 


:::I * ; I I 


99.99 


0 50 100 150 200 
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Figure I 1-Log probability plots of different samples of powder. Key: ( A )  
sample I ;  (B) sample I I ;  (C) sample 111. 
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Figure 12-Effect of common capsule additives on percenr drug retained as 
a function o f  time. Key: (0) drug on1.v; (A) with microcrystalline cellulose; 
( 0 )  with lactose; (a) with talc; (a) with magnesium stearale. 
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Figure 13-Effec1 of wetting agents on percent drug retained as a function 
of time. Key: 'A) drug only; (B) with dioctyl sodium sulfosuccinate; (C) with 
polysorbate 80. 


0.05) which clearly indicates that the samples do not have the same release 
rate i.e., they are statistically different. To determine which samples arc dif- 
ferent from each other, a least-significant procedure (13) was applied; Table 
111 shows the ranked means. The calculated value of 5% allowance is 7.05 


Table 11-Analysis of Variance 


Degrees of Sum of Mean 


Among the treat- t - I = 6 3990.93 665.16 


Source of 
Variation Freedom Squares Squares F Ratio F Value" 


menis 
11.88 2.25b 


Within the treat- Zni - I = 56 3135.68 55.99 
ments 


Total N - 1 = 6 2  


From the tables. F valuc at / ,  = 6 .  d2  = 56. and p = 0.05; P - 5457.87. P2 = 
479957.48. N = 63, Zni - I = 56, and I = 7 
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Table Ill-Ranked Means. 


Magnesium Microcrystalline Dioctyl Sodium 
Drug Talc Stearate Cellulose Lactose Polysorbate 80 Sulfosuccinate 


88.48 88.70 89.10 83.54 88.38 82.78 80.53 


~ ~ ~ ~ ~~~~~~~~~ 


Any two means not underscored by the same line arc statistically significantly different; f = 2.00, S2 = 55.99. ni = 9. n = 9. degrees of freedom = 56, p = 0.05. and 5% allowance 
= 7.05. 


which indicates dioctyl sodium sulforuccinate has a statistically significant 
difference in release rate than the other additives studied (I, = 0.05. t = 2.0, 
S2 = 55.99, n ,  = 9. degrees of freedom = 56) .  


CONCLUSIONS 


GI-tract resistant hard-gelatin capsules were prepared by formalin treat- 
ment. The contents of the capsule were released slowly through minute 
laser-drilled pores. Variations in number and diameter of drilled porcs changed 
the rate of release of the drug from these capsules. Common additives like 
lactose, microcrystalline cellulose. magnesium stearate, and talc did not sig- 
nificantly affect the rate of release of the drug; neither did variations in drilling 
patterns. The presence of dioctyl sodium sulfosuccinate significantly affected 
the release rate; although polysorbate 80 enhanced the relcase, the effect was 
not statistically significant. 


The results of the present investigation clearly indicate that the technique 
of laser drilling could be successfully used in designing slow-release capsule 
dosage forms. A proportionate increase in release rate with the number of pores 
drilled and with increased average diameter of the pores suggests the possibility 
of using the laser technique to design controlled-release capsule dosage 
forms. 
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Abstract 0 The degradation of cadralazine in aqueous solution was investi- 
gated in relation to pH, concentration, and temperature, under aerobic and 
anaerobic conditions in light and dark. The appearance of three main degra- 
dation products was also studied. Drug disappearance was dependent on 
temperature, pH, concentration, and oxygen and followed three different 
mechanistic pathways: thermal, hydrolytic, and oxidative. The individual rate 
constants were determined by nonlinear regression fitting. 


Keyphrases 0 Cadralazine-degradation kinetics, antihypertensive agent, 
identification of oxidative. hydrolytic, and thermal degradation products 0 
Antihypertensive agent-cadralazine, degradation kinetics, identification 
of oxidative, hydrolytic, and thermal degradation products 0 Degradation 
kinetics-cadralazine, antihypertensive agent 


Cadralazine, ethyl 6-[ethyl-(2-hydroxypropyl)amino]-3- 
pyridazinecarbazate ( I )  ( I ) ,  is a new potent peripheral vaso- 
dilator (2 ,3)  which has been shown to be active in hypertensive 
patients (4- 1 1 ) .  Like the chemically related antihypertensive 
drugs hydralazine ( 12) and pildnalazine ( 1  3 ) ,  cadralazine is 
stable in the solid state, whereas it is susceptible to decompo- 
sition in water. 


A study was therefore initiated to identify the degradation 
products of I; it was performed in stress conditions that are 
different than the physiological ones, in order to accelerate the 
decomposition processes. Further investigations were con- 
ducted to establish the kinetics of cadralazine degradation. The 
effects of pH, temperature, drug concentration, and other 
factors on cadralazine decomposition and on the appearance 
rate of the main degradation products were also investi- 
gated. 


0 p" C C O C , H s  II 


H,C .HCH,N 


L H ,  
I 


EXPERIMENTAL SECTION' 


Cadralazine (I) ,  the working standard (14) [MS: m/z 283 (37). 238 (IOO), 
210 (50), 192 (53) and 164 (60)] was used as received. 6-[Ethyl-(2-hydroxy- 
propyl)amino]-l,2,4-triazolo[4,3-b]pyridazin-3(2H)-one (11) was synthe- 
sized according to the method of Parravicini ef ol. ( I )  [MS: ni/z 237 ( I  2), 192 
(38), and I64 (loo)]. N-Ethyl-N-(2-hydroxypropyl)-6-0~0-3( lH)-pyridaz- 
inylamine ( I l l ) ,  synthesized by the hydrolysis of 6-chloro-N-ethyl-h'-(2- 
hydroxypropyl)-3-pyridazinylamine ( I  5) by a literature method ( I  3), was 
obtained as a white powder, mp 106-107°C; MS2: m/z 197 (15% Mf) ,  152 
[loo, (M - CH3CHOH)+], 139 (20). and 124 (40); 'H-NMR3 (60 Hz, 
MezSO-ds): 6 7.25 and 6.78 (ABq. 2, J = 10 Hz, H-5 and H-4), 4.25 (br s. 
I ,  OH), 4.00 (m, 1, CH), 3.46 (q, 2.5 = 6.5 Hz. N C H Z C H ~ ) ,  3.22 (d. 2, J 
* 6.5 Hz, NCHzCH), 1.15 (d. 3 , J  = 5.3 Hz,CH3CH),and 1.10ppm (1, 3, 
J = 6.5 Hz, CHzCH,). 


~ ~~~ 


I All reagents and solvents were analytical grade. Hydrochloric acid-potassium 
chloride buffer (Normex. pH 0.2 and 1.0, respectively), sodium citrate buffer (pH 3.0). 
potassium phthalate buffer (pH 5.0). sodium acetate buffer (pH 5.0), potassium phos- 


hate buffer (pH 7.4). and sodium borate buffer (pH 10.0) were purchased from Carlo E rba. Milan. Ital Sodium chloride was added to all buffers to a constant ionic strength 
(a = 0.1 IS). TLEplates silica gel 60 F 254. HPTLC silica gel 60 F 254, silanized silica 
gel 60 F 254, and aluminum oxide type E F 254 were obtained from Merck. Darmstadt, 
West Germany. 


Varian Mat 1 12 spectrometer (70 eV. I .5 mA). 


Anal.-Calc. for C~Hl jN302:  C. 54.81; H, 7.66; N, 21.30. Found: C, 54.56; 
H, 7.82; N, 21.51. 
N-Ethyl-N-(2-hydroxypropyl)-3-pyrida1.inylamine (IV), synthesized by 


hydrogenolysis of 6-chloro-N-ethyl-N-(2-hydroxypropyl)-3-pyridazinylamine 
( I  5) by a literature method (1 3), was obtained as  a pale-yellow oil; MS2: m/z 
181 (22% M?). 136 [loo, (M - CH3CHOH)+], 123 (30), and 108 (90); 


l,J=4.6,9.5Hz,H-5),6.90(dd,l,J=9.5,l.OHz,H-4),5.00(brs,l,OH) 
4.10 (m, I ,  CH), 3.56 (d, 2, J = 6.2 Hz, NCH2CH). 3.53 (4.2, J = 7.0 Hz, 
N C H Z C H ~ ) ,  1.22 (d, 3. J = 7.0 HI.. CHjCH),  and 1.18 ppm (1, 3, J = 7.0 


Anal.-Calc. for C9HljN30 C, 59.66; H, 8.34; N, 23.19. Found: C, 60.00; 
H, 8.04; N, 23.34. 


Ethyl 2- [ 6- [ethyl-(2-hydroxypropyl)ami no] -3-pyridazinyl] azocarboxylate 
(V)  was synthesized according to Gaviraghi ef  01. (16) [MS: m/z 283 (28). 
238 (a), 237 (32). 181 (36), and 136 (IOO)]. The following internal standards 
were used: I -[3,4,5-trimethoxythiobenzuyl]-4-methylpipera1.ine hydrochloride 
(VI)  synthesized according to Farina et a/. (17) and (~)-a-(3,4,5-tri- 
methoxythiobenzamido)caprolactam (VII)  synthesized according to Farina 
ef a/. (18). All the compounds synthesized gave the expected NMR and mass 
spectral data. 


Identification of the Degradation Products-Aliquots (25 mL) of a 0.1% 
(w/v) cadralazine ( I )  solution in phosphate buffer (pH 7.4) were kept over- 
night at 8OoC in a water bath under constant tungsten light, then extracted 
three times with 40 ml. of chloroform. The organic layer was evaporated to 
dryness, and the residue was dissolved in  5 mL of methanol; 200 p L  of the 
solution was spotted and eluted on silica gel plates with the following eluants: 
chloroform-methanol-water (95: 10: I ) .  chloroform-methanol-water (70: 
27:5), I-butanol-acetic acid water (80:20:20), benzene-methanol (80:20), 
tetrahydrofuran- methanol (96:4); on aluminum oxide plates with methyl ethyl 
ketone-methanol-chloroform (40:5:55); on silanized silica gel plates with 
benzene-ethyl acetate-acetonitrile-methanol (35:45: I5:5). The spots were 
detected under UV light, scraped. examined by MS2 and compared with 
synthetic samples. 


Decomposition Rate of Cadralazine-The degradations were performed 
on 0.1% solution of cadralazine buffered at  pH 3.0, 5.0, 7.4, and 10.0, and 
stored at 30 f 0.1 OC, 50 f 0.1 "C. and 80 f 0.1 OC in air and light; analogous 
solutions buffered at pH 0.2 and 1 wcrc followed at 50 f O.IoC in the same 
conditions. Degradations at pt l  7.4 and 10 were also studied at 8OoC in a ni- 
trogen atmosphere (both in light and in the dark) and in  a dark and aerobic 
atmosphere. Solutions of 0.093. 0.93, 5.15, 10.3, and 18.3 rng/mL of ca- 
dralazine in acetatc buffer (pH 5.0) were tested at 80 f 0.1 "C in a light and 
aerobic atmosphere. All samples were taken at various intervals. The internal 
standard VI was added, and the samples were suitably diluted and assayed 
by TLC-photodensitom~try~ at  254 nm as previously described (19). 


Appearance Rate of 11,111, and IV-The appearance rates of I I , 1 1 1 ,  and 
IV were tested on 0. I %  solutions of cadralazine buffered at pH 7.4 and 10.0, 
submitted to decomposition at  80 f 0.1 OC in an aerobic or a nitrogen atmo- 
sphere. in light or dark. Quantitation was performed by adding VII (an internal 
standard for I1 and 111) and V l l l  (an internal standard for IV)  to the samples. 
The undiluted solutions were assayed by TLC-photodensitometry as previ- 
ously described (19). 


'H-NMR3 (60 Hz, CDCI3): 6 8.44 (dd, 1, J = 4.6, 1.0 Hz, H-6). 7.18 (dd, 


Hz,CHzCH,). 


RESULTS AND DISCUSSION 


Characterization of the Degradation Products-TLC of the degraded ca- 
dralazine mixture in several eluant systems indicated the presence of four 
major and three minor compounds. The degradation products were isolated 
(TLC) and characterizcd by comparison of their f$ values and MS data with 
those of authentic samples of I-V ( I ,  16). The four major compounds wcrc 
identical with cadralazine ( I )  ( I ) .  triazolonc I I  ( I ) ,  pyridazinone I l l ,  pyrid- 
azine IV; one of the minorcompounds was the azocarboxylate V (16,20). Two 


Perkin-Elmer R 128. ' Camag TLC scanner; Camag, Switzerland. cquippd with a Perkin-Elmer 56 rc- 
corder. 
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Figure 1-the pH-rate profile of cadralarine (0.1%. w/v) in aqueous solu- 
tions at 50°C. 


of the minor products were not identified. Compounds 11,111, IV, and V were 
treated under the same conditions used for cadralajne degradation, and no 
decomposition was found except for V, which rapidly converted to I11 and 
IV. 


Order of Reaction-Semilogarithmic plots of residual concentrations of 
cadralazine versus time exhibited good linearity (r2 > 0.98) for experiments 
at all pH levels studied. The disappearance of cadralazine from aqueous so- 
lutions followed pseudo-first-order kinetics under the experimental conditions. 
The degradation rate constants of cadralazine were computed by the least- 
squares linear regression method. The calculated pseudo-first-order rate 
constants at fixed concentration of cadralazine (0.1%. w/v). buffer ionic 
strength ( p  = 0.1 15) and temperature (50 f 0.l"C) were: 4.17 X h-l 
at pH 0.2; 6.72 X h-' at pH I;  2.00 X h-l at pH 3; 3.17 X h-' 
at pH 5; 2.14 X h-' at pH 7.4; 0.1570 h-l pH 10. 


pH Dependency-The pH-rate profile for the degradation of cadralazine 
was constructed from the logarithm of the pseudo-first-order rate constants 
and the pH values at 50 f 0.1 "C. The buffering capacities of all the solutions 
were sufficient to keep constant pH values (fO.05) throughout the experiment. 
The pH-rate profile (Fig. I )  showed a sigmoid curve superimposed on one 
branch of a V-graph and revealed a profound degradation rate increase in the 
neutral and basic pH region, where cadralazine was in the neutral form. In 
the acidic pH region, the degradation rate appeared low, whereas between 
pH 3 and 5 it was less sensitive to pH changes. At pH 7.4 and 5OoC, the ap- 
parent first-order rate constant was 2.14 X h-l, which corresponds to 
a half life of -32.4 h. 


Cmentration Effec-The effect of cadralazine concentration on its 
degradation constant was investigated at 80°C in pH 5 acetate buffer. As 
shown in Fig. 2, the highest concentrations stabilized the solutions of ca- 
dralazine. 


L 
1 I I '  


5 10 15 m 
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Figure 2-Influence of cadralarine concentration on rhe rate degradation 
constants at 80°C and pH 5.0. 
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Figure 3-Arrhenius plot depicting the temperature dependency of ca- 
dralazine degradation. 


Table I-Arrhenius Parameters for Degradation of Cadralazine 


PH E Z ,  kcal/mol log A r2 


3 1.72 
5 
7.4 


10.12 
11.00 


10 15.36 


2.46 194 0.976 
4.38242 0.997 
5.89449 0.963 
9.74349 0.983 


Influence of Temperature, Light, and Air on Cadralazine-The Arrhenius 
plots of the pseudo-first-order rate constant ( k )  at varying temperatures (30, 
50, and 80 f 0.1 "C) at different pH levels (10.7.4.5. and 3) are shown in Fig. 
3. The apparent Arrhenius parameters for the disappearance of cadralazine, 
calculated from the regression equations, are reported in Table 1. The deg- 
radation of cadralazine was greatly influenced by the presence of air and, to 
a lesser extent, by light, as shown in Fig. 4. 


Light, pH and Air Effects on Formation of II,111 and IV-The appearance 
rate of triazolone 11 at pH 7.4 and 80°C (Fig. 5A) was independent of the 
presence of air or light, whcreas its formation rate was moderately pH de- 
pendent. Moreover, it has been reported that l l  is obtained from I by thermal 
cyclization ( I ) .  The weak influence of pH and the independence of the for- 
mation of 11 from light and air suggests that the mechanism of formation of 
I I  may be essentially thermal in  degradative conditions. 


In  contrast, the appcarance rate of pyridazinone I l l  (Fig. SB) was inde- 
pendent of the presence of air, greatly dependent on pH, and moderately in- 
fluenced by the presence of light. This excludes an oxidative mechanism in 
its formation and suggests a hydrolytic pathway. 


Finally, pyridazine IV was not detected in the absence of air, whereas its 
formation was independent of light, and moderately related to the increase 
in pH (Fig. 5C). This behavior is essentially in agreement with an oxidative 
reaction. 


1 
I I I I I I 
1 2 3 4 5 6 


HwrS 
Figure 4-Experimental lime-concentration profile of cadralazine at 80°C 
and pH 7.4 in light and air (A ) ,  dark and air (B). light and nitrogen (C). and 
dark and nitrogen (0). 
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Figure 5-Experimental time-concentration profile of II (A) ,  Ill (B). and 
IV(C)at8O0CinpH 10,lightandair ( t J . p H 7 . 4 ,  lightandair (m), light and 
nitrogen (0). dark and air (0). and dark and nitrogen (A). No traces of IV 
were found at pH 7.4 in light and nitrogen. or in dark and nitrogen. 


Possible Degradation Pathway -The degradation of cadralazine yields 
triazolone 11, pyridazinone 111, pyridazine IV,  and minor quantities of azo- 
carboxylate V .  Cadrdlazine decomposition at  p l l  7.4 and 8OoC can be hy- 
pothesized as a combination of three parallel reactions (Scheme I). On the 
basis of this hypothesis. the disappearance of cadralazine can be described 
as a pseudo-first-order process expressed by: 


t 
E l  h4 - “$3 


t I 


T V 


\ --. T N  %7 l h P  \I, ‘-\, “9 -$?-----Y Et 


Scheme I-Proposed degradation pattern of cadralazine in aqueous solu- 
tion. 


Table 11-Rate Constants for Cadralazine Degradation a 


Constant k ,  h-I r2 


k i  0. I346 f 0.0190 0.989 
k2 0.01 79 f 0.0047 0.994 
k3 0.0452 f 0.0049 0.990 
k4 0.0744 f 0.0050 0.997 
k2 -+ k ,  -+ k4 0. I375 


@ Determined at pH 7.4. 80°C. b Confidence limits of f95%. 


A /-c- . .----. 
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Figure 6-- Time-concentration projile of cadrulazine ( A )  and its degradation 
products I I  (H). Ill (C), and I V  (D) in an aqueous solution (0.1%. w/v) of 
cadralazine at pH 7.4 incubated at 80°C. The experimental dura are su- 
perimposed on calculated curves. 


Rate expressions describing the appearance of 11, Ill,  and IV take similar 
forms (pseudo-first-order reactions): 


d[lll = k z [ l ]  (Eq. 2) dt 


These differential equations can be solved and the amount of each com- 
ponent in the mixture can be expressed as the mole fraction of the initial 
concentration of cadralazine as a function of time: 


Initial conditions were defined so that at I = 0 the amount of cadralazine was 
equal to []lo, and no degradation products were present, i .e . ,  [ I I ] .  [ I I I ] ,  and 
[ I V ]  were equal to zero. 


Equations 5-8 were used to calculate simultaneously k l .  k2, k,. and k4 from 
the experimental data derived from the degradation of I carried out a t  8OoC 
and pH 7.4. in air and light, using a nonlinear regression program (NOLIN). 
The values obtaincd for k; and their 95% confidence limits are reported in 
Table 11. The quality of the fit between experimental and theoretical con- 
centrations isshown in Fig. 6. The accuracy of thecalculated ki wasdemon- 
strated by comparing the pseudo-first-order rate constant k , ,  determined 
experimentally, with the sum of the individually calculated rate constants k2 


The minor compound, V ,  was not considered in  the kinetic study, because 
its yield was small, near the range of detectability. However, this product could 
be a possible intermediate in the formation of 111 and IV. 


t k3 + k4. 
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Abstract A theory is presented which describes the interactions between 
completely overlapping fluorescing monomer-polymer systems and affords 
a method to calculate binding parameters. The theory is based on the as- 
sumptions that the complex formed from the fluorescing binding site and the 
monomer molecule docs not fluoresce and that the fluorescence intensity is 
linearly related to concentration. The relationships derived from this theory 
have provided a sensitive and easy method for calculating the number of 
binding sites on a polymer molecule from only three emission-intensity values. 
The theory has been tested on systems containing trimethoprim-serum al- 
bumins and found to yield results which are consistent with a curve-fitting 
approach to the experimental data. This reflects the validity of the theoretical 
model presented and the various assumptions and approximations made. 


Keyphrases 0 Monomer-polymer systems-binding parameters, overlapped 
fluorescence quenching 0 Binding parameters-overlapped fluorescence 
quenching, monomer-polymer system 0 Fluorescence quenching-binding 
parameters, monomer-pol ymer systems 


Fluorescence quenching has been applied to the study of 
complex formation (1); for example, the interactions of amino 
acids containing aromatic nuclei and their amines, and oli- 
gopeptides containing aromatic amino acids with nucleic acids, 
were studied by this method (2,3). Recently, Koumriqian (4) 
and Borazan and Koumriqian (5) have applied the technique 
to study interactions between catecholamines and polyadenylic 
acid. In these studies, the emissions of the polynucleotides were 
negligible compared with those of the monomers. It was, 
therefore, easy to derive equations for calculating the binding 
parameters using the fraction remaining from the fluorescence 
intensity of the monomers or the observed quantum yield. 


However, due to the inherent properties of many systems, 
both the monomers and polymers in the binary mixtures ex- 
hibit almost complete emission overlap over a wide range of 
excitation and emission wavelengths. Examples for such sys- 
tems can be found in the fluorescence quenching studies of the 
interactions of steroids-polynucleotides ( 6 ) ,  antineoplas- 
tics-polynucleotides (7), and antibacterials-serum albumins 
( 8 ) .  Thus, these types of systems impose a difficult problem 
when analyzing the experimental data to calculate the binding 
constants. These authors ( 6 - 8 )  have applied an empirical 
approach involving a curve-fitting technique to analyze the 
fluorescence data. 


The present study is concerned with a theoretical treatment 
which utilizes the fluorescence technique in situations where 
complete fluorescence overlap is taking place. This allowed us 
to determine the number of fluorescing binding sites on a 
polymer molecule available to the monomer molecules and to 
calculate the equilibrium constant for the process. 


THEORETICAL SECTION 


To calculate the binding constants for an interaction between a monomer, 
M, and a binding site on a polymer, Pb, the following simple mathematical 
model was assumed: 


M + Pb = MPb 03.1) 
where MPb, is the complex formed. When using the fluorescence technique 
to calculate the binding parameters, the solution of the problem is straight- 
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Abstract A theory is presented which describes the interactions between 
completely overlapping fluorescing monomer-polymer systems and affords 
a method to calculate binding parameters. The theory is based on the as- 
sumptions that the complex formed from the fluorescing binding site and the 
monomer molecule docs not fluoresce and that the fluorescence intensity is 
linearly related to concentration. The relationships derived from this theory 
have provided a sensitive and easy method for calculating the number of 
binding sites on a polymer molecule from only three emission-intensity values. 
The theory has been tested on systems containing trimethoprim-serum al- 
bumins and found to yield results which are consistent with a curve-fitting 
approach to the experimental data. This reflects the validity of the theoretical 
model presented and the various assumptions and approximations made. 


Keyphrases 0 Monomer-polymer systems-binding parameters, overlapped 
fluorescence quenching 0 Binding parameters-overlapped fluorescence 
quenching, monomer-polymer system 0 Fluorescence quenching-binding 
parameters, monomer-pol ymer systems 


Fluorescence quenching has been applied to the study of 
complex formation (1); for example, the interactions of amino 
acids containing aromatic nuclei and their amines, and oli- 
gopeptides containing aromatic amino acids with nucleic acids, 
were studied by this method (2,3). Recently, Koumriqian (4) 
and Borazan and Koumriqian (5) have applied the technique 
to study interactions between catecholamines and polyadenylic 
acid. In these studies, the emissions of the polynucleotides were 
negligible compared with those of the monomers. It was, 
therefore, easy to derive equations for calculating the binding 
parameters using the fraction remaining from the fluorescence 
intensity of the monomers or the observed quantum yield. 


However, due to the inherent properties of many systems, 
both the monomers and polymers in the binary mixtures ex- 
hibit almost complete emission overlap over a wide range of 
excitation and emission wavelengths. Examples for such sys- 
tems can be found in the fluorescence quenching studies of the 
interactions of steroids-polynucleotides ( 6 ) ,  antineoplas- 
tics-polynucleotides (7), and antibacterials-serum albumins 
( 8 ) .  Thus, these types of systems impose a difficult problem 
when analyzing the experimental data to calculate the binding 
constants. These authors ( 6 - 8 )  have applied an empirical 
approach involving a curve-fitting technique to analyze the 
fluorescence data. 


The present study is concerned with a theoretical treatment 
which utilizes the fluorescence technique in situations where 
complete fluorescence overlap is taking place. This allowed us 
to determine the number of fluorescing binding sites on a 
polymer molecule available to the monomer molecules and to 
calculate the equilibrium constant for the process. 


THEORETICAL SECTION 


To calculate the binding constants for an interaction between a monomer, 
M, and a binding site on a polymer, Pb, the following simple mathematical 
model was assumed: 


M + Pb = MPb 03.1) 
where MPb, is the complex formed. When using the fluorescence technique 
to calculate the binding parameters, the solution of the problem is straight- 


0022-3549/84/1200- 18 15$01.00/0 
@ 1984, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 1815 
Vol. 73, No. 12. December 1984 







forward if one of the reactants does not fluoresce. In the present theoretical 
treatment, however, one case of concern is whcn both the monomer and 
binding site fluoresce at a given set of excitation and emission wavelengths 
(flwrescence overlap). ,Another source of concern is the quenching of the 
emissions of the interacting species when the complex is formed. It is assumed 
in the following derivations that the polymer molecule Contains n fluorescing 
binding sites and that the emission intensity is linearly related to concentration. 
When working with dilute solutions: 


concentration = constant x fluorescence intensity (Q. 2) 


Incorporating Eqs. 9 and 12 into Eq. 7: 


(M) = (Mo) - n(Po) ( 1  - Bpb) m. 19) 


The equilibrium constant equation (Eq. 18) can be written in the following 
form after substituting for (MPb) (Eqs. 9and 12). M (Eq. 19),and for (Pb) 
(Eqs. 1 1  and 12): 


Accordingly: 


lob’ = /MA + /pb”” (Eq. 3) 


where I-‘ and /MA are the observed and free monomer emission intensities 
and Ipb’~” is the fluorescence intensity of the polymer sites without a bound 
substrate. The summation sign, 2. is used to emphasize that the fluorescence 
originates from different sites on one polymer molecule. 


lobX can be related to the total unquenched emission intensity, as: 


lobs’ = Blot /totA = B M  1hi.O’ + b P b  IPboXv2 (Eq. 4) 


Blo(. BM, and B p b  are the fractions of remaining fluorescence intensities for 
the total emission, monomer, and binding sites, and IM.0’ and IpbhP are  thc 
initial emission intensities of the monomer and polymer binding sites. 
Therefore, from Eqs. 3 and 4: 


Thus. the value of n must be determined in addition to the other experimental 
parameter4 in order tosolve for b p b  (Eq. I7).and K (Eq. 20). 


I n  principlc, one may be able to arrive at  the values of n by performing a 
curve-fitting technique through assigning values to n and calculating the 
equilibrium constant, K ,  at different concentration levels to minimize percent 
variation (6-8). Thus, the present investigation is undertaken to study the 
problem from a fundamcntal point of view, in the hope of arriving at the exact 
relationships controlling such complicated systems. This can be done through 
optimizing the K cxprcssion (Eq. 20) with respect ton, i.e.: 


a K  - 0 - _  
an 


Therefore, Eq. 20 should lead to the following: 


According to Eq. 1, the concentration of the complex (MPb) can be expressed 
in three different ways: 


(MPb) = (Mo) - (M) 


(MPb) = (Pbo) - (Pb) 


(MPb) = n(P0) - n(P) 


(Eq. 7) 


(Eq. 8) 


(Eq. 9) 


where (Ma) and ( M )  are the initial and free concentrations of the monomer, 
respectively; ( P h )  and (Pb) are the cpncentrations of the initial and the re- 
maining free polymer binding sites, respectively; and (PO) and (P) represent 
the total and free concentrations of thy polymer, respectively. 


According to the assumption presented in Eq. 2, one can easily verify the 
following equations: 


Rearranging Eq. 22 and setting it up in  an integral form, we can write: 


where: 


Eq. 17 can be rearranged to yield n in terms of intensities and concentra- 
tions: 


To simplify the notations, set: 


(p)  = BPb (PO) (Eq. 12) 


It is evident from Eqs. 10-1 2, that f l ~  and B p b  are essentially equal to the 
fractions which remain free of interaction. Combining Eqs. 5 ,  7, and 10: 


Therefore, Eq. 25 can be written in the following form: 
and Eqs. 6,9, and 12: 


(Eq. 30) 


Taking the differential of Eq. 30: 
Equating Eqs. 13 and 14, substituting for IpbA,2 (Eq. 3) ,  and rearranging 
equations: 


Substituting for n (Eq. 30) and dn (Eq. 31) into Eq. 23: 


Rearranging Eq. 3 and combining with Eq. 6: 


Substituting for /MA (Eq. 1s) into Eq. 16: 


Thc above integrals can be evaluated to yield the following (9.10): 
According to the mathematical model presented in Eq. 1, the equilibrium 


constant expression, K, can be written as: 


(Eq. 34) 
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the power series of 0. This method yields highly approximate results because 
terms having exponents greater than four are omitted. Higher order equations 
are almost imnossible to solve. however. i f  one seeks better results. Thus. the 


(Eq. 35) 


(Eq, 36) most reasonable technique remaining is to solve Eq. 41 numerically with a 
programmable calculator. 


To test the theory, experimental data involving fluorescence quenching 
studies, where complete emission overlapcharacterizes the systems, were taken 
from Saoud (8). His investigation was concerned with interactions between 
triniethoprim and serum albumins taken from different species. The measured 
emission intensity data were computed into the coefficients of the natural 
logarithms of Fx. 41, while the equation is solved by assigning values t o p  and 
calculating the value of the equation [F(p)]. Obviously, the acceptable solution 
is F(P) = 0. In all cases. B is solved to 1 X The value of IF(B)I that 
corresponds to this level of accuracy ranged from 3.6 X to 6.6 X lo-'. 
The results are summarized in Table I .  


Applying Eq. 25, the value of Bpbl yields unrealistic results, since negative 
values of the number of binding sites are obtained. Thus the values of bpb2 are 
the ones taken a s a  base for calculating the binding parameters. I t  is evident 
from Table I that as  the monomer-polymer ratio is increased by 400% the 


( E ~ .  37) 


38) 


(h. 39) 


' In (bp - a)  


Substituting for the integral values (Eqs. 33-39) into Eq. 32: equilibrium constant variesonly in the range from 8.5 to 19.8%. Furthermore. 
the estimated differencc in the number of binding sites for the same magnitude 
of increase in the ratio is found to be 20.3 57.8%. These variations reflect the 
combined effects of the experimental errors, the inherent factors in the systems 
themselves, and the various assumptions and approximations made. For ex- 
ample, i t  was assumed in the derivations presented in the theory that all of the 
binding sites are independent (no sitc-site interaction took place), equivalent, 
and fluorescing. Based upon different physical methods. deviations from 
linearity of the Scatchard plots are reportcd in the literature. The explanations 
given include site-site interactions ( I  I ,  12). competitive binding between 
fluorawing and nonfluorescing binding sites, and the presenw of nonequivalent 
binding sites (13). 


Saoud (8) has applied Eq. 17 to calculate Ppb by assigning values to the 
number of binding sites, n. The best n value is the one that generates the least 
variation in  K .  Indeed, then values obtained by the author that induce mini- 
mum variation in K were close to the values obtained from Eq. 41. This gives 
supporting evidence to the validity of the relationships dcrived in  this 
theory. 


I t  may bc concluded that the present theory has provided a powerful tool 
to calculate the binding parameters for the monomer-polymer interactions 


[& - - In (bp  - a )  - [b - f - I ]  - In ( I  - D)  - 0 = 0 (Eq. 40) 


One can easily verify that Eq. 40 holds for (hp - 0 1 ,  and when expressing it 
in its original notations (Eqs. 26- 29) it yields the following: 


RESULTS AND DISCUSSION 


Solving the nonlinear equation (Eq. 41) is a difficult task using conventional 
mathematical methods. An approximate solution to the problem is obtained 
by expanding the logarithmic terms and expressing the equation in terms of 


Table I-Fractions Which Remain Free of Binding Interactions on the Polymer and Monomer Molecules Together with Number of Binding Sites and the 
Equilibrium Constants for the Interactions of Trimethoprim witb Serum Albumins 


(Mo)/ (Po) 
x 10-2 b 8' Pb b2Pb Bhl n K ,  M-1 x 10-5 


12.64 
9.67 
8.28 
7.85 
9.61 


24.92 


3.64061 
3.71803 
3.93036 
4.30678 
3.89895 
8.54 


Trimethoprim-Human Serum AlbuminC 
0.742452 0.95283 I 0.69013 0.646359 


1.38026 
2.07039 
2.76052 


0.457742 
0.323637 
0.21 5785 


0.580798 
0.464287 
0.37 148 I 


0.970633 
0.97857 1 
0.9821 30 


Mean 
f SD, % 


Trimethoprim-Camel Serum AlbuminC 
0.783187 0.950220 
0.628165 0.968354 
0.51 I I37 0.9751 5 I 
0.4 I 35 16 0.9784 I8 


0.69013 
1.38026 
2.07039 


0.708736 
0.53051 1 
0.39737 1 


I 5.85 2.91 337 
3.05642 11.75 


10.52 
10.16 
12.07 


3.2693i 
3.62393 
3.21 576 


2.76052 
Mean 
f SD, 70 


0.286506 


23.57 11.05 
Timethoprim-Bovine Serum AlbuminC 
0.8 I2953 0.909549 33.37 2.52964 0.690 I3 0.735330 


i .38026 0.570280 0.6478 19 0.958704 16.18 2.83529 
2.07039 0.426571 0.514425 0.967674 13.78 3.25 I50 
2.76052 0.3 I3 I60 0.405888 0.9748 13 1 1.70 3.75388 
Mean 18.76 3.09258 
f SD, % 57.76 19.79 


Trimethoprim- Rat Serum Albumin 
0.6901 3 0.797670 0.840868 0.96371 3 15.74 1.96373 
1.38026 0.642249 0.709530 0.972037 13.29 2. I0580 
2.07039 0.488334 0.5771 88 0.975292 12.10 2.50365 
2.76052 0.375465 0.475640 0.980032 10.51 2.81 223 
Mean 12.91 2.34635 
f SD, % 20.26 18.08 


In 1 mM aqueous cacodylate buffer, pH 7,  based on fluorescence data taken from Ref. 8 .  * The concentration of the albumins was 1.449 X %4 and the measurements were 
at 25OC. The excitation wavelength was 290 nm and the emission intensities were measured at 335 nm for human serum albumin, 345 nm for camel serum albumin, 352 nm for 
bovine serum albumin. and 340 nm for rat serum albumin. 
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from fluorescence quenching, even when a complete overlap in their emission 
properties is taking place. The method is sensitive and casy, where only thrce 
experimental values are necessary to calculate the number of fluorescing 
binding sites on the polymer: the emissions of the two pure components and 
the emissions of a mixture containing equimolar concentrations of the com- 
ponents. 
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Abstract 0 A series of 4-pyrimidinecarboxylic acids were evaluated for hy- 
polipidemic activity in mice at 20- 30 mg/kg/d ip. A number of these deriv- 
atives were observed to be active at this dose. Substitution of the hydroxyl 
group in position 2 and 6 of the 4-pyrimidinecarboxylic acid with a sulfhydryl 
and an amino group, respectively, lrd to a compound which produced a >40% 
reduction of serum cholesterol and triglyceride levels in mice. Similarly, a 
compound which was substituted with an amino group in position 2 and an 
isobutyl group in position 5 led to equally potent activity as a hypolipidemic 
agent. 


Keyphrases 0 4-Pyrimidinecdrboxylic acids--antihypolipidemic activity, 
mice 0 Antihypolipidemic agents-4-pyrimidinecarboxylic acids, activity 
in mice 


~ 


Windmueller and co-workers ( 1  -4) demonstrated that 1% 
orotic acid (2,6-dihydroxy-4-pyrimidinecarboxylic acid) in 
the diet of rats decreased plasma lipids. Ravi Subbiah (5) later 
showed that both serum cholesterol and triglycerides were 
reduced in rats treated with 1% orotic acid, but there was an 
increase in cholesterol, fatty acid, and triglyceride levels in the 
liver with a decrease in cholesterol excretion into the bile and 
feces. Subsequent studies showed that orotic acid reduced the 
serum lipoprotein fractions, i.e., low-density lipoprotein, very 
low-density lipoprotein, and high-density lipoprotein (6-8) 
induced hyperlipidemic states in animals (7). Protein synthesis 
required for the apoprotein was not inhibited; rather, there was 
an inability to incorporate the lipid with the apoprotein for the 


lipoprotein fractions by the liver (6 ) .  The present study deals 
with the structure modification of orotic acid to yield other 
4-pyrimidinecarboxylic acids which hopefully will possess 
hypolipidemic activity at  a relatively low dose. 


EXPERIMENTAL SECTION 


Source of Compounds-Orotic acid was commercially available'. The 
chemical synthesis and physical characteristics of the 4-pyrimidinecarboxylic 
acids have been previously reported in the literature (9- I I ) .  Chemical syn- 
theses were conducted by these methods and melting points are reported in 
Table 1. Melting points wcre determined on a melting point apparatus2 and 
are uncorrected. 


Hypolipidemic Activity-Test compounds were suspended in 1 % car- 
boxymethylcellulose-water, homogenized, and administered intraperitoneally 
to CFI male mice (-25 g) for 16 d. On days 9 and 16, blood wasobtained by 
tail vein bleeding and the serum was separated by centrifugation for 3 min. 
The serum cholesterol was determined by a modification of the Liebcr- 
mann-Burchard reaction ( I  2). Serum triglyceride levels were determined 
in blood collected on day 16 by a commercial kit). The data for these assays 
is presented as a percent of control f SD; the probability level was calculated 
by the Student's t test. Clofibrate4 at 150 mg/kg/d was used as a standard 
for comparisons in the hypolipidemic screens. 


Aldrich Chemical Company. 


Bio Dynamics/bmc. 
Ayerst Laboratories. 


* Mel-Temp. 


Table I-Chemical Structure and Physical Characteristics of 4-Pyrimidinecarboxylic Acids 


2 
Reference for 


Compound X Y Z R Melting Point, OC Synthetic Procedure 


300- 301 (10) 
I OH OH COOH CH3 


297-300 ( 1 1 )  
I I  NH2 OH COOH CH3 


317-319 ( 1 1 )  
I l l  SH OH COOH CH3 


24 1-243 ( 9 )  
IV OH so COOH CH3 


282-283 ( 1 1 )  
V SH NH2 COOH CH3 


252-253 ( 9 )  
VI NH2 SH COOH CH3 


243 -244 (9) 
VII NH2 NH2 


NH2 COOH n-C,H, 
245-246 (9) 


Vlll NH2 
NH2 COOH n-C4H9 


238- 239 (9) 
IX NH2 


NH2 COOH ~ s o - C ~ H ~  
248-249 (9) 


X NH2 
COOH C6H sCH 2 


248-249 (9) 
XI NH2 NH2 


249-250 (9) 
XI1 NH2 NH2 


XI11 OH NH2 COOH iwCdH9 
XIV OH N H2 COOH P - C H ~ O C ~ H ~  356 357 (9) 
xv SH NH2 COOH c21ls 238-239 (9) 


COOH n-C3H7 233 -234 (9) 
216-217 (9) 


XVI SH NH2 


271-279 (9) 
XVll SH NH2 


(9) 
OH COOH C2Hs 232 233 (10) 


297-300 ( 1 1 )  


COOH C2HS 


COOH P - C H ~ O C ~ H ~  


COOH n-CJ19 
COOH C6H sC I i  2 


NH2 283-286 
XVlll SH 


XIX SH NHz COOH p-CHjOCbH4 
xx CzHsS 


XXI SH OH CH20H CH3 
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Table 11-Hypolipidemic Activity of 4-Pyrimidinecarboxylic Acids in CF, 
Male Mice ' 


Serum Cholesterol Scrum Triglyceride 
Levels LcvElS 


Comwund Dose m a l k d d  io Dav 9 Dav 16 Dav 16 


I 20 
30 


I1 20 
30 


111 20 
30 


IV 20 
V 20 


VI 20 
VII 20 


V l l l  20 
IX 20 
X 20 


XI 20 
XI1 20 


XI11 20 
XIV 20 
xv 20 -_ 


XVI 20 
XVl l  20 


XVl l l  20 
XIX 20 
X X  20 


XXI 20 
Clofibrate I50 
I %  Carboxvmethvlcellulose 


91 f 5  68f3b 
9 4 f 4  76f4b 
8 4 f 4 b  8 2 i ~ 4 ~  
78f3b 77f3" 
80i 5 b  75f 5b 
61 f 4" 66 f 3" 
75 f 5 b  65 f 3b 
76f5b 56f3b 
6 9 f 5  66f4b 
95 f 5 73 f 5 b  


1 0 1 f 5  60f4b 
73f4b 78f3b 


103* 5 74+4b ... - .  


9 9 f 6  73z 3b 
68f4" 71 f 4 h  
81 f 3 b  5 6 3 ~ 5 ~  
81 f 3 b  7 3 i ~ 4 ~  
7916b 68 * 5 b  . - . . . - . 
78f5 71 f5h 
9 7 f 7  68f3b 
82f8 69f4b 
80 f 5" 64 f 3; 
70 i 6" 56 f 3 
84f5 7 9 ~ t 4 ~  
8 8 f 4  87f5 
100f6 100f5 


82 f 6 
65 f 5" 
76 f 6b 
56 f 6" 
74 f 6" 
58 f 5 6  
68 f 5" 
48 f 4b 
59 f 6" 
71 f 5" 
57 f 5 6  
89 f 7 
53 f 6b 
68 f 6b 
81 f 7  
43 f 46 
73 f 5" 
63 It 3h 
94 f 6 
74 f 76 
50 f 4b 
80 f 5b 
64 f 3h 
55 f 46 
75 f 5 h  


100 f 7 


As mean f SD percent of conno\; n = 6. p 5 0.001, 


RESULTS AND DISCUSSION 


A number of the 4-pyrimidinecarboxylic acid derivatives demonstrated 
potent hyplipidemic activity at 20 mg/kg/d ip in mice (Table 11). Compounds 
I, IV, V, VI, VIII, XIII, XV,  XVII, XVIII, XIX,  and X X  afforded 230% 
reduction of the serum cholesterol level at 20 mg/kg/d after dosing for 16 d 
and 111 produced a similar reduction at  30 mg/kg/d. Compounds IV, V. VI, 
V111, X ,  XI, X111. XV,  XVIII, X X ,  and XXI resulted in 230% reduction of 
serum triglycerides after dosing for 16 d. Compounds I, 11, and 111 were also 
effective at this level at a dose of 30 mg/kg/d. Compounds V and X l l l  a p  
peared to be the most effective in this dose range with a >40% reduction of 
both serum lipids. Those carboxylic acids with a methyl group in the 5 position 
and a sulfhydryl group substituted in the 2 or 6 position (IV. V, and VI) at  
a dose of 20 mg/kg/d, and 111 at  a dose of 30 mg/kg/d, resulted in lowering 
of both serum cholesterol and triglyceride levels after dosing for 16 d. 


When positions 2 and 6 were substituted with an amino group while varying 
the R group substitutions, the n-propyl derivative (VIII) resulted in the best 
hypolipidemic activity of this series, with a 40% reduction of serum cholesterol 
and a 43% reduction of serum triglycerides after dosing for 16 d at  20 mg/ 
kg/d. Compound X, with a substitution of isobutyl in position 5, was also active 
with a 26 and 47% reduction of cholesterol and serum triglycerides, respec- 
tively. 


Substitution of a hydroxyl group in the 2 position, an amino in the 6 position 
with an isobutyl in position 5 (compound XIII) resulted in one of the best 
activities, with a 44% reduction of serum cholesterol and a 57% reduction of 
serum triglycerides. Of those compounds with a substituted aromatic ring in 
the 5 position, compound XVIII with a sulfhydryl group in position 2 and an 


amino group in position 6 resulted in a reduction of 31% in serum cholesterol 
and 50% in serum triglycerides. Compound XV, similar to X V l l l  but with 
an ethyl group substituted in the 5 position, also afforded good activity with 
a 32% rcduction of serum cholesterol and a 37% rcduction in triglyceride levels. 
Compound XX with a substituted sulfhydryl group in position 2, a hydroxyl 
group in the 6 position. and an ethyl group in the 5 position alsoafforded good 
activity by lowering serum cholesterol levels 44% and triglyceride levels 36% 
on day 16. 


Substitution of an alcohol in place of a carboxylic acid group in position 
4, with the same substitutions on 2,6, and 5 (compare XXI to 1 1 1 )  resulted 
in approximately the Same degree of reduction of serum cholesterol at a dose 
of 20 mg/kg/d (20-25%), but the serum triglycerides were reduced from 26% 
to 45% with XXI at a dose of 20 mg/kg/d. 


These studies have shown that 8 number of substituted 4-pyrimidinecar- 
boxylic acids are potent hypolipidemic agents when compared with clofibrate 
a t  150 mg/kg in rodents (Table 11). Further studies are currently being con- 
ducted to establish the effects of the more potent dcrivatives on lipid metab- 
olism and liver and serum lipoprotein levels. I t  would be desirable if the new 
agents did not cause lipid deposition in the hepatocyte, resulting in fatty livers 
similar to the observed effect of orotic acid on diet (2, 5). 


Orotic acid is known to have no effect on cholesterol-7-c~-hydroxylase ac- 
tivity and thus does not affect bilc excretion of cholcsterol (5); however, it does 
decreasc mitochondria1 fatty acid oxidation and acetyl-CoA dehydrogenase 
but not B oxidation by the pcroxisomal system (13). A more in-depth study 
of orotic acid derivatives is required to asses their usefulness as hypolipidemic 
agents. 
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Abstract 0 A sensitive, specific procedure for the determiqation ofdextro- 
mcthorphan in plasma and urine in dogs is described. The use of a semi-mi- 
crobore column. 2. I mm i.d. X 25 cm resulted in a detection limit of 1 ng/mL 
in  plasma and 25 ng/mL in  urine. Plasma (3 mL) is extracted in CC14 and 
the drug is back-extracted with 3% acetic acid. The chromatographic sepa- 
ration is carried out using a 5-pm particle size octadecyl-bonded column, and 
the drug is monitored by a fluorescence detector. The results after 10-mg oral 
administrations of dextromethorphan to dogs are provided. 


Keyphrases 0 Dextromethorphan-HPLC determination, semi-microbore 
column, dog plasma, urine 


Dextromethorphan is a widely used synthetic antitussive 
agent. Due to significant first-pass hepatic metabolism, only 
a trace amount of unmetabolized drug is found in circulation, 
usually <5 ng/mL after oral administration (1,2)..Previous 
reports of dextromethorphan analysis involved electron-cap- 
ture GC, nitrogen-phosphorus detection GC and RIA (1 -3). 
There has been no report in the literature on the assay of 
dextromethorphan in biological fluids by high-performance 
liquid chromatography (HPLC) due to a lack of sensitivity of 
the instrument at this level. We report here an HPLC method 
for determining dextromethorphan using semi-microbore 
columns capable of measuring the drug in amounts as low as 
1 ng/mL. 


EXPERIMENTAL SECTION 


Materials-All chromatographic solvents were HPLC grade, reagents were 
ACS, U.S.P., or N.F. quality and were used as received without further pu- 
rification. Dextromethorphan HBr' was U.S.P. grade and was used as  re- 
ceived. t h e  apparatus was a modular unit consisting of a reciprbcating pun$, 
a fluorescence detector), an autoinjectofl, and a stripchart recorders. All 
columns were prepacked and octadecylsilane bonded6. The average particle 
size of the packing material was 5 pm. The mobile phase was acetonitrile- 
water (45:55) containing 0.01 M monobasic ammonium phosphate and 0.005 
M sodium Iquryl sulfonate. The pH was adjusted to 3.0 using phosphoric acid. 
The flow rate was maintained at 300 pL/min. 


Sample Pleparation-Plmma Extraclion Procedure-Plasma (3 mL) was 
transferred into a screw-cap disposable tube ( I  6 mm X 125 mm), 0.5 mL of 
6 M HCI was added, and the mixture was vortexed; 10 M NaOH (0.4 mL) 
was then added and mixed until a clear mixture was obtained. Immediately, 
10 mL of CC14 was added and the mixture was first handshaken gently a few 
times and then shaken for 30 min on a mechanical horizontal shaker. After 
a 10-min centrifugation at  2500 rpm. the top aqueous layer of the sample was 
completely removed by suction and discarded. The organic layer was poured 
into a 20 X 150 mm wide-mouth test tube. The carbon tetrachloride layer (8 
mL) was transferred into another 16 X I25 mm disposable screw-cap tube. 
(In this step, i t  is essential to avoid having any of the residual aqueous layer 
enter the pipette.) Acetic acid (3%) was added (0.5 mL) and shaken for 30 
min on a horizontal shaker. The tube was centrifuged for 5 min at  2500 rpm 
and a portion of the acid layer was removed for analysis. 


Hoffman-La Roche. Nutley, N.J. 
Model 6000; Waters Associates. Milford, Mass. 
Model GM 9 7 0  Kratos. Ramxy. N.J. ' Model WISP 7 1 0  Waters Associates. 
Model 56; Perkin-Elmer Corp.. Norwalk, Conn. 


6 2.1 m m  X 25 cm. packed with Partisil ODS-3; Alltech Assoc., Deerfield. 111 


A urine sample (5 mL) was diluted to 50 mL with 3% acetic acid. The di- 
luted urine was injected directly into the liquid chromatograph for dextro- 
methorphan analysis. Three healthy beagle dogs (weight, -I0 kg) were dosed 
orally with 10 mg of dextromethorphan hydrobromide in a physiological saline 
solution. Blood (8 mL) was withdrawn with a heparin,ized syringe at predose, 
0.5, 1,2,4,8, and 24 h after dosing. The blood was immediately centrifuged 
and the plasma was extratied for dextromethorphan analysis as described 
above. (Jrine samples were collected over a 24-h period and pooled. 


Standard C u m  and Cali6ration-Aqueous solutions of dextromethorphan 
hydrobromide were added to blank plasma samples such that the plasma 
contained 1-5 ng/mL of dextromethorphan hydrobromide. These standard 
plasma samples were extracted as  described under sample preparations. 
Calibration curves were plotted using peak height versus the plasma drug 
concentration using the least-squares method. The concentrations of the drug 
in samples were interpolated from the standard curve. 


Aqueous solutions of dextromethorphan hydrobrowide were added to the 
blank urine samples to yield concentrations of 50-500 ng/mL dextronieth- 
orphan hydrobromide. These samples were diluted 5-50 mL with 3% acetic 
acid solution. 


RESULTS AND DISCUSSION 


Dextromethorpban has a UV maximum at 280 nm. so the initial experi- 
ments were carried out at this wavelength. The detection limit at 280 nm was 
not satisfactory for plasma analysis. By changing the wavelength to 200 nm, 
a 20-fold increase in sensitivity was obtained. but endogenous materials from 
plasma interfered. Since dextromethorphan has good fluorescent properties, 
the detection mode was changed from UV to fluorescence. Although the de- 
tection limit by fluorescence was similar to that by UV at 200 nm, the speci- 
ficity improved significantly. The plasma blank showed no interference due 
to endogenoh substances in the dex!romethorphan elution region of the 
chromategram. The use of semi-microbore columns (2.1 mm i.d.) increased 
the sensitivity of dextromethorphan fivefold with conventional 4.6 mm i.d. 
columns. 


The chromatograms of the extracts of.both human plasma and canine 
plasma were identical. For this reason, pooled human plasma was used to 
obtain a standard curve for dog plasma analysis since blank dog plasma was 
in short supply. Figure 1 shows the chromatograms of unspiked and dextro- 
methorphan hydrobromide-spiked (1  ng/mL) hudan plasma. Figure 2 shows 
the chromatograms of dog urine blank and that spiked with 50 ng/mL. The 
detection limit in the urine samples is -20 ng/mL. 


Linearity-A linearity study was conducted on plasma samples by spiking 
with known amounts of dextromethorphan hydrobromide; levels of 0, I ,  2, 
3, and 5 ng/mL were investigated. Between-day variation was examined by 
an analysis of variance of slopes and intercepts from 1 I standard curves run 
over a period of 3 weeks. The slopes of these curves had an RSD of f8.770. 
This variation is not unusual and is related to a slight change in the chroma- 
tographic column performance over a period of time. A small interference is 
indicated by a positive intercept which amounted to an equivalent 6f 0.30 
ng/mL of dextromethorphan hydrobromide. The data are summarized in 
Table I. 


A linearity study on the urine sample was done by spiking blank urine with 
dextromethorphan hydrobromide at  levels of 50-500 ng/mL. A correlation 
coefficient of 0.9996 was fbund. This much improved correlation for the urine 
standards as  compared to the plasma standards is due to the fact that no ex- 
traction was involved in urine standards. 


Absdute Recovery of Dbxti-ornetborphnn from Biological Fluids-Recovery 
studies of dextromethorphan from spiked plasma were carried out. Recovery 
data were calculated against an unextracted standard (Table 11). A small 
interference was found in the blank plasma and this peak height was subtracted 
from the sample peak height for the calculation of the recovery data. The RSD 
values were -7-9% at  the 2-5 ng/mL level, and 15% at I ng/mL, which is 
about the lower limit of detection by this method. 
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EachdMslon-2min 
Figure 1 -Chromatograms of plasma blank (A)  and plasma spiked with I 
ng/mL of dextromethorphan hydrobromide (B). Arrows indicate dextro- 
methorphan elution areas. 


Recoveries of dextromethorphan hydrobromide from urine samples were 
essentially 100% since the fluorescence responses in the spiked urine samples 
were similar to those of the aqueous standards at the same concentration. The 
results were expected since there was no simple extraction involved. The urine 
samples were simply diluted with 3% acetic acid solution and then injected 
into the HPLC system. 


Dextromethorphan Level After Oral Administration To Dogs-A typical 
plasma dcxtromethorphan concentration versus time curve in dogs after I 
mg/kgoral administration isshown in Fig. 3. These resultscompare well with 
those found by Barnhart and Massad ( I ,  4) who found 2.1 ng/mL peak 
maximum in dog plasma after I mg/kg oral administration. No detectable 


in,. f 


CI 


W.t, . r , , 1 ; . , , 
Each dlvislon - 2 mln 


Figure 2-Chromatograms of dog urine blank (A)  and urine spiked with 
dextromethorphan hydrobromide ai 50 ng/tnL IS). Arrows indicate dex- 
tromethorphan elution areas. 


Table I-Between-Day Variation of Dextromethorphan Linearity ' 
n Peak Height, mm f SD 


9 
x 
9 
9 


I 1  


4.3 f 1.4 
15.6 f 1.4 
29.6 f 1.3 
44.1 f 3.7 
72.7 f 6.3 


a The regression yielded r = 0.9965 and y = 1 3 . 8 ~  t 3.2. 


Table 11-Recovery of Dextromethorphan From Plasma 


Spiked Plasma, 
ng Dex t romet horpha n Rccovery. 


n HydrobromidefmL %fSD 


8 
9 
9 


I I  


41.1 f 5.8 
48.7 f 3.8 
51.6 f 3.3 
53.3 f 4.6 


fhm, Post-Dwe. h 


Figure 3-Plasma dextromethorphan concentration versus time curve in the 
dog after I -mgfkg oral administration of dextromethorphan hydrobro- 
mide. 


amount ofdextromethorphan was found in polcd  urine. This finding isalso 
consistent with that found by Barnhart and Massad who recovered only a trace 
of the drug (0.12% of the total dose) after a I .073 mgfkg oral adminiatra- 
tion. 


The method described above is simple, accurate, and specific for deter- 
mining dextromethorphan in plasma and urine. The use of semi-microbore 
columns allows detection limits of 1 ng of dextromethorphan/mL of plasma 
and 20 ng/mL of urine. 


REFERENCES 


( I )  J. W. Barnhart and E. N.  Massad, J. Chromatogr., 163, 390 
( 1  979). 


(2) J. E. O'Brien, 0. N. Hinsvark, W. R. Newman, L. P. Amsel, J. E. 
Giering, and F. E. Leaders, Jr., Prm. 9th Mat.  Res. Symp., National Bureau 
of Standards, April 1978, Gaithersburg. Md. 


(3) R. Dixon. J. Carbonc, E. Mohacsi, and C. Perry. Rex Commun. Chem. 
Pathol. Pharmacol.. 22,243 ( I  978). 


(4) J. W. Barnhart, Toxicol. Appl. Pharmarol.. 55,43 (1980). 


ACKNOWLEDGMENTS 


Theauthors wish to thank Mr. J. Zyracki and W. Williamsof the Bristol- 
Myers Toxicology Department for drug administration and withdrawal of 
blood from the dogs. We also wish to thank Mr. J. Zyracki and Mr. R. Rafft 
for many helpful discussions regarding animal experiments. 


Presented at  the 130th Annual Meeting of the American Pharmaceutical 
Association, April 1983, New Orleans, La. 


1822 I Journal of Pharmaceutical Sciences 
Vol. 73, No. 12, December 1984 












Determination of Flurbiprofen in Human Serum by 
Reverse-Phase High-Performance Liquid 
Chromatography with Fluorescence Detection 


K. S. ALBERT *x, W. R. GILLESPIE *, A. RAABE $, and 
M. C A R R Y $  


Received September 6, 1983, from *The Upjohn Company. Kalamazoo. M I  49001 and tHazelron Kalrech. Inc., Madison, WI53707. 
publication February 8 ,  1984. 


Accepted for 


Abstract 0 A reversc-phase high-performance liquid chromatographic method 
is described for the determination of flurbiprofen in human serum. Flur- 
biprofen is extracted from hydrochloric acid-acidified serum with pentane - 
ether (80:20). An octadecylsilane column was used with a mobile phase of 
acetonitrile-water-phosphoric acid (650:350:0.5, v/v/v). A fluorescence 
detector with excitation at 250 nm and emission at 31 5 nm provided a quan- 
tifiable peak for 0.1 pg/mL of flurbiprofen in 0.5 mL of plasma. A comparison 
between U V  and fluorescence detection systems is presented. The method is 
applicable to human bioavailability and pharmacokinctic studies with flur- 
biprofen. 


Keyphrases Flurbiprofen- HPLC detection compared with fluorescence 
detection. human serum 


Flurbiprofen [ (5)-2-( 2-fluoro-4-biphenyly1)propionic acid] 
is an orally active, nonsteroidal, anti-inflammatory drug found 
to be effective in the treatment of rheumatoid arthritis ( 1  -3) .  
We have developed a simple, sensitive, specific, and rapid 
analytical procedure to measure levels of flurbiprofen (0.1 - 10 
pg/mL) in serum generated in  clinical studies. Previous 
methods either required specialized sample preparation ap- 
paratus (4) or time-consuming TLC separation followed by 
derivatization and GC analysis (5). Investigations into the 
fluorescence of flurbiprofen suggested that sufficient sensitivity 
and selectivity could be achieved by employing reverse-phase 
high-performance liquid chromatography (HPLC) with flu- 
orescence detection. Liquid-liquid extraction proved to be a 
satisfactory sample preparation technique and 4-biphenyla- 
cctic acid exhibited partition and fluorescence characteristics 
similar enough to flurbiprofen to be used as an internal stan- 
dard. A method for measuring up to 0.1 pg/mL in 0.5 mL of 
plasma is described herein. 


EXPERIMENTAL SECTION 


Reagents and Materials- Reagents were at least analytical reagent grade 
quality. Acetonitrile', methanol'. and pentane' were distilled in glass. 
Deionized water was supplied2. Stock solutions of 4-biphenylacctic acid3 and 
flurbiprofen4 were prepared at 1 mg/mL in methanol. Anhydrous ether5, 
phosphoric acid5 and I M hydrochloric acid6 were used assupplicd. The ether 
was monitored daily for peroxide formation. 


Instrumentation--A fluorescence detector7, solvent pump8, and an au- 
toinjectors were used for the routine chromatographic analysis. A variable- 
wavelength U V  detector9 was used for comparison with the fluorescence dc- 
tcctor. A recorderlo and an integrator" were used for data acquisition. A 


I Burdick and Jackson I.aboratories. Muskegon. Mich. * Milli-Q: Millipore Corp.. Bedford. Mass. 
Aldrich Chemical Co.. Milwaukee. Wis. 


:Supplied by The Upjohn Co.. Kdamazoo. Mich. 
. Mallinckrodt. Inc.,St. Louis, Mo 


Fisher Scientific. Pittsburgh. Pa. ' Model hSO-105; Pcrkin-Elmer. Norwalk, Conn. 
Model IOSIB; Ilewlctt Packard, Palo Alto. Calif. 
Modcl I.DC Spcctromonitur 111;  Milton Roy Co., Rivicra. FIa. 


lo  I . inex Instruments Corp.. Irvine. Calif. 
Model 3356; Hewlett Packard. Avondale. Pa. 


two-speed reciprocating shakerI2 and centrifuge" were used i n  the sample 
preparation. 


Chromatographic Conditions-Chromatography took place on a 0.46 cm 
i.d. X 25-cm column packed with octadccylsilane bonded to microparticulate 
silica (6 pm)I4. A guard ~ o l u r n n ' ~ ,  0.46 cm X 3 cm, packed wi th  octade- 
cylsilane bonded to microparticulate silica (5 pm), preceded the analytical 
column. The mobile phase was acetonitrile-water -phosphoric acid (650: 
350:0.5, v/v/v) filtered through a 0.45-prn membrancl6. 


The flow rate was I .O mL/min, the column temperature was ambient, and 
the column back pressure was -1000 psi. The injection volunie was 20 fiL, 
and the run time was 8 min. The retention times for flurbiprofen and 4-bi- 
phenylacetic acid were 5.0 min and 6.1 min. respectively. The settings for the 
fluorescence detector were: excitation wavelength. 250 nm; emission wave- 
length, 315 nm; slit width, 5 nm; range, 3.0; photomultiplier gain, normal; 
response, normal; output to recorder, I V;  output to integrator, 10 mV. 


Sample Preparation-Appropriate spiking solutions of flurbiprofen in 
methanol were prepared from the I-mg/mL stock solution. A methanolic 
solution (10 pg/mL) of the internal standard (4-biphenylacetic acid) wils 
prepared from the I-mg/mL stock solution. 


The appropriate standard spiking solution (50 pL for standard tubes) or 
50 pL of methanol (for controls, samplcs, and the blanks) was added to culture 
tubes (16 X I25 mm) equipped with polytef-lined screw caps. Internal stan- 
dard (50 pL), 0.5 mL serum, and 0.5 mL of I M hydrochloric acid was added 
to the tube and the contents were mixed on a vortex mixer. Pentane- ether 
(80:20, 10 mL) was added, the tube was shaken at high speed for 10 min  and 
then centrifuged at  2000 rpm for 10 min. The organic layer was transferred 
to an empty culture tube (16 X 125 mm), and it then was evaporated under 
nitrogen in a water bath maintained at 30°C. When dry, the residue was 
dissolved in 5.0 mL of acetonitrile by mixingon a vortex mixer. A portion of 
the solution was transferred to a vial for autoinjection. 


Two normal healthy male adult volunteers were administered flurbiprofcn. 
These volunteers fasted 9 h before and 4 h aftcr administration. One 50-mg 
film-wated flurbiprofen tablet was administered with -188 mL of water, and 
blood (7 mL) was drawn by venipuncture into blood collection tubes" just 
before drug administration (0 h) and at  0.5, I .  2 ,3 ,4 ,6 ,8 ,12,  I6,24, and 30 
h. Serum was harvcsted from the blood samples immediately aftcr collection 
and kept frozen until assayed by the above procedure. 


Calculations-Data were processed by a data systcmll using computcr- 
generated, baseline-corrected peak heights. Peak height ratio curves (con- 
centration flurbiprofen/concentration internal standard) were established 
and checked daily with standards to ensure acceptable slope and )-intercept 
values. 


The apparent elimination rate constant for each subject, A,, was determined 
from a least-squares regression fi t  of the terminal log-linear region of the 
semilogarithmic plasma concentration-time curves. Area undcr tlic concen- 
tration-time curve, AUC,, was estimated by the trapcioidal rule with ex- 
trapolation to infinity. Apparent clearance after oral dosing. CI-/F. was CAI- 
culated from the expression: 


Dose 
AUC, 


CLIF = - 


Apparent volume of distribution, Vd/F was calculated according to: 
Dose - C L / F  Vd/F = ___ - - 


X,AUC, A, 


(Eq.  I )  


(Eq.  2) 


Ebcrback Corp.. Ann Arbor, Mich. 
I '  International Equipment Corp.. Needham. Mass 
I' Zobax ODS; DuPonl. Wilminglon, Dcl. 
I 5  Brown laboratories. Santa Clara. CaliT. 
l 6  Millipore Corp. 
1'  Vacutainer without anticoagulant. 
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1 1 RESULTS AND DISCUSSION 


A comparison of chromatograms with UV and fluorescence detection (Fig. 
I ) of blank and flurbiprofen-spiked serum illustrates the sensitivity and se- 
lectivity of the fluorescence assay. The blank (Fig. IC) reveals no interfering 
peaks and the peak height of the flurbiprofen at required limit of sensitivity 
is adequate for quantitation. Because of the interferences evident in the 
chromatograms from U V  detection, fluoresence is the preferred detection 
technique. 


The precision and linearity of the method was investigated. A standard curve 
(eight points) was analyzed on 4 consecutive days. Table I summarizes the 
experimental data. The low deviation from linearity within each curve and 
the low relative standard deviation for the different runs demonstrates the 
efficacy of the method. 


Table I1 summarizes the recovery results for flurbiprofen and internal 
standard (4-biphenylacetic acid) from spiked serum as compared with direct 
injection of standards prepared from stock solutions. The integrator peak 
height information was used in the calculations (i.e.. no internal standards 
were used). The results of 97.4 + 4.7% for flurbiprofen and 94.9 + 3.9% for 
4-biphenylacetic acid show the essential quantitative recovery from serum. 


The strong native fluorescence of flurbiprofen allowed achievement of the 
desired sensitivity of 0.1 pg/mL without approaching the design capability 
limits of the detector. Likewise, the amount of acetonitrile added to dissolve 
the extract residue in the sample preparation was chosen for convenience and 
can be decreased significantly', thus increasing the assay sensitivity. The limit 
of quantitation might also be improved by increasing the volume of solution 
injected. 


The serum concentration-time profiles resulting from the administration 
of single oral 50-mg doses of flurbiprofen to two human subjects are shown 
in Fig. 2. Estimates of selected pharmacokinetic parameters are presented 
in  Table 111. The results are consistent with previously published reportsde- 
scribing flurbiprofcn pharmacokinctics (6). 


In conclusion, a sensitive, precise, and specific HPLC method with fluo- 
rescence detection has been described for the detection of 0.1 pg/mL of 
flurbiprofen in 0.5 mL of plasma. The method is readily applicable to routine 
analysis of plasma samples from bioavailability-pharmacokinetic studies in 
humans. Moreover, because of the strong native fluoresence of flurbiprofen. 


1 
I 1 


0 2 4 8 8 10 0 2 4 8 6 10 0 2 4 8 8 10 0 2 4 6 8 10 
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Figure 1 - Reverse-phase high-performance liquid chromatograms ojserum 
extracts using UV (A& andjluorescence (C,D) detection. Serum was spiked 
with 4-biphenylacetic acid (A.C) or 4-biphenylacetic acid andjlurbiprofen 
(0. I pg/mL serum concentration} (B,D). Key: ( I )  4-biphenylacetic acid; (2) 
Jurbiprofen. 


Table I-Flurbiprofen Data Used in Constructing Standard Curves 


Mean 
Experimental 


Theoretical Value. RSD, 
Conc., pg/mL pg/mLa SD % 


0 <0.10 
0.10 0.099 0.0107 10.8 
0.30 0.30 I 0.0162 5.38 
0.60 0.597 0.0343 5.74 
1 .oo 
3.00 
6.00 


0.993 0.0395 3.98 
3.020 0.156 5.17 
5.980 0.075 1.25 


10.0 10.00 0.230 2.28 
Curve 


r '  
2 


Slope Intercept r 
0.8562 -0.0090 0.9999 
0.8289 -0.0205 0.9998 


3 0.8336 -0.0026 0.9997 
4 0.8479 0.01 45 0.9989 


Mean 0.8417 -0.0044 0.9996 
SD 0.0 1 26 0.0 I46 0.00046 


Mean ofeight values, i.e., samq(cs analyzed in duplicate on four successive days. 


Table 11-Recoveries of 4Biphenylacetic Acid and Flurbiprofen from 
Human Serum 


Amount Added. Amount Found, Recovery, 
rglrnL pcg/mL % 


4-Biphenylacetic Acid 
I .o 0.967 96.7 
I .o 
I .o 
1 .o 
I .o 
I .d 


Mean 
SD 


0.10 
0.10 


0.906 
i .ooj 
0.965 
0.952 
0.903 


Flurbiprofen 
0.093 
0.095 


90.6 
100.3 
96.5 
95.2 
90.3 
94.9 


3.9 


92.6 
94.6 


I .oo I .05 104.5 
I .oo I .01 101.1 


10.0 9.77 97.7 
10.0 9.36 93.6 


Mean 97.4 
SD 4.7 


3 0.1 I I I I I 1 I 


u . 0  4 6 12 16 20 24 


Figure 2- Flurbiprofen serum concentrations jollowing the administration 
of single oral SO-mg doses to two adult volunteers. Key: (0) subject I :  (0 )  
subject 2. 


TIME AFTER MUG ADMINISTRATION, h 


Table 111-Flurbiprofen Pharmacokinetics Following the Administration of 
Single Oral 50-mg Doses to Two Adult Volunteers 


Subject 1 Subject 2 


Age, years 26 30 
Body weight, kg 80.7 62.6 
Pcak concentration. pg/mL 8.01 9.44 
Peak time, h 4 2 
Area under the concentration-time curve, pcg.h/mL 39.8 41.2 
Apparent clearance, mL/h/kg 15.6 19.4 
Apparent distribution volume, mL/kg 131 I04 
Apparent elimination rate constant, h- '  0.1 18 0.186 
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the sensitivity of the method can no doubt be cxtended making i t  an attractive 
technique for studying the bioavailabilityand pharmacokincticsof flurbiprofen 
in pediatric populations where small sample volumes and lower doses are re- 
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Abstract 0 Propranolol and its active 4-hydroxy metabolite are determined 
by direct injection of spiked plasma samples onto a protein-coatcd ODS liquid 
chromatographic column. The recovery of propranolol and the 4-hydroxy 
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reproducibility and simplicity may be superior to the conventional HPLC 
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Propranolol, a 0-adrenergic blocking drug, is widely used 
for the treatment of cardiac arrhythmia, sinus tachycardias, 
hypertension ( I ) ,  and other pathological states (2, 3). The 
therapeutic drug level of propranolol is considered to be in the 
range of 50- I00 ng ( 193-386 pmol)/mL of plasma (4). The 
4-hydroxy metabolite, formed by hydroxylation of propranolol 
( 5 ) ,  has been reported to be an equipotent 0-adrenergic blocker 
( 6 ) .  Thus, for drug level monitoring, both propranolol and the 
4-hydroxy dcrivative should be determined. Determination of 
propranolol (7, 8) and the 4-hydroxy metabolite using a re- 
verse-phase HPLC method including sample pretreatment, 
such as solvent extraction or deproteinization has been reported 
previously (9-1 1 ) .  We reported that the protein-coated ODS 
column had no affinity for proteins, but did have an affinity 
for small hydrophobic molecules ( 12). The simultaneous 
plasma determination of propranolol and the 4-hydroxy me- 
tabolite reported herein is rapid and reproducible, and de- 
proteinization can be carried out by the direct injcction of 
plasma samples onto a protein-coatcd ODS liquid chromato- 
graphic column. 


EXPERIMENTAL SECTION 


Chemicals and Reagents-Propranolol hydrochloride', the 4-hydroxy 
metabolite (as the hydrochloride)2, and bovine Serum albumin3 were obtained 
commercially. All other chemicals werc analytical reagent grade. 


' Supplied by Sumilomo Chemicals, Osaka, Japan. 
*Supplied by I.C.I. Pharmaceutical Ltd., Osaka, Japan ' Fraction V Powder; Sigma, St. Louis, Mo. 


Preparation of the Protein-Coated Octadecylsilane Column-An ODS 
column (pore size, 10-nm) was packed by the balanced-slurry method (slurry 
solvent, chloroform; purge solvent, 50% methanol). After the ODS column 
was equilibrated with phosphate-buffered saline (pH 7.4), 6% bovine serum 
albumin solution was injected to saturate the column. After the column was 
equilibrated with 0.1 M phosphate solution (pH 3.0), bovine serum albumin 
solution (6%) was again injected, and the column was then washed with ab- 
solute methanol. This procedure was repeated several times. The same pro- 
cedure was repeated, using dialyzed rabbit plasma instead of the bovine serum 
albumin solution. The column treated by the aforementioned procedure is 
referred to as  the protein-coated ODS column below. 


Lquid Chromatographic Apparatus-An HPLC apparatus with a single 
plunger pump'and a sample injectorS was assembled in our laboratory. For 
stepwise elution, solvent switching was performed by a solvent selector6 and 
controlled by a sequence programmer7. For double-column analysis, a flow- 
direction switch valves was placed between the precolumn and the analytical 
column. The valve was controlled by the sequence programmer7. Two fluo- 
rometers9 were used in series: one for detection of propranolol (Ex, 297 nm; 
Em, 347 nm); the other for the 4-hydroxy metabolite (Ex, 327 nm; Em. 427 
nm). 


Preparation of Standard and Sample Solutions-A stock solution of pro- 
pranolol and the 4-hydroxy metabolite containing 2% sodium metabisulfite 
(13) was prepared in distilled water at M. Heparinized human and rabbit 
plasma samples were obtained by centrifuging whole blood (IoOOXg, at 2 5 T ,  
for 10 min) and filteringI0 to remove solid materials. A plasma sample (0.25 
mL) with or without propranolol and the 4-hydroxy derivative at the drug 
monitoring level, was injected onto the column. I f  the pressure of the column 
increased during successive analyses, the inlet filter of the column was washed 
with 1 M NaOH. 


Single-Column Analysis-An ODS column of 100 mm X 6 mm i.d." 
(particle size 5 pm, pore size 10 nm) was protein-coated and then used at room 
temperature. The protein-coated ODS column was equilibrated with phos- 
phate-buffered saline (flow rate, 2 mL/min). The plasma sample spiked with 
propranolol and its 4-hydroxy derivative (0.25 mL) was injected onto the 
column. After eluting plasma proteins and hydrophilic components with 
phosphate-buffered saline for 5 min. the column was washed with phos- 
phate-buffered saline containing 22% acetonitrile for 4 min. Propranolol and 
the 4-hydroxy derivative were then eluted with 0.1 M citrate buffer (pH 4.0) 
containing 22% acetonitrile. 


~~ ~~ 
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hypertension ( I ) ,  and other pathological states (2, 3). The 
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Figure 1 -Chromatograms obtained by a single protein-coated ODs column. 
Key: (A )  human plasma blank; ( B )  human plasma sample spiked with pro- 
pranolol (a) (Ex 297 nm, Em 347 nm) and the 4-hydroxy metabolite (b) (Ex 
327 nm. Em 427 nm). Samples were 100 pmol of drug/O.25 mL of plasma. 


Double-Column Analysis-A protein-coated ODS column, 60 mm X 4 mm 
id.’* (particle size 20 pm, pore size 10 nm), was used as the precolumn at room 
temperature. A 60 mm X 4 mm i.d. column” (particle size S pm, pore size 
10 nm) was used as the analytical column at 35OC. The precolumn was 
cquilibrated with phosphate-buffered saline (flow rate, I .2 mL/min). A 
0.25-mL plasma sample spiked with propranolol and the 4-hydroxy metabolite 
was injected onto the precolumn. Plasma proteins and hydrophilic compounds 
were eluted with phosphate-buffered saline for S min. and then the column 
was washed with phosphate-buffered saline containing 15% acetonitrile for 
2 min. After being washed with 0.1 M citrate buffer (pH 4.0) containing 5% 
acetonitrile for 4 min, the precolumn was connected to the analytical column 
which was equilibrated with 0.1 M citrate buffer (pH 4.0) containing 15% 
acetonitrile. The propranolol and 4-hydroxy derivative retained on the pre- 
column were eluted with 0.1 M citrate buffer (pH 4.0, containing 1 5 1  ace- 
tonitrile) through the analytical column (flow rate, I .7 mL/min). For elution 
from the analytical column, the 15% acetonitrile concentration was suitable 
for separatory elution. Chromatograms obtained by the flow-through and 
back-flush methods were compared. 


R B U L T S  AND DISCUSSION 


Determination By the Single-Column Techniqw- . Propranolol, a basic drug 
[pK. 9.45 (14)], has an affinity for ODS resin at  pF1 7.4. After the protein- 
coated ODS column was equilibrated with phosphate-buffered saline, a plasma 
sample (0.25 mL) spiked with propranolol and the 4-hydroxy metabolite 
(100-400 pmol/mL of plasma) was injected onto the column. Plasma proteins 
and hydrophilic compounds were eluted by phosphate-buffcrcd saline, but 
propranolol and the Chydroxy metabolite were retained on the column. It was 
confirmed that the 4-hydroxy metabolite was eluted by phosphate-buffered 
saline containing 22% acetonitrile within 7 min, and propranolol was eluted 
after 30 min. The column was then washed with phosphate-buffered saline 
containing 22% acetonitrile for 4 min. Propranolol and the 4-hydroxy me- 
tabolite were eluted with 0.1 M citrate buffer (pH 4.0) containing 22% ace- 
tonitrile. In Fig. I are shown chromatograms of a human plasma blank and 
a plasma sample spiked with propranolol and the 4-hydroxy derivative. A 
calibration curve is shown in Fig. 2. The recoveries wcre 101.8 and 101.4%, 
respectively, with good reproducibilities (CV,  1.6 and 1.2%. respectively: n 
= 5). The practical drug monitoring level of propranolol and the 4-hydroxy 
metabolite was determined with good reproducibility and recovery. The levels 
of propranolol and the 4-hydroxy metabolite, analyzed by the present method, 
were totals in plasma, regardless if free or bound to proteins [binding of pro- 
pranolol to plasma proteins has been reported to be as high as 90-96% ( 1  s)]. 
In the determination of propranolol with a single protein-coated ODS column, 
a t  least 50 samples were analyzed without dcterioration of the column. 


Determination By the Double-Column Technique-Representative chro- 
matograms showing the separation of propranolol and the 4-hydroxy me- 
tabolite by the flow-through and back-flush methods are shown in Figs. 3 and 
4. With the flow-through method, a slight peak broadening was observed after 


’ *  Gel 3050; tlitachi. Tokyo, Japan. 
” TSK gel ODs-I 20T; Toyo .Soda. Tokyo, Japan. 


PIci3MOLES 
Figure 2-Calibrution curve obtained by a single protein-coated ODs column. 
Key: (0 )  propranolol; (0 )  4-hydroxy metabolite. 
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Figure 3-- Chromatograms obtained by theflow-through method. Key: (A)  
chromatogram of first analysis; (B)  chromatogram after 1 SO successioe 
analyses. The eluate from the analytical column was monitored for pro- 
pranolol (a) and the 4-hydroxy metabolite (b). 
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Figwe 4-Chromatograms obtained by the back-flush method. Key: (A )  
chromatogram of first analysis; (B)  chromatogram after I50 successive 
analyses. The eluate from the analytical column was monitored /or pro- 
pranolol (a) and the 4-hydroxy metabolite (b). 


150 successive analyses (Fig. 3). The reason might be due to reduced efficiency 
of the precolumn. With the back-flush method, sharp chromatograms were 
obtained and 150 successive analyses could be performed without deterioration 
of the column (Fig. 4). Propranolol was concentrated at  thc topof the preco- 
lumn by eluting with phosphate-buffered saline containing 15% acetonitrile. 
Both methods gave quantitative recoveries of propranolol and 4-hydroxy 
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Table I-Comparison of Deproteinization Methods a 


Deproteinization Method Recovery, % cv. % 


Protein-coated ODS column 100.1 0.9 
590 Acetonitrile 101.0 3.2 
5% Trichloroacetic acid 25.9 4.0 


0 Conditions: 300 ng of propranolol/mL of plasma; injection of I00 gL of plasma; n 
= 5 .  


metabolite; therefore, an internal standard was not required. By using a flow 
direction switching valve, the deterioration of the analytical column was 
minimized. At least 150 successive analyses with almost no column deterio- 
ration were carried out by the back-flush method. 


Table I shows the comparison of the methods of deproteinization. Note that 
in the prqent method the deproteinization was performed at  the initial stage 
after the injection of sample onto the column. In comparison with common 
HPLC analyses that include pretreatment, i .e.,  solvent extraction or depro- 
teinization, the proposed method proved superior in simplicity and accu- 
racy. 
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Abstract 0 Circular dichroism spectropolarimetry has been applied to the 
simultaneous determination of chiral compounds in binary mixtures without 
separation or sample preparation steps. A strategy which uses data measured 
at  equivalent wavelength pairs simplifies the calculations. Correspondence 
is within f290 of the compositions of prepared standard mixtures. 
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A medically approved practice used to relieve the physical 
distress from chronic pain, such as is experienced by some 
terminally i l l  cancer patients, is to administer a mixture of 
controlled, addictive substances in  an oral preparation com- 
monly referred to as “Brompton’s cocktails.” Cocaine is 
common to all preparations. Other components differ, but are 
most often either morphine or (&)-methadone. The mixture 
is served in  a fruit-flavored alcohol base. 


Although documented evidence for the abuse of this pre- 
scription is limited at this time, the potential exists. We have 
developed a simple protocol for a rapid direct determination 
of thc drugs by circular dichroism (CD) spectropolarimetry 
which requires no separation or sample prepreparation. We 
have previously reported data for opium alkaloids ( 1 ,  2), R -  
(-)-cocaine (3 ,4) ,  (+)-lysergide (D-LSD) (9, and tetracy- 
cline ( 6 ) .  The CD technique focuses only on those components 
which absorb light and which are simultaneously chiral. Chi- 


rality may be either intrinsic to the molecule ( 1  -6)  or induced 
by its complexation with a chiral substrate molecule (4). 


By being able to focus on only the CD-active components, 
the problem of deconvoluting the cumulative UV spectra of 
the mixtures is considerably simplified. Absorption by the 
other CD-inactive components only affects the signal-to-noise 
ratio of the detector. 


EXPERIMENTAL SECTION 


Standard samples of R-(-)-cocaine hydrochloride’, morphine sulfate’, 
and (*)-methadone2 were used without further purification. The fruit-flavored 
syrups commonly used contain (-)-fructose. Standard (-)-fructose3 was 
obtained commercially. In-house standard mixtures were prepared by weight. 
Samples of unknown composition were either blind in-house preparations, 
or were provided4. Chirality is induced into (*)-methadone by complexation 
with the chiral cyclicoligosaccharide @-cyclodextrin’ present in large excess 
in  aqueous solution, M. 


CD measurements were made on an automatic recording spectropolari- 
iiictcr6, and data analyses were made on the ancillary data processor’. Daily 
culibmtion of the ellipticity scale was made against a standard solution of 
androsterone in  dioxane, as recommended. Samples were dilutcd with the 
iippropriate voltirne of dilute hydrochloric acid or water, usually 1: lO.  


I Mallinckrodt Inc. * Drug Enforcement Administration. 
Fisher Scientific. 
Arizona Dcpartment of Public Safety and thc local hospital pharmacy. 
Kodak 
Model SOOA; JASCO. 
Model DP-SOON. 
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Table I-Comparison of Deproteinization Methods a 


Deproteinization Method Recovery, % cv. % 


Protein-coated ODS column 100.1 0.9 
590 Acetonitrile 101.0 3.2 
5% Trichloroacetic acid 25.9 4.0 


0 Conditions: 300 ng of propranolol/mL of plasma; injection of I00 gL of plasma; n 
= 5 .  


metabolite; therefore, an internal standard was not required. By using a flow 
direction switching valve, the deterioration of the analytical column was 
minimized. At least 150 successive analyses with almost no column deterio- 
ration were carried out by the back-flush method. 


Table I shows the comparison of the methods of deproteinization. Note that 
in the prqent method the deproteinization was performed at  the initial stage 
after the injection of sample onto the column. In comparison with common 
HPLC analyses that include pretreatment, i .e.,  solvent extraction or depro- 
teinization, the proposed method proved superior in simplicity and accu- 
racy. 
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Abstract 0 Circular dichroism spectropolarimetry has been applied to the 
simultaneous determination of chiral compounds in binary mixtures without 
separation or sample preparation steps. A strategy which uses data measured 
at  equivalent wavelength pairs simplifies the calculations. Correspondence 
is within f290 of the compositions of prepared standard mixtures. 


Keyphrases 0 Circular dichroism--spectropolarimetry, U V  absorption, 
Brompton’s solutions, R-(-)-cocaine hydrochloride, morphine sulfate, 
(*)-methadone, (-)-fructose, 8-cyclodextrin 0 Brompton’s solutions-cir- 
cular dichroisrn, spectropolarimetry, UV absorption 


A medically approved practice used to relieve the physical 
distress from chronic pain, such as is experienced by some 
terminally i l l  cancer patients, is to administer a mixture of 
controlled, addictive substances in  an oral preparation com- 
monly referred to as “Brompton’s cocktails.” Cocaine is 
common to all preparations. Other components differ, but are 
most often either morphine or (&)-methadone. The mixture 
is served in  a fruit-flavored alcohol base. 


Although documented evidence for the abuse of this pre- 
scription is limited at this time, the potential exists. We have 
developed a simple protocol for a rapid direct determination 
of thc drugs by circular dichroism (CD) spectropolarimetry 
which requires no separation or sample prepreparation. We 
have previously reported data for opium alkaloids ( 1 ,  2), R -  
(-)-cocaine (3 ,4) ,  (+)-lysergide (D-LSD) (9, and tetracy- 
cline ( 6 ) .  The CD technique focuses only on those components 
which absorb light and which are simultaneously chiral. Chi- 


rality may be either intrinsic to the molecule ( 1  -6)  or induced 
by its complexation with a chiral substrate molecule (4). 


By being able to focus on only the CD-active components, 
the problem of deconvoluting the cumulative UV spectra of 
the mixtures is considerably simplified. Absorption by the 
other CD-inactive components only affects the signal-to-noise 
ratio of the detector. 


EXPERIMENTAL SECTION 


Standard samples of R-(-)-cocaine hydrochloride’, morphine sulfate’, 
and (*)-methadone2 were used without further purification. The fruit-flavored 
syrups commonly used contain (-)-fructose. Standard (-)-fructose3 was 
obtained commercially. In-house standard mixtures were prepared by weight. 
Samples of unknown composition were either blind in-house preparations, 
or were provided4. Chirality is induced into (*)-methadone by complexation 
with the chiral cyclicoligosaccharide @-cyclodextrin’ present in large excess 
in  aqueous solution, M. 


CD measurements were made on an automatic recording spectropolari- 
iiictcr6, and data analyses were made on the ancillary data processor’. Daily 
culibmtion of the ellipticity scale was made against a standard solution of 
androsterone in  dioxane, as recommended. Samples were dilutcd with the 
iippropriate voltirne of dilute hydrochloric acid or water, usually 1: lO.  


I Mallinckrodt Inc. * Drug Enforcement Administration. 
Fisher Scientific. 
Arizona Dcpartment of Public Safety and thc local hospital pharmacy. 
Kodak 
Model SOOA; JASCO. 
Model DP-SOON. 
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Table I-Circular Dichroism Spectral Characteristics ' Table II-Determinations of Binarv Mixtures' 


Wavelength, F31, 
Compound Characteristicb nm degrce/M.cm 


Morphine Sulfate A-rnax 286 -66 
A" 263 0 
X+max 244 372 


A" 262 0 
A-mm 245 -55 


A" 235 0 


A+,.. 273 6.4' 


Cocaine hydrochloride X+max 278 11.5 


(-)-Fructose A+rnax 273 0.3d 


( *)-MethadoneC 290 9.6' 
... "^ 


A+max 266 5.6' 


0 For 0.1 M HCI aqueous solutions. b A+,., and A-,,, are wavelengthsof the maxi- 
I n  fi-cyclo- 


Value is calculated for total sugar although only the opewchain 
Values for I:I complex with ,%cycle- 


mum positive or ncgative signals. AD is the wavelength of zero ellipticity. 
dcxtrin solution only .  
form is C D  active in the 220-350-nm region. 
dcxtrin. 


(-)-Fructosc solutions have low ellipticities (7 .8) ,  so solution concentrations 
wcrc iis high as 0.2 M. 


RESULTS AND DISCUSSION 


CD spectral parameters for the four compounds arc collected in Table I .  
Molar cllipticity (01 values calculated from the slopes of the respective Beer's 
law calibration curves at the reported wavelength maxima are also presented. 
Significant spectral overlap is observed for mixtures of R-(-)-cocaine and 
morphine and R-(-)-cocaine and (-)-fructose. The compositions of the in- 
house preparation of these mixtures were made to be consistent with the 
pharmacy prepared prescriptions which are on the order of 1.5 mg/mL of 
morphine sulfate and 1 mg/mL R-(-)-cocaine hydrochloride or ( f ) -meth-  
adone. I f  the binary mixture consists of R-(-)-cocaine and (&)-methadone, 
the problem reduces to the determination of only ,?-(-)-cocaine by direct 
measurement of the aqueous solution which is conveniently done at the 278 
nm positive maximum for the analyte. 


For binary mixtures of CD-active components. the observed ellipticity at 
any wavelength for a 1 -cm cell is given by the expression: 


where the subscripted [@I and C terms refer to the molar ellipticities and molar 
concentrations of the two components, respectively. The resolution of broad 
U V  absorption bands into positive and negative componcnts in CD spectra 
offers a simpler option to the simultaneous solution of the equation which is 
fairly gencral. The equation reduces to a single unknown if data are measured 
at preselected wavelength pairs on the standard spectrum of either component 
at which the absolutcvalues of [0] are equal in magnitude. Experience with 
the blind in-house mixtures shows us that the best correspondence in deter- 
minations is obtained if the pairs arc chosen from the standard spectrum of 
the component which has the lower [el; namely cocaine in mixtures with 
morphine, and fructose in mixtures with either cwaineor morphine. Results 
from the calculations and the number of wavclcngth pairs used arc given in 
Table I I for several binary mixtures. 


Compared with the direct determination of complex mixtures by U V  ab- 
sorption spectrophotometry, which is commonly done using computer simu- 
lation methods. C D  effectively reduces the number of analytcs contributing 
to the overall spectrum by focusing on only those which are CD active. The 
number of curve-fitting parameters is reduced accordingly. and the precision 
in the determination of each componcnt is improved. Matrix distortions of 


A 
Sampleb Cocaine Morphine (-)-Fructose (%)-Methadone Pairs 


s1 1.06t1.05) - -  - (0.98) - 
S2 2.31 ( 2 . x j  - ( i s s j  - 


7 
4 
6 


S3 I .72 ( I  .74) 9.65 (9.87) - 
S4 2.61 (2.55) -- 15.94 (I 6.23) - 
S5 4.15 (4.18) - 15.04 (14.23) - 


6 S6 2.22 (2.24; 3.44 (3.28) - -. 
- 
- 


s 7  5.78 (5 . i i j  1.59 (1 .56j  
S8 2.95 (2.99) 1.06 (1.05) 
BI 0.95 ( I ) c  1.53 (1 .5 )c  - 


7 


B4 1.01 ( I ) c  - 137d present 6 
6 B5 0.95(1)'  1.46(1.5)c 119d 


~2 0.98 ( i j c  1 . 5 5  ( i . s j c  - - 
B3 I.08(1)c - 133d present 7 


I n  mg/mL. Data in parentheses arecalculatd from known weights. S represents 
an in-house preparation and B represents an externall supplied Brompton's solution. 
c Figures correspond with pharmacist's recipe. Resurts are for (-)-fructose in fruit- 
flavored additives; no composition given. 


the CD spectra of the analyte(s) by the simultaneous absorption of energy 
by achiral components are not observed. 


Determinations made on the unknowns obtained from external sources 
indicated that the preparations were within the recommended limits prescribed 
for administration to patients (Table 11). One ternary mixture was investigated 
in which tampering with the prescription was suspected. The mixture was 
reported to consist of morphine, /?-(-)-cocaine, and (-)-fructose in alcohol. 
The C D  spectrum was a close replica of the mixture prepared according to 
the prescription. Measurements of data at wavelength pairs for (-)-fructose 
and the simultaneous solution of the equation for the remaining constituents 
yicldcd I .46 mg/mL for morphine and 0.95 mg/mL for R-(-)-cocaine. 


At its present state of development, CD spectropolarimetry offers a rapid 
and quantitative procedure for drug assay and as such has a useful application 
to product quality control. As the spectral library is extended to include more 
and more standards, anonymous compound recognition and identification 
can be anticipated. With the appropriate computer software the same simu- 
lation techniques applied to UV absorption determination of multiple-com- 
ponent mixtures can be applied equally well. 
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Abstract 0 A sensitive, specific, high-performance liquid chromatographic 
procedure was developed for the measurement of plasma tiflamizole levels. 
Acidic plasma samples were extracted with three volumes of ether. The ether 
extracts were combined and evaporated to dryness. The residue was dissolved 
in acetonitrile, washed with hexane, and the acetonitrile was evaporated to 
dryness. The residue was dissolved in 0.5 mL of mobile phase consisting of 
acetonitrile and 0.007 M pH 3 sodium phosphate buffer (70:30, v/v) and then 
chromatographed on a octadecylsilane bonded microparticulate silica column. 
The assay is specific, precise, accurate, and can measure 10 ng of tiflamizole 
in 5 mL of plasma. The method was applied to human pharmacokinetic 
studies. 


Keyphrases 0 HPLC-tiflamizole, human plasma 0 Tiflamizole-HPLC, 
human plasma 


Tiflamizole, 4,5-bis(4-fluoropheny1)-2-[( 1,1,2,2-tetraflu- 
oroethyl)sulfonyl]- 1 H-imidazole (I), is a potent nonsteroidpl 
antiarthritic drug that both prevents and treats adjuvant- 
induced arthritis in rats (1,2). Tiflamizole is presently being 
evaluated in clinical studies. 


The chemistry, pharmacology, and pharmacokinetics of 
tiflamizole were recently discussed (1 -4). In  the initial human 
studies low doses of tiflamizole were used. This required a 
specific and highly sensitive GC methodl for tiflamizole 
analysis. However for the larger doses currently in use, the high 
sensitivity is not required and a simpler, more rapid method 
was developed. This paper describes a specific high-perfor- 
m a n e  liquid chromatographic (HPLC) plasma assay for ti- 
flamizole. The sensitivity of the method is 10 ng/mL. 


I 


EXPERIMENTAL SECTION 


Reagents and Apparatus-Tiflarnizole2, 1 M pH 5.3, and 0.007 M pH 3.0 
sodium phosphate (monobasic), a~etonitrile~, ether4. and hexane3 were used 
without further purification. The liquid chromatograph consisted of a vari- 
able-wavelength U V  detector5 set at 280 nm, a solvent pump6, a reporting 
integrator'. a valve-loop injector8 with a 100-pL loop, and a 0.46 cm i.d., X 
25 cm octadecylsilane bonded microparticulate column9. The mobile phase 
was acetonitrile-0.007 M pH 3 sodium phosphate buffer (70:30). The flow 
rate was I .5 mL/min. the column temperature was ambient, and the column 
back pressure was -lo00 psi. The approximate retention times of tiflamizole 
and naphthalene were 4.5 and 5.8 min. respectively. 


I D. C. Rakestraw and C. C. Whitncy, unpublished results. ' E. 1. duPont de Nemours and Co.. Inc.. Wilmington. Del. 
Burdick and Jackson Laboratories. Inc., Muskcgon, Mich. ' J. T. Baker Chemical Co., Phillipsburg, N.J. 
Model 852: E. I .  duPont de Nemours and Co. 
Model 870; E. 1. duPont de Nemours and Co. ' Model 3390 A; Hcwlett-Packard, Avondale, Pa. * M~c&l SVOV-6- IXC20 Sample lnjectlon Valve: GlencoScientiftc Inc.. Houston, 


Tcx. 
Zorbax ODs. Part Number 880952; E. I .  duPont de Nemours and Co 


rnin rnn 


Figure 1-Chromatograms of extracts from aplasma blank (A)  and spiked 
(0.5 pg) plasma sample (Bj.  Key: ( I j  tijlamizole; (2) naphthalene. 


Table I-Stability of Tiflamizole in Human Plasmaa 


Amount Spiked, Amount Found, 
Day rgb cv, 70 


I 0.48 0.49 4.7 
I I  0.48 0.50 I .2 
21 0.48 0.49 2.0 


117 0.48 0.49 I .2 
530 0.48 0.48 2. I 
a Stored at -20°C. b n  = 3 


Standards-Standard curves were prepared from unextracted tiflamizole 
standards. These standards (O.l.0.2.0.5, and 1 pg/mL) were prepared in a 
mobile phase containing 1 pg/mL of the internal standard, naphthalene, and 
100 p L  of each was injected into the column and chromatographed. 


The p a k  areas of tiflamizole and naphthalene were measured and the ratio 
of tiflamizole/naphthalene was calculated. Linear regression least-squares 
fit was used to calculate the standard curve. Concentration of tiflamizole in 
unknown samples was determined from the peak area ratio of tiflamizole/ 
naphthalene and the standard curve. 


Extraction--A measured volume of plasma (0.5-10 mL)  was transferred 
to a 15-mL polytef-lined screw-cap test tubeto containing 5 mL of 1 M pH 
5.3 sodium phosphate buffer. The mixture was extracted with one 10-mL and 
two 5-mL portions of ether. After shaking the extract for 30 rnin, the tube was 
centrifuged to separate the ether and the aqueous layers. 


The organic layers were combined in another 15-mL tube and evaporated 
to dryness using a gentle stream of air. The residue was dissolved in 5 mL of 
acetonitrile and washed with three 5-mL volumes of hexane. After shaking 
for 20 min, the tube was centrifuged to separate the acetonitrile and hexane 
layers. The hexane layer was discarded by aspiration. then the acetonitrile 
was evaporated to dryness. The residue was dissolved in 0.5 mL of mobile phase 
containing I pg/mL of naphthalene; 100 p L  was then injected into the liquid 
chromatograph. 


keovery Study--Control plasma samples ( 1  mL) spiked with O.I,0.2,0.5, 
and 1 .O pg of tiflamizole were used to determine the extraction recovery. 
Cohtrol plasma samples ( I  mL) spiked with 0.5 pg of tiflamizole were r u n  
concomitantly with the plasma of each subject to monitor daily recovery of 
tiflamizole. 


Plasma Level Study-Tiflamizole (5  mg) was administered orally wi th  
-2'37 rnL (8 oz.) of water to 3 healthy human males, 64-76 kg. Nho had fasted 


3 .  


lo VWR Scientific. Philadelphia. Pa. 
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Table 11-Recovery of Tiflamizole from Spiked Plasma 


Tiflamizole, 
Ccg/mL Recovery, % Mean f SD 


!).I 90, 92,89 90.3 f 1.5 
1.2 103.97. 100 100.0 f 3.0 
0.5 97,98,99 98.0 f 1.0 
1 .o 98, 100, 100 99.3 f 1.2 


O.O1 I 


0 100 200 300 400 500 800 700 800 000 loo0 1200 1300 1100 1404 
HOURS 


1.00 


Figure 2-Tiflamizole profiles in three healthy adult male subjects following 
a single oral 5-mg dose. 


ovcrnight. Blood samples (10 mL) were withdrawn]) prior todosing and at 
specified times up to 57 d after dosing. The blood samples were centrifuged 
and the plasma was stored frozen in clean plastic tubesl0. The elimination 


' I  Heparinized vaculainers. 


half-lives for these individuals were determined using linear regression analysis 
of the terminal plasma level-time data points. 


RESULTS AND DISCUSSION 


Typical chromatograms of extracted control plasma and plasma spiked with 
tiflamizole are shown in Fig. I .  Tiflamizole/naphthalene peak area ratios were 
linear (from 0. I to I .O pg/mL) and the correlation coefficients for the fit of 
experimental points were 0.99995. The intercepts were not significantly dif- 
ferent from zero. There was no interference from constituents in control 
plasma or in the plasma from subjects or patients prior to administration of 
tiflamizole. Tiflamizole is stable in plasma stored at -20°C for at least 530 
d. The results are shown in Table I .  


Tiflamizole recoveries from spiked plasma (0.1 - I  .O pg/mL) were 87.0- 
100% with SD values of 1.0-3.Oo10 (Table 11). Daily recoveries of 0.5 pg of 
tiflamizolespiked to I mLofcontrol plasma were99.7%(n N 131) withaSD 
of 3.2%. Tiflamizole can be determined at levels as low as 0.01 pg/mL using 
5 mL of plasma. 


Figure 2 illustrates the plasma tiflamizole concentration profile in three 
healthy subjects given a single oral 5-mg dose. Peak concentrations of 
0.36-0.61 pg/mL occurred between 4 and 12 h. The elimination half-lives 
were 9.9-1 8.0 d. 
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Abstract 0 The high-performance liquid chromatographic method described 
enables the quantitation of the components and the main impurities of tablets 
containing aspirin, acetaminophen, and ascorbic acid. A Cs reverse-phase 
column was used; the mobile phase was methanol-0.2 M phosphate buffer 
(pH 3.5)-water (20:10:70). Results obtained for a brand of effervescent 
tablets, normally aged for 5 years and stressed at 37OC. 50°C. or in 7946rel- 
ative humidity at room temperature, are reported. Salicylicacid was the main 


product of decomposition. Diacetyl-p-aminophenol was observed to be formed 
by transacetylation. 


Keyphrases 0 Acetaminophen-HPLC with ascorbic acid and aspirin 0 
Aspirin -HPLC with acetaminophen and ascorbic acid 0 Ascorbic acid- 
IIPLC with acetaminophen and aspirin 


During the last decade, phenacetin has been often replaced 
by acetaminophen in analgesic tablet formulations containing 
aspirin as the main component ( 1 ). Acetaminophen-aspirin 
mixtures have lower stability due to acetylation of the former 
by the latter, producing diacetyl-p-aminophenol (2, 3) .  This 
acetylation, however, was not evident in another study (4). 


Tablets containing ascorbic acid were reported to be stable 
for over 5 years under normal storage conditions ( 5 ) ,  but in 
combination with aspirin the eventual acetylation of ascorbic 
acid should be considered. Acetylation, in aqueous medium, 
of ascorbic acid by acetic anhydride has been described (6). 
Acetylation of other compounds present in tablet formulations, 
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ovcrnight. Blood samples (10 mL) were withdrawn]) prior todosing and at 
specified times up to 57 d after dosing. The blood samples were centrifuged 
and the plasma was stored frozen in clean plastic tubesl0. The elimination 


' I  Heparinized vaculainers. 


half-lives for these individuals were determined using linear regression analysis 
of the terminal plasma level-time data points. 


RESULTS AND DISCUSSION 


Typical chromatograms of extracted control plasma and plasma spiked with 
tiflamizole are shown in Fig. I .  Tiflamizole/naphthalene peak area ratios were 
linear (from 0. I to I .O pg/mL) and the correlation coefficients for the fit of 
experimental points were 0.99995. The intercepts were not significantly dif- 
ferent from zero. There was no interference from constituents in control 
plasma or in the plasma from subjects or patients prior to administration of 
tiflamizole. Tiflamizole is stable in plasma stored at -20°C for at least 530 
d. The results are shown in Table I .  


Tiflamizole recoveries from spiked plasma (0.1 - I  .O pg/mL) were 87.0- 
100% with SD values of 1.0-3.Oo10 (Table 11). Daily recoveries of 0.5 pg of 
tiflamizolespiked to I mLofcontrol plasma were99.7%(n N 131) withaSD 
of 3.2%. Tiflamizole can be determined at levels as low as 0.01 pg/mL using 
5 mL of plasma. 


Figure 2 illustrates the plasma tiflamizole concentration profile in three 
healthy subjects given a single oral 5-mg dose. Peak concentrations of 
0.36-0.61 pg/mL occurred between 4 and 12 h. The elimination half-lives 
were 9.9-1 8.0 d. 
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Abstract 0 The high-performance liquid chromatographic method described 
enables the quantitation of the components and the main impurities of tablets 
containing aspirin, acetaminophen, and ascorbic acid. A Cs reverse-phase 
column was used; the mobile phase was methanol-0.2 M phosphate buffer 
(pH 3.5)-water (20:10:70). Results obtained for a brand of effervescent 
tablets, normally aged for 5 years and stressed at 37OC. 50°C. or in 7946rel- 
ative humidity at room temperature, are reported. Salicylicacid was the main 


product of decomposition. Diacetyl-p-aminophenol was observed to be formed 
by transacetylation. 
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IIPLC with acetaminophen and aspirin 


During the last decade, phenacetin has been often replaced 
by acetaminophen in analgesic tablet formulations containing 
aspirin as the main component ( 1 ). Acetaminophen-aspirin 
mixtures have lower stability due to acetylation of the former 
by the latter, producing diacetyl-p-aminophenol (2, 3) .  This 
acetylation, however, was not evident in another study (4). 


Tablets containing ascorbic acid were reported to be stable 
for over 5 years under normal storage conditions ( 5 ) ,  but in 
combination with aspirin the eventual acetylation of ascorbic 
acid should be considered. Acetylation, in aqueous medium, 
of ascorbic acid by acetic anhydride has been described (6). 
Acetylation of other compounds present in tablet formulations, 
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such as phenylephrine (7), codeine (8), or homatropine (9), 
has also been reported. Acetylation of proteins by aspirin was 
proposed as an explanation for the hypersensitivity to aspirin 
in  humans (10). 


This paper reports on the stability of an effervescent tablet 
from one manufacturer’. The tablets contain aspirin, acet- 
aminophen, and ascorbic acid as the active components. 
High-performance liquid chromatography (HPLC) was 
chosen as the method for analysis. HPLC has been used pre- 
viously for the analysis of multicomponent tablets containing 
aspirin and acetaminophen ( 1  1 - 17). but to our knowledge this 
is the first time that ascorbic acid was included in the anal- 
ysis. 


1.2- 


1.0- 


4 


3 0.8- 


0.6 - 
0.4 - 


EXPERIMENTAL SECTION 


Reagents and Chemicals-Some of the reference products were obtained 
through synthesis according to literature procedures: diacetyl-p-aminophenol, 
mp 151-154°C [lit. (2, 18) mp 152 I56OC and 151-154°C]: O-acetyl-p- 
aminophenol, mp 79-81OC [lit. (19) mp 73-74OCand 7S0C]*. A mixture of 
3-0-acetylascorbic acid and 2-0-acctylascorbic acid was obtained in solution3 
(6). Aspirin, salicylic acid, acetaminophen, and ascorbic acid were of Ph. Eur. 
quality. Sodium saccharin4, p-hydroxybenzoic acid4, and p-aminopheno14 
were of reagent quality. Formic acid5. potassium hydrogen phosphate5, and 
phosphoric acid5 were of pro analysi quality. Reagent-grade methanol6 was 
distilled in glass before use; water was distilled twice. 


Apparatus and Operating Conditions-. - A high-pressure pump’ was con- 
nected to a 10-pL loop injectorR, a column packed in-house with 10-pm CS 
reverse-phase material9, a 254-nm fixed-wavelength detectort0, an integrator 
(used in the area mcde)Il, and a recorderI2. Some chromatograms were ob- 
tained with a variable-wavelength detector’). 


The mobile phase, CHjOH--0.2 M phosphate buller (ptl 3.5)-water 
(20:10:70, v/v) was deaerated by sonication; the flow rate was I mL/min. The 
UV detector was set at 0.05 AUFS and the integrator at attenuation 4; the 
chart speed was 5 mm/min. The column was kept at room temperature 
(-20OC). The variable-wavelength detector was used at  280 nm. 


Preparation of Sample Solutions ---Two tablets (average mass, 3.45 g) were 
pulverized, and 1 ,000 g was weighed into a 50.0-mL volumetric flask. Formic 
acid (1.0 mL) and methanol (25 ml.) were added, and the flask was me- 
chanically shaken for 10 min. The mixture was brought to volume with 
methanol, 10 mL was clarified by centrifugation, and 5.0 mL of the super- 
natant was transferred into a 25.0-mL volumetric flask. Internal standard 
solution (5.0 mL) was added, and the solution was diluted to volume with 
water. The solution was analyzed within I h after preparation. A 0.0025% 
(w/v) solution ofp-hydroxybenzoic acid in methanol-water (20:80) was used 
as the internal standard solution. 


Sample and Storage Conditiom- The tablets were prepared to contain 300 
mg of aspirin, 200 mg of acetaminophen, and 300 mg of ascorbic acid. Sodium 
hydrogen carbonate, tartaric acid, citric acid, sodium saccharin, lactose. starch, 
dimethyl polysiloxane, povidone, and citrus oil were the excipients. Eleven 
batches, naturally aged 4-6 I months at the time of analysis, were available. 
All samples were kept in  their original, unopened plastic tubes; the stoppers 
had a drying agent. Tubes from the mast recent batch were stored for 12 weeks 
in stressed conditions, i.e.. at 37OC (closed tubes), at 5OoC (closed tubes), and 
at room temperature (--2OOC) with a relative humidity of 79% (closed and 
open tubes). 


Chromatographic Analysis - Least-squares repression lines (y, peak area 
ratio; x, amount injected in  p g )  were obtained with suitably prepared standard 


I S.M.B.. Belgium. 
This product was purified by column chromatrography [silica gel, dichlorometh- 


;!ne-acetone ( 9 5 : 5 ) ] .  
The I’aulsscn experiment with acetic anhydride in water-dioxane was repeated and 


followed by 1IPI.C for I h. Two secondary peaks were observed. In analogy with the 
published results. the 3-0-acetyl structure was assigned to the first (decreasing) peak 
(k’. 0.5) and the 2-0-acetyl structure to the second (increasing) peak ( k ’ ,  0.6). 


Fluka AG. Buchs. Switierland. 
E. Merck. Darmstadt. F.R.ti.  
Aldrich Europe. Beerse. Belgium. 


Model CV-6-UIIPa-N60: Valco. tlouston. Tex. 
LiChrosorb RPX. ( 2 5  cm X 4.6 rnm i.d.): I:,. Mcrck. Darrnstadt. F.K.G. 


Model DPHB; Pye Unicam, Cambridge, England. 


Model I.C3UV: Pye Cnicam. 


’ Model M 60oO A: Waters Associates. Milford. Mass. 


lo  Model 440; Waters Associates. 


l 2  Model BD40: Kipp & Zonen. Delft, The Netherlands 


3-5 30 is 20 1; l o  5 0 
MINUTES 


Figure I-Chromatogram of 45-month-old tablets: detection at 254 nm. Key: 
(I) ascorbic acid; (2) p-aminophenol: (3) 3-0-acetylascorbic acid; (4) 2- 
0-acetylascorbic acid; (5) sodium saccharin; (6) acetaminophen: (7) 0- 
acetyl- p-aminophenol: (8) salicylic acid; (9) p-hydroxybenzoic acid (iniernal 
standard): ( lo )  aspirin; ( I  I) diacetyl- p-aminophenol. 


solutions for ascorbic acid (y = 2 . 2 3 5 ~  + 0.0005). acetaminophen 0, = 2 . 7 1 7 ~  
t 0.0153), salicylic acid (y = 0 . 1 2 2 6 ~  t 0.0012 at  254 nm, y = 0 . 3 7 7 4 ~  + 
0.0001 at 280 nm), aspirin (JJ = 0 . 2 0 2 2 ~  t O.OOl0). and diacetyl-p-amino- 
phenol (y = 2 . 1 8 2 ~  t 0.0031). The coefficient of correlation was >0.999 in 
all cases. When immediate analysis was impossible, standard solutions were 
kept a t  5OC. The reproducibility was checked by a quadruple extraction of 
the same powdered tablet mixture and a twofold injection of each resulting 
solution. The mean and CYvalues obtained for the eight experiments were: 
ascorbic acid (107.0%. 0.9); acetaminophen (99.8%. 1 .O); salicylic acid, 
measured at  280 nm, (0.81%. 1.8); aspirin (98.9%. 0.6); diacetyl-p-amino- 
phenol (0.141, 3.8). The results are expressed as  a percentage of the label 
claim, except for the impurities where the mass of substance found (e.g., 
salicylic acid) is reported as a percentage of the label content of the corre- 
sponding component (e.g.. aspirin). 


Four tablets were retained for analysis from each tube, i.e., the pair closest 
to the orifice and that closest to the bottom. Both pairs were extracted and 
the solutions were analyzed twice. Significant differences between top and 
bottom tablets were never found; therefore. the mean of four results is re- 
ported. 


RESULTS AND DISCUSSION 


A typical chromatogram, obtained for 45 month-old tablets, is shown in 
Fig. 1. The influence of the pH of the mobile phase on the separation of p- 
hydroxybenzoicacid, salicylic acid, and aspirin is shown in Fig. 2. A mobile 
phasecontaining methanol and a buffer (pH 3.4) was described recently for 
the analysis of bulk aspirin (20, 21). In all tablets examined. a small peak 
possibly corresponding to 2-0-acetylascorbic acid is present, but a peak cor- 


* 
2.3 2.7 3 1 3.5 3.9 


pH OF BUFFER 


Figure 2-Injuence of the mobile phase birfler p H  on the capacity factor (k’) 
of aspirin (A),  p-hydroxybenzoic acid IS), and salicylic acid (C). 


Journal of Pharmaceutical Sciences I 1831 
Vol. 73, No. 12. December 1984 







Table I-Results of the Analysis for Different Batches of Tablets. 


Diacetyl- 
Batch Ascorbic Acetami- p-amino- Salicylic 
Age, Acid, nophen, phenol, Aspirin, Acid, 


months % % % % %b 


4 
9 


13 
20 
24 
34 
37 
45 
49 
55 
61 


106 99.2 
106 99.2 
I06 100.4 
105 100.1 
106 99.9 


98.4 
99.9 


106 
I05 
I07 99.0 
105 99.5 
106 98.9 
105 99.3 


0.2 
0.2 
0.3 
0.3 
0.4 
0.4 
0.5 
0.9 
0.6 
0.8 
0.6 


98.5 0.8 
99.2 1.2 
97.5 1.5 
97.0 2.6 
95. I 3.6 
93.3 4.9 
92.0 6.2 
76.3 18.1 
87.0 9.8 
80.9 14.3 
88.4 9.4 


~~ 


a Percentage of label claim, except as noted in the text. Measured at 280 nm. 


Table 11-Results of the Analysis of Stressed Tablets a 


recoveries, and since all lots were kept in the same conditions, this must be 
due to striking differences in the manufacturing quality. 


The results obtained in stressed conditions are given in Table 11. At 37OC, 
the USP 3% limit for salicylic acid is reached after -I month; at 50°C, the 
limit is reached after 2 weeks. In  open tubes, kept at room temperature and 
in humid conditions such as frequently occurs in bathrooms, this limit can  be 
reached in -I d. Results for the experiment with closed tubes at room tem- 
perature and in 79% relative humidity are not reported in detail since the 
stability was not affected, thus proving the quality of the container. 


Although ascorbic acid seems to withstand moderate heating quite well, 
the effect of high humidity is disastrous. It should, however, be kept in mind 
that the stability is influenced not only by the conditions of conservation, but 
also by the presence of other tablet components. The hydrolysis of aspirin 
involves formation of acetic acid, which lowers the pH and acts as a solvent, 
thus facilitating reaction. The eventual influence of acetic ahd formation is 
supported by the fact that in  the 5OoC experiment, ascorbic acid starts to 
decompose only after 4 weeks, when appreciable amounts of acetic acid have 
already been formed. A similar effect is observed for diacetyl-p-aminophenol 


Diacetyl- 
Conservation Conservation Ascorbic Acid, Acetaminophen, p-aminophenol, Aspirin, Salicylic Acid, 
Conditions Time, weeks % % a % % 


Closed tube 
37oc 


5OoC 


Open tube' 


0 
2 
4 
8 


12 
0 
2 
4 
8 


12 
0 
2 
4 
8 


106 
I05 
104 
106 
105 
106 
I07 
I07 
I02 
92 


99.2 
99.7 
99.0 
99.0 
99.2 
99.2 
98.9 
97.6 
98.7 


100.7 
I06 99.2 
90 100.1 
33 99.3 
8 100.1 


0.2 
0.4 
0.8 
0.9 
1.1 
0.2 
0.8 
1.5 
1.1 
0.2 
0.2 
0.3 
0.2 
0.1 


98.5 
97.3 
96.5 
94.8 
93.0 


0.86 
1.9 
2.7 
4.1 
5.4 


98.5 0.86 
96.0 3.0 
89.2 8.2 
59.5 30.0 
29.7 52.1 
98.5 0.86 
47.7 39.8 
11.4 68.4 
5.6 72.1 


I 2  4 100.3 0.1 0 15.9 


a Percentage of label claim. except as noted in text. Measured at 280 nm. C At -2OOC and 79% relative humidity 


responding to the assumed 3-0-acetylascorbic acid has never been detected. 
This substance was observed to be very unstable in solution, which confirms 
an earlier report (6). Quantitative determination of the ascorbic acid deriv- 
atives was not attempted since the only reference available was a solution 
containing a mixture of these impurities. p-Aminophenol, which has the same 
retention time as 3-0-acetylascorbic acid, was never detected during our ex- 
periments. Due to the rather poor separation in this area of the chromatogram, 
the detection limit for p-aminophenol was not better than 2%. p-Aminophenol 
has been reported as an impurity present in tablets containing acetaminophen, 
but only when codeine phosphate or magnesium stearate were also present 
(3); these products were not present in the tablets examined. 0-Acetyl-p- 
aminophenol was never detected in significant amounts. Diacetyl-p-amino- 
phenol was not detected at 280 nm (a more approprjate wavelength for the 
detection of salicylic acid, present in all the samples as the predominant im- 
purity). Detection at -300 nm (close to the absorption maximum for salicylic 
acid) was not applied due to the low absorbance of p-hydroxybenzoic acid, 
used as the internal standard. Samples were extracted with a mixture of formic 
acid and methanol. The presencc of formic acid favors the drug release from 
the excipients (22). The stability at -5OC of a solution to be analyzed was 
followed by HPLC, and the decrease of the content was noted: ascorbic acid, 
0.003%/h; acetaminophen, 0.001 %/h; aspirin, 0.02%/h; diacetyl-p-amino- 
phenol, 0.001%/h. Thevalue for aspirin corresponds well with a value reported 
for a chloroform-formic acid extract (22). 


Table I lists the results for the naturally aged samples. No significant de- 
crease in ascorbic acid or acetaminophen content was observed. and diace- 
tyl-p-aminophenol was not formed in appreciable amounts although a small 
increase was observed. A linear correlation ( r  = 0.983) exists between di- 
acetyl-p-aminophenol and salicylic acid formation. The formation of diace- 
tyl-p-aminophenol from acetaminophen by transacetylation with aspirin has 
been discussed previously (3). The formation of salicylic acid is rapid. The 
3.0% limit for buffered tablets of the USP XX (23) is exceeded in <2  years, 
and the BP 80 (24) 1.0% limit for dispersible tablets is exceeded after 4 . 5  
year. The decrease of aspirin is completely explained by the increase of salicylic 
acid. Some lots (45 and 55 months) show exceptionally high salicylic acid 


ahich, in the 5OoC experiment, reaches a maximum after 4 weeks, corre- 
sponding to a minimum for acetaminophen. This maximum is followed by a 
rapid decrease, paralleled by an increase of acetic acid (or salicylic acid) and 
acetaminophen, which suggests formation of the latter through hydrolysis 
of diacetyl-p-aminophenol. 


I n  all the stressed experiments, the loss of aspirin is completely explained 
by the formation of salicylic acid. This agrees with recently published results 
for aspirin tablets, stressed at 50°C and at 8OoC, where appreciable amounts 
of non-salicylic-acid salicylates were only observed at the higher temperature 
( I  7.). 
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Abstract 0 The effects of benztropine mesylate on haloperidol-induced 
prolactin secretion and serum haloperidol levcls were investigated in 240 rats. 
Animals were pretreated with benztropine mesylate or saline 20 min prior to 
receiving haloperidol or saline. Serum prolactin and haloperidol levels were 
analyzed at six time periods over I50 min. There was no significant difference 
in prolactin levels of control animals, i.e., saline pretreated/saline treated rats 
compared to benztropine mesylate pretreated/saline treated rats. Haloperidol 
caused a significant rise (I, < 0.0001) i n  serum prolactin compared with 
controls. The prolactin concentration for the 30-1 50-min sampling period 
was significantly higher when the rats received benztropine mesylate prior 
to haloperidol (p < 0.05). There was a significant correlation (I  = 0.57, p < 
0.001) between serum haloperidol levels and serum prolactin levels in halo- 
peridol-treated animals pretreated with either saline or benztropine mesylate. 
Additionally, serum haloperidol levels were not significantly different in an- 
imals pretreated with benztropine mesylate compared with those pretreated 
with saline. Thus. the enhancement of prolactin levels by benztropine mesylate 
was independent of any effect of haloperidol metabolism. This study appears 
to indicate that in the rat, cholinergic mechanisms exert a weak inhibitory 
effect on prolactin secretion under conditions of dopamine blockade. 


Keyphrases 0 Benztropine mesylate-prolactin secretion, serum haloperidol 
levels. rats Haloperidol-prolactin secretion, benztropine mesylate. serum 
levels, rats 


The secretion of the anterior pituitary hormone, prolactin, 
appears to be dominantly regulated by a prolactin-inhibitory 
factor liberated by the hypothalamus as a result of afferent 
dopaminergic impulses ( 1  -3). Dopamine is believed to be the 
major prolactin-inhibitory factor (4). In  addition, prolactin 
release appears to be mediated to some extent by prolactin- 
releasing factors ( 5 ) .  Evidence also exists in animals that 
cholinergic and serotonergic mechanisms modulate the se- 
cretion of prolactin at the level of the pituitary (6-9). Although 
pilocarpine and physostigmine inhibited prolactin secretion 
in rats (8, 10, 1 I ) ,  no effect was observed on neuroleptic-in- 
duced'prolactin secretion in this species ( 1 1) .  There are com- 
plex and conflicting reports concerning the effects of cholin- 
ergic blocking drugs on serum prolactin levels in humans and 
animals (6, 1 1 ,  12). 


A fairly good correlation bctween the antipsychotic potency 


of various neuroleptics and their prolactin-stimulating effects 
has been demonstrated both in humans and rats (9, 13-1 5 ) .  
Neuroleptics differ considerably in their intrinsic central an- 
ticholinergic properties (16). According to La1 et al. (17) such 
differences may account, at least in part, for variations in 
serum prolactin-stimulating properties found among anti- 
psychotic agents. This suggestion was based on their demon- 
stration in humans that intramuscularly administered benz- 
tropine mesylate, a muscarinic receptor-blocking agent, sig- 
nificantly enhanced the elevated prolactin levels induced by 
intramuscularly administered haloperidol (1 7). However, no 
attempt was made to determine if benztropine mesylate in- 
fluenced prolactin secretion by altering haloperidol metabolism 
(17). 


In this laboratory, comparison of the rank-order of reported 
central anticholinergic activity of nine antipsychotic drugs 
belonging to five chemical classes of neuroleptics appeared not 
to have significant effect upon either the magnitude or duration 
of prolactin stimulation in rats (18). However, there are no 
assurances that central anticholinergic threshold levels had 
been reached with the doses of drugs utilized. 


In light of the above, it appeared desirable to further in- 
vestigate the possible role of anticholinergic activity in ell- 
hancing neuroleptic-induced prolactin secretion in rats, to help 
clarify if a species difference exists between humans and rats 
in regard to this effect, and to determine if benztropine 
mesylate influences haloperidol plasma levels. The present 
investigation examined the effects of benztropine mesylate on 
haloperidol-induced prolactin secretion and serum haloperidol 
levels in  rats. 


EXPERIMENTAL SECTION 


Two hundred and forty male Sprague-Dawlcy adult rats' (225-300 g) were 
divided into 24 equal groups. The rats were housed for 14 d prior to the study 
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analyzed at six time periods over I50 min. There was no significant difference 
in prolactin levels of control animals, i.e., saline pretreated/saline treated rats 
compared to benztropine mesylate pretreated/saline treated rats. Haloperidol 
caused a significant rise (I, < 0.0001) i n  serum prolactin compared with 
controls. The prolactin concentration for the 30-1 50-min sampling period 
was significantly higher when the rats received benztropine mesylate prior 
to haloperidol (p < 0.05). There was a significant correlation (I  = 0.57, p < 
0.001) between serum haloperidol levels and serum prolactin levels in halo- 
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imals pretreated with benztropine mesylate compared with those pretreated 
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The secretion of the anterior pituitary hormone, prolactin, 
appears to be dominantly regulated by a prolactin-inhibitory 
factor liberated by the hypothalamus as a result of afferent 
dopaminergic impulses ( 1  -3). Dopamine is believed to be the 
major prolactin-inhibitory factor (4). In  addition, prolactin 
release appears to be mediated to some extent by prolactin- 
releasing factors ( 5 ) .  Evidence also exists in animals that 
cholinergic and serotonergic mechanisms modulate the se- 
cretion of prolactin at the level of the pituitary (6-9). Although 
pilocarpine and physostigmine inhibited prolactin secretion 
in rats (8, 10, 1 I ) ,  no effect was observed on neuroleptic-in- 
duced'prolactin secretion in this species ( 1 1) .  There are com- 
plex and conflicting reports concerning the effects of cholin- 
ergic blocking drugs on serum prolactin levels in humans and 
animals (6, 1 1 ,  12). 


A fairly good correlation bctween the antipsychotic potency 


of various neuroleptics and their prolactin-stimulating effects 
has been demonstrated both in humans and rats (9, 13-1 5 ) .  
Neuroleptics differ considerably in their intrinsic central an- 
ticholinergic properties (16). According to La1 et al. (17) such 
differences may account, at least in part, for variations in 
serum prolactin-stimulating properties found among anti- 
psychotic agents. This suggestion was based on their demon- 
stration in humans that intramuscularly administered benz- 
tropine mesylate, a muscarinic receptor-blocking agent, sig- 
nificantly enhanced the elevated prolactin levels induced by 
intramuscularly administered haloperidol (1 7). However, no 
attempt was made to determine if benztropine mesylate in- 
fluenced prolactin secretion by altering haloperidol metabolism 
(17). 


In this laboratory, comparison of the rank-order of reported 
central anticholinergic activity of nine antipsychotic drugs 
belonging to five chemical classes of neuroleptics appeared not 
to have significant effect upon either the magnitude or duration 
of prolactin stimulation in rats (18). However, there are no 
assurances that central anticholinergic threshold levels had 
been reached with the doses of drugs utilized. 


In light of the above, it appeared desirable to further in- 
vestigate the possible role of anticholinergic activity in ell- 
hancing neuroleptic-induced prolactin secretion in rats, to help 
clarify if a species difference exists between humans and rats 
in regard to this effect, and to determine if benztropine 
mesylate influences haloperidol plasma levels. The present 
investigation examined the effects of benztropine mesylate on 
haloperidol-induced prolactin secretion and serum haloperidol 
levels in  rats. 


EXPERIMENTAL SECTION 


Two hundred and forty male Sprague-Dawlcy adult rats' (225-300 g) were 
divided into 24 equal groups. The rats were housed for 14 d prior to the study 


I Taconic Farms. Germantown. N.Y.  
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in a temperature-controlled (23 f 3'C) artificially illuminated (lights on from 
7:OO a.m. to 7:OO p.m. daily) room. The animals were given food2 and water 
ad libitum. Between 12:30 p.m. and 2:OO pm., each group was injected in- 
traperitoneally with a 2-mg/kg dose of benztropine mesylate3 [a dose previ- 
ously shown to produce a rapid onset of central anticholinergic action (19) 
with a duration of action of -24 h (20)] or an q u a 1  volume of normal saline. 
Twenty minutes following pretreatment, 12 groups of rats received 0.5 mg/kg 
of haloperidol injection4 administered intraperitoneally and the remaining 
animals received an equal volume of normal saline. Haloperidol was chosen 
becausc of its weak central anticholinergic effects ( I  6). The dose utilized was 
previously shown in this laboratory to producc a significant increase in serum 
prolactin secretion above baseline levels for a period of 180 min (15). 


Blood samples were obtained by decapitation from the trunk portions at  
0, 30.60, 90, 120, and 150 min after haloperidol or normal saline adminis- 
tration. Blood samples were allowed to stand for 10 min ai  4°C; the serum 
was separated and stored at - 2 O T  until prolactin and haloperidol analyses 
could be performed. Serum samples were analyzed for prolactin by a dou- 
ble-antibody competitive binding assay. Iodinated rat prolactin, prepared by 
a modification of the Hunter-Greenwood method (21), was obtained com- 
mereially5. Rat prolactin antiserum and the reference prolactin standard were 
supplied by the Rat Pituitary Distribution P r o g r a d .  The procedure for 
prolactin analysis was modified by the use of a precipitating second antibody 
suspended in polymer solution7. All results are expressed in terms of National 
Institute of Arthritis, Diabetes, and Digestive Diseases and Kidney 
(NIADDK) rat prolactin. Each serum sample was assayed in duplicate and 
the mean was taken as representative of true prolactin concentration. All test 
and control samples were determined concurrently; the intra-assay variation 
was 4.2%. 


Serum haloperidol concentrations were determined utilizing a commercially 
available RIA kits according to the instructions supplied. The procedure uses 
a tritiated label and the bound and free haloperidol are separated by adsorption 
on dextran-coated charcoal. All tests and control samples were determined 
concurrently and the results are expressed in pg/mL. The intra-assay variation 
was 4.7%. Statistical significance was determined by a two-way fixed analysis 
of variance and factorial analysis of variance with repeated measurements 
(22). 


RESULTS 


Evaluation of serum prolactin levels over 150 min, in rats pretreated with 
normal saline followed by intraperitoneal injection of haloperidol (Fig. I ) .  
indicated a significant rise in serum prolactin compared with controls (saline 
pretreated/saline treated rats; F(1.91) = 5 3 . 5 1 , ~  < 0.0001). Likewise, there 
was a significant rise i n  serum prolactin in  the 150-min period following in- 
traperitoneal injection of haloperidol (Fig. 1) in rats pretreated with benz- 
tropine mesylate compared with controls (benztropine pretreated/saline 
treated_ rats; F(1.98) = 74.64, p < O.ooO1). There was nosignificant difference 
in  the prolactin levels of the control animals (Fig. I ) .  i .e..  saline pretreated/ 
saline treated rats uersus benztropine pretreated/saline treated rats over the 
time period of this experiment (F(I.87) = <1.0, not significant). Additionally, 
there were no significant differences in  the mean prolactin levels of the halo- 
peridol-treated rats pretreated with either saline or benztropine mesylate 
(F(,1,87) = 3.80, p > 0.05). However, when the data were analyzed by a fac- 
torial analysis of variance the prolactin concentrations for the 30- 150-min 
sampling period were significantly higher when the rats received benztropine 
mesylate prior to haloperidol than whcn they received saline prior to halo- 
peridol (F(1.89) = 4 . 3 6 , ~  < 0.05). This approach more fully captured the in- 
terrelations between the drugs and prolactin than standard straight baseline 
comparisons and permitted the use of simple main effects to isolate the locus 
of effect on prolactin due to haloperidol within benztropine mesylate. 


Table I shows the effects of benztropine mesylate and normal saline pre- 
treatments on serum haloperidol levels over a period of 150 min. Serum ha- 
loperidol levels were not significantly different in animals pretreated with 
benztropine mesylate compared with animals pretreated with saline (F( l . 89 )  
< I .O, not significant). There was a significant correlation ( r  = 0.57, p < 
0.001) between the serum prolactin and serum haloperidol levels in haloper- 
idol-treated animals pretreated with either benztropine mesylate or saline. 


Purina Lab Chow; Ralston Purina Co., St. Louis. Mo. 
Mcrck Sharp and Dohme, Westport. Pa. 


New England Nuclear, Boston, Mass. 
National Institute of Arthritis, Diabetes, Digestive Diseases and Kidney (NIADDK), 


Rat Pituitary Hormone Distribution Program, National Pituitary Agency, Baltimore, 
Md. 


' McNeil Laboratories, Fort Washington, Pa. 


' Clinical Assays-Division of Travenol Laboratories. Cambridge, Mass. 
Damon Diagnostics. Needham Heights, Mass. 
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Figure 1 -Effects of pretreatment with benztropine mesylate or saline on 
the serum prolactin levels induced by treatment with haloperidol or saline. 
Each point represents a mean of10 male rats; vertical lines show the SEM. 
Key: (e) saline pretreatment/saline treatment: (A) benztropine mesylate 
pretreatmentlsaline treatment; (0) saline pretreatment/halop.ridol treat- 
ment; (A) benztropine mesylate pretreatment/halr,peridol treatment. 


DISCUSSION 


Prolactin-elevating potency of neuroleptics in rats h a s  previously been shown 
to correlate well with dopamine receptor blockade (23). The presence of a 
tuberoinfundibular cholinergic pathway has been described in rats (24). 
Adrencrgic neurons regulating prolactin release have receptors for acetyl- 
choline, and cholinergic neurons in the hypothalamus may terminate on ad- 
renergic neurons ( I  1) .  Pilocarpine has been shown to inhibit prolactin secretion 
in rats, and atropine reversed this effect ( I  I ) .  Atropine has been shown to 
potentiate neuroleptic-induced prolactin secretion in the monkey (6). These 
data are consistent with an inhibitory muscarinic mechanism on prolactin 
secretion. Although cholinergic drugs reduce prolactin secretion in the rat, 
after blockade of catecholamine receptors by chlorpromazine, haloperidol, 
or pimozide, no reduction in  serum prolactin could be seen (1 I ) .  Paradoxically, 
atropine may also reduce prolactin levels in the rat (8). 


In humans it has been demonstrated that some patients who were receiving 
anticholinergic antiparkinsonian drugs in addition to chronic neuroleptic 
treatment had higher circulating prolactin concentrations than subjects on 
neuroleptics alone (25). However, in this laboratory previous comparisons 
of the rank-order of reported intrinsic central anticholinergic activity of nine 
antipsychotic drugs (belonging to five chemical classes of neuroleptics) with 
the experimentally determined rank-orders of time of maximum serum pro- 
lactin levels, magnitude of prolactin secretion at each sampling period, or the 
maximum serum prolactin elevation for each drug, demonstrated no significant 
correspondence ( 1  8). These comparisons suggested that reported intrinsic 
anticholinergic activity of neuroleptics did not have a significant effect upon 
either the magnitude or duration of prolactin stimulation produced by these 
drugs in rats. Although the doses of neuroleptics employed correspond well 
with human therapeutic dosages and produced marked prolactin stimulation, 
central anticholinergic activity was not experimentally determined. It is 
possible that anticholinergic threshold levels may not have been reached in 
rats with the doses utilized for some or all of the drugs; this requires further 
investigation. 


In the present study the antimuscarinic agent, benmopine mesylate, had 
no effect on basal prolactin secretion i n  the rat but did significantly enhance 
the prolactin elevation promoted by haloperidol. This finding in the rat exactly 
corresponds to the observation in humans that intramuscularly administered 
benztropine mesylate did not significantly influence basal prolactin levels but 
did significantly enhance prolactin levels induced by intramuscularly ad- 
ministered haloperidol (17).  


The present study also demonstrated that benztropine mesylate enhanced 
prolactin secretion independent of an effect on haloperidol metabolism, since 
pretreatment with benztropine did not significantly alter serum haloperidol 
lcvels. I t  appears that in both species cholinergic mechanisms have no effect 
on basal prolactin secretion but exert a weak inhibitory effect under conditions 
of dopamine receptor blockage. 
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Table I-Effects of Benztrooine Mesvlate and Saline hetreatments on Serum Halowridol Levels 


Pretreatment 
Serum Haloperidol Levels, pg/mL’ 


0 min 30 min 60 min 90 min 120 min 150 rnin 


Saline* 0.15 f 0.05 16.92 f 2.80 10.80 f 1.41 8.47 f 1.25 7.00 f 0.78 6.60 f 0.49 
Benztropine MesylateC 0.32 i 0.30 15.7 I f 3.42 9.20 f 1.17 8.38 f 0.96 6.76 f 1.04 6.20 f 0.97 


0 Mean f SEM; n = 10 animals per group. 2 rnl/kg ip 20 rnin prior to a 0.5-mg/kg ip injection of haloperidol. 2 mg/kg ip 20 min prior to a O.S-mg/kg ip injection of haloper- 
idol. 


It is unlikely that the antihistaminic properties of benztropine (26) or its 
inhibiting effect on the uptake of dopamine in certain brain regions (27) ac- 
counted for the reported observations. Libertun and McCann (28) found, in 
rats, that a dosedependent rise in prolactin produced by histamine was blocked 
by the antihistamine diphenhydramine. It has also been reported that the 
inhibition of dopamine uptake by benztropine mesylate may potentiate the 
synaptic actions of dopamine (27). and dopamine has been shown to be a 
highly effective inhibitor of prolactin secretion (29). Lastly, although serum 
prolactin and serum haloperidol levels are statistically highly correlated. they 
should not be used interchangeably as the basis for experimental observations 
since >67% of the variance remains unknown. 
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Abstract 0 [3H]gentamicin and [14C]gentamicin samples were purified by 
Sephadex column chromatography and separated by an HPLC technique into 
the three major, medicinally active gentamicin components. These separated 
components were used in equilibrium dialysis studics to dctcrmine their percent 
binding to serum proteins. The bindings of the componcnts wcrc inversely re- 
latcd to concentrations of ionized calcium and magnesium. When dialyzed 
against a buffer containing physiological concentrations of the divalent cations, 
the bindingof theC(l)componentwas2.2 f I.O%.the bindingoftheC(1a) 
component was 1 .2  f 1.9%, and the binding of the C(2)  component was 5.0 
f 2.0%. The percent bindings are not identical and, due to their low values, 
probably have negligible clinical significance. The radioactive composition 
and purity of the 3H- and I4C-labeled gentamicin samples differed and thcsc 
may be important factors in thc variance of reported gentamicin bindings. 


Keyphrases 0 Gentarnicin-component separation serum protein binding. 
radiolabels, HPLC 0 Serum protein binding-radiolabeled gentamicin, 
component separation, HPLC 


Since its discovery in 1963, the use of the broad spectrum 
antibiotic gentamicin has found acceptance in the treatment 
of gram negative infections (1).  Because nephrotoxicity and 
ototoxicity are associated with gentamicin administration, its 
use has been somewhat limited (2). In evaluating the phar- 
macokinetics and renal cortical uptake of gentamicin, its 
binding to serum proteins was investigated. However, reported 
gentamicin binding varies from 0 to 30% (3-8). Parameters 
which influence the binding of gentamicin to serum proteins 
and which must be controlled in these binding studies are the 
levels of ionized calcium and magnesium (6, 7) and the use of 
m u m  rather than  heparinized plasma (6 ) .  However, the 
chemical puri ty  of the radioactively labeled gentamicin used 
i n  some studies was not well defined. To further examine 
gentamicin binding to serum proteins, our study was designed 
to scparatc both 'H- and I4C-labeled gentamicin samples into 
the three major, medicinally active components [C( I ) ,  C( la) ,  
and C(2)J and to determine the percent binding of these 
components to the proteins of a serum pool prepared from 
hospital paticnt samples. 


EXPERIMENTAL SECTION 


Gentamicin sulfate1 and [14C]gentarnicin sulfate2 (120 mg, specific activity 
830 pCi/mg) were generously donated. Unlabeled gentamicin (I00 mg) was 
tritium labeled3 by the high-pressure gas phase technique (crude product 
specific activity 0.37 mCi/mg). The scintillation cocktail was commercially 
obtained4. Unless otherwise specified. all other chemicals were reagent grade. 
The serum used in the experiments was prepared by pooling the excess of 
>2000 specimens from adult hospital patients. The pool was divided into 5-mL 
aliquots, which were kept at -5°C until use, to a maximum of 6 months. 


I Lot No 1045-268-3194; Schcring Corp. * Lot No. 5883-1 18; Schering Corp. 
N e w  England Nuclear, Boston. Mass. 


4 Aquasol; New England Nuclear. 


Purification of Radioactive Gentamicin with Thin-Layer Chromatographic 
Detectlon-Radioactive gentamicin was partially purified with Sephadex 
column chromatography using a modification of the method of Mahon et al. 
(9). Aliquots ( I  mL) were collected into test tubes. One microliter from each 
aliquot was placed into scintillation vials containing 10 mL of the scintillation 
fluid. The vials were counted in  a liquid scintillation counter5. The fractions 
showing the highest level of radioactivity were saved and the others were 
discarded. The fractions containing gentamicin were identified by TLC. Al- 
iquots (100 pL) were spotted on a silica gcl TLC plate6. A l-mg/mL nonra- 
dioactive gentamicin solution (25 gL)  in  water was used as a marker on either 
side of the plate. The solvent system was chloroform-I 7% NH1OH-metha- 
nol-HzO (1:2:4:l, by volumc). One percent ninhydrin in ethanol was used as 
the visualization agent. This system separates gentamicin into three bands 
which corrcspond to the three major components of the active drug. 


Liquid Chromatographic Separation into Gentamicin Components-The 
HPLC separation of radioactive gentamicin into its three major components 
was accomplished by a modification of the ion-pair method of Anhalt and 
Brown (10). This was done with an HPLC unit using a Cl8 column' with a 
mobile phaseof 0.2 M Na2S04.0.02 M sodium pentane sulfonate, and 0.1% 
(v/v) acetic acid in water-methanol (97:3) at a flow rate of 2 mL/min at  
ambient temperature. Samples (25 pL) were injected and collected fractions 
were analyzed both by TLC and liquid scintillation counting. 


Dialysis Studies-Equilibrium dialysis was carried out in a multicavity 
dialysis cell8 (eight chambers. 1 .O-mL capacity each) with cellulose dialysis 
membranes9. Human pooled serum was dialyzed against an equivalent amount 
of a buffer containing a radioactive gentamicin component (purified by 
Sephadex and HPLC) and nonradioactive gentamicin at  a concentration of 
10 pg/mL. Divalent cation concentrations were varied by changing thecon- 
centration of these species in the buffer from zero to four times the physio- 
logical concentrations. Divalent cation concentrations of the serum samples 
were varied by adding equivalent amounts of EDTA to the serum to reduce 
thcir concentrations to zero or by adding the appropriate amount of these 
cations to the buffer to bring the concentrations to four times the physiological 
value. Dialysis membranes wcre prepared by boiling them in distilled water 
three times and then soaking them overnight in  thedialysis buffer of0.05 M 
Tris, 0.1% sodium azide, and 0. I5 M NaC1 (adjusted to pH 7.4 with I M HCI). 
All dialysis experiments were equilibrated for a 48-h period in  a thermally 
controlled (37'C) shaking waterbathlo. Control experiments, consisting of 
buffer wi th  gentamicin against buffer without gentamicin, were also r u n .  


Model 3 3 8 5 .  TRI-CARB; Packard. 
LKSD. silica el 8 nm; Whatman, Clifton. N.J. ' p-Bondapak column, Model 204; Watcrs. * Model 348; Eel Art  Products, Inc. 
Model No. 43020; Roche. 


lo Model 50; GCA/Precision Scientific. 


Table I-Percent Radioactivity of Gentamicin Components Separated by 
Liquid Chromatography 


'H-Labeled I4C-Labeled Sample 
ComDoncnt SamDlea Our Data" Manufacturer's Data 


21% 58% 54.4% 
42% 6% 10.4% 


C(I )  
C( I a )  
C(2) 31% 36% 35.2% 


These percentages correspond to the radioactivity of the HPLC-separated compo. 
nents used in the dialysis studies. not to the overall radioactive composition of the initirl 
>drnplc 


1036 I Journal of Pharmaceutical Sciences 
Vol. 73, No. 12. December 1984 


0022-3549184 1200- 1836$0 1.0010 
@ 1984, American Pharmaceutical Association 







Table 11-Percent Binding of Centamicin Components to Serum Proteins. 


Serum 
Environment C( I )  Component C ( l a )  Component C(2) CompQnent 


'H-Label data 
I4C-Label data 
3H- and I4C-Label data 


'H-Label data 
I4C-Label data 
'H- and I4C-Label data 


'H data 
I4C data 
'H and I4C data 


'H-Label data 
I4C-Label data 
'H- and I4C-Label data 


8.7 f 3.9 ( 5 )  
5.8  f 2.2 (4) 
7.4 f 2.4 (9) 


2.1 f 1.5 (10) 
2.3 f 0.6 ( 5 )  
2.2*1.0(15)  


3.6 f 4.2 (4) 


1 .O f 0.8 (9) 
- 1 . 1  f 1.7 ( 5 )  


Absence of Ca2+ and Mg2+ 
p < 0.01 2.8 f 1.1 (4)  
p < 0.01 3.4 f 2.9 (3) 
p < 0.01 3.1 f 1.0(7) 


p < 0.01 1.5 f 1.8 (12) 
0.2 f 8.1 (4) 


p = 0.01 1 . 2 f  1 .9(16)  


Normal Ca2+ and Mg2+ 


p = 0.02 


Elevated Ca2+ and Mg2+ ( X  4) 
D < 0.01 2.3 f 3.0 (4)  
p = 0.57 
p = 0.46 


Controls 
0.8 f 0.6 (34) 


-2.8 f 5.3 (4j  
-0.3 f 3.2 (8) 


-0.4 f 1.1 (21) 
0.4 f 0.6 ( 5 5 )  


p = 0.02 
p = 0.02 
p < 0.01 


p = 0.05 
p = 0.70 
p = 0.27 


p = 0.14 


p = 0.50 
p = 0.1 1 


5.7 f 3.3 (5) p < 0.01 
7.2 f 1.5 ( 5 )  p < 0.01 
6.5 f 1.4 (10) p < 0.01 


6.8 f 2.2 (10) p < 0.01 
1.4 f 1.5 (5)  p = 0.12 
5.0 f 2.0 ( I  5) p < 0.01 


5.1 f 4 6 ( 5 )  p<O.OI  
0.6 f 1.2 (5) p = 0.12 
2.2 f 2.9 (10) p = 0.05 


~~ ~~ ~ ~ ~~ ~~~~ ~~ 


All bindings are given as: mean f 95% confidence limit (number ofdata points); p values are the probabilities for the f test comparing the pcrcent binding values to the control 
values. Total gentarnicin concentrations in  serum at equilibrium were at 5 pg/mL during this study. 


Liquid scintillation counting was done on the serum and buffer portions after 
minimizing quenching differences through a matrix equalization procedurc. 
I n  this procedure, pooled serum without gentamicin was dialyzed against 
buffer without gentamicin to reproduce the slight changes due to the osmotic 
cffcct during dialysis. The dialyzed serum without gentamicin was added to 
an equal volume of radioactive buffer, and the dialyzed buffer without gen- 
tamicin was added to an equal volume of radioactive serum before counting 
on the liquid scintillation counter. The percentage of drug bound to the serum 
proteins was calculated as published by Olsen ( I  I ,  12). Radiochemical analysis 
of thc dialysis membrane indicated that negligible binding-absorption of 
gcntnmicin had occurred to this membrane. 


RESULTS AND DISCUSSION 


TLC analysis of the Sephadex-enriched ['Hlgentamicin showed significant 
amounts of radioactive material a t  theorigin and in locations other than those 
attributable to known gentamicin components, demonstrating incomplcte 
purification. 


The results of the HPLC separation of Sephadex-treated radioactive gen- 
tamicin into its components is presented in Table 1. Essentially all of the ra- 
dioactivity of the tL4C]gentamicin can be ascribed to the gentamicin com- 
ponents, whereas significant radioactivity (-25%) of the [3H]gentamicin was 
found in HPLC fractions that contained negligible gentamicin, mostly in the 
fractions eluting early. Some tritiated impurities possibly also bind to serum 
proteins. This binding of impurities may explain the observation that a tritiated 
gentamicin sample, purified by Sephadex but not HPLC, gave 15, 10, and 
6% binding with zero, normal, and elevated divalent cation levels as compared 
with 5.1, 3.6, and 3.6% for the combined bindings of the HPLC purified- 
separated tritiated components. 


Multiple equilibrium dialysis experiments were carried out using either 
[3H]gentamicin components or ('4C]gentamicin components. The data are 
summarized in Table 11. There were also 34 control experiments using 
(3H]gentamicin and 21 control experiments using [I4C]gentamicin, all run 
concurrently with onc or another serum dialysis experiment. The criterion 
for assessing the difference in binding from zero of a given gentamicin com- 
ponent in a given environment was the comparison of thc average test expcr- 
iment data with the average control result, using the Student's I test. 


The bindings are inversely related to concentrations of ionized calcium and 
magncsium as reported earlier (6 ,7) .  In the absence of ionired calcium and 
magnesium in the serum pool, partially separated gentamicin components, 
C( I ) ,  C( la), and C(2). all showed binding different from zero, a t  7.4,3.l,  and 
6.5%. respectively. I n  the presencc of physiological conccntrations of calcium 
and magnesium, components C( I )  and C(2) showed binding. The averages 
were 2 2 and 5.0'70, respectively. Component C( la)  showed no binding under 


these conditions. In the presence of calcium and magnesium concentrations 
which were four times the usual physiological conccntrations, none of the 
components showed binding when average data wcre uscd. There were two 
discrepancies, however, in that the tritium-labeled C(1) and C(2) components 
showed binding at 3.6 and 5.1%. respectively. This Finding is probably due 
either to incomplete separation of the tritiated gentamicin components from 
nondrug impurities, or to a large precision error. A three-way analysis of 
variance using the Fisher F ratio showed that the 4X physiological divalent 
cation, physiological divalent cation, and no divalent cation binding results 
were different for the C(  1) component (p < 0.001). for the C(2) component 
(p = 0.030), but not for the C(la)  component [for which theonly binding was 
in the absence of calcium and magnesium (p = O.L79)]. 


Several fresh serum samples. drawn from volunteers, were used in dialysis 
experiments and showed degrees of binding comparable to those obtained using 
pooled serum. The bindings of the individual gentamicin components to serum 
proteins are different and, due to their low values, this binding effect probably 
has no clinical significance. This study indicates that, besides thc use of serum 
rather than hcparinized plasma and control over the divalent cation concen- 
trations. other significant factors in  the variance of reported gentamicin 
bindings may be the radioactive purity and relative composition of labeled 
gentamicin mixtures. Thus, thcse factors must be better controlled or, at least, 
better documented in protein binding studies. 
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Abstract 0 A highly selective and sensitive high-performance liquid chro: 
matographic assay employing a thermal energy analyzer as  the detector for 
nitroglycerin and its dinitrate metabolites in  human plasma has been devel- 
oped. Prior to chromatography the method employs a simple one-stage ex- 
traction step. Nitroglycerin and its dinitrate metabolites are then chromato- 
graphed on a 10-pm nitrile bonded phase column using an internal -external 
standard method. The nitroglycerin and its I ,2,3-propanetriol-l,3- and 
-1,2-dinitrate metabolites (glyceryl-1.3- and -1,Z-dinitrate) have a retention 
time of 8.5, 10.5, and I I .5 min, respectively at a flow rate of 2.0 mL/min for 
a mobile phase of 5% v/v  acetode in  n-hexane. The limits of sensitivity were 
0.05 ng/mL for nitroglycerin and 0.25 ng/mL for the dinitrate metabolites. 
Linearity of response was observed over the O.l-2.0-ng/mL range for nitro- 
glycerin and 0.5-lO.O-ng/mL range for the dinitrate metabolites. Blood level 
data from a pilot study with human volunteers in receipt of an oral form of 
nitroglycerin is presented. 


Keyphrases 0 Nitroglycerin-HPLC, parent drug, dinitrate metabolites, 
human plasma 0 Thermal energy analyzer-HPLC, nitroglycerin, dinitrate 
metabolites, human plasma 


Nitroglycerin has been shown to be an effective vasodilator 
used prophylactically in the treatment of angina (1). The 
majority of published methods for the analysis of nitroglycerin 
in plasma employ GC with electron-capture detection (ECD) 
(2-4). These sensitive methods require complicated extraction 
procedures and careful handling to ensure reproducibility. 


A recent publication ( 5 )  describes a very sensitive and rapid 
assay employing negative ion GC-MS; however ionization 
techniques are not suitable for analyses of large routine 
workloads due to continuous contamination of the ion source. 
A high-performance liquid chromatographic (HPLC) pro- 
cedure with a thermal energy analyzer as detector has been 
reported for determining nitroglycerin and its metabolites in 
beagle dog blood (6). This method has been criticized (7) as 
being insufficiently sensitive for the determination of the 
compound in humans following therapeutic doses. 


Our laboratories have successfully used HPLC combined 
with the thermal energy analyzer for the analysis of isosorbide 
dinitrate in human plasma (8). This report describes the de- 
velopment of a highly sensitive and robust procedure for the 
assay of nitroglycerin and its dinitrate metabolites in human 
plasma using similar techniques. 


EXPERIMENTAL SECTION 


Materials and Apparatus-Pure authentic trinitroglycerin1 and isosorbide 
dinitrate* were used as receivcd without purification as a standard and internal 
standard, respectively. I ,2,3-Propanetriol- I Jdinitrate (glyceryl- 1.2-dini- 
irate)) and I ,2,3-propanetriol-l,3-dinitrate (glyceryl- 1.3-dinitrate)) were 
supplied as lO?6 dispersions in cornstarch and purified by extraction with a 
dichloromethane-ethyl acetate ( I :  I ,  V/V) solution before use. All chemicals 


I 1% Trinitroglycerin solution A R T  7753; E. Merck, Darmstadt, F.K.G. * Kindly donated by R e d  and Carnrick Inc., N.J. 
Kindly donated by Professor A. Beckett, Chelsea College, London. 


used were Analar4 grade. All solvents used were glass distilled5 or HPLCS 
grade. 


The HPLC pump6 was fitted with a loop injector' with a 100-pL loop. The 
system was interfaced to a thermal energy analyzers with the following con- 
ditions: furnace temperature, 575OC; argon flow rate, 15 mL/min; oxygen 
flow rate, 25 mL/min; range X 8. The slush bath of the instrument consisted 
of methanol and solid carbon dioxide pellets and was maintained at -77OC. 
The signal was recorded on a 10.0-mV recorder9. 


A 25-cm X 0.46-mm i.d. column containing a polar bonded-phase packing 
materialt0, was employed at ambient temperature. The material is uniformly 
spherical, and each particle is -6 pm in diameter. The mobile phase was 
prepared by mixing acetone and n-hexane in a ratio of 5:95. The solution was 
deaeratcd in an ultrasonic bath" and was purged with pure helium immedi- 
ately prior to use. The mobile phase was pumped in an isocratic manner 
through the column at ambient temperature at a flow rate of 2.0 mL/min, 
giving a back-pressure -500 psi. All glassware was treated with a siliconizing 
agentI2 and allowed to dry prior to use. 


Standard Solutions-Solutions of nitroglycerin, glyceryl-l,2-dinitrate, 
glyceryl-l,3-dinitrate, and isosorbide dinitrate were prepared daily and stored 
at  4OC. These solutions were prepared as follows; a working standard solution 
of nitroglycerin was prepared at  a concentration of I mg/ 100 mL in n-hexane; 
the internal standard, isosorbide dinitrate, was prepared at a concentration 
of I0 mg/ 100 mL in n-hexane. Working standard solutions were prepared 
for isosorbide dinitrate, glyceryl-l,2-dinitrate, and glyceryl-l,3-dinitrate at 
concentrations of 100 pg/100 mL in n-hexane. 


Plasma standards were produced by spiking 5.0-mL aliquots of fresh human 
plasma with appropriate volumes of the plasma standard solutions to give a 
range of calibrators with concentrations of nitroglycerin at 0,O.l. 0.25.0.5, 
1 .O. 1.5, and 2.0 ng/mL and glyceryl-1,2-dinitrate and glyceryl-1.3-dinitrate 
at 0,O.S. 1.0,2.5,5.0,7.5, and 10 ng/mL. These standards werevortex mixed 
for 30 s and then allowed to stand at 4OC for 15 min to equilibrate. 


The range of calibrators were taken through thecomplete extraction pro- 
cedure a s  described below. Calibration curves were constructed by plotting 
the peak height ratio of nitroglycerin and its dinitrate metabolites to isosorbide 
dinitrate, the internal standard, wrms the appropriate conccntrations of the 
compounds. Plasma samples were similarly treated and the peak height ratios 
referred to the appropriate calibration curve to read the concentration of ni- 
troglycerin and its dinitrate metabolites present. 


Method-All blood samples withdrawn from subjects in receipt of nitro- 
glycerin were colkcted into treated glass syringes and transferred into treated 
glass tubes containing 250 U of heparin and 25 p L  of 0.002 M silver nitrate 
solution. The tubes were immediately mixed by inversion and centrifuged at 
IOOOXg for 10 min at  4OC. 


Aliquots (5.0 mL) of the fresh plasma samples were transferred into 
25.0-mL glass extraction tubes fitted with screw caps with polytef liners. 
Working isosorbide dinitrate internal standard solution (10 pL) was added 
to all tubes giving a concentration of 2.0 ng/mL of internal standard. Di- 
chloromethane-ethyl acetate ( I : 1 ,  v/v, 15.0 mL) wasaddcd toall tubes, which 
were then capped tightly and shaken mechanically on a horizontal shaker" 
a t  250 cycles/min for 5 min. The tubes were then centrifuged at 750Xg for 


' B.D.H. Ltd.. Poolc. Dorset, England. 


' Rheodync type  7125; Rheodyne Inc., Calif. * Model 502A/I.C; Analytical Instruments Division, Thermo Electron Corp., Wal- 


Rikadenki Mitsui Ltd., Machinery Sales, Chessington. Surrey, England. 
lo  Zorbax CN; Dupont Instruments Ltd., Stcvcnage. Herts.. U.K.  
I I  Baird and Tatlock Ltd.. Romford, h e x .  


Surfasil; Pierce and Warrincr (U.K.) Ltd.. Chester. Cheshire, U.K. 
l 3  Braun Lab Shaker LSL; i-T Scientific Ltd., Tewkesbury, England. 


Rathburn Chemicals Ltd.. Walkerburn, Peebleshire. Scotland. 
L.D.C. Constametric I l lG  HPLC Pump; Milton Roy Corp.. Fla. 


tham, Mass. 
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Table I-Confidence Limits of the Analysis of Spiked Plasma Standards 
for Nitroglycerin and Its Dinitrate Metabolites 


2 


2 I 


0 A 15 15 ' C 0 15 0 


MINUTES MINUTES MINUTES 


Figure I --Determination of nitroglycerin and its metabolites in plasma. Key: 
(A )  spiked test plasma extract containing 0.5 nglmL of nitroglycerin (I) .  2 
ng/mL of isosorbide dinitrate internal standard (21, 2.5 ng/mL of glyceryl- 
1.3-dinitrate (3), and 2.5 nglmL of glyceryl-1.2-dinitrate (4); (B)  spiked 
plasma extract containing 2 nglmL of isosorbide dinitrate internal standard 
(2): (C) plasma extract from a sample withdrawn 15 min following dosing 
of 2 X 4 m - p g  nitroglycerin sublingual tablets to an adult healthy volunteer 
indicating the presence of nitroglycerin (I). isosorbide dinitrate (2) (internal 
standard). glyceryl- 1.3-dinitrate (3). and glyceryl-I, 2-dinitrate (4) .  


5 min at 0°C. The upper aqueous phases were aspirated to waste using a water 
pump14 and the lower organic phases were carefully transferred to 20-mL glass 
vials. The organic phases were then evaporated just to dryness under a gentle 
stream of nitrogen at  rmm temperature. The vials were capped and stored 
at -2O'C. Immediately prior to analysis on the HPLC, the residues were 
reconstituted in 150 1 L  of n-hexane. 


RESULTS AND DISCUSSION 


The chromatographic conditions described were implemented to give the 
best compromise between chromatographic resolution and peak symmetry 
and relatively short retention times to permit the analysis of a large throughput 
of samples with good accuracy and precision. Using these HPLC conditions, 
isosorbide dinitrate, nitroglycerin, glyceryl- 1,3-dinitrate, and glyceryl- 1.2- 
dinitrate give retention times of 7.3.8.5, 10.5, and 1 1.5 min, respectively, with 
a run time between each injection of 15 min. 


Figure 1 illustrates a typical plasma chromatogram, chromatograms of 
spiked plasma samples, drug-free control plasma, and plasma following dosing 
of a sublingual preparation of nitroglycerin (for comparison). Standard cal- 
ibration lines were constructed by plotting the peak height ratios of nitro- 
glycerin and its dinitrate metabolites to the isosorbide dinitrate internal 
standard against the respective concentrations of the compounds. Linearity 
was found over the standard calibration ranges employed for the parent drug 
and metabolites. Coefficients of variation of 11.6% at 0. I ng/mL and 6.6% 
at 2.0 ng/mL were found for nitroglycerin; comparable data were obtained 
for the metabolites. The 95% confidence limits obtained for five replicate 
plasma standard calibrations are shown in Table I and indicate g o d  precision 
throughout the ranges employed. 


Within- and between-batch reproducibility is demonstrated with the fol- 
lowing data. Ten replicate plasma control samples were assayed on the same 
day for each parameter a t  two levels. Nitroglycerin spiked at 0.4 and 1.0 
ng/mL gave mean results of 0.43 (SD, f 0.06) and 1.06 (SD. f 0.1 8). Be- 
tween-batch reproducibility on a series of seven control samples for each pa- 
rameter was 1.7-1 1.5% (mean, 6.1%) for nitroglycerin, 2.4-14.2'70 (mean, 
6.7%) for glyceryl- I ,3-dinitrate, and 3.0-9.070 (mean, 6.1%) for glyceryl- 
I .2-dinitrate. Spiked pooled plasma samples, when assayed after 7 and 14 d 
storage at -25'C, appeared not to have deteriorated on storage. Nitroglycerin 
determined in duplicate samples giving initial mean values of 0.26 and 0.78 
ng/mL gave a mean value of 0.22 and 0.66 ng/mL at  7 d and 0.22 and 0.77 
ng/ml. at 14 d. Glyccrql-l.3-dinitrate and glyceryl-1.2-dinitrate were spiked 
at concentrations of 1.75 and 3.45 ng/mL and also proved to be stable over 


Filter pump; Baird and Tatlock Ltd. 


GI cer 1-1 2-Dinitrate GI ceryl-1,3-Dinitrate 
- a i  nl /mL 95%Limits 


0.1 0.02 0.5 0.04 0.5 0.07 
0.25 0.018 I .o 0.04 I .o 0.09 
0.5 0.08 2.5 0.14 2.5 0.3 I 
I .o 0.07 5.0 0.12 5.0 0.35 
I .5 0.14 7.5 0.35 7.5 0.45 
2.0 0.18 10.0 0.41 10.0 0.27 


the 14-d period. The mean overall recoveries for nitroglycerin and its dinitrate 
metabolites were calculated over the calibration ranges by comparing peak 
height ratios for unextracted standards to those taken through the extraction 
procedure and corrected for the recovery of the internal standard. The re- 
coveries were 76.4% for nitroglycerin, 70.2% for glyceryl-l,3-dinitrate, and 
77.0% for glyceryl-1.2-dinitrate. 


The minimum detectable levels of nitroglycerin and the I ,3- and I ,2-dini- 
trate metabolites, determined as  the lowest levels discernible over a baseline 
signal-to-noise ratio of 2:1, were 50, 250, and 250 pg/mL, respectively. These 
data demonstrate that the developed procedure is sufficiently sensitive and 
robust for the investigation of the pharmacokinetics of nitroglycerin in humans 
and further, for the first time, data on two important metabolites of the parent 
compound can be studied in humans. 


Figure 2 illustrates plasma concentration-time profiles representing mean 
data obtained from 13 subjects in receipt of 800 pg (2  X 400 f i g )  of nitro- 
glycerin as sublingual tablets. The data on nitroglycerin and its dinitrate 
metabolites is accompanied by the 95% confidence limits for the individual 
subject data a t  each time point. I t  can be seen that the dinitrate data can prove 
to be useful in monitoring the elimination of formulations which produce low 
plasma nitroglycerin concentrations. We have undertaken a preliminary in- 
vestigation of oral controlled-release formulations and have found that the 
levels of nitroglycerin are extremely low, in most cases indiscernible from the 
base line, and yet substantial absorption has occurred as demonstrated by the 
levels of the two dinitrate metabolites. These findings are contradictory to data 
obtained by GC-ECD methods (9). where the metabolites are not measured 
and no data may be available to confirm the specificity of those procedures 
with regard to the dinitrates. 


T 


TI 


0 10 20 10 M 30 
MINUTES MINUTES 


Figure 2--Mean concentration-time plasma curves and 95% Confidence limits 
for  nitroglycerin (A) and its metabolites glyceryl-I ,Z-dinitrate (BJ and 
glyceryl-1.3-dinitrate (C), for  13 subjects in receipt of 2 X 4 m - p g  sublingual 
nitroglycerin tablets. 
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Abstract 0 Fourteen 2-n-alkynols (CJ-CJ~,  c16. and C J ~ )  were tested against 
Aspergillus oryrae. Aspergillus niger, Trichoderma uiride. and Myrothecium 
verrucaria in Sabouraud dextrose agar at pH 5.6 and 7.0. Toxicity to Candida 
albicans, Candida tropicalis, Trichophyton mentagrophytes, and Mucor 
mucedo was determined in the same medium at pH 5.6 and 7.0 in the absence 
and presence of 10% beef serum. Fungitoxicity was strongly influenced by 
chain length, slightly by the pH of the medium, and significantly by the 
presence of beef serum. 2-n-Undecyn-1-01 was the most active member of the 
series, and there was marked synergism between it and ketoconazole. 


Keyphrases 0 n-2-Alkyn-I-ols-in oitro antifungal activity, effect of chain 
length, pH, adsorbents 0 Anti fungal activity--n-alkynols. in vitro, effect of 
chain length, pH, adsorbents 0 Structure--activity relationships-n-alkynols, 
antifungal activity, in vitro 0 Synergism-2-undecyn- 1-01 and ketoconazole. 
in virro, Candida albicans and Candida tropicalis 


In our studies of the effect of structural modification on the 
fungitoxicity of alkanoic acids ( I ) ,  2-alkenoic acids (2), 2- 
alkynoic acids (3), 2-fluoroalkandic acids ( I ) ,  2-bromoalkanoic 
acids (2), a,w-alkanedicarboxylic acids (4), alkoxyacetic acids 
( 5 ) ,  and n-alkanols ( 6 ) ,  two major physical factors were ob- 
served to influence the activities of the toxicants. These in- 
cluded the partition coefficient and absence or presence of 
adsorbents such as albumin in the growth medium. Factors 
that affect partition coefficients of the acids include chain 
length, pK,, and pH of the medium (3). The pH of the medium 
had no significant effect on the activity of the alcohols, and for 
increased fungitoxicity, a lipophilic substituent at the terminal 
end of the alkanol is useful (6). 


Since the alkynoic acids (3) were considerably more toxic 
to fungi than the alkanoic acids ( I ) ,  i t  was of interest to com- 
pare the alkanols (6) with an analogous series of alkynols. It 
was reported that 1 -hydroxy-2-nonyn-4-one, a metabolite from 
lschnoderma benzoinum (Wahl.) Karst had anti fungal ac- 
tivity (7). Also of interest was the observation that alcohol 
oxidase was irreversibly inhibited by propargyl alcohol and 
I ,4-butynediol, acetylenic alcohols (8). 


The present work is concerned with a systematic evaluation 
of the homologous series of 2-n-alkyn- 1-01s of chain lengths 


C3-Cl4, C16, and C18 against eight fungi: Aspergillus oryzae, 
Aspergillus niger, Trichoderma viride, Myrothecium ver- 
rucaria, Candida albicans, Candida tropicalis, Trichophyton 
mentagrophytes, and Mucor mucedo. Sincesynergism was 
demonstrated between ketoconazole, a promising antimycotic 
agent (9), and amphotericin B and other fungitoxicants (lo), 
it was also desired to determine if there would be any synergism 
between the most active of the alkynols and ketoconazole. 


EXPERIMENTAL SECT'ION 


Some compounds were obtained from commercial sourcesI. Literature 
methods were used for the preparation of the remaining alkynols: Clz ( 1  I ) ,  
C I ~  (12). and c16 and C I S  (13). 


The test fungi included A. oryzae (ATCC 1 I O I ) ,  A. niger (ATCC 1004), 
T. oiride (ATCC 8678). M. oerrucaria (ATCC 9095C). C. albicans (ATCC 
10231), C. tropicalis (ATCC 9741), T. mentagrophytes (ATCC 9129), and 
M .  mucedo (ATCC 794 I )  ( I4)*. The compounds were tested against A. or- 
yzae, A. niger, T.  viride, and M .  verrucaria in Sabouraud dextrose agar' at 
pH 5.6 and 7.0 according to published methods ( 1 ) .  Graded levels of test 
compound dissolved in dimethyl sulfoxide (Me2SO) were incorporated into 
the growth medium which was subsequently inoculated with the respective 
fungus. The inoculum was one drop of spore sbspension. The preparation of 
spore suspensions of A. niger, T. viride, M .  verrucaria, and A. oryzae was 
accomplished by growing the fungi on potato dextrose agar3 for several weeks 
at  28OC in flat, wide-mouth bottles until extensive sporulation had occurred. 
The spores were harvested by adding 5 mL of sterile 0.85% NaCl solution to 
the bottles together with -10 sterile beads, 5 mm in diameter. The spores were 
freed of the mycelia by shaking, and the suspension was transferred to sterile 
test tubes and counted in a hemocytometer. The spore concentration was 
adjusted to 6 X 106 spores/mL by diluting with sterile saline. Inoculations 
were carried out with Pasteur pipets which deliver 40 drops/mL. Incubation 
took place at 28OC for 5 d. 


For T. mentagrophytes, M. mucedo, C. albicans, and C. tropicalis previ- 
ously described methods were employed ( 1  5 ) .  Graded levels of test compound 


~ ~~ ~ 


I The CJ. CJ-CII,  and C I J  2-alkyn-I-ols were purchased from Farchan Labs. Wil- 
loughby. Ohio, and the C, alkynol was obtained from Aldrich Chemical Co., Milwaukee, 
Wis. Ketoconazole IS a product of Janssen Pharrnaceutica Inc.. New Brunswick. N.J. 


These authors present evidence that ATCC 7941 is Mucor cirinelloides. We will 
retain the ATCC nomenclature until i t  is changed by the American Type Culture Col- 
lection. 


Difco Labs, Dctroit, Mich. 
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Abstract 0 Fourteen 2-n-alkynols (CJ-CJ~,  c16. and C J ~ )  were tested against 
Aspergillus oryrae. Aspergillus niger, Trichoderma uiride. and Myrothecium 
verrucaria in Sabouraud dextrose agar at pH 5.6 and 7.0. Toxicity to Candida 
albicans, Candida tropicalis, Trichophyton mentagrophytes, and Mucor 
mucedo was determined in the same medium at pH 5.6 and 7.0 in the absence 
and presence of 10% beef serum. Fungitoxicity was strongly influenced by 
chain length, slightly by the pH of the medium, and significantly by the 
presence of beef serum. 2-n-Undecyn-1-01 was the most active member of the 
series, and there was marked synergism between it and ketoconazole. 


Keyphrases 0 n-2-Alkyn-I-ols-in oitro antifungal activity, effect of chain 
length, pH, adsorbents 0 Anti fungal activity--n-alkynols. in vitro, effect of 
chain length, pH, adsorbents 0 Structure--activity relationships-n-alkynols, 
antifungal activity, in vitro 0 Synergism-2-undecyn- 1-01 and ketoconazole. 
in virro, Candida albicans and Candida tropicalis 


In our studies of the effect of structural modification on the 
fungitoxicity of alkanoic acids ( I ) ,  2-alkenoic acids (2), 2- 
alkynoic acids (3), 2-fluoroalkandic acids ( I ) ,  2-bromoalkanoic 
acids (2), a,w-alkanedicarboxylic acids (4), alkoxyacetic acids 
( 5 ) ,  and n-alkanols ( 6 ) ,  two major physical factors were ob- 
served to influence the activities of the toxicants. These in- 
cluded the partition coefficient and absence or presence of 
adsorbents such as albumin in the growth medium. Factors 
that affect partition coefficients of the acids include chain 
length, pK,, and pH of the medium (3). The pH of the medium 
had no significant effect on the activity of the alcohols, and for 
increased fungitoxicity, a lipophilic substituent at the terminal 
end of the alkanol is useful (6). 


Since the alkynoic acids (3) were considerably more toxic 
to fungi than the alkanoic acids ( I ) ,  i t  was of interest to com- 
pare the alkanols (6) with an analogous series of alkynols. It 
was reported that 1 -hydroxy-2-nonyn-4-one, a metabolite from 
lschnoderma benzoinum (Wahl.) Karst had anti fungal ac- 
tivity (7). Also of interest was the observation that alcohol 
oxidase was irreversibly inhibited by propargyl alcohol and 
I ,4-butynediol, acetylenic alcohols (8). 


The present work is concerned with a systematic evaluation 
of the homologous series of 2-n-alkyn- 1-01s of chain lengths 


C3-Cl4, C16, and C18 against eight fungi: Aspergillus oryzae, 
Aspergillus niger, Trichoderma viride, Myrothecium ver- 
rucaria, Candida albicans, Candida tropicalis, Trichophyton 
mentagrophytes, and Mucor mucedo. Sincesynergism was 
demonstrated between ketoconazole, a promising antimycotic 
agent (9), and amphotericin B and other fungitoxicants (lo), 
it was also desired to determine if there would be any synergism 
between the most active of the alkynols and ketoconazole. 


EXPERIMENTAL SECT'ION 


Some compounds were obtained from commercial sourcesI. Literature 
methods were used for the preparation of the remaining alkynols: Clz ( 1  I ) ,  
C I ~  (12). and c16 and C I S  (13). 


The test fungi included A. oryzae (ATCC 1 I O I ) ,  A. niger (ATCC 1004), 
T. oiride (ATCC 8678). M. oerrucaria (ATCC 9095C). C. albicans (ATCC 
10231), C. tropicalis (ATCC 9741), T. mentagrophytes (ATCC 9129), and 
M .  mucedo (ATCC 794 I )  ( I4)*. The compounds were tested against A. or- 
yzae, A. niger, T.  viride, and M .  verrucaria in Sabouraud dextrose agar' at 
pH 5.6 and 7.0 according to published methods ( 1 ) .  Graded levels of test 
compound dissolved in dimethyl sulfoxide (Me2SO) were incorporated into 
the growth medium which was subsequently inoculated with the respective 
fungus. The inoculum was one drop of spore sbspension. The preparation of 
spore suspensions of A. niger, T. viride, M .  verrucaria, and A. oryzae was 
accomplished by growing the fungi on potato dextrose agar3 for several weeks 
at  28OC in flat, wide-mouth bottles until extensive sporulation had occurred. 
The spores were harvested by adding 5 mL of sterile 0.85% NaCl solution to 
the bottles together with -10 sterile beads, 5 mm in diameter. The spores were 
freed of the mycelia by shaking, and the suspension was transferred to sterile 
test tubes and counted in a hemocytometer. The spore concentration was 
adjusted to 6 X 106 spores/mL by diluting with sterile saline. Inoculations 
were carried out with Pasteur pipets which deliver 40 drops/mL. Incubation 
took place at 28OC for 5 d. 


For T. mentagrophytes, M. mucedo, C. albicans, and C. tropicalis previ- 
ously described methods were employed ( 1  5 ) .  Graded levels of test compound 


~ ~~ ~ 


I The CJ. CJ-CII,  and C I J  2-alkyn-I-ols were purchased from Farchan Labs. Wil- 
loughby. Ohio, and the C, alkynol was obtained from Aldrich Chemical Co., Milwaukee, 
Wis. Ketoconazole IS a product of Janssen Pharrnaceutica Inc.. New Brunswick. N.J. 


These authors present evidence that ATCC 7941 is Mucor cirinelloides. We will 
retain the ATCC nomenclature until i t  is changed by the American Type Culture Col- 
lection. 


Difco Labs, Dctroit, Mich. 
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Table I-Antifungal Activity of 2-n-Alkyn-1-01s Against A .  oryme, A .  niger, T. viride, and M. verrucaria in Sabouraud Dextrose Agar' 


H(CH~),C=CCHZOH 


Level of Inhibition at  pH 5.6h Anti fungal Level of Inhibition at pH 7.0 A n t i  fungal 
A. A.  T. M. Spectrum A. A.  T. M. Spectrum 


n oryzae niger viride verrucaria IndexC oryzae niger oiride i:rrrucaria Index 


0 0 0 0 1 I 0 0 0 I i 
I 1 1 1 I 16 I I 1 1 16 
2 I I I I 16 1 1 I 1 16 
3 I I 1 I 16 I I I I 16 
4 2 2 I 2 28 2 2 1 2 28 
5 2 2 2 2 32 2 2 2 2 32 
6 2 2 2 2 32 2 2 2 2 32 


48 
48 
48 


7 3(60) W O )  3(40) 3(30) 
3(30) 


0 0 3 ~ 0 )  3 
8 3(50) 3(40) 3(40) 


3(20) 9 3(40) 3(100) 3(?) 
10 0 0 3(30) 
I 1  0 0 0 0 0 0 0 0 0 0 
13 0 0 0 0 0 0 0 0 0 0 
IS 0 0 0 0 0 0 0 0 0 0 


48 3(90) 3(90) 3(40) 3(30) 
3(40) X40) 3(30) 
3(100) 3(30) W O )  


48 )(SO) 
48 3 ( y  
3 


a At 28OC for 5 d. b Compounds were incorporated in test medium at lo4, 103. and lo2 pg/mL. Key: (3) inhibition at all levels orcompound; ( 2 )  inhibition at the two highest 
Antifungal spectrum index = levels; (I) inhibition at the highest level only; (0) compound inactive at the highest level tested; numbers in parenthescs are MIC values, gg/mL. 


the sum of the numbers of levels of inhibition multiplied by the number of organismsinliibited. 


l a b l e  11- Antifungal Activity of 2-n-Alkyn-1-01s Against C. ahicans, C. tropicalis, T. mentagrophytes, and M. mucedo in Sabouraud Dextrose Agar ' 


Levels of I n  hi bition* 
C. a1bican.p C. tropicalis T. men t agrophytes M .  mucedo 


pH 5.6 pH 7.0 pH 5.6 pH 7.0 pH 5.6 pH 7.0 pH 5.6 ptl 7.0 Antifungal 
- t - + - t - t - t - t - t - t Spectrum 


n Serum Serum Serum Serum Serum Serum Serum Serum Serum Serum Serum Serum Serum Serum Serum Serum lndcxF 


0 0  0 0 0 I 1 I 1 I 1 1 1 16 
I 1  1 I I I I I I I 1 I 1 1 1 I 1 64 
2 1  I I 1 I I I I 2 1 2 I I 1 I 1 72 
3 2  1 2 I I I I I 2 I 2 I 2 I 2 88 
4 2  
5 2  
6 2  
7 2  


9 3(40) 
10 2 
I I  0 


n 3(20) 


2 
2 
2 
2 


3(?) 


2 


128 
136 
144 
144 
192 
176 
84 
10 


13 0 0 0 0 0 0 0 0 0 
15 0 0 0 0 0 0 0 0 0 


~~~~~~~ ~~~ ~~~ 


I n  the presence and absence of beef serum. C. olhiconr, C. f ropicoh.  and M. mucedo were incubated at 37OC for 20 h and T. menragrophyres at 28'C for 5 d. Compounds 
were incorporated in test medium at lo4. 10'. and lo2 pg/mL. Key: (3) inhibition at all levels of compound; ( 2 )  inhibition at  the two highest lcvels; ( I  ) inhibition at the highest level 
only; (0) compound inactive ai the highest level tested; numbers in parenthescs are MIC values, gg/mL. Antifungal spectrum index = sum of the number of levels of inhibition 
multiplied by the number of organisms inhibited. 


dissolved in  MezSO were added to Sabouraud dextrose agar at pH 5.6 and 
7.0 alone and supplemented with 10% beef serum4 and inoculated with the 
respective fungi. lnocula for T. mentagrophytes and M. mucedo were prepared 
as above except that the growth media were Mycocel agar5 and Sabouraud 
dextrose agar3, respectively. One drop of spore suspension was used. The in-  
ocula of C. albicans and C. tropicalis were obtained from 20-h cultures in 
Sabouraud dextrose broth'. The cell counts ranged from 3 to 7.5 X lo6 
cells/mL. The tests with 7. menragrophytes were incubated at 28°C for 5 
d; those with C. albicans, C. tropicalis, and M. mucedo were incubated for 
20 h at 37OC. All tests were carried out in duplicate in "I" plate Petri dishes6. 
Data of growth or no growth were recorded. 


The compounds were tested at 104, lo3, and lo2 pg/mL. Minimal inhibitory 
concentrations (MIC) were sought in  increments of 10 pg/mL for 10-100 
pg/mL and in I-pg/mL increments for 1-10 pg/mL. The results were 
weighted by calculating the antifungal spectrum index which is defined as 
the sum of the number of levels of complete inhibition multiplied by the. 
number of organisms inhibited at the concentrations of 109, lo3, and lo2 


I t  should be mentioned that Serum was used with the second set offour fungi 
because they are animal pathogens, except that M .  mucedo is a model for a 
pathogenic Mucor species. These compounds are also being studied as po- 
tential chemotherapeutic agents in  animal infections. 


Ccg/mL(I6,17). 


' Miles Labs, Elkhart. Ind. 
BBL., Cockeysville. Md. 
Falcon; Becton, Dickenson. and Co.. Oxnard. Calif 


The effect of ketoconazole on the inhibition of 2-n-undecyn-1-01 of C. al- 
bicam and C. rropicalis in Sabouraud dextrose agar at pH 7.0 containing 10% 
human serum3 was examined. The MIC values of ketoconazolc and the un-  
decynol were codissolved in Me2SO and added to the agar in increments of 
0.1 ranging from I to 0.1. The plates were incubated a t  37OC for 20 h, and 
the MIC for the mixture was determincd. 


RESULTS 


The results of the 2-alkyn-1-01s against A. oryzae, A. niger, T. uiride, and 
M .  c:errucaria are given in Table I ,  and those against CI albicans, C. rropicalis, 
T. mentagrophytes, and M .  mucedo are in Table 11. The study of the effect 
of ketoconazole on the toxicity of 2-n-undecyn-1-01 to C. albicans and C. 
tropicalis is shown in  Table Ill. 


On comparing the activityof the alkynolsat pH 5.6 and 7.0 against A. or- 
yzae, A. niger, T. viride, and M. verrucaria, it is apparent from the antifungal 
spectrum indices (Table 1) that the alcohols of 10- I 2  carbon atom chain length 
are m a t  toxic. The order of toxicity of the homologous series is: 12 = 1 I = 
10>9=8> 7 > 6 =  5 = 4 >  13>3> 14= 16= 18. 


The most fungitoxic alkynol against C. albicans, C. tropicalis, T.  menta- 
grophytes, and M. mucedo was the C I  I homologue, and the overall order of 
toxicity was: I I > 12> l o =  9> 8 > 7 > 6 > I3 > 5 > 4 >  3 > l4> I6 = 18 
(Table 11) .  Thedata ofTable Ill indicate that the MIC for undecynol is 120 
pg/mL for both Candida species in the presence of human serum at pH 7.0. 
This level of compound is one-third higher than the corresponding MIC values 
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Table Ill-Effect of Ketoconazole (K) on the Minimal Inhibitory 
Concentration of 2-n-Undecyn-1-01 (U) Against C. albicans and C. 
tropicalis 


C. albicans C. tronicalis 
~ 


U I20 120 
K 50 50 
U t K b  36 t I5 36 t 15 


In Sabouraud dextrose agar containing 10?6 human serum at pH 7.0 at 37OC for 
20h;MICvalues,~g/mL. *Combined MICvaluesofUandKinincrcmentsof 1,0.9, 
0.8 . . . 0. I parts of the mixture. The numbers represent 0.3 of the combined MIC. 


using beef serum. The minimal inhibitory concentrations for ketoconazole 
was 50 pg/mL against both fungi. A solution containing 30% of the MIC of 
both compounds was completely inhibitory to both organisms. 


DISCUSSION 


It was demonstrated previously that in a homologous series of normal al- 
cohols the most fungitoxic member was the Clo alkanol (6). In the present 
study, the C f  I alkynol was the most active against the fungi. Since biological 
activity in  a homologous series of compounds is influenced by the partition 
coefficient, which in turn is determined by chain length (lipophilicity) and 
pK, (hydrophilicity), the longer chain length of the alkynol required for 
maximal activity can be rationalized as follows. Aliphatic monobasic hy- 
droxylic compounds in water have a pK, of 15.5. whereas 2-alkyn-1-01s have 
a pK, of 13.6 i n  water (18). Since water solubility increases with decreasing 
pK,, it requires a longer chain length to restore the necessary amphiphilicity 
for optimal biological activity. The pH of the growth medium has a minor 
effect on the activity of the test compounds. This can be observed best where 
low levels of toxicant were required for inhibition of the fungus. It is generally 
consistent in  that at the higher pH more compound is needed for inhibi- 
tion. 


The presence of beef serum reduced the activity of the toxicant (Table 11). 
It was most noticeable against organisms which were inhibited by low levels 
of compound. Although hydrogen bonding may be. responsible for this in part, 
it is also possible that the alkynol reacted by a nucleophilic reaction with the 
proteins or other components of the serum. 


Although it is not firmly established. the mechanism of action of the acet- 
ylenic alcohols, once penetration of the spore had taken place, is by the irre- 
versible inhibition of the enzyme alcohol oxidase. This inhibition was dem- 
onstrated with the enzyme, in oitro, using propargyl alcohol (8). The lower 
acetylenicalcohols were not fungitoxic because they are too water soluble to 
penetrate the fungal spore membrane. Ketoconazole was able to potentiate 
the toxicity of 2-undecyn-1-01 toward the two Candida species (Table 111). 


I t  was reported that ketoconazole inhibited ergosterol biosynthesis. Thus, i t  
is believed to cause functional changes in the membrane, such as permeability 


I f  we compare the fungitoxicities of the most active member of each of the 
series of alkynoic acids (3). w-chloroalkanols (6), alkanols (6). and alkynols 
by comparing the sums of the antifungal spectrum indices for A. niger, T. 
viride, and M. verrucaria a t  pH 5.6 and C. albicans, T. menragrophytes, and 
M. mucedo at pH 5.6 and 7.0 with and without beef serum, the order of ac- 
tivity is as follows: 2-n-undecyn-1-01 (135) > 2-n-hexadecynoic acid ( I  17) 
> 9-n-chlorononan-1-01 ( I  I I )  = 10-n-chlorodecan-1-01 ( I  11 )  > n-nonan-1-01 
(93). 


(19). 
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Abstract 0 An improved synthesis of captopril using mcthacrylic acid as the 
starting material is described. Treatment of methacrylic acid ( I )  with a hy- 
drogen halide gave the 3-halogeno-2-methylpropanoic acids 11 and 111. which 
were treated with thionyl chloride to yield the corresponding 3-halogeno-2- 
methylpropanoyl chlorides I V  and V. Treatment of IV or V with 1.-proline 
yielded the N-(R,S-3-halogcno-2-methylpropanoyl)-1.-proli11es VI and VII, 
which were separated into optically pure K- and S-diastereoisomers using 
dicyclohexylamine. Treatment of halides of VI or VII with mcthanolic am- 
monium hydrosulfide gave captopril in 28% yield. 


Keyphrases 0 Captopril-new synthetic method, antihypertensive, inhibitor 
of angiotensin-converting enzyme 0 Antihypertensive-captopril, new syn- 
thetic method 


Captoprill, an orally active hypertensive agent, is a com- 
petitive inhibitor of angiotensin I-converting enzyme (1, 2). 
The synthesis of captopril was first reported by Cushman et 
al. (2) in an overall yield of 12%, starting with 3-acetylthio- 
2-methylpropanoic acid. More recently, a facile synthesis of 
captopril was reported (3) .  This synthesis is convenient and 
the yield is good (26%); however, the conversion of methacrylic 
acid to the optically active starting material, R-3-hydroxy- 
2-methylpropanoic acid, using a microbial oxidative trans- 
formation (4, 5) is poor. We have developed a more conve- 
nient synthesis of captopril using methacrylic acid as a starting 
material (Scheme I ) .  


c? CH3 
I 


I 
CH2 = C - COOH A X C H $ ~ I  - CO R 


I I ; X = C l , R = O H , R , S  
111; X = Br, R = OH, R,S 
IV; X = CI, R = CI, R,S 
V;X = Br, R = OH,R.S '  I n  ' 'N 2 COOH 


Vlll 
Vle; X = CI, R,S 
Vlb; X = CI, R 


VIIa; X = Rr, R,S 
VIlb; X = Rr, R 


Scheme I 


EXPERIMENTAL SECTION2 


R,S-3-Halogeno-2-methylpropanoyl Chloride (IV, V)-Methacrylic acid 
was treated with anhydrous hydrogen halide to give R,S-3-halogeno- 


2-methylpropanoic acid (11 and I l l )  according to the method of Groszkowski 
cf a / .  (6); I I  (bpl5 106-107°C) and 111 (bp15 106-108'C) were identical with 
the reported materials (6) by IR and NMR spectroscopy. Treatment of I1  and 
111 with thionyl chloride to yield IV and V was alsocarried out by the proce- 
dure of Groszkowski ef a / .  (6), except a small quantity of N,N-dimethyl- 


i N-(R-3-mercapto-2-methylpropanoyl)-~-proline (SS).  SQ 14.225. * Melting point5 were determined by using a Thomas-Hoover capillary melting point 
apparatus. IR spcctra with a Perkin-Elmer 735B grating IR spectrometer and N M R  
spectra with a Varian T-60h N M R  spectrometer were recorded with each sample. An 
Autopol I l l  automatic polarimeter (Rudolph Research. N.J.) for the determination o f  
optical rotalion, and a Perkin-Elmer 240 elemental analyzer for elemental analysls were 
also employed. ' Methacrylic acid stabili7ed with 200-300 ppm of p-methoxyphenol was obtained 
from Eastman K d a k  Co., Rochester. N.Y. 


formamide (0. I mol of 11 or 111) was used as the caralyst (7). Compounds IV 
(bp45 74-75OC) and V (bp3o 72-.73OC) wcre identical with those previously 
reported by Horii ef a / .  (8) by IR and NMR spectroscopy. 


N-(R-3-Halogeno-2-methyIpropanoyl)-~-proline (Vl, VI1)-For the N -  
acylation of L-proline with IV or V, the procedure of Hongo et al. (9) was 
employed. L-Proline (1 3.8 g, 0.12 mol) was allowed to react with I V  (14.1 g, 
0.1 mol) or V (20.1 g. 0.1 mol) in the presence of 84 mL of 2 M NaOH at  O'C 
for 1 h and thcn at room temperature for 3 h. The mixture was acidified to 
pH 1.5 with concentrated hydrochloric acid, and extracted with 500 mL of 
ethyl acetate. The organic phase was dried over anhydrous magnesium sulfate, 
and the solvent was removed under reduced pressure to yield the syrupy residue 
(Vla4 or VlIa4). This material was dissolved in acetonitrile, and dicyclohex- 
ylamine (21.7 g, 0.12 mol) was slowly added in a dropwise manner with rapid 
stirring and cooling in an ice bath. The product was removed by filtration to 
give 36.1 g of the dicyclohexylammonium salt of Vla (90% yield), mp 179- 
183'C (dec.), or 37.8 gofthesalt of VIIa (85% yield), mp 175-180'C (dec.). 
The crude dicyclohexylammonium salt was dissolved in refluxing acetoni- 
trile-dichloromethane ( I : ] ) ,  and thc saturated solution was cooled a t  room 
temperature. The dicyclohexylammonium salt of the R,S-diastereoisomer 
of the chloro compound was obtained in 43% yield ( I  5.5 g, white crystals), 
mp 184-187'C (dec.), [a18 -40' (c, 2.0, ethanol); the salt of the R,S-dia- 
stereoisomer of the bromo compound was obtained in 40% yield (1 5.2 g, white 
 crystal^)^, mp 180-183'C (dec.), [a):' -44' (c ,  2.0, ethanol). The optically 
purified dicyclohexylammonium salt of R,S-diastereoisomers dissolved in 
1 M KHS04 was extracted with ethyl acetate. The extract was dried over 
anhydrous magnesium sulfate, and the solvent was removed under reduced 
pressure. The residue was crystallized from ethyl acetate-hexane ( ] : I )  to 
recover 7.8 g of Vlb6 as white crystals (90% yield), mp' 110-1 12'C. [a]g 
-98.9' ( c ,  2.0, ethanol) [ IR  (KBr): 1710 (amide C=O) and 1590 cm-l 
(amide C-N); 'H-NMR (CDCI3): 6 1.38 (d, 3, J = 3 Hz, --CH3), 2.30 (m, 
4, -CH2- in proline), 3.1 I (m. I ,  -CH-), 3.79 (m, 4, CI-CH2--. 
N--CH2-), 4.69 (t, I ,  J = 2.3 Hz, N-CH-), and 11.30 ppm (s, I .  
-COOH)] or 8.6 g of VIIb6 as  white crystals (95% yield), mp 113-1 15'C. 
[ajg -103.2' ( c ,  2.0, ethanol) [IR (KBr): 1720 (amide C=O) and 1600 
cm-l (amide C-N); IN-NMR (CDC13): 8 1.50 (d, 3, J = 3 Hz, -CH3), 
2.33 (m, 4, 4 H z -  in proline). 3.38 (m. 1,  -CH-), 3.86 (m, 4, 
Br--CH2-, N-CH2-), 4.77 (t, 1, J = 2.5 Hz, N-CH-) .  and 1 1.40 ppm 


Anal.-Calc. for Vlb ( C ~ H I ~ C I N O ~ ) :  C,  49.21; H, 6.42, N,  6.38. Found: 
C. 49.00; H, 6.69; N,6.19. Calc. for Vllb(CgHl4BrNO3): C, 40.93; H. 5.34, 
N, 5.30. Found: C, 41.05; H, 5.43; N,  5.26. 


N-(R-3-Mercapto-2-methylpropanoyl)-~-proline (VII1)-To the solution 
of 100 mLof methanolic ammonium hydros~lf ide~,  Vlb (2.1 g, 0.01 mol) or 
Vllb (2.6 g, 0.01 mol) was added at r w m  temperature. The resulting mixture 
was refluxed for 24 h with stirring under a nitrogen atmosphere. The mixture 
was concentrated to 20 mL under reduced pressure, acidified with 5 M HCI 
(pH I ) ,  and then extracted with ethyl acetate. The organic phase was dried 
over anhydrous magnesium sulfate, and the solvent was removed under re- 
duced pressure. The residue was fractionated by column chromatography 
using Wakogel C200 by linear gradient of mcthanol in ethyl acetate (0 to 
loo%), and the fractions positive to sodium nitroprusside were combined. 
Recrystallization from ethyl acetate-hexane (1: I )  gave 1.86 g of Vlll as white 
crystals from Vlb or 1.95 g of Vll l  from Vllb, mp 105-106°C [lit. (2) mp 
104-105'C; lit. (3) mp 105-106°C; [a@ -128.2' (c, 2.0, ethanol); lit. (2) 
[a]g-I31.O0;lit.  (3) [a]&'-129.8'],which wasidentical by I R a n d N M R  
spectroscopy (3) with authentic captoprils. 


( s ,  I ,  -COOH). 


RESULTS AND DISCUSSION 


To develop a mote convenient synthesis of captopril from methacrylic acid, 
the addition of hydrogen halide to methacrylic acid was attempted using the 


' N-(RS-3-halogeno-2-methylpropanoyl)-l.-proline. ' Optical resolution was performed by the preferential crystalli~ation technique of 


~ N - ( R - 3 - h a l o ~ ~ ~ ~ m e t h y l p r o p a n o y l ) - ~ - p r o l i n e .  ' Pre ared by issolving hydrogen sulfide gas in 98 mL of methanol after addition of 


dic clohexylammonium salts until its optical rotation was no more increased. 


2 mL orconcentrated ammonium hydroxide. 
Supplied from Squibb Institute for Medical Research. Princeton, N .J .  
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method of Groszkowski et 01. (6). The carboxylic acids (I1 and I l l )  were 
converted to their corresponding acyl halides (IV and V) in nearly 95% yield 
using N,N-dimethylformamide as a catalyst (7). To avoid protecting the 
carboxylic function of  proli line, the direct N-acylation of [.-proline with IV 
or V was carried out in  90% yield using the procedure of Hongo er a/. (9). 
N-(R,S-3-Halogeno-2-methylpropanoyl)-~-proline (Vla or VIIa) was suc- 
cessfully separated into optically pure diastereoisomers using dicyclohexyl- 
amine. Treatment of halides of Vlbor Vllb with methanolic ammonium hy- 
drosulfide afforded captopril in 28% overall yield. This synthetic method is 
an improvement over that reported by Cushman et al. (12%) (2) and is more 
convenient than the method reported by Shima~aki  er al. (3). which involves 
a fermentation step. 
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Abstract 0 Four analogues of aspartame (aspartylphenylalanine methyl ester) 
were prepared in  which one of the carboxylate groups was replaced by a 
phosphonate group. None of the peptides so obtained was sweet, in contrast 
with the parent compound which is over 100 times sweeter than sucrose. These 
results contrast with several published reports of phosphonate analogues of 
amino acids and peptidcs which are potent inhibitors of enzymes containing 
acceptor sites for the parent compound. 


Keyphrases 0 Aspartame-phosphonate analogues, sweetness 


Since the discovery in 1969 that the synthetic dipeptide 
aspartame (S-aspartyl-S-phenylalanine methyl ester, I )  was 
over 100 times sweeter than sucrose ( I ) ,  many analogues have 
been prepared to ascertain which structural features are re- 
sponsible for the sweetness. Quite early it was shown that al- 
teration of the aspartyl moiety often result in loss of sweetness, 
but the phenylalanine moiety can be modified significantly 
with retention of sweetness (1.2). More recent work (3 )  has 
shown that there are many exceptions to this simple rule, and 
that the structure-taste relationships are subtle and compli- 
cated. 


One modification not yet reported is the replacement of one 
of the two carboxylate groups with a phosphonic acid function. 
There are several examples in  the literature of amino acid and 
peptide analogues in which carboxylate groups have been re- 
placed by phosphonate groups with retention of biological 
activity. For example, 1 -amino-2-phenylcthanephosphonic 
acid, the phosphoni~c acid analogue of phenylalanine, is a 
competitive inhibitor of phenylalanyl-tRNA synthetase (4), 
1 -amino-3-phosphonobutyric acid inhibits glutamine syn- 
thetase ( 5 ) ,  and a series of peptides incorporating l-amino- 
ethanephosphonic acid as the C-terminal residue are shown 
to have antibacterial properties ( 6 ) .  


These results prompted us to synthesize the following as- 
partame analogues as diastereomeric mixtures (Scheme I ) :  
R,S-2-amino-3-phosphonopropionyl-S-phcnylalanine methyl 
ester ( IV);  the free acid thereof (V);  S-aspartyl-RS-amino- 


benzylmethanephosphonate diethyl ester (V111) and its frec 
acid (IX). 


RESULTS AND DISCUSSION 


The pcptidc analogues were made by a standard coupling method (7) from 
the blocked amino acids. Although other coupling methods have been used 
to prepare dipcptides incorporating amino phosphonic acids (8), in  our hands 
the mixed anhydride method employing ethyl chloroformate as coupling agent 
(7, 9) proved most successful. Compound IV was synthesized from S-phc- 
nylalanine methyl ester and the N-benzoxycarbonyl derivative of racemic 
2-amino-3-dimethylphosphonopropionic acid (11). After coupling, thc ful ly  
blocked peptide was partially deblocked to the methyl carboxylate (IV) by 
treatment with hydrogen bromidc in acetic acid. The remaining methyl group 
was shown to reside on the carboxylatc rather than the phosphonate group 
by recovery of starting material after attempted reesterification with thionyl 
chloride and methanol. a method which esterifies carboxylic acids but not 
phosphonic acids. This ester was converted to the fullydeblocked peptide (V) 
by treatment with methanolic sodium hydroxide. Compound V l l l  was syn- 
thesized by coupling S-aspartic acid in  the form of its N-benzoxycarbonyl- 
y-benzyl ester derivative (10) with the diethyl ester of racemic aminoben- 
zylmethanephosphonic acid (VI) ( 1  I ) ,  followed by hydrogenolysis. Deblocking 
with hydrogen bromide in acetic acid yielded the fully deblocked peptide 
analogue IX. Spectral data for the blocked aminophosphonic acid (11). blocked 
peptides ( IV and VII), and deblocked peptides (V and IX)  are presented in  
the Experimenta/Section. No attempt was made to separate the diastereomers 
in  each product mixture since a significantly sweet isomer could have been 
detected by taste in the presence of a large amount of tasteless material. 


Following the method previously used for testing sweetness in aspartame 
analogues ( I ) ,  cotton swabs were soaked in water solutions of compounds to 
be tested, and the solutions were sucked off the swab. Usually compounds are 
not considered significantly sweet unless solutions of 1 2 %  concentrations 
evoke a sweet taste. However, even with 5% solutions, each peptide was found 
to be tasteless or slightly bitter by three different people. The lack of sweetness 
in IV and V is perhaps not surprising when one considers which modifications 
of the aspartyl residue of aspartame have previously been found to destroy 
sweetness. Replacement with an a-aminomalonyl moiety (i.e.,  removing a 
methylene group from the aspartyl side chain) yields a compound even sweeter 
than aspartame (12). while replacing the aspartate by a glutamate moiety 
(thus adding an extra methylene group to the side chain) destroys sweetness 
( I ) .  All other modifications of the aspartyl residue have led to nonsweet 
compounds. This suggests (3) that the N-terminal end of the molecule must 
incorporate a five- or six-membered zwitterionic ring in order to exhibit 
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method of Groszkowski et 01. (6). The carboxylic acids (I1 and I l l )  were 
converted to their corresponding acyl halides (IV and V) in nearly 95% yield 
using N,N-dimethylformamide as a catalyst (7). To avoid protecting the 
carboxylic function of  proli line, the direct N-acylation of [.-proline with IV 
or V was carried out in  90% yield using the procedure of Hongo er a/. (9). 
N-(R,S-3-Halogeno-2-methylpropanoyl)-~-proline (Vla or VIIa) was suc- 
cessfully separated into optically pure diastereoisomers using dicyclohexyl- 
amine. Treatment of halides of Vlbor Vllb with methanolic ammonium hy- 
drosulfide afforded captopril in 28% overall yield. This synthetic method is 
an improvement over that reported by Cushman et al. (12%) (2) and is more 
convenient than the method reported by Shima~aki  er al. (3). which involves 
a fermentation step. 
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Abstract 0 Four analogues of aspartame (aspartylphenylalanine methyl ester) 
were prepared in  which one of the carboxylate groups was replaced by a 
phosphonate group. None of the peptides so obtained was sweet, in contrast 
with the parent compound which is over 100 times sweeter than sucrose. These 
results contrast with several published reports of phosphonate analogues of 
amino acids and peptidcs which are potent inhibitors of enzymes containing 
acceptor sites for the parent compound. 


Keyphrases 0 Aspartame-phosphonate analogues, sweetness 


Since the discovery in 1969 that the synthetic dipeptide 
aspartame (S-aspartyl-S-phenylalanine methyl ester, I )  was 
over 100 times sweeter than sucrose ( I ) ,  many analogues have 
been prepared to ascertain which structural features are re- 
sponsible for the sweetness. Quite early it was shown that al- 
teration of the aspartyl moiety often result in loss of sweetness, 
but the phenylalanine moiety can be modified significantly 
with retention of sweetness (1.2). More recent work (3 )  has 
shown that there are many exceptions to this simple rule, and 
that the structure-taste relationships are subtle and compli- 
cated. 


One modification not yet reported is the replacement of one 
of the two carboxylate groups with a phosphonic acid function. 
There are several examples in  the literature of amino acid and 
peptide analogues in which carboxylate groups have been re- 
placed by phosphonate groups with retention of biological 
activity. For example, 1 -amino-2-phenylcthanephosphonic 
acid, the phosphoni~c acid analogue of phenylalanine, is a 
competitive inhibitor of phenylalanyl-tRNA synthetase (4), 
1 -amino-3-phosphonobutyric acid inhibits glutamine syn- 
thetase ( 5 ) ,  and a series of peptides incorporating l-amino- 
ethanephosphonic acid as the C-terminal residue are shown 
to have antibacterial properties ( 6 ) .  


These results prompted us to synthesize the following as- 
partame analogues as diastereomeric mixtures (Scheme I ) :  
R,S-2-amino-3-phosphonopropionyl-S-phcnylalanine methyl 
ester ( IV);  the free acid thereof (V);  S-aspartyl-RS-amino- 


benzylmethanephosphonate diethyl ester (V111) and its frec 
acid (IX). 


RESULTS AND DISCUSSION 


The pcptidc analogues were made by a standard coupling method (7) from 
the blocked amino acids. Although other coupling methods have been used 
to prepare dipcptides incorporating amino phosphonic acids (8), in  our hands 
the mixed anhydride method employing ethyl chloroformate as coupling agent 
(7, 9) proved most successful. Compound IV was synthesized from S-phc- 
nylalanine methyl ester and the N-benzoxycarbonyl derivative of racemic 
2-amino-3-dimethylphosphonopropionic acid (11). After coupling, thc ful ly  
blocked peptide was partially deblocked to the methyl carboxylate (IV) by 
treatment with hydrogen bromidc in acetic acid. The remaining methyl group 
was shown to reside on the carboxylatc rather than the phosphonate group 
by recovery of starting material after attempted reesterification with thionyl 
chloride and methanol. a method which esterifies carboxylic acids but not 
phosphonic acids. This ester was converted to the fullydeblocked peptide (V) 
by treatment with methanolic sodium hydroxide. Compound V l l l  was syn- 
thesized by coupling S-aspartic acid in  the form of its N-benzoxycarbonyl- 
y-benzyl ester derivative (10) with the diethyl ester of racemic aminoben- 
zylmethanephosphonic acid (VI) ( 1  I ) ,  followed by hydrogenolysis. Deblocking 
with hydrogen bromide in acetic acid yielded the fully deblocked peptide 
analogue IX. Spectral data for the blocked aminophosphonic acid (11). blocked 
peptides ( IV and VII), and deblocked peptides (V and IX)  are presented in  
the Experimenta/Section. No attempt was made to separate the diastereomers 
in  each product mixture since a significantly sweet isomer could have been 
detected by taste in the presence of a large amount of tasteless material. 


Following the method previously used for testing sweetness in aspartame 
analogues ( I ) ,  cotton swabs were soaked in water solutions of compounds to 
be tested, and the solutions were sucked off the swab. Usually compounds are 
not considered significantly sweet unless solutions of 1 2 %  concentrations 
evoke a sweet taste. However, even with 5% solutions, each peptide was found 
to be tasteless or slightly bitter by three different people. The lack of sweetness 
in IV and V is perhaps not surprising when one considers which modifications 
of the aspartyl residue of aspartame have previously been found to destroy 
sweetness. Replacement with an a-aminomalonyl moiety (i.e.,  removing a 
methylene group from the aspartyl side chain) yields a compound even sweeter 
than aspartame (12). while replacing the aspartate by a glutamate moiety 
(thus adding an extra methylene group to the side chain) destroys sweetness 
( I ) .  All other modifications of the aspartyl residue have led to nonsweet 
compounds. This suggests (3) that the N-terminal end of the molecule must 
incorporate a five- or six-membered zwitterionic ring in order to exhibit 
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Scheme I 


sweetness. According to this model, the negative carboxylate oxygen of the 
aspartyl moiety in aspartame is hydrogen bonded to the positive ammonium 
group, forming a six-membered ring. A seven-membered ring, which would 
be formed by a glutamate residue, is apparently too large. Since a phosphonate 
group is larger than a carboxylate group, replacement of the carboxylate group 
in the aspartyl side chain of aspartame would result in a six-membered ring 
larger than that in aspartame. Furthermore, the phosphonate group is py- 
ramidal as  opposed to the planar carboxylate group, so this ring could not be 
flat, as it is in aspartame. 


Turning to the C-terminal end of aspartame, we find more leeway for 
modification. Many sweet analogues have been prepared incorporating a 
variety of amino acid esters and amides in place of phenylalanine methyl ester 
( 1  3). However, in all these analogues two substituents of dissimilar size are 
attached to the carbon of the C-terminal residue. The orientation of the groups 
is always such that the large group corresponds to the benzyl side chain of 
aspartame and the smaller group corresponds to the methoxycarbonyl moiety. 
Apparently a difference in size between these two groups is important. For 
example, exchanging the methyl ester for the larger ethyl ester diminishes 
sweetness ( I ) .  Perhaps V l l l  and 1X are  not sweet because the phosphonate 
group, being larger than a methoxycarbonyl group, is too close in size to, or 
even larger than, the benzyl group. Also, it is noteworthy that replacement 
of the methoxycarbonyl group of aspartame with the free carboxylic acid or 
carboxamide destroys the sweetness. Evidently this part of the molecule must 
be relatively nonpolar. It is possible that both the diethylphosphonate group 
and the free phosphonic acid group are too polar to permit VIlI and IX to be 
sweet. 


In view of the exacting stereochemical requirements of the taste receptors 
it is not surprising that neither the charged, pyramidal phosphonic acid group 
nor the bulky diethylphosphonate group is a good replacement for the planar 
methylcarboxylate group of aspartame. 


EXPERIMENTAL SECTION' 


N-BenzyloxycPrbonyl-ZR,Samimt3-dimetbylp~pb~pro~onic Acid 
(11)-Racemic 2-amino-3-phosphonopropionie acid (14) (1 7 g. 0.1 mol) was 
stirred in water (100 mL) with KOH (33.5 g, 0.6 mol) a t  0°C as  a solution 
of carbobenzoxy chloride (35 g, excess) in ether was added in a dropwise 
manner. The solution was s t i r rd  overnight at room temperature, washed twice 
with ether, and acidified with hydrochloric acid to precipitate an oil. The 
aqueous layer was extracted with ethyl acetate and the combined oil and ex- 


tract was dried with anhydrous sodium sulfate. Evaporation of the solvent 
yielded an oil, which was converted to the trimethyl ester by treatment for 
several hours with a methanolic solution of diazornethane according 10 a 
published method ( 1  5). After removal of volatile material, the oily triester 
(22.5 g, 0.065 mol) was refluxed in methanol (100 mL) with 0.55 M NaOH 
( I  18 mL, 0.065 mol) for 2 h. After evaporation of the solvent, the residue was 
triturated with hot ethyl acetate, dissolved in water, and neutralized with 
Dowex-SO (H+). The water solution was extracted repeatedly with ethyl ac- 
etate, the combined extracts were dried, and the solvent was evaporated to 
yield the product as a glass (37%). which softens without melting at  150OC. 
TLC on silica gel (ethyl acetate-methanol, 9: l )  shows one spot, Rf0.3; 'H-  
NMR (CDCI3): 6 2.88 (m. CH2), 4.03 (d, OCHj), 5.48 (s, ArCH3). 6.63 (m. 
NH), and 8.78 ppm (s, ArH); IR (CHCI3): 3400-2400 (OH and NH),  1720 
(C==O), 1500,1210 (OH),and 1040crn-I (P=O). 


Dietbyl Aminobenzylmethanepboshosphonate ( V I t -  This material was prepared 
by diborane reduction (16) of the O-methyl oxime of diethyl phenylacetyl- 
phosphonate to give product identical with that of a published method 


Coupling Procedure-The blocked amino acids were coupled according 
to a published method (7). in which ethyl chloroformate is added to a solution 
of triethylamine and the blocked N-terminal amino acid in chloroform. The 
blocked C-terminid amino acid is added and the mixture is stirred for 12 h 
a t  rmm temperature. 


Compound 111 was isolated as  a thick oil in 78% yield. TLC on silica gel 
(ethyl acetate-methanol, 9:l) showed one spot, R j  0.6; IH-NMR (CDCI,). 
d 2.73 (m. CHzP), 3.48 (m, CHCO), 4.05 (m. OCH3). 4.50 (m, CH), 5.05 
(m, ArCH2). 5.48 (s. ArCHz), and 7.55 and 7.65 ppm (2 s, ArH); IR 
(CHCI3): 2950-3420 (NH), 1680-1750 (C=O), 1500 (NH),  1190-1250 
(OCH3), and 1040 cm-l (P==O). 


Compound VII  was isolatcd as a thick oil in 52% yield. TCL on silica gel 
(benzene-ethyl acetate, 7:3) showed one spot, RJ 0.2; IH-NMR (CDC13): 
d 1.20 (m, C H d ,  3.00 (m, CHzCO and CH) ,  4.03 (m. OCH2). 4.60 (m, 
ArCH2), 5.00 (m, ArCH2 and CH),  and 7.23 ppm (s, ArH); IR (CHCI,): 
3400 (NH). 3060 (ArH), 1740 (C=O). I500 (NH), 1220 (OCHz), and 1040 
cm-I (M). 


Deblocking Procedures-Compound VII was deblocked to give V l l l  by 
hydrogenolysis over palladium on charcoal in methanol using 1 atm of hy- 
drogen at  room temperature. Filtration and evaporation of solvent yielded 
the product as a glass. Compounds 111 and V I l l  were deblocked to IV and IX. 
respectively, by a standard method (17) in which the blocked peptide was 
stirred at 6OoC for 20 min in 48% hydrogen bromide-acetic acid (30 mL/g). 
The volatile material was evawrated. the residue was dissolved in ethanol. 


(1 1). 


, NMR Spccrm oblaincd on a 80-MHz spactrometer, in cDcI, and the peptide was precipitaied by addition of pyridine. Ester IV (0.0076 
mol) was saponified to acid by refluxing in 50 m L  of mdlanolic d i u m  
hydroxide (0.6 M) for 1 h. The solid so formed was isolated by filtration and 


Me&i as standard, or i n  D20 with sodium trimethylsilylpropanesulfonate as standard. 
IR spectra were obtained on a Specord spcctrophotomcter. 
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dissolved in aqueous acetic acid, and the product was precipitated by addition 
of ethanol. 


Compound I V  was an amorphous solid (59% yield) which did not melt up 
to 300OC. IH-NMR (DzO): 6 2.50 (m. CHzP). 3.48 (m, CHCO). 4.04 (s, 
O C H d .  4.58 (m, ArCH2). and 7.63 ppm (m. ArH). IR (KBr): 3700-2500 
(NH and OH). 1680, 1740 (C=O). 1200 (OCHj), and 1070 cm-I 
( F O ) .  


And-Calc. for C13H19N206P-3.5 H z O  N, 7.12; P, 7.87. Found: N,6.64; 
P, 8.33. 


Cornpound V was an amorphous solid (55% yield) which did not melt up 
to 300OC. 'H-NMR (D20-D2S04): 6 2.00-5.10 (m, aliphatic H )  and 7.70 
ppm (ArH); IR (KBr): 3700-25OO(NH andOH),  1650-1660 (C=O),  and 
1070 cm-I (P=O). 


And-Calc. for C I Z H I ~ N Z O ~ P :  N,  8.86; P, 9.80. Found: N,  8.18; P, 
10.25. 


Compound V l l l  was an amorphous gum which softened without melting 
at 90% TLC on silica gel (methanol) showed one spot, R ~ 0 . 5 .  


Compound I X  was an amorphous solid (50?4 yield) which did not melt up 
to 260OC. IH-NMR ( D Z O - D ~ S O ~ ) .  6 2.75-3.88 (m. CH andCH2). 4.38 5.25 
(m. ArCHzand CH).  and 7.62 cm-l (s, ArH). IR (KBr): 2700-3500 (Otl ,  
ArH, and CH), 1700 (C=O), 1 I50 (C-O), and 1050 cm-I (P=O). 


Anal.-Calc. for C I ~ H ~ ~ N ~ O ~ P - H ~ O :  N, 8.38; P. 9.26. Found: N, 8.40; 
P. 9.02. 
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Abstract 0 The previously reported rise in  rectal temperature that follows 
the intravenous injection of the mixture of metabolic products (extractable 
with ether from the Ciapek Dox medium on which Penicillium gilmanii has 
grown) is due to a single compound, dihydrocurvularin. Intravenous injection 
of I - 10 fig of dihydrocurvularin into rabbits causes a rise of at least one degree 
in  rectal temperature of rabbits in 2-8 h. The degree of temperature rise de- 
pends more on the individual rabbit than on the quantity of dihydrocurvularin 
injected. Treatment with lipopolysaccharide abolishes the ability of dihy- 
drocurvularin to cause a rise in rectal temperature. Treatment with dihy- 
drocurvularin, however, does not abolish the ability of lipopolysaccharide to 
induce a temperature response or a leukocytosis. Rabbits respond to repcdted 
treatment with dihydrocurvularin with a rise in rectal temperature that is 
indistinguishable from that observed on their first injection. Treatment with 
dihydrocurvularin does not affect differential counts or the concentration of 
leukocytes or red blood cells in the circulatory system. 


Keyphrases Dihydrocurvularin-intravenous injection, hyperpyrexia, 
rabbits. effect of lipopolysaccharide 


The intravenous injection of microgram quantities of the 
mixture of metabolic products elaborated by Peniciffium 
gilmanii grown on a Czapek Dox medium induces a temporary 
rise in rectal temperature and leukocytosis in rabbits ( 1 ,  2). 


After extraction with ether the medium no longer induced a 
temperature rise but afforded a pure crystalline enolic het- 
erocyclic compound, leucogenenol (2), of which 0.002 pglkg, 
on intravenous injection, induces a temporary leukocytosis in 
animals (1,  3), but even milligram quantities do not induce 
hyperpyrexia. On the other hand, intravenous injection of 
microgram quantities of the mixture of compounds extractable 
from the culture medium with ether induces a hyperpyrexia 
in rabbits cornparable to that observed following the injcction 
of microgram quantities of lipopolysaccharides. 


Investigations on leucogenenol established that it acted on 
cells in the peripheral circulation by increasing the rate at 
which committed cells of the bone marrow develop into func- 
tional cells such as neutrophils and lymphocytes (4-7). Un- 
doubtedly as a consequence of its ability to increase the rate 
of development of cells involved in the immune response, 
treatment with leucogenenol enhances thc immunocompetence 
of an animal and increases the rate at which immunosup- 
pressed animals recover immunocompetence (8- 13). Leuco- 
genenol is also found as a thymo-thyroid hormone ( 1  4- 16). 
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dissolved in aqueous acetic acid, and the product was precipitated by addition 
of ethanol. 


Compound I V  was an amorphous solid (59% yield) which did not melt up 
to 300OC. IH-NMR (DzO): 6 2.50 (m. CHzP). 3.48 (m, CHCO). 4.04 (s, 
O C H d .  4.58 (m, ArCH2). and 7.63 ppm (m. ArH). IR (KBr): 3700-2500 
(NH and OH). 1680, 1740 (C=O). 1200 (OCHj), and 1070 cm-I 
( F O ) .  


And-Calc. for C13H19N206P-3.5 H z O  N, 7.12; P, 7.87. Found: N,6.64; 
P, 8.33. 


Cornpound V was an amorphous solid (55% yield) which did not melt up 
to 300OC. 'H-NMR (D20-D2S04): 6 2.00-5.10 (m, aliphatic H )  and 7.70 
ppm (ArH); IR (KBr): 3700-25OO(NH andOH),  1650-1660 (C=O),  and 
1070 cm-I (P=O). 


And-Calc. for C I Z H I ~ N Z O ~ P :  N,  8.86; P, 9.80. Found: N,  8.18; P, 
10.25. 


Compound V l l l  was an amorphous gum which softened without melting 
at 90% TLC on silica gel (methanol) showed one spot, R ~ 0 . 5 .  


Compound I X  was an amorphous solid (50?4 yield) which did not melt up 
to 260OC. IH-NMR ( D Z O - D ~ S O ~ ) .  6 2.75-3.88 (m. CH andCH2). 4.38 5.25 
(m. ArCHzand CH).  and 7.62 cm-l (s, ArH). IR (KBr): 2700-3500 (Otl ,  
ArH, and CH), 1700 (C=O), 1 I50 (C-O), and 1050 cm-I (P=O). 


Anal.-Calc. for C I ~ H ~ ~ N ~ O ~ P - H ~ O :  N, 8.38; P. 9.26. Found: N, 8.40; 
P. 9.02. 
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Abstract 0 The previously reported rise in  rectal temperature that follows 
the intravenous injection of the mixture of metabolic products (extractable 
with ether from the Ciapek Dox medium on which Penicillium gilmanii has 
grown) is due to a single compound, dihydrocurvularin. Intravenous injection 
of I - 10 fig of dihydrocurvularin into rabbits causes a rise of at least one degree 
in  rectal temperature of rabbits in 2-8 h. The degree of temperature rise de- 
pends more on the individual rabbit than on the quantity of dihydrocurvularin 
injected. Treatment with lipopolysaccharide abolishes the ability of dihy- 
drocurvularin to cause a rise in rectal temperature. Treatment with dihy- 
drocurvularin, however, does not abolish the ability of lipopolysaccharide to 
induce a temperature response or a leukocytosis. Rabbits respond to repcdted 
treatment with dihydrocurvularin with a rise in rectal temperature that is 
indistinguishable from that observed on their first injection. Treatment with 
dihydrocurvularin does not affect differential counts or the concentration of 
leukocytes or red blood cells in the circulatory system. 


Keyphrases Dihydrocurvularin-intravenous injection, hyperpyrexia, 
rabbits. effect of lipopolysaccharide 


The intravenous injection of microgram quantities of the 
mixture of metabolic products elaborated by Peniciffium 
gilmanii grown on a Czapek Dox medium induces a temporary 
rise in rectal temperature and leukocytosis in rabbits ( 1 ,  2). 


After extraction with ether the medium no longer induced a 
temperature rise but afforded a pure crystalline enolic het- 
erocyclic compound, leucogenenol (2), of which 0.002 pglkg, 
on intravenous injection, induces a temporary leukocytosis in 
animals (1,  3), but even milligram quantities do not induce 
hyperpyrexia. On the other hand, intravenous injection of 
microgram quantities of the mixture of compounds extractable 
from the culture medium with ether induces a hyperpyrexia 
in rabbits cornparable to that observed following the injcction 
of microgram quantities of lipopolysaccharides. 


Investigations on leucogenenol established that it acted on 
cells in the peripheral circulation by increasing the rate at 
which committed cells of the bone marrow develop into func- 
tional cells such as neutrophils and lymphocytes (4-7). Un- 
doubtedly as a consequence of its ability to increase the rate 
of development of cells involved in the immune response, 
treatment with leucogenenol enhances thc immunocompetence 
of an animal and increases the rate at which immunosup- 
pressed animals recover immunocompetence (8- 13). Leuco- 
genenol is also found as a thymo-thyroid hormone ( 1  4- 16). 
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Having established that the effect of the mixture of meta- 
bolic products of P.  gilmanii on circulating leukocytes is due 
to a single compound, leucogenenol, we turned our attention 
to identifying the compound(s) that induce a rise in rectal 
temperature of rabbits. 


Raistrick and Rice ( 1  7) reported the isolation of 2,3-dihy- 
dro-3,6-dihydroxy-2-methyl-4-pyrone and curvularin from 
those metabolic products of P.  gilmanii that are extractable 
from the culture medium by ether. Therefore, either or both 
of these compounds could be responsible for the temperature 
rise observed when the mixture of compounds extracted from 
the culture medium with ether is injected intravenously into 
rabbits (1). Accordingly, rabbits were treated with 2,3-dihy- 
dro-3,6-dihydroxy-2-methyl-Cpyrone and with curvularin (I)  
in quantities up to 100 pg/kg, and the effect on rabbit rectal 
temperature was measured. Neither compound had any effect; 
therefore, it was apparent that a hitherto unrecognized com- 
pound(s) was present in the ether-extractable metabolic 
products. 


I I I  


RESULTS AND DISCUSSION 


Preparative TLC following column chromatography of the ether-extract- 
able metabolic products afforded curvularin (I), C I ~ H ~ O O S ,  and a compound, 
c 1 6 i i 2 2 0 5 ,  in yields of -35 mg and -3 mg, respectively, from 1800 mL of 
culture medium. The compound C16H2205 induced a rise in the rectal tem- 
perature of rabbits when injected 1-10 jig/kg iv. Individually, or as a mixture, 
the other ether-extractable compounds did not affect rabbit rectal tempera- 
ture. 


The difference in molecular formu'la of C I ~ H ~ ~ O J  from that of curvularin 
(C16H2005) and the similarity of their IR spectra suggested that C16H2205 
resulted from the reduction of curvularin (I) to dihydrocurvularin (11). Ac- 
cordingly, curvularin was reduced with sodium borohydride to yield two iso- 
mers of dihydrocurvularin (Rj0.4 and 0.6, EtOAc) one of which (Rj0.4) was 
found to be identical with that isolated from the metabolic products of P. 
gilmanii. It was not possible to identify theconfiguration or the isomers. In -  
jection of either isomer of dihydrocurvularin induces a rise in the rectal tem- 
perature of rabbits. The naturally occurring isomer of RJ 0.4 was used for 
further biological studies. 


Figure 1 shows the effect of the injection of 3 pg/kg iv of dihydrocurvularin 
( R j  0.4) on the rectal temperature of rabbits. Unlike lipopolysaccharides, 
rcpeatcd dihydrocurvularin injections produce a rise in rectal temperature 
indistinguishable from that observed on initial injection (Fig. I ) .  The time 
required for the rabbit to show a maximum rise in rectal temperature varies 
with the animal. I n  a group of I2 rabbits, 8 showed a maximum rise in rectal 
temperature a t  -6 h while 4 rabbits showed a maximum rise at -2 h. No 
significant differences in the degree or time of temperature rise were observed 
when I ,  3, or 10 jiglkgof dihydrocurvularin was injected in groups of rabbits. 
Injection of 0.1 jig/kg of dihydrocurvularin had no significant effect on rectal 
temperature. 


There are no significant changes in differential blood cell counts made at  
half-hour intervals for 24 h following treatment with dihydrocurvularin, nor 
do the rabbits show a leukocytosis or change in red blood cell counts in their 
peripheral circulation. 


For some unexplained reason, previous treatment with lipopolysaccharide 
prevents a rise in temperature following injection of dihydrocurvularin. Since 
rabbits respond to treatment with dihydrocurvularin with either an immediate 
or delayed temperature rise, it was considered important toconsider the two 
groups separately. Accordingly, rabbits were first treated with dihydrocur- 
vularin, then with lipopolysaccharide, and then with dihydrocurvularin. None 
of the rabbits that responded with either an immediate or delayed temperature 
response responded to treatment with dihydrocurvularin 2 d or I or 2 weeks 
following their treatment with Iipopolysaccharide. All the rabbits showed a 
maximum increase in rectal temperature 6-8 h after their initial injection with 


d O L Q 5  


Figure 1 -Effect of the intravenous injection of dihydrocurvularin on the 
rectal temperature of rabbits injected with 3 p g / k g  iv of dihydrocurvularin 
dissolved in pyrogen-free isotonic saline at a concentration of 10 jig/mL. Key: 
(0) initial injection: (8)  reinjected 48 h later; (0) initial injection; (0 )  
reinjected 7 d later. Vertical bars represent SD. Animals that responded with 
an increase in rectal temperaiure in 2 h (n = 4) were considered as one group: 
the remaining animals (n = R} were considered as a second group. Before 
treatment rabbits showed a mean diurnal variation of 0.2 f 0.I"C. 


lipopolysaccharide as well as the expected leukocytosis ( I  8). Treatment with 
dihydrocurvularin had no significant effect on the response to lipopolysac- 
charide. On the other hand, none of the rabbits that were treated again with 
lipopolysaccharide 1 or 2 weeks following their initial injection showed a 
significant incrcase in rectal temperture. 


I t  is possible that dihydrocurvularin could be of considerable use for in-  
vestigating the effect of increased temperatures on physiological responses, 
as  a tool to elucidate the mechanism of temperature regulation, as an impor- 
tant tool to study the role of fever (possibly isolated from other effects oi 
leukocyte endogenous mediator) on the pathogenesis of infection, and possibly 
as  a therapeutic agent. 


EXPERIMENTAL SECTION' 


Solvents and other chemicals were redistilled or recrystallized as appropriate 
before use. Evaporation of solutions to lesser volumes or to dryness were carried 
out under reduced pressure in  a rotary evaporator a t  40-5OoC (bath tem- 
perature). Where indicated, solutions were filtered under suction through a 
medium-porosity fritted glass Buchner funnel. Compounds were recrystallized 
until they showed a single peak on GC. 


Rectal temperatures were taken with a telethermometer* and pyrogen-free 
isotonic saline solutions3 were used for injection in  the marginal ear vein of 
rabbits. Smears of peripheral blood, obtained from the marginal ear vein 
opposite the one used for injection, were made and the cells examined and 
enumerated in the usual manner. White blood cells and red blood cells were 
counted with a Coulter countefi. 


Groups of six rabbits (New Zealand White) (-2.5 kg) were used to de- 
termine the ability of each compound or mixture of compounds to induce 
hyperpyrexia. Prior to treatment rabbits showed a mean diurnal variation of 
0.2 f O.IoC. The rabbit was weighed and then injected intravenously in the 
marginal ear vein with thecalculated quantity (usually 1 -I0 jig) of the met- 
abolic compound or compounds dissolved in I 5 mL of pyrogen-free isotonic 
saline. Rectal temperatures were recorded at half-hour intervals for I2 h and 
again at  24 h. A rise of temperature of I T  was considered significant. 
Standard deviations were not calculated for the experiments that led to the 
isolation of the compound that induces a temperature rise in rabbits. However, 
i f  one or more rabbits failed to respond with a significant rise in temperature, 
the experiment was repeated using greater quantities ( 5  100 jig) of thecom- 
pound or mixture of compounds being investigated. 


I Melting poinls were determined with a Kofler micro hot stage apparatus. UV spectra 
were determined with a Perkin-Elmer 323 spectrophotometer. IR spoctra were determined 
with the Perkin-Elmer 727 spectrometer. and optical rotations were measured with a 
Perkin-Elmer 141 spectrometer using a l d m  tube holding approximately 1 mL. GC were 
obtained on a Perkin-Elmer 900 gas chromatograph programmed from 200'C to 3000C 
at I2'C/min. usin a flame detector and a column (30.48 cm X 2 mm i.d.) packed wtth 
IROV-17 onGas-Ehrom Q (18-100 mesh). Florisil (80-lo0 mcsh) obtained from Fisher 
Scientific Co.. Fair Lawn, N.J. was used for column chromatography and precaated silica 
gel plates (2000 Im, 20 X 20 cm). made fluorescent by the addition of zinc silicate (Anal 
Tech.. Newark. Del.), were used for preparative TLC with the indicated solvents. 


Model 43; Yellow Springs Instrument Co., Yellow Springs, Ohio. 
Cutter Laboratories, Berkeley. Calif. 
Model F. 
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Isolation of Curvularin and Dihydrocurvuiarin-Penicillium gilmanii was 
grown as previously reported ( I )  at room temperature on Czapck Dox medium 
containing added zinc and copper ions (19) for -6 weeks: The medium ( 1  800 
m L )  then was separated from the mycelia by filtration through fluted fil.ter 
paper5 and continuously extracted6 with ether (500 mL) for -8 h. The ether 
extract was dried over anhydrous sodium sulfate, filtered. and evaporated to 
-25 mL. The solution was then allowed to flow under gravity through col- 
umn ( I  5 X 2 cm) of Florisil previously washed with absolute ethanol (500 mL) 
and ether (500  mL) and still wet with ether. An additional 200 mL ofanhy- 
drous ether was allowed to flow through the column followed by 100 mL of 
ethyl acetate. The ether and ethyl acetate that had flowed through the column 
was evaporated to dryness. The combined weight was -I g. The dry residue 
was dissolved in 10 mLof isotonic saline and - I  mL/kg was injected intoeach 
of six rabbits. There was no significant rise in the rectal temperature of the 
rabbits. 


The column was then eluted with dioxane (250 m i )  which was evaporaied 
to dryness and separated into four fractions by preparative TLC using ethyl 
acetate as the developing agent. Zones were made visible under UV light. Each 
zone (RJ 0.8, 0.45, 0.1, and 0.0) was scraped off the plate and its contents 
eluted with dioxane. 


The contents of the zone with RJ 0.8 on evaporation to dryness appeared 
as a crystalline mass (35 mg) which on recrystallization from ether or ethyl 
acetate yielded -30 mg of curvularin as white needles, mp 209OC [lit. (17) 
mp 205OCI. There was no depression in melting point on admixture with 
authentic curvularin. Curvularin sublimed unchanged at  I 40'C (bath tem- 
perature) under reduced pressure (0.05 mm Hg); [a]:& -35', [a]:$ -37', 
[a]& -45'. [a]::6 -128'. [a]:a5 -240" (c, 1. EtOH); X,,,(EtOH): 273 
nm (c 8OOO) and 303 nm (c 7100). The MSI3 (70 eV) showed M+ 292. 


And-Calc. for C ~ ~ H ~ O O J :  c ,  65.7; H ,  6.9. Found: C, 65.8; H,  6.9. 
The contents of the zone with R ~ 0 . 4 5  on evaporation to dryness yielded a 


syrup (3 mg) which crystallized from dichloromethane to give white needles 
(-2 mg), mp 175OC; -38". -44'. [a]%, -64'. [a]:& -61' 
(c. 1, EtOH); A,,, (EtOH): 284 nm (6 2800); IR (KBr) v,,,: 3440 s. 3390 
s, 3260 m, 2970 m, 2950 s, 2930 s, 291 0 s, 2850 m. 1740 s, 1630 s, and 1460 
s cm-I. The MS7 (70 eV) showed M+ 294 with clusters of major peaks at 276, 
180, 161,and l47;CI -NH,:  M+294. 


Anal.--Calc. for C16H2205: C, 65.3; H, 7.5. Found: C, 65.3; H, 7.5. 
Intravenous injection of the contents of the zone with RJ 0.45 induced a 


febrile response. On elution and evaporation todryness zones with Kj0.I and 
0.0 yielded syrups. Injection of rabbits with either fraction ( I  -2Opg/kg iv) 
did not induce a febrile response. The fractions were not investigated fur- 
ther. 


Sodium Borohydride Reduction of Curvularin to Dihydrocurvuiarin- An 
excess (25 mg) of sodium borohydride was added to a cooled (ice water) so- 
lution of 50 mg of curvularin in absolute ethanol (5 mL) and set aside at room 
temperature. Water (2.5 mL) and acetic acid (2.5 mL) then was added and 
after standing at room temperature for several hours, the solution was evap- 
orated to dryness and the solid residue was extracted with dioxane (5 X 5 mL). 
The dioxane extract was filtered and evaporated to dryness to yield a thick 
syrup, which on preparative TLC (ethyl acetate) showed two compounds with 
R/ 0.45 and 0.65, which were scraped off the plate and eluted with di- 
oxane. 


Evaporation of the eluate of the zone with K/ 0.45 yielded dihydrocurvularin 
(11)  as a syrup (20 mg) which crystallized from dichloromethane (-I 5 mg), 
mp 175'C, which showed no depression on admixture with the naturally oc- 
curring compound of the same Rf given above. The optical rotation, IR 
spectrum, UV spectrum. and MS were identical with those of the naturally 
occurring dihydrocurvularin of RfO.45. 


And-Calc. for C16H22O5: C, 65.3; H,  7.5; M+, 294. Found: C, 65.3; H, 
7.5; M+, 294. 


Evaporation of the eluate of the zone with RJ 0.65 afforded isodihydro- 
curvularin as a crystalline mass of needles (30 mg), which on recrystallization 
from ethyl acetate (weight -20 mg) had mp 186'C. The melting point was 
depressed on admixture with dihydrocurvularin. [a]:Q9 -40°, [a]::* -41'. 
[a]&,-45', [a]&-66O, [a]:&-63O,(c, I,EtOH).TheIRandUVspectra 
were essentially indistinguishable from the corresponding spectra of dihy- 


5 Whatman No. I .  
6 soxlct. ' LKB 9000. 


drocurvularin. Intravenous injection into rabbits induced a febrile response. 
The compound was not investigated further. 


Effect of Dihydrocurvularin on Rectal Temperatures and Circulating Blood 
Cells-Twelve rabbits (weight, -2.5 kg) selekted at random from 50 animals 
were injected id the marginal ear vein with 3 pg/kg iv of synthetic dihydro- 
curvularin dissolved (10 pg/mL) in  pyrogen-free isotonic saline. At half-hour 
intervals thereafter rectal temperatures were recorded and, in addition, a 
sample of blood ( 4 . 4  mL) was taken from the marginal ear vein opposite 
to that u . 4  for injection. Smears of the blood were made on microscope slides, 
stained with Wright's stain, and differential counts were made in the usual 
manner. Additionally, the concentration of white and red blood cells was de- 
termine$ with a Coulter counter. Means and standar deviations were cal- 


peratures rose within 2 h; means and standard deviations were alsocalculated 
from results obtained from the remaining 8 rabbits. The experiment was re- 
peated using 0.1, I ,  3, and 10 pg/kg of dihydrocurvularin. 


Effect on the Temperature Response of Repeated Treatment with Dihy- 
drocurvularin-Each of the 12 rabbits that were injected with 3 pg/kg of 
dihydrocurvularin were rcinjectcd wi th  3 pg/kg of dihydrocurvularin 24 h 
latcr. and their rectal temperatures were recorded at  half-hour intervals for 
I2  h. At 2-d intervals for 2 weeks, each rabbit was reinjected with 3 pg/kg 
of dihydrocurvularin, and again their rectal temperatures were recorded at 
h;ilf-hour intervals for I2 h. 


Effect of Lipopolysaccharide on the Temperature Rise Induced by Dihy- 
drocurvularin-- Each of six rabbits (group I )  was injected with 3 pg/kg iv of 
dihydrocurvularin, and their rectal temperatures were measured at half-hour 
intcrvals for I2 h and again at  24 h as described above. Two days later each 
rabbit. and each of six additional rabbits (group I I ) ,  received I pg/kg iv of 
lipopolysxcharide (Escherichia coli preparation. 1.-3 I 298), and their rectal 
temperatures were again recorded. Two days following their treatment with 
lipopolysaccharide each rabbit in group I was injected with 3 pg/kg iv of 
dihydrocurvularin and again their rectal temperatures were recorded at 
half-hour intervals as  described. One week ahd 2 weeks later each rabbit in 
group I received 3 pg/kg iv of dihydrocurvularin, and each rabbit in group 
11 received 1 pg/kg of lipopolysaccharide. Rectal temperatures were again 
recorded. Differential and white blood cell counts were made only on the 
rabbits that were treated with lipopolysaccharide. 


culated from the results obtained from 4 of the I2 ra6 t its whose rectal tem- 
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Abstract 0 Laser Raman spectroscopy is used for the investigation of the 
drug-polymer conjugates, sulfathiazole-povidone. Specifically, Raman 
spectra, both in the lattice vibration and the intramolecular vibration regions, 
are used to characterize various polymorphic formsof sulfathiazole. I t  is found 
that sulfathiazole exists in  two unsolvated forms, untreated sulfathiazole and 
another form grown from propanol. The crystals grown from ethanol include 
varying amounts of ethanol depending on the growth condition. The nature 
of the povidone-sulfathiaiole coprecipitates of various compositions are 
studied. We find no evidence of any new polymorphic form of sulfathiazole 
in these coprecipitates. The eoprecipitates are found to consist of one of the 
unsolvated forms of sulfathiazole. 


Keyphrases 0 Sulfathiazole-conjugatc with povidone, laser Raman spec- 
troscopy 0 Povidone-conjugate with sulfathiazole, laser Raman spectros- 
COPY 


The potential of a polymer matrix to produce a high-energy 
form of a drug has been realized for a long time. Interest in 
drug-polymer conjugates stems from the fact that the bio- 
availability of a drug, and therefore its therapeutic utility, can 
be increased. The strength and the specificity of interactions 
between a drug and a polymer play important roles in deter- 
mining the lattice energy of the drug-polymer conjugate and, 
thus, the dissolution rate of the drug. The dissolution rate of 
one drug-polymer conjugate, sulfathiazole-povidone, has been 
studied by Simonelli et al. (1, 2). Povidone produced a high- 
energy form of the drug which exhibited much faster disso- 
lution than the previously known polymorphic forms of sul- 
fathiazole. When a drug is present in a polymer matrix, its 
enhanced dissolution rate may be derived from any of the 
following: (a )  chemical attachment to the polymer; ( b )  exis- 
tence of a metastable form of the drug stabilized by specific 
interactions with polymer; (c) the reduction of particle size and 
crystallinity due to the presence of the polymer. For the sul- 
fathiazole-povidone conjugate, the drug does not appear to 
chemically bond with the polymer (2). The nature and the 
effect of the sulfathiazole-povidone interaction on enhance- 
ment of dissolution rates is not fully understood. 


In this paper we present the investigation of the sulfathia- 
zole-povidone conjugate by the technique of laser Raman 
spectroscopy. Raman spectroscopy provides spectra of both 
lattice vibrations (phonons) and intramolecular vibrations 
(3-5). Phonon spectra provide valuable information on the 
crystalline interactions; they are used to characterize the 
crystalline modifications and the effect of various external 
perturbations (including interactions with a matrix). The in- 
tramolecular vibrations are used to study the chemical stability 
of the various forms ( 5 ) .  These probes are based on the prin- 
ciple that a physical transformation in the solid state shows a 
dominant effect on the phonon motions but only a small effect 
on the intramolecular vibrations. On the other hand, a chem- 
ical change leads to a change both in the phonon spectra and 
in the spectra of intramolecular vibrations ( 6 ) .  


Laser Raman spectroscopy was used for the following in- 
vestigations of sulfathiazole and sulfathiazole-povidone 
conjugates: (a )  to identify and characterize the various poly- 


morphic forms of sulfathiazole; ( b )  to determine if povidone 
produces a high-energy polymorphic form of sulfathiazole that 
is different from the known polymorphic forms; (c) to study 
the nature and strength of interaction between the drug and 
the polymer. 


EXPERIMENTAL SECTION 


Sulfathiazole was grown from ethanol solution by using two different 
procedures: slow growth at room temperture to generate large crystals, or rapid 
growth from a warm ethanol solution. The latter method was used by Higuchi 
el a / .  to produce their polymorphic form 1 (7). Sulfathiazole was also grown 
from I-propanol' (8OOC and room temperature) and 2-butano12 (room tem- 
perature) solutions as well as from the melt. The sulfathiazole-povidone3 
conjugates were prepared by the alcohol-evaporation method describcd by 
Simonelli er a/.  ( I ) .  


Raman spectra were obtained using a double monochromatofl and the 
514.5-nm line of a coherent radiation argon ion laser. Spectra were taken at 
room temperatures. Direct current detection was used. 


RESULTS AND DISCUSSIOhS 


Polymorphic Forms of Sulfathiazok-Higuchi et a / .  have reported two 
polymorphic forms of sulfathiazole (7). The recrystalli7ation of sulfathiazole 
from a warm ethanol solution gave form I .  The second form of sulfathiazole 
was obtained either from the melt, or from a I-propanol or 2-butanol solution. 
The room temperature Raman phonon spectra of four sulfathiazole samples 
are shown in Fig. 1. The phonon spectra obtained were for untreated sul- 
fathiazole (A), rapidly recrystallized from warm ethanol (B), slowly recrys- 
tallized from ethanol (C) and recrystallized from I-propanol (D). respectively. 
Sulfathiazole B phonon spectra appear to correlate with the phonon spectra 
of the untreated sulfathiazole. But there are some notable differences. The 
weak band at  82.0 cm-l of sulfathiazole A splits into a doublet at 81.5 and 
89.5 cm-' in the sulfathiazole R spectrum. Additionally, the doublet at 135.0 
and 145.0 em-' in the sulfathiazole A spectrum shifts to 134.5 and 139.5 cm-l 
for the ethanol-grown sample. We carcfully compared the intramolecular 
vibrations of sulfathiazole A and sul~dthiazole B. I n  the 200-650 cm-' and 
900-1600 cm-l regions, the vibrational spectra of sulfathiazole B were es- 
sentially similar to that of sulfathiazole A. However, the spectral region 
650-900 cm-' showed the following changes (Fig. 2): an extra band was ob- 
served at 878.5 cm-l in the sulfathiazole B spectrum; the 681 . S ,  733.0, and 
838.0 bands of pure sulfathia7ole shifted to 684.5, 730.0, and 842.5 cm-I. 
respectively, in the sulfathiazole B spectrum. The observed internal vibration 
at  878.5 cm-l was identified as belonging to the solvent, ethanol. When fre- 
quency shifts are small (<3 cm-') the interaction between two components 
is generally weak and of a van der Waals type. I n  the ethanol-grown sul- 
fathiazole, the observed shifts were 2 3  cm-I. These results may indicate 
specific interaction between the solvent and some functional group of the drug, 
i .e . ,  hydrogen bonding. Our analysis was not able to detect the 0-H 
stretching of the ethanol due to its broad and weak nature. However, we found 
these ethanol -sulfathiazole crystals to be stablc for >6 months. 


The third phonon spectrum (Fig. 1 C) is of sulfathiazolc grown slowly from 
ethanol. New bands were observed at 22.0,24.5,27.5,64.0. and 126.5 cm-l. 
I n  addition to these extra features, a comparison of the 30 70 cm-' region 
for the sulfathiazole B and the sulfathiazole C samples reveal shifts to higher 
frequencies in the sulfathiazole C spectrum. Again, an inspection of the in- 
tramolecular vibrations for the sulfathiazole C sample shows the ethanol band 
(-878 cm-I) and shifting of bands in the spectral region from 650 to 900 
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Figure 3-Phonon spectra of the conjugates having sulfathiazole-pocidone 
weight ratios of l0: l  ( A )  and 1 . 1  { B )  are compared wtth the phonon specira 
of untreated sulfathiazole (CJ 
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Figure I -Room temperature phonon spectra of four suljathiazole samples. 
Key: (A) untreated suljathiazole; (S) suljathiazole rapidly recrystallizedfrom 
warm ethanol: (C.') sulfathiazole slowly recrystallized from ethanol; (D) 
sulfathiazole recrystallized from I -propanol. 


cm-l , similar ' ' to what was observed in the sulfathiazole B spectrum. We have 
also found that some ethanol-grown crystals exhibit phonon features which 
are in between that observed for sulfathiazole B and sulfathiazole C (i .e.,  
smaller shifts and fewer peaks than the sulfathiazole C spectrum). The ethanol 
band (-878 cm-I) was present in  all spectra of sulfathiazole grown from 
ethanol. 


The results indicate that sulfathiazole incorporates the solvent (ethanol) 
into its crystal lattice and thus forms a solvate. The differences we observed 
in the phonon spectra of the various ethanol solvates may be due to varying 
intake of the solvent by the drug lattice. In other words, sulfathiazole and 
ethanol do not crystallize in  one fixed stoichiometry. 


The phonon spectrum of sulfathiazole grown from the I-propanol solution 
is also shown (Fig. 1 D). The phonon spectrum of this polymorph is distinctly 
different from the phonon spectra of sulfathiazole A or the ethanol solvates. 
Only five broad features are observed in the 10-lOO-cm-l region. Identical 
broad phonon spectra were also obtained for crystals grown from the 2-butanol 
solution and from the melt. The intramolecular region 200-1600 cm-' of the 
sulfathiazole D crystals were compared with that observed for sulfathiazole 
A. Some notable differences were observed: two new bands were observed at  
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552.0 and 1 5 0 2 . 0 ~ m - ~  in the sulfathiazole D spectrum; the 304.0and 649.5 
cm-l bands of pure sulfathiazolc shifted to 288.0 and 656.5 cm-' in the sul- 
fathiazole D spectrum; the doublet, 632.5 and 638.5 cm-', in pure sulfathi- 
azole shifted to 630.0 and 635.5 cm-I. The extra features at 552.0 and 1502.0 
em-' were also present in the 2-butanol-grown sulfathiazole spectra and in 
some of the drug- polymer conjugates (see next section) that were grown from 
ethanol. Thus, we do not attribute these new features to the solvent, 1 -propanol. 
The appearance of new features and the shifting of peaks are believed to result 
from the formation of a different polymorph of sulfathiazole. From the broad 
nature of phonon bands, i t  appears that this polymorphic form is more dis- 
ordered than the ethanol solvate. 


Sulfathiazole-Poridone Conjugates-The phonon and the intramolecular 
vibrational spcctra a t  room temperature were obtained for conjugates having 
xulf;ithiamle povidone weight ratiosof I0:l. 5:1,3:l. I:l.and 1.2. Thephonon 
spectra of theconjugates I0:l. I:l. and the sulfathiazole A sample are shown 
in Fig. 3. The phonon spectra of the 10: I and 5 :  1 conjugates were essentially 
identical with that of sulfathiazole A. The only observable change is that the 
27.5-cm-' phonon band decreases in intensity as the weight ratio of sul- 
fathiazole to povidone decrease. A decrease in the weight ratio of sulfathiazole 
to povidone appears to decrease the resolution of the phonon bands. This can  
be seen with the phonon spectrum of the I : ]  weight ratio. The 27.5 cm-' 
transition is no longer visible. This poorly resolved spectrum still correlates 
with the spectrum of sulfathiazole A. The intramolecular vibrations of the 
5:l and I :  1 conjugates consisted of essentially unperturbed sulfathiazole bands. 
Also. the ethanol band (-878 cm-') was not present in either spectra. 
Therefore, we find no evidence of any chemical interaction between the drug 
and the polymer. Sulfathiazolc appears in an unsolvated form even though 
the conjugate was precipitated from ethanol. 


The phonon spectra of the conjugates 3:1, 1:2, and that of sulfathiazole 
grown from I-propanol are shown in Fig. 4. The broad phonon features of the 
3:l conjugate correlates with those observed in the sulfathiazole D spectrum. 
The intramolecular vibrations of the 3:l conjugate also correlate with the 
sulfdthiazole D internal vibrations. Thus, sulfathiazole is present in  the 3:l 
conjugate as the polymorph grown from propanol. Again, no specific inter- 
actions between the polymer and the drug were observed. 


The phonon spectrum of the 1 :2 conjugate (Fig. 4) has a broad transition 
at 48 em-' and a weak broad feature a t  57 cm-I. While the phonon region 
of povidone is not shown in  Fig. 4, the phonon spectrum of the 1 :2 conjugate 
correlates with that of povidone. Thus, a t  ratios t 1.2. the phonon spectra are 
dominated by povidone. With the lower ratios of sulfathiazole to povidone, 
the intermolecular vibrations of sulfathiaiole were so weak that even the most 
intense vibrations were barely visible. N o  correlation of the 1:2 conjugate 
spectrum could be made. A I : 1 conjugate was prepared by rapidly cooling a 
sulfathiazole-povidone solution. The phonon spectrum of this conjugate was 
also dominated by povidone. However. the intramolecular vibrations were 
observed. Sulfathiazole was present in  the I : I  conjugate as  the polymorphic 
form obtained from I-propanol. 


Simonelli ef a / .  have correlated the dissolution rates of sulpdthiazole-wv- 
Figure 2- The 800-900 cm-' internal vibration regions are compared for 
the untreated sulfuthiazole ( A )  and the sulfathiazole sample rapidly re- 
crystallized from warm erhanol /B) .  Inspectrum B.  the broadpeak at 878.5 
cm -I belongs to the solvent. ethanol. 


idonc conjugates to povidone weight fractions (2). They found two plateaus 
at low povidone weight fractions. They concluded that the lower plateau (lower 
dissolution rate) resulted from form I (sulfathiazole grown from warm eth- 
anol) being present in the drug-polymer conjugates. Our results of the phonon 
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Figure 4-Phonon spectra of the conjugates having sulfathiazole-pouidone 
weight ratios of 3:l (A)  and 1:2 (B) are compared with that of sulfathiazole 
grown from propanol (C). 


and intramolecular vibrations have shown that at low povidone weight frac- 
tions (lo:], 5:1, and I : I  conjugates), sulfathiazole was not present as the 
ethanol solvate but as the unsolvated sulfathiazole. In the sulfathiazole- 
povidone conjugate region 3:1-1:1.5, a second (higher dissolution rates) 
plateau was observed. Simonelli el al. postulated that the initial rate of dis- 
solution exhibited at  the higher plateau could rise from the presence of a new 
higher energy form of sulfathiazole. However, this higher energy form of 
sulfathiazole exhibited much faster dissolution than the previously known 
polymorphic forms of sulfathiazole. In the sulfathiazole-povidone region 


3: 1 - I  : I .  we observed two different kinds of phonon and intramolecular spectra, 
one belonging to the sulfathiazole A form and the other being the polymorphic 
form obtained from propanol. The method of preparation ( i .e . ,  temperature 
and/or concentration of solution) probably determines which of the two forms 
of sulfathiazole is present in the conjugates with drug-polymer ratios of 3: 
I -1:l.S. No other crystalline forms of sulfathiazole were observed in the 
drug-polymer conjugates. We therefore attribute the higher dissolution rate 
observed to arise from the particle size reduction of the drug in the presence 
of the polymer, whereby the increased effective surface area leads to an en- 
hanced dissolution rate. 
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Abstract 0 Carboxylate substituents added to the salicylate ring increase the 
effectiveness of a variety of aspirins and diaspirins in  acylating hemoglobin. 
Even more effective are a series of monoesters of dicarboxylate derivatives. 
Bis(5-carbomethoxysalicy1)fumarate and -succinate at 5 m M  concentrations 
modify -100% of the hemoglobin in solution and should alter the aggregation 
behavior of sickle hemoglobin. 


Keyphrases 0 Diaspirin-hemoglobin, sickle cell anemia, carboxylate sub- 
stituents 0 Hemoglobin-carboxylate-substituted diaspirins, acylation, sickle 
cell anemia 


Previous studies have shown that aspirin and its analogues 
are capable of acylating hemoglobin (1). Acetylsalicylate, the 
prototype monoester, tends to transfer its acetyl group largely 
to the PLys] 59 and PLys 144 residues. These are in areas of 
the protein with a high local concentration of cationic side 
chains; e.g., PLys 59 is part of a surface constellation consti- 
tuted of SLys residues 59,61,65, and 66. The double-headed 
bissalicylates, in turn, preferentially go to the ,&cleft of he- 


' Key: (Lys) lysine; (Val) valine; (His) histidine; (Phe) phenylalanine: (Leu) leu- 
cine. 


moglobin. In  this canyon, both 0 chains contribute their Oval 
1,  PHis 2, PLys 82, and PHis 143 residues to provide a highly 
cationic environment. 


In view of these observations, it seemed likely that even 
greater acylation of hemoglobin might be achieved with sali- 
cylate esters carrying additional negative charges. Further- 
more, different structural dispositions of anionic charges on 
the reagents might lead to alternative specificities in binding 
to and acylation of Lys residues in hemoglobin. These might 
be directed toward placing substituents near Oval 6 or near 
PPhe 85  or PLeu 88 of hemoglobin S, residues evidently at a 
contact interface in sickled hemoglobin (2, 3). Therefore, 
several aspirin analogues with added substituents, particularly 
anionic ones, have been prepared. These substances are 
members of different classes of compounds: substituted mo- 
nosalicylates [substituted carboxyphenyl acetates (I-V)]; 
substituted bissalicylates of succinic acid [bis(substitutcd 
carboxypheny1)succinates (VI, VII, X, and XI)], of fumaric 
acid [ bis( su bsti tuted car box yphen yl) fumarates (V I I I and 
IX)], or of anhydromethylene citric acid [bis(substituted 
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Figure 4-Phonon spectra of the conjugates having sulfathiazole-pouidone 
weight ratios of 3:l (A)  and 1:2 (B) are compared with that of sulfathiazole 
grown from propanol (C). 


and intramolecular vibrations have shown that at low povidone weight frac- 
tions (lo:], 5:1, and I : I  conjugates), sulfathiazole was not present as the 
ethanol solvate but as the unsolvated sulfathiazole. In the sulfathiazole- 
povidone conjugate region 3:1-1:1.5, a second (higher dissolution rates) 
plateau was observed. Simonelli el al. postulated that the initial rate of dis- 
solution exhibited at  the higher plateau could rise from the presence of a new 
higher energy form of sulfathiazole. However, this higher energy form of 
sulfathiazole exhibited much faster dissolution than the previously known 
polymorphic forms of sulfathiazole. In the sulfathiazole-povidone region 


3: 1 - I  : I .  we observed two different kinds of phonon and intramolecular spectra, 
one belonging to the sulfathiazole A form and the other being the polymorphic 
form obtained from propanol. The method of preparation ( i .e . ,  temperature 
and/or concentration of solution) probably determines which of the two forms 
of sulfathiazole is present in the conjugates with drug-polymer ratios of 3: 
I -1:l.S. No other crystalline forms of sulfathiazole were observed in the 
drug-polymer conjugates. We therefore attribute the higher dissolution rate 
observed to arise from the particle size reduction of the drug in the presence 
of the polymer, whereby the increased effective surface area leads to an en- 
hanced dissolution rate. 
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Previous studies have shown that aspirin and its analogues 
are capable of acylating hemoglobin (1). Acetylsalicylate, the 
prototype monoester, tends to transfer its acetyl group largely 
to the PLys] 59 and PLys 144 residues. These are in areas of 
the protein with a high local concentration of cationic side 
chains; e.g., PLys 59 is part of a surface constellation consti- 
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bissalicylates, in turn, preferentially go to the ,&cleft of he- 
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moglobin. In  this canyon, both 0 chains contribute their Oval 
1,  PHis 2, PLys 82, and PHis 143 residues to provide a highly 
cationic environment. 


In view of these observations, it seemed likely that even 
greater acylation of hemoglobin might be achieved with sali- 
cylate esters carrying additional negative charges. Further- 
more, different structural dispositions of anionic charges on 
the reagents might lead to alternative specificities in binding 
to and acylation of Lys residues in hemoglobin. These might 
be directed toward placing substituents near Oval 6 or near 
PPhe 85  or PLeu 88 of hemoglobin S, residues evidently at a 
contact interface in sickled hemoglobin (2, 3). Therefore, 
several aspirin analogues with added substituents, particularly 
anionic ones, have been prepared. These substances are 
members of different classes of compounds: substituted mo- 
nosalicylates [substituted carboxyphenyl acetates (I-V)]; 
substituted bissalicylates of succinic acid [bis(substitutcd 
carboxypheny1)succinates (VI, VII, X, and XI)], of fumaric 
acid [ bis( su bsti tuted car box yphen yl) fumarates (V I I I and 
IX)], or of anhydromethylene citric acid [bis(substituted 
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carboxyphenyl)Coxo-1,3-dioxolane-5,5-diacetate (Xll-XV)] .  
The extent of modification of hemoglobin by these compounds 
has been explored. 


0 - C O C H .  COOH COOC 


"@"" 
PI 


PII 


R I .  COOH. R 2  = U 


R ,  = COOH. R z  - Br 


m n I .  coocn3. R~ = H I R I .  C O O C H 3 .  R 2  - H 


IP: R ~ .  c o o n ,  R~ XI R ,  = COOCH,,  R 1  = Br 


P RI  - C O O C H 3 .  R 2  = Br 


P I  gRz 6;; CO c H . C H  CO - 0 &J2 R , ~ ~ ~ c o c H z - c - c H z c o - o  o.c, ,o 


R ,  R I  R ,  


pm R~ , coocnl, R~ = H XU R 1  - C O O H .  R 2  = H 


lX R I  - COOCH,. R z  - 0 1  XIU RI  - COOCHI, R z  = H 


n 
Z 


R ,  . C O O H ,  R z .  01 


RI * COOCH,. R 2 *  81 


RESULTS AND DISCUSSION 


Chemistry--Some of the compounds (Table I )  proved to be very elusive. 
One of the key intermediates, 4-hydroxy-5-bromo-isophthalic acid mono- 
methyl ester could not be obtained from the diester by conventional methods 
(4). which in  this case produced the diacid. However, the simple procedure 
of stirring the diester in  an appropriate alkaline solution yielded the desired 
monoester. from which V and IX could be prepared. The bisfuniarates of the 
diacids 4-hydroxy-isophthalic and its 5-bromo analogue were so sensitive to 
t r a m  of water in theenvironment that they could not be isolated even though 
their presence was established (TLC) in the dry solvent in which their synthcsis 
was carried out. In  contrast, the corresponding monoesters were comparatively 
stable. 


As mentioned previously ( 5 ) .  the methylene citrate derivatives had to be 
protected under petroleum ether in the cold, but they were sufficiently stable 
to carry out modification experiments if they were added quickly to the he- 
moglobin solution. 


Activity-A comparison (Table I )  of aspirin ( I )  with its doubly anionic 
analogue 4-(acetyloxy)-l,3-benzenedicarboxylic acid (11) shows that the 
extent of modification of hemoglobin is significantly greater for the latter. 
This increase was expected for the doubly charged reagent. To our surprise, 
however, the monomethyl ester, 4-(acety1oxy)- I ,3-benzenedicarboxylic acid 
I-methyl ester ( I l l ) ,  ismuch moreeffcctive than eitheranalogue I or II. We 
conclude, therefore, that the presence of the added carbomethoxy moiety is 
much more influential than the additional charge. Evidently this second 
clcctron-withdrawing group in the para position to the acetoxy substituent 
activates the latter substantially so that it is much more effective in transferring 
its acetyl radical to the hemoglobin. The dipole of the -COOCH3 moiety 
may also provide some electrostatic interaction with a cationic locus on the 
protein. 


A bromo substituent on the aromatic ring, producing IV, also increases 
effectiveness (compared with I I )  of the aspirin analogue in modifying he- 
moglobin. This effect of the polarizable bromine atom has been seen previously 
( I ) .  A particularly marked increase in  modification is manifestcd with the 
monoanionic monoester V, the bromo analogueof 111. Again we see that the 
para carbomethoxy substituent has a marked activating effect on the acetoxy 
group. 


Turning to the bissalicylates, we find similar substituent effects, even more 
marked in these diaspirins. Bissalicyl succinate, the single-COOH reference 
analogue of VI. at 5 mM concentration modifies -I 5% of hernoglobin ( I ,  6). 
In contrast. the additional -COOH provided by VI increases the degree of 
modification to almost 80%. An additional bromo substituent increases the 
reactivity even further, as is evident with V11 (Table I ) .  


It has been shown previously (5.6) that the fumarate diaspirin, bis(2-car- 
boxyphenyl)fumarate, is more effective than the corrcsponding salicylate 
derivative. This superiority is maintained in the present series of compounds. 
Thus, Vl l l  is more reactive than X, and IX is better than XI. With all of these 
compounds the extent of modification of hemoglobin is very high. 


In the methylene citric acid series (XII-XV), the beneficial effects of the 
-COOCH3 substituent continue to be expressed. Thus, X l l l  is superior to 
XII, and XV is better than XIV.  


The shifts in p50 values (oxygen pressure at half-saturation of hemoglobin) 
provide some insight into the location of the acyl group affixed by the aspirin 
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Table I-Modification of Hemoglobin by Salicylates 


p50 for Oxygen 
Percent Binding, mm Hg 


Modifica- With 2 
tion Without mM 
of lnositol lnositol 


Oxyhemo- Hexa- Hexa- 
Conc., globin A, phos- phos- 


Compound mM 1 mM phate phate 


None 
Aspirin; 2-(acety1oxy)- 


benzoic acid ( I )  


4-(Acctyloxy)- I ,3-benzcne- 
dicarboxylic acid ( 1 1 ) "  


4-(Acety1oxy)- I .3-benzene- 
dicarboxylic acid 
I-methyl ester (111) 


benzenedicarboxylic 
acid (IV) 


4-(Acetyloxy)-5-bromo- 1.3- 
benzenedicarboxylic 
acid I-methyl ester (V)  


Bis( 2,4-diearboxyphenyl)- 
succinate ( V 1 ) b J  


Bis( 6- bromo-2.4-dicarbox 
pheny1)succinate ( V l l ) l i J  


4-(Acetyloxy)-5-bromo- 1,3- 


Bis(4-carbomethoxy-2. 
carboxypheny1)- 
fumarate (\'lll)bJ 


2-carboxyphen 1 
fumarate (1x)ZJi  


Bis(6-bromo-4-carbomethoxy- 


Bis(4-carbomethoxy-2- 
carboxypheny1)- 
succinate ( X ) Q J  


Bis(6- bromo-4-carbomethoxy- 
2-carboxyphen I )  
succinate ( X I )  L j  


Bis( 2,4-dicarboxyphenyl)4-0~0- 
1,3-dioxolane-5,5- 
diacetate (XII)  


Bis(4-carbomethoxy-2- 
carboxyphenyl)4-oxo- 
1,3-dioxolanc-5,5- 
diacetate (XIII) 


Bis(6-bromo-2,4-dicarboxy- 
phenyl)4-oxo-l,3- 
dioxolane-5,5-diacetate 
(XIV)  


2-carboxyphenyl)- 
4-0x0- 1,3-dioxolane- 
5.5-diacetate (XV)  


Bis(6-bromo-4-carbomethoxy- 


- 


20 
10 
5 


20 
10 
5 


10 
5 


10 
5 


10 
5 


5 
I 
5 


I 


5 
1 


5 


I 


5 


I 


5 


I 


5 
1 


5 
1 


5 
I 


5 
1 


- 


26 
15 
8 


39 
23 
10 
70 
43 


68 
48 


83 
60 


78 
31 
86 
86 
46 
39 
97 
45 


98 
100 
100 
61 
49 
58 
71 
81 
33 
34 
63 
74 
17 
24 
41 
13 


76 
34 


40 
15 


94 
42 


5 
5 
4 
4 
5 
4 
4 
5 
5 


7 
7 


7 
7 


6 
6 
5 
6 
6 
7 
6 
7 


4 


5 


7 


6 


6 


6 


6 
7 


7 
7 


6 
7 


6 
7 


40 
34 
35 
36 
21 
30 
36 
22 
32 


28 
36 


20 
28 


14 
38 
I I  
12 
40 
35 


7 
36 


I 


26 


12 


39 


24 


37 


33 
39 


23 
38 


34 
38 


23 
38 


a Some qualitative experiments with this compound have been described by Kokkini 
Satisfactory analytical data ( i 0 . 4 %  for C, H )  were reported for each of 


Calc. for Br. 25.36; found 24.91. 
Calc. for Br, 25.28; found 24.83.1 Melting points ("C): V1, 228-230; VII, 212-21 3: 


el al. ( I  I ) .  
these compounds. Calc. for Br. 26.44; found, 25.82. 


VIII. 200-202; IX. 233-235; X, 179- 181; XI. 178-180. 


reagent. I f  p50 is shifted back to near 40 m m  (Table I )  when inositol hexa- 
phosphate is added to the hemoglobin solution, then this effector is clearly 
able to enter the 0-cleft of the protein to shift the conformation to the low- 
affinity form. As has been shown previously ( I ) ,  the diaspirins are capable 
of denying inositol phosphate access to the 0-cleft by forming a covalent 
blocking bridge across the portal. I t  is apparent that thcse features of the 
doublc-headed aspirins are rnaintaincd in the current series of compounds 
(Vl -XI ) ,  all of which. at least at a concentration of 5 mM, keep pso from rc- 
turning to the normal value in the prcscnce of inositol hexaphosphatc. The 







two most striking agents in this regard are the monomethyl esters V l l l  and 
IX. which at  5 mM concentration keep pso in  the presence of inositol hexd- 
phosphate at essentially the same value as in its absence. Thus, these two 
compounds are essentially 100% effective in blocking access to the ,?-cleft. 
The bis(carbomethoxysalicy1)fumarate ( V I I I ) ,  devoid of the bromo substit- 
uent, should be a particularly attractive compound from a pharmacological 
viewpoint for testing as an antisickling agent. 


EXPERIMENTAL SECTION* 


3-Bromo-Scarbomethoxy Salicylic Acid-Partial hydrolysis of 5- bromo- 
4-hydroxy-isophthalic acid dimethyl ester was affected by stirring the mixture 
of diester (2.0 g) with 25 mL of 33% KOH in methanol and 25 mL of water 
for several hours at room temperature. The unchanged diester in suspension 
was removed by filtration. The filtrate was cooled and acidified with 1 M HCI. 
The resulting precipitate was removed by filtration and then recrystallized 
from dilute ethanol to give the monoester, mp 237-238OC. IR: 1720 cm-1; 
‘H-NMR (MezSO-de): d 3.85 (3, s, -COOCHj) and 8.0-8.4 ppm (2, t ,  
ArH). 


Anal.-Calc. for C9H7BrOs: C, 39.30 H. 2.57; Br, 29.05. Found: C, 39.34; 
H, 2.58; Br, 29.18. 


Preparation of Substituted lsophthalic Acids and Methyl Esters-4- 
(Acetoxy)-isophrhalic Acid (11) and 4-Aceroxy-isophthalic Arid I -Methyl 
Ester (///)-These compounds were prepared as described in the literature 
(4). 


4- (Aceroxy ) -5-bromo-isophthalic Acid (I Y)-Compound I V  was pre- 
pared in  a manner similar to that in the literature (4) for I I  and was recrys- 
tallized from chloroform-petroleum ether, mp 197-199OC. IH-NMR 
(MezSO-d6): d 2.45 (3,  s, -OCOCH3), 8.4 (2 , t ,  ArH), and 11.61 ppm (br 


Anol.-Calc. for c10H7Br06: C, 39.63; H, 2.33. Found: C, 39.74; H, 
2.32. 


4-Acetoxy-5-hromo-i.~ophthalic Acid Monomethyl Ester ( V)- Ester V 
was also prepared by a procedure (4) analogous to that used for 111 and was 
recrystallized from chloroform-petroleum ether, mp 133-1 350C. IR: 1725 
cm-’; ‘H-NMR (CDCI3-MeiSO-d6):d 2.37 (3,s. -OCOCH3), 3.92 (3, 
s. 


Anal.--Calc. for C I  lHgBrO6: C, 41.67; H, 2.86; Br, 25.20. Found: C, 41.40; 
H, 2.80; Br, 25.75. 


General Method for the Synthesis of Bissuccinates (Vl  and VIl)-Sodium 
hydride (0.06 mol) was added to a solution of substituted salicylic acid (0.02 
mol) in 30 mL of dry tetrahydrofuran, and the mixture was stirred overnight 
at room temperature. Succinyl chloride (0.01 mol) was dissolved in a minimum 
quantity of tetrahydrofuran (-5 mL) and added i n  a dropwisc manner. over 
a period of 0.5 h, to the stirred suspension of sodium salt of the substituted 
salicylate. The resulting mixture was further stirred for an additional day. 
After removal of solvent under reduccd pressure, the gummy residue was 
treated with ethyl acetate and acidified with aqueous 1 M HCI while being 
cooled in an ice bath. Theorganic layer was removed, washed with cold sat- 
urated NaCl solution, and dried over MgS04. After removal of solvent, the 
residue was recrystallized from a mixture of ethyl acetate-petroleum ether. 
Properties of the compounds obtained (V1 and VII) are summarized in Table 
1. 


General Method for the Synthesis of Bisfumarates and Bissuccinates 
(VIII-XI)-To a stirred mixture of substituted salicylic acid (2.0 mmol) and 
N,N-dimethylaniline (6.2 mmol) i n  80 mL of dry benzene was added in  a 
dropwise manner fumaryl or succinyl chloride ( I  .02 mmol) dissolved in 20 
mL of benzene. The resultant mixture was stirred overnight a t  room tem- 
perature. After removal of the solvent under reduced pressure, the residue 
was suspended in 50 mL of ethyl acetate and extracted several times with 
ice-cold I M HCI (50 mL) and once with water (50 mL). Theorganic layer 
was dried (MgS04). filtered, and evaporated under reduced pressure. The 
residue was further recrystallized from either ethanol or a mixture of ethyl 
acetate-petroleum ether. The compounds obtained (VIII-XI) are  listed in  
Table I .  ‘H-NMR spectra were consistent with the structures. 


General Method for the Synthesis of Biscitrates (XU-XV)-The prepara- 
tions of XII--XV were described in a previous publication ( 5 ) .  


Hemoglobin Experiments-Whole blood (with anticoagulant) was obtained 
from local hospitals. Hemolysate was prepared by themethod of Drabkin (7) 
except that chloroform was used to facilitate separation of the membranes. 


Elemental analyses were performed by Micro-Tech Laboratories, Skokie, I l l .  IR 
spectra were obtained wi th  a Perkin-Elmer 283 spectrometer. ‘ H - N M R  spectra were 
recorded us,ing Varian EM-360 (60 MHz) and JEOL-FX-270 spectrometers. and 
chemical shifts are listed as 6 values in ppm relative to (CH3)Si as internal standard. 
Melting points were determined with a Buchi capillary apparatus and are uncorrected. 
The 4-hydroxy-isophthalic acid (or 5-carboxysalicylic acid) used herein as a starting 
material was purchased from the Chemolog Co.. N.Y. 


S. 2, 2-COOH). 


COOCH3),and 8.34-8.53 ppm (2,d,  ArH). 


Hemolysate from normal adults was used without further purification. After 
frcezing in liquid nitrogen, the hemolysate and hemoglobin samples were 
stored at -8OOC. Hemoglobin concentrations in solution were measured after 
conveision to the cyanomet derivative (8). 


Chemical modifications with the acylating compounds were performed with 
1 -5-fold molar ratio of reagent to hemoglobin for the bissalicylate esters and 
with a 5-20-fold molar excess for the monosalicylates. The reactions were 
carried out in 0.1 M Tris-HCI buffer, pH 7.3. which the hemoglobin had been 
dialyzed against. All reactions were performed with oxyhemoglobin. Modi- 
fication reactions were initiated by suspending the compound in  buffer, par- 
tially dissolving it, and adding hemoglobin within 30s. Stirring was continued 
for 2 h at 37OC. The reaction mixture was then dialyzed overnight against cold 
0.13 M glycine (pH 6.0). 


The extent of modification of the hemoglobin was assessed by isoelectric 
focusing (9, 10) in a flat gel3 using the procedures described by the manu- 
facturer, with the following alterations. A I-mm gel (instead of 3,mm) was 
prepared between a glahs plate (bottom) and a piece of plexiglass (top) with 
a polytef gasket between plates. The gel composition for 100 mL of solution 
was 4 g (0.56 M)  of acrylamide4, 0.16 g (0.01 M) of N,N’-methylenebisac- 
rylamides, 5 g (0.54 M) of glycerol, 5.4 mL of ampholytes, pH 6.5-96, 1.8 mL 
of ampholytes, pH 6-8’, 0.05 g (4.3 mM) of N,N,h’”-tetramethylethyl- 
enediamine4, and 0.05 g (2.2 mM) of ammonium persulfate8. All hemoglobin 
samples were saturated with gaseous C O  and made 0.01 M in NaCN; 2.5 p L  
was then applied to the gel surface on small pieces of filter paper. The anolyte 
was I M H3P04; 2 M NaOH served as eatholyte. lsoelectric focusing was 
carried out at 10°C for -90 min with a power level of 30 W. Immediately after 
the power was turned off, the gel was fixed in an aqueous solution of 10 g/ 100 
mL (0.6 M) of trichloroacetica~id~ and 6 g/IOO mL (0.2 M) of 5-sulfasalicylic 
acidlo for 20-30 min. and then placed for 30-60 min in  a preservative solution 
of water-ethanol-acetic acid-glycerol (35:5:l:l). After the gel had dried 
overnight, the modification pattern in each reaction channel was analyzed 
by recording a densitometric scan with a soft laser scanning densitometer with 
an integrator”. Oxygen affinities of chemically modified and unmodified 
hemoglobins were determined in the presence and in thc absence of 2 mM 
inositol hexaphosphate12 using an ~ x y g e n a t o r ’ ~ .  
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Abstract 0 Preparation of all possible monobromo-6-methoxy-8-amino- 
quinolines is reported. These materials provided an opportunity to assess the 
effect of bromine substitution on I3C-NMR chemical shift patterns. An ex- 
planation of the isomerization of 5-bromo-6-methoxy-8-acetamidoquinoline 
to 7-bromo-6-methoxy-8-aminoquinolinc during hydrolysis is presented. 


Keyphrases 0 Bromine sub~titution--’~C-NMR chemical shifts, bromo- 
aminoquinoline isomerization 0 Bromoaminoquinolines-13C-NMR 
chemical shifts, isomerization, bromine substitution 


Various isomers of bromo-6-methoxy-8-aminoquinoline 
were required as intermediates in connection with syntheses 
of deuterated derivatives of the antimalarial drug primaquine 
(I) (1). Primaquine, 6-methoxy-8-(4-amino- 1-methylbuty1)- 
aminoquinoline, is used for the radical cure of vivax malaria 
and, in combination with other antimalarial drugs such as 
chloroquine, for prophylaxis in endemic areas (2). 


An obvious route of preparation of these bromoamino- 
quinolines should involve the reduction of the corresponding 
bromo nitro compounds. Examination of the literature showed 
that while 3-bromo-6-methoxy-8-aminoquinoline had indeed 
been prepared by this method (3),  the 5-bromo derivative had 
been obtained by the bromination of 6-methoxy-8-acetami- 
noquinoline and the subsequent hydrolysis of the acetyl group 
(4). Reduction of 5- bromo-6-met hoxy-8-nitroquinoline gave 
poor yields of the amino compound (4). The 7-bromo com- 
pound was prepared by a rather unusual transformation of the 
5-bromo derivative in refluxing 10% hydrobromic acid (4). The 
2- and 4-bromo derivatives have not been previously re- 
ported. 


The present work describes the preparation of these two 
unknown compounds as well as a study of the ‘H- and 13C- 
NMR spectra of all these monobromo and the 5,7-dibromo- 
6-methoxy-8-aminoquinolines. In addition we have reexam- 
ined the unusual transformation of the 5-bromo isomer into 
the 7-bromo material. The reduction of the various bromo- 
8-nitroquinolines was examined to develop an efficient nitro 
reduction without accompanying debromination. 


EXPERIMENTAL SECTION’ 


6-Methoxy-8-nitrcquinoline (11)-Nitrobenzene (50 mL) was added slowly 
with stirring to fuming sulfuric acid (30% sulfur trioxide, reagent grade, 150 
mL) at room temperature. The mixture was stirred at  60-65OC for -8 h (until 


I The IH-NMR spectra (90 MHz) were recorded on a Varian EM 390 spectrometer 
using Me6SO-d6 as solvent and tetramethylsilane as an internal standard. The I‘C-NMR 
spectra (15.03 MHz) were recorded on a JEOL-FX60 IT spwtrometer using Me$@& 
as solvent and tetramethylsilane as internal standard. NMR data are reported as d values 
(ppm). Masspectra wereobtained usinga Finnigan 3200GC-MS coupled loan INCOS 
data system. HPLC was accomplished on a p-Bondapak CIS reverse-phase column and 
a mobile phase of 2.2 g of potassium dihydrogen phosphate. 3.3 g of tassium hydrogen 
phosphate. 1.2 L of distilled water, and 2.8 L of HPLC-quality metEnol. TLC wasac- 
complished on silica G (254) precoated plates; GC was done on base-deactivatcd 3% 
OV- I7  packed on a 183 m X 0.6 cm 0.d. glass column with flame-ionization detection 
on a Beckman GC-65, with a flow rate of 30 mL/min of nitrogen. All compounds gave 
satisfactory elemental analyses. Starting compounds were prepared by literature pro- 
cedures or purchased from Aldrich unless otherwise noted. 


L N H ,  


I 


11: R = NO2 VIII: R = NH2, 3-Br 
111: R = NO,, 2-Br IX: R = NH2,4-Br 
IV: R = NOz, 3-Br X: R = NH2,5-Br 
V: R = NO,, 4-Br XI: R = NH2,7-Br 


VI: R =  NH2 XII: R = NH2, 5-Br, 7-Br 
VII: R = NH2, 2-Br XIII: R = NHCOCH,, 2-Br 


Y Br cH”y5&.) 
AN+R 


a dropof the mixture was found to be miscible when poured into water). The 
“sulfo mix” (5) was then added slowly with vigorous stirring to a paste of 2- 
nitro-4-methoxyaniline (85 g, 0.5 mol), glycerol (230 g, 2.5 mol), and water 
(230 mL). The resulting mixture was heated gradually in an oil bath to 
130-135OC and kept a t  that temperature for 6 h. The color of the mixture 
changed from orange-red to dark brown. The mixture was allowed to cool, 
was poured into crushed ice, and then neutralized with 10% NaOH. The solid 
material was removed by filtration, washed with water, and dried. Recrys- 
talliiration from chloroform gave 64.0 g (63% yield) of I 1  as straw-colored 
crystals, mp I58-16OoC [lit. (6) mp 158-160°C]. 
2-Bromo-6-methoxy-&nitroquinoline (III)-l-Methyl-6-methoxy-8-ni- 


troquinoline-2-one (7) (7.0 g, 0.03 mol) and phosphorus oxybromide (17.3 
g, 0.1 13 mol) were heated at 120-125OC for 6 h. The mixture was cooled, 
poured into crushed ice, and neutralized with excess ammonium hydroxide. 
The pale-yellow solid was removed by filtration, washed, and drizd. Recrys- 
talliiation from ethanol gave 6.7 g (80% yield) of 111 as pale-yellow needles, 
mp 228-230OC. 


Anal.-Calc. for CloH7BrN203: C, 42.23; H. 2.49; N,  9.89. Found: C, 
42.08; H, 2.60; N, 9.90. 
4-Bromo-bmethoxy-8-nitroquinoline (V)-In a similar manner, 4-hy- 


droxy-6-methoxy-8-nitrquinoline (3.3 g, 0.015 mol) (8) was treated with 
phosphorus oxybromide (5.8 g, 0.02 mol) in quiwline to give V as yellow 
crystals (chloroform), 3. I g (64% yield). mp I91 - 193OC. 


Anal.-Calc. for CloH7BrN203: C, 42.23; H. 2.49; N, 9.89. Found: C, 
42.52; H,  2.70; N,  10.20. 


General Procedure for Nitro Group Reduction-The nitro compound (-I0 
mmol) was dissolved in  concentrated hydrochloric acid (-30 mL), and the 
solution was cooled in an ice-salt bath. The ice-cold solution was added slowly 
with vigorous stirring to an ice-cold solution of stannous chloride (anhydrous, 
98%. -10 g) in 30 mL of concentrated hydrochloric acid. The resulting mix- 
ture was stirred at 0-5OC for 1 h and then poured into crushed ice. The mixture 
was made alkaline with Concentrated ammonium hydroxide and extracted 
with ethyl acetate (5 X 50 mL). The combined organic layers were washed 
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twice with water and once with saturated brine, dried over anhydrous sodium 
sulfate, and concentrated under reduced pressure. Recrystalliiation was from 
ethanol. 
2-Bromo-6-me~hoxy-8-aminoquinoline ( VII)--The aforcmentioned 2- 


bromo-6-methoxy-8-nitroquinoline (4.2 g, 0.01 5 mol) dissolved in concen- 
trated hydrochloric acid (25mL) was added tostannous chloride ( I 5  g, 0.066 
mol) dissolved in concentrated hydrochloric acid (25 mL). This afforded 3.44 
g (90% yield) of colorless crystals, mp 88-90°C. IH-NMR: 6 8.00 ( I ,  d, J = 
8 H z , H - 4 ) . 7 . 5 0 ( l , d , J = 8 H z , H - 3 ) , 6 . 5 1  (2,brs,H-5andH-7) ,and3.83 
ppm (3,s,OCH3); 13C-NMR: 159.2(s,C-6), 145.5(s,C-8), 138.1 (d.C-4), 
134.9and 134.7(s.C-2andC-8). 128.8(s.C-4a). 125.8(d,C-3), lOl.O(d, 
C-7). 93.8 (d, C-5), and 55.1 ppm (9. OCH3). 


Anal.-Calc. for C I O H ~ B ~ N ~ O :  C, 47.45; H, 3.58; N, 11.07. Found: C,  
47.54; H, 3.68; N,  11.27. 
.?-Bromo-6-mefhoxy-8-aminoquinoline ( VlII)-3-Bromo-6-methoxy- 


8-nitroquinoline (5.6 g, 0.02 mol) dissolved in concentrated hydrochloric acid 
(30 mL) was added to stannous chloride (20 g, 0.089 mol) dissolved in con- 
centrated hydrochloric acid (30 mL). This afforded 4.57 g (90% yield) of 
colorless needles, mp 95-96°C [lit. (3) mp 95 -Y6T] .  IH-NMR: d 8.58 (1, 
d, J = 2 Hz, H-2), 8.31 ( l , d ,  J = 2 Hz, H-4), 6.67 ( I ,  d, J = 2 Hz. H-5 or 
H-7), 6.55 ( I ,  d, J = 2 Hz, H-5 or H-7), and 3.91 pprn (3, s, OCH,); 13C- 


(s, C-8a), 131.1 (s, C-4a). 117.5 (s, C-3). 100.4 (d, C-7). 93.0 (d. C-5). and 
55. I ppm (9. OCH3). 


4- Bromo-6-me~hoxy-8-aminoquinoline (IX)-- -The aforementioned 4- 
bromo-6-methoxy-8-nitroquinoline (4.2 g, 0.01 5 rnol) dissolved in concen- 
trated hydrochloric acid (25 mL) was added to stannous chloride (15 g, 0.066 
mol) dissolved in concentrated hydrochloric acid (25 mL). The resulting 
mixture was stirred at 0-5°C for I h. poured intocrushed ice, and neutralized 
to pH 8-9 with concentrated ammonium hydroxide. A solid (4-bromo-6- 
methoxy-8-aminoquinoline hydrochloride) separated and was removed by 
filtration and recrystallized from ethanol. This afforded 3.3 g (76% yield) of 
I X  as pale-yellow needles. mp 98-100°C. 'H-NMR: 6 8.35 (I ,  d, J = 5 H7, 
ti-2). 7.73 ( I  d ,  J = 5 Hr, H-3). 6.63 (2, br s, H-5 and H-7). and 3.90 ppm 


(s,C-8a), 131.3 (s.C-4), 129.0(s,C-4a), 125.7 (d,C-3). 100.2 (d,C-7),92.1 
(d, C-5). and 55.1 ppm (9, OCH,). 


Anal.-Calc. for CloH9BrN20.HCI: C, 41.48; H, 3.48; N, 9.67. Found: 
C, 41.00; H, 3.00; N. 9.64. 


5-Bromo-6-methoxy-8-aminoquinoline (X)-5-Bromo-6-methoxy-8- 
nitroquinoline (9) ( I  .5 g, 0.005 mol) dissolved in  concentrated hydrochloric 
acid (10 mL) was added to stannous chloride (5 g, 0.022 mol) dissoivcd in 
concentrated hydrochloric acid (10 mL). This afforded 1.16 g (92% yield) 
ofcolorless needles, mp 152- 153°C [lit. (4) mp 153-154"C]. IH-NMR: 6 


8 Hz, H-4). 7.63 (I ,dd,  J3.2 = 5 Hz, J3,4 = 8 Hz, W3), 7.03 ( I ,  s. H-7). and 
3.91 ppm (3, s, OCH3); 13C-NMR: 155.0 (s, C-6). 146.7 (s, C-8), 144.8 (d, 
C-2). 134.0(s.C-8a). 133.2(d,C-4), 128.0(s,C-4a), 123.1 (d.C-3),96.3(d, 
C-7), 89.9 (s, C-5). and 56.4 ppm (q, OCH3). 
5-Bromo-6-me~hoxy-8-acetaminoquinoline (XIIf)-6-Methoxy-l-ace- 


taminoquinoline (3.2 g, 0.015 mol) was dissolved in glacial acetic acid (30 
mL). Pyridinium hydrobromide perbromide (4.8 g, 0.01 5 mol) was added 
slowly, and the mixture was stirred at room temperature for 2 h. The solution 
was cooled in an ice bath and neutralized with excess concentrated ammonium 
hydroxide. The precipitate was removed by filtration and washed with ice-cold 
water; the dried material was recrystallized from ethyl alcohol to give 3.4 g 
(77% yield) ofcolorless needles, mp 167 -169°C [lit. (4) mp 167-169°C). 
7-Bromo-6-me~hoxy-5-aminoquinoline (XI)--The method of Lauer ef 


al. (4) was used to give material with mp 110-1 12OC [lit. (4) mp 1 11.5- 


NMR: 159.8 ( s ,  C-6), 146.3 (s, C-8). 144.6 (d,C-2). 135.7 (d.C-4), 132.8 


(3, S ,  OCH3); "C-NMR: 160.1 (5, C-6). 147.2 ( s ,  C-8), 143.8 (d, C-2). 135.2 


8.73 ( I ,  dd, J2.3 = 5 Hz, 12.4  = 2 Hz, H-2), 8.37 ( I ,  dd, J4 .2  = 2 Hz, J4.3 = 


112.5°C].1H-NMR:d8.63(I,dd,J2~~=5H~,J2~~=2 Hz,H-2) ,8 .13(1,  
dd. 54.2 = 2 Hz, 54.3 = 8 Hz, H-4). 7.47 ( I ,  dd, J3.2 = 5 Hz, 53.4 = 8 Hz, H-3). 
6.83 (s. H-5). and 4.00 ppm (3, s, OCHj); 13C-NMR: 154.2 (s, C-6), 145.5 
(d,C-2). 143.8 (s,C-8). 134.9 (d,C-4), 134.1 (s.C-8a). 128.1 (s,C-4a), 122.3 
(d, C-3). 95.6 (s, C-7). 93.5 (d. C-5). and 56.1 ppm (q, OCH3). 


5,7-Dibromo-6-merhoxy-R-aminoquinoline (XII)- The method of Lauer 
er al. (4) was used to give off-white crystals from ethanol, mp 86-87°C [lit. 
(4) mp 87-88"C). IH-NMR: 6 8.77 (1, dd, J 2 . 3  = 5 Hz, J2.4 = 2 Hz, H-2), 


8 Hz, H-3), and 3.91 ppm (3, s. OCH3); I3C-NMR: 152.6 (s, C-6). 147.7 (d, 
C-21, 144.4 (s, C-8). 135.3 (s,C-8a), 134.6 (d. C-4), 126.7 (s, C-4a), 123.6 
(d, C-3). 99.1 (s, C-7), 98.0 (s. C-5). and 60.5 ppm (9, OCH3). 


8.33 ( I ,  dd. 54.2 = 2 Hz. J4.3 = 8 142, H-4), 7.63 ( I ,  dd, J3 .2  = 5 ~ I z ,  J3.4 = 


RESULTS AND DISCUSSlON 


2-Bromo-6-methoxy-B-nitroquinoline (111) was obtained by treatment of 
l-methyl-6-methoxy-8-nitroquinoline-2-one with phosphorus oxybromide. 


The quinoline-2-one derivative was prepared in two steps from 6-methoxy- 
8-nitroquinoline (7). 6-Methoxy-8-nitroquinoline (11) may be prepared in 
good yield by the use of "sulfo mix" (5) in place of arsenic pentoxide (lo), the 
duration of reaction being shorter and the workup of the reaction being 
comparatively easier. 4-Bromo-6-methoxy-8-aminoquinoline (V)  was made 
from the corresponding 4-hydroxy compound (8). 


The unexpected result of isomerization of the 5-bromo isomer into the 7- 
bromo isomer, which was reported previously (4), was confirmed; the spectral 
data clearly distinguish the 5- and 7-bromo isomers. A clue to the explanation 
of this result is the observed rapid exchange of the hydrogen atoms at  both 
C-5 and C-7. This suggests that protonation occurs at C-5 of the highly acti- 
vated ring to form an iminium intermediate (XIV) .  Nucleophilic attack of 
this material by bromide ion would generate 6-methoxy-8-acetaminoquinoline 
and molecular bromine. Subsequent bromination of the 6-methoxy-8-aceta- 
minoquinoline may proceed at  C-5 to regenerate the starting bromo isomer, 
or alternatively, since C-7 is also activated, bromination may take place at 
C-7 to generate the isomeric product. Since protonation seems to be favored 
at C-5, this process should ultimately transform all of the 5-bromo derivative 
to the 7-bromo substance (4). 


With all the bromo-8-nitroquinolines in  hand, we turned our attention to 
the formation of the 8-aminoquinolines. The reduction of the nitro to an amino 
group caused several problems. It was found that use of either 10% palladium 
on charcoal or Raney Nickel-catalyzed reduction with hydrazine hydrate in 
refluxing ethanol resulted in considerable hydrogenolysis of the bromo group. 
Catalytic hydrogenation with Raney Nickel (50 psi, room temperature) also 
gave inconsistent results with the bromonitro compounds. Hence. a detailed 
study was undertaken to find the best method for the reduction of the nitro 
group without accompanying hydrogenolysis of the bromo substituent. The 
reduction was attempted under three different pH conditions (neutral, basic, 
and acidic), and the course of the reduction was monitored by GC; and bro- 
moaminoquinolines were well separated from 6-methoxy-8-aminoquinoline 
and the starting nitro derivatives. It was found that reduction with stannous 
chloride in concentrated hydrochloric acid at  low temperature for a period 
of I h gave the best results in all the cases examined. Longer reaction times 
resulted in extensive hydrogenolysis especially in the case of the 2- and 5-bromo 
derivatives. Hydrazine hydrate reduction catalyzed by Raney Nickel at room 
temperature gave satisfactory results only in the case of 3- and 4-bromo 
compounds. Raney Nickel-catalyzed reduction with hydrogen gas at 50 psi 
and room temperature for 2 6  h gave fair to poor yields of bromoamino 
compounds. Shorter duration of hydrogenation resulted in incomplete re- 
duction and the recovery of the starting bromonitro compounds. Thus, the 
stannous chloride-hydrochloric acid method was found to be the best. and 
yields ranging from 85 to 95% could be achieved in all the cases. 5,7-Di- 
bromo-6-methoxy-8-aminoquinoline (XII) was prepared as reported earlier 
(4). 


The 'H-NMR data of all these compounds are readily assigned by simple 
chemical-shift theory and coupling patterns. Since little data is available 
concerning the effects of bromine on carbon resonances, the complete as- 
signments of the 13C-NMR data were also examined. 


The use of long-range coupling patterns of quinoline derivatives can be usal 
to confirm assignments (1 I ) .  The fully coupled I3C-NMR spectra of 6-me- 
thoxy-8-aminoquinoline (111) readily confirms those assignments listed. The 
protons of the amino group also show long-range coupling to C-7 just like that 
observed for primaquine ( I  2). This coupling can be removed by exchange using 
deuterium oxide, and the C-7 signal appears as the expected doublet of dou- 
blets (J = 158.2, 5.9 Hz). The carbon atom at  the 5-position, on the other 
hand, remains unchanged after exchange [dt (J = 162. I ,  4.9 Hz)]. The carbon 
atom at the 4a-position appears as a doublet (J = 6.8 Hz). C-6 as a quartet 
(J = 3.9 Hz), C-8 as a singlet, and C-8a as a complex multiplet. The coupling 
patterns for (2-2, C-3, and C-4 appear just as for quinoline ( 1  I ) .  


The assignments of the signals for the various bromo derivatives (Vl l -XI)  
were made using chemical-shift theory, single-frequency off-resonance de- 
coupling, and long-range coupling patterns in the proton-coupled spectrum. 
Introduction of a bromine substituent in benzenes causes a shielding of the 
substituted carbon (5-6 ppm) and a deshielding of the orrho carbon (3-.4 ppm) 
(13). The meta and para effects are much smaller. This general trend appears 
to hold for the substituted carbon and the protonated carbons of the bro- 
moquinolines as well. The shift of the nonprotonated orrho carbon,on theother 
hand, is in the opposite direction (shielded) by scvcral ppm. It is also interesting 
to compare the 5.7-dibromo derivative (XII)  with VI, X ,  and XI.  The C-7 
signal in XI1 appears at nearly the same place as in  VI, whereas C-5 is de- 
shielded by -5 ppm. Also, C-5 in X appears near 90 ppm, while in XI1 it ap- 
pears at 98 ppm, showing that introduction of a bromine at C-7 (mefa position) 
causes a deshielding effect of -8 ppm. Comparison of C-7 in XI1 and XI shows 
a deshielding effect of only -2 ppm. Clearly, we can conclude that one must 
be careful in drawing any generalizations with bromine substituents, partic- 
ularly in highly substituted systems. 
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Abstract 0 An impurity present in all commercial guaifenesin-containing 
dosage forms examined was isolated and identified as  2-(2-methoxyphen- 
oxy)l,3-propanediol (VI). The eluant of a previously developed stability- 
indicating IiqNid chromatographic method for phenylephrine hydrochloride 
(I) ,  phenylpropanolamine hydrochloride (11). and guaifenesin (111) was 
modified to yield a better separation between phenylpropanolamine and the 
impurity. The method was expanded to include sodium benzoate (IV), a 
preservative found in some liquid formulations. 


Keyphrases 0 Guaifenesin-synthetic impurity, HPLC with phenylephrine 
hydrochloride, phenylpropanolamine hydrochloride, and sodium benzoate 


A stability-indicating reverse-phase high-performance liquid 
chromatographic (VPLC) method for phenylephrine hydro- 
chloride (I), phenylpropanolamine hydrochloride (II), and 
guaifenesin (111), primarily in capsule formulations, was re- 
cently pfesented (1).  However, on further examination of a 
wide variety of capsule, tablet, and liquid formulations from 
various manufacturers, it became evident that all chromato- 
grams of products containing 111 (and even standard 111 so- 
lutions) yielded an impurity that eluted immediately following 
the I1 peak. In early method development work involving the 
capsule formulations, the peak area of this 111 impurity was 
only slightly more than 2% of the area of I1 ( 4 . 2 %  of the 111 
area) and barely discernable in the tail of the 11 peak (cf. Fig. 
2 of Ref. 1). The separation was sufficient to yield good ana- 
lytical data. However, impurity peak areas were later observed 
in other commercial formulations that were >20% of the area 
of the I1 peak. Because of the relatively large amount of the 


111 impurity in some formulations, the ubiquitous nature of 
the impurity, and the danger of loss of resolution between I 1  
and the impurity for less efficient columns, both elucidation 
of the impurity structure and modification of the chromato- 
graphic eluant system to yield better resolution between I1 and 
the impurity were sought. 


ocn 
OHOH 


6 0 C H 2 C ” i H 2  2Y OCH Fn20H 


LJ Cnpon 


111 V I  


EXPERIMENTAL SECHON 


Reagents and Chemicals-All reagents and chemicals were ACS, USP 
or NFquality and were used without further purification. Compounds I ,  I I ,  
and 111 were used as received’. 


2-(2-Methoxyphenoxy)- I ,3-propanediol (VI) was synthesized according 
to a literature procedure (2). Recrystallization from ethyl acetate-hexane, 
yielded a white powder, mp 62-64OC [lit. (2) mp 61-62OCj. IR (KBr): 3325 
( W H ) ,  3041 (Arc-H). 3000-2850 (aliphatic C-H), 2837 (methoxy 
C-H), 1600-1450 (Ar deformations), 1240 and 1100-1000 (C-0). and 
750cm-’ (1.2-substituted Ar ring C-H,outof planedeformation); ‘H-NMR 
(acetone-dh): 6 7.07 (ArH), 4.25 (-OCH). 3.87 (-OCHj) and 3.85 ppm 


The para isomer of Ill,  3-(4-methoxyphenoxy)- 1,2-propanediol. was pre- 
(-CH20H). 


I Norwich Eaton Pharmaceuticals. Inc. 
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A stability-indicating reverse-phase high-performance liquid 
chromatographic (VPLC) method for phenylephrine hydro- 
chloride (I), phenylpropanolamine hydrochloride (II), and 
guaifenesin (111), primarily in capsule formulations, was re- 
cently pfesented (1).  However, on further examination of a 
wide variety of capsule, tablet, and liquid formulations from 
various manufacturers, it became evident that all chromato- 
grams of products containing 111 (and even standard 111 so- 
lutions) yielded an impurity that eluted immediately following 
the I1 peak. In early method development work involving the 
capsule formulations, the peak area of this 111 impurity was 
only slightly more than 2% of the area of I1 ( 4 . 2 %  of the 111 
area) and barely discernable in the tail of the 11 peak (cf. Fig. 
2 of Ref. 1). The separation was sufficient to yield good ana- 
lytical data. However, impurity peak areas were later observed 
in other commercial formulations that were >20% of the area 
of the I1 peak. Because of the relatively large amount of the 


111 impurity in some formulations, the ubiquitous nature of 
the impurity, and the danger of loss of resolution between I 1  
and the impurity for less efficient columns, both elucidation 
of the impurity structure and modification of the chromato- 
graphic eluant system to yield better resolution between I1 and 
the impurity were sought. 
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or NFquality and were used without further purification. Compounds I ,  I I ,  
and 111 were used as received’. 


2-(2-Methoxyphenoxy)- I ,3-propanediol (VI) was synthesized according 
to a literature procedure (2). Recrystallization from ethyl acetate-hexane, 
yielded a white powder, mp 62-64OC [lit. (2) mp 61-62OCj. IR (KBr): 3325 
( W H ) ,  3041 (Arc-H). 3000-2850 (aliphatic C-H), 2837 (methoxy 
C-H), 1600-1450 (Ar deformations), 1240 and 1100-1000 (C-0). and 
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Figure 1-Chromarogram of 40 pgfmL of phenylephrine hydrochloride ( I ) ,  
400 pgfmL ojphenylpropanolamine hydrochloride (11). I .8 mgfmL of gua- 
genesin (Ill). 40 pgfmL of benzoic acid (IV), and possible impurities and 
degradants: I pgfmL of a-aminopropiophenone (V). 20 pgfmL of 2 4 2 -  
methoxyphenoxyi-1.3-propanediol ( V l ) ,  4 pgfmL of m-hydroxybenzai- 
dehyde (VIIJ ,  100 pgJmL of guaiacol Will), 40 pgfmL of benzaldehyde (1x1, 
and forced degraded phenylephrine hydrochloride products ( X ) .  


pared according to a general procedure for synthesis of a-glyceryt phenyl 
ethers (3). Recrystallization from ethyl acetate-hexane yielded a white 
powder, mp 80-82OC [lit. (4) mp 76-78OCI. IR (KBr): 818 cm-' (para- 
substituted benzene ring); otherwise, the spectrum was similar to that for 
I l l .  


Degradation products of I were formed by storing I in 0.5 M KOH at 
80-90°C for I week ( I ) .  


Apparatus-The HPLC apparatus described previously (1) was used. The 
system used for quantitative assay of I, I I ,  111, and the preservative sodium 
benzoate [as benzoic acid (IV)] consisted of an absorbance detector a t  254 
nm. a 20-pL loop injector, and a C8 column* pumped at 2.0 mL/min with an 
eluant containing 50 mL of methanol, 170 mL of acetonitrile, 755 mL of water, 
and 25 mL of pcntanesulfonic acid sodium salt in glacial acetic acid3. The 
resulting eluant was 5 mM in ion-pairing salt and 1.7% in acetic acid. The 
HPLC system used for collection of the impurity consisted of a CIS column4 
with water-methanol (80:20) as eluant at a 1.5-mL/min flow rate. To collect 
the impurity, 10 fractions from 100-pL injections of a IO7-mg/mL aqueous 
solution of 111 were collected from the chromatographic region just prior to 
the elution of the 111 peak. The combined fractions were evaporated to a total 
volume of 1 mL. 


A GC apparatusS was used with a photoionization detector a t  10.2 eV and 
a I .8 m X 2 mm i.d. glass column packed with 3% OV-17 on Chromasorb 
G-HP. Both 111 and the collected impurity were treated with n-butylboronic 
acid for 30 min. One microliter or less of both derivatized and underivatized 
solutions were injected at a column temperature of 200OC and nitrogen flow 
rateof 25 mlfmin .  


'H-NMR spectra were obtained on an 80-MHz Fourier-transform in- 
strument6. Samples were dissolved in 99.96 atom-%D hexadeuterated acetone 
with tetramethylsilane as internal standard. IR spectra were obtained from 
KBr pellets with a Fourier-transform instrument'. 


Standard Solution Preparation-The final HPLC method used aqueous 
standard solutions containing 0-0.1 pg/mL of 1.0.24-0.45 pgf mL of I I ,  2-5.6 


LnJ Vlll I V  i 


Whatman Partisil- 10. 
PIC-BS; Waters Associatcs. 
p-Bondapak CIS. Waters Associates 
HNU Model 401. 
Bruker WP-80. ' Nicolet MX-I. 


Table I-Area Linearity 


Phenyl- 
ephrine 
Hydro- 


Parameter chloride 


Correlation coefficient 0.99996 
Standard error of the 270 


Intercept, %* -0.3 
Variation, %c 0.7 


estimate (S,,,) 


Phenyl- 
propa- 


nolamine Sodium 
Hydro- Guaifene- Benzo- 
chloride sin atea 


0.99997 0.9999 0.9999 
8 00 24,000 3700 


0.7 1.4 1.4 
0.6 1.2 1.2 


As bcnzoic acid. * b-lntercept/F) X 100, wherep is the averagey. C(SyIx/p) X 
loo. 


pg/mL of 111, and 0-0.1 2 pg/mL of IV,  depending on the label claim of the 
dosage form assayed. 


Sample Preparation-For the capsule and tablet samples not containing 
I ,  200 or 300 mg of ground sample was leached with water or mobile phase 
and diluted to 50 mL. For capsule samples containing I, to obtain a more 
homogenous sample, 1-1.3 g of ground sample was leached with water and 
diluted to 250 mL. The samples were injected directly after a 10-min soni- 
cation and 5-min centrifugation at 2500 rpm. For the liquid samples, 4.0-25.0 
mL (depending on label claim) was diluted to 250 mL with water and then 
injected directly. 


RESULTS AND DISCUSSION 


Elucidation of Impurity Structure-Gas chromatograms of both derivatized 
and underivatized 111 and collected impurity samples revealed that cyclic 
butylboronate derivatization increased the retention time of both compounds 
by 4 W o .  This indicated that, like 111, the impurity required two hydroxyl 
groups, no more than one carbon atom apart, for formation of the cyclic 
butylboronate derivative ( 5 ) .  Logical possibilities included the para isomer 
of 111 and 2-(2-methoxyphenoxy)-1,3-propanediol (VI). The former was 
immediately excluded since it was found to possess nearly the same HPLC 
retention time as 111. 


'H-NMR of both the collected impurity and the synthesized compound 
(VI) in  hexadeuterated acetone yielded practically identical spectra, provided 
the concentration of the synthesized compound was dilute (I  I mgfmL)8. 
Intermolecular hydrogen bonding resulted in peak shifts in the spectra a t  
higher concentrations. 


The collected impurity sample was lyophilized to remove the eluant and 
pressed into a KBr pellet. The IR spectrum of the impurity was practically 
identical to that of the synthesized compound, again provided that the con- 
centration of the synthetic compound was low enough to minimize hydrogen 
bonding effects8. 


HPLC of the synthesized compound using both C8 and CIS columns yielded 
a retention time identical to that for the impurity observed in Ill samples. The 
ratio of molar absorptivities of 111 to VI at  254 nm was found to be 1:l. 


Modification of the Liquid Chromatographic Stability-Indicating 
Assay-Any HPLC system developed should be specific for the analytes I, 
11, I l l ,  and IV with respect to the following known and postulated impurities 
and degradation products ( I ) :  a-aminopropiophenone (V), a precursor and 
postulated (but so far undetected) trace impurity of I I ;  2-(2-methoxyphen- 
oxy)-l,3-propanediol (VI),  the identified 111 impurity; m-hydroxybenzal- 
dchydc (V I I ) ,  an observed degradation product of I ;  guaiacol (VIII ) ,  an ob- 
w v c d  hydrolysis product of I I I :  benzaldehyde ( IX) ,  an observed hydrolysis 
product of II; forced-degradation products of I (X).  


To achieve the desired resolution between I 1  and VI and maintain the 
separation from the above compounds, the organic modifier of the original 
eluant system ( I )  was changed from 30% methanol to 5 1  methanol and 17% 
acetonitrile (Fig. I ) .  The separation was maintained on several C8 columns, 
including one that had seen heavy use. An internal standard was not deemed 
necessary, due to the high precision obtained with fixed-loop injectors. 


The linearity data for I ,  11,111, and IV, determined by plotting peak areas 
uersus standard weights, are presented in Table 1. Linearity was observed over 
the ranges of 0.4-3.4 pg for I ,  3.3-31 pg for 11, 14.5-1 38 pg for Ill, and 1-9.3 
pg for IV. 


Assay of 12 synthetic capsule samples made by spiking placebo with solu- 
tions containing known amounts of standard I, 11, and 111 at levels of 50- 150% 
of the theoretical values yielded average recoveries and RSD values of 99.8 


8 Spectra furnished on request. 
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Table 11-HPLC Assay of Capsule’ and Liquid Samples 


Sodium 
Sample Weight Phenylephrine Phen y lpropanolamine Guaifenesin, Benzoate, 


or Volume Hydrochloride, mg/g Hydrochloride, mg/g or mL mg/g or mL mg/mLc 


Weight, g 
0.651 9.6 1 82.6 375 
0.661 9.61 85.0 382 
0.666 9.34 83.7 376 
1.046 
1.078 
I .303 
1.331 
1.328 
1.927 
I .922 
1.137 
1.912 


RSD, % 
Volume, mL 


15.0 
20.0 
25.0 
30.0 
35.0 


Mean, mg/g 


Mean, mg/mL 
RSD. % 


9.36 
9.73 
9.48 
9.65 
9.45 
9.45 
9.54 
9.83 
9.62 
9.56 
I .5 


82.2 
81.7 
82.2 
84.0 
83.9 
84.0 
84.3 
82.9 
83.4 
83.7 
0.6 


2.52 
2.5 I 
2.48 
2.50 
2.50 
2.50 
0.6 


373 
37 1 
373 
375 
375 
375 
375 
365 
365 
372 


1.4 


19.3 
19.1 
19.1 
19.2 
19.2 
19.2 
0.5 


1.16 
1.15 
1.14 
1.15 
1.16 
1.15 
0.7 


Entex Capsules. Norwich Eaton Pharmaceuticals, Inc. Label is 9.4 mg/g for phenylephrinc hydrochloride, 85 mg/g for phenylpropanolamine hvdrochloride. and 377 mg/g 
Head & Chest Liquid, Procter & Gamble. Label is 2.56 mg/mL for phenylpropanolamine hydrochloride. 20 mg/mL for guaifenesin,;nd I .20 mg/mL for sodium for guaifenesin. 


benzoate. As benzoic acid. 


Table 111-HPLC Assay of Various Commercial Dosage Forms 


2 4  2-Methoxy- 
Phenylephrine Phenylpropanolamine phenoxy)- I ,3- 


Dosage Hydrochloride Hydrochloride Guaifenesin propanediol, % of 
Form Assay, mg/mL Label, % Assay, mg/mL or g Label, % Assay, mgjmL or g Label, 7% Guaifenesin Conc. 


Liquid* - - 2.36 94.4 19.5 97.7 1.5 
Liquid - - 9.0 99.9 31.6 105.2 2.3 
LiquidC - - 2.52 99.8 20.0 99.8 0.2 
Liquidd - - 1.26 100.3 9.8 97.9 0.3 
Liquide - - 2.66 106.4 9.8 97.7 2.0 
Ca su1e.f 9.56 101.7 83.7 98.5 372 98.7 0.2 
Talleta - - 39.2 100.2 299 97.9 0.2 


Triaminic (Dorsey). Naldecon Ex (Bristol). Robitussin CF (A. H. Robins). Dorcol (Dorsey). Vicks Formula 44D (Vicks). J h t e x  Capsules (Norwich Eaton Pharmaceuticals. 
Inc.); from Table 11. Head & Chest Tablets (Procter & Gamble). 


f 1 . I % ,  99.7 f I .2%, and 99.3 f I .O%, respectively. Similarly, assays of I2 
synthetic liquid samples for 11, 111, and IV yielded average recoveries and RSD 
valuesof 99.7 f 1.5%. 100.1 f 1.5%, and 100.5 f 1.5%. respectively. 


The assay results for I ,  I I . 1 1 1 ,  and I V  in several commercial dosage forms 
representing liquid, tablet, and capsule preparations are presented in Tables 
11 and 111. In addition, assay values for VI (as percentage of 111 concentration) 
in seven different formulations from six different manufacturers are also 
presented in  Table 111. The impurity V1 was observed in each formulation 
examined at concentrations ranging from 0.2 to 2.3% of the 111 concentra- 
tion. 


The widespread distribution of VI in formulations containing Ill prompted 
assessment of the potential toxicity of VI. According to literature data (16). 
when administered to mice, impurity V I  is actually less toxic [mean paralyzing 
dose (PD5o) = 800 mg/kg. mean lethal dose (LD50) = 1710 mg/kg] than 111 
(PD5o = 320 mg/kg, LD5o = 1200 mg/kg). This information. coupled with 
the similarity in structure between 111 and VI, indicates the potential toxicity 
of V I  is minimal. 
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Abstract 0 A simple technique has bcen devised for preparing ethylene-vinyl 
acetate copolymer microspheres containing macromolecular drugs. Beads 
with good sphericity were formed by a simple extrusion process that can easily 
be repeated by any laboratory without special equipment. The extruded 
droplets gelled on immediate contact with cold ethanol in a dry ice-ethanol 
bath. The ethanol also served to remove the solvent and harden the micro- 
spheres as they warmed to room temperature. Release of bovine serum al- 
bumin followed the expected trends, i.e., initial linearity with the square root 
of time and faster release rates with greater drug loading. 


Keyphrases 0 Microencapsulation-ethylene-vinyl acetate copolymer mi- 
crospheres, release kinetics, sustained release systems 0 Ethylene-vinyl ac- 
etate copolymer microspheres-drug delivery, release kinetics 


Monolithic systems composed of ethylene-vinyl acetate 
copolymer have been used for the controlled delivery of mac- 
romolecular drugs such as insulin ( l ) ,  heparin (2 ) ,  enzymes 
(3), DNA (2), tumor angiogenesis factor (2) and its inhibitor 
(4), and has provided a basis for various bioassays (5-7) and 
chemotactic studies (8). In all these cases, the drug and poly- 
mer solution were mixed together and cast as a film on a pre- 
cooled plate to yield a matrix device in the form of a slab (-5 
X 5 cm, 0.75-1.75 mm thick), which could be further divided 
into 1 X 1 cm squares (9). These systems have been designed 
to release at decreasing rates (9), constant rates (lo), and in- 
creasing rates (1 1). 


A new procedure is described here for making nearly 
spherical beads of ethylene-vinyl acetate copolymer for con- 
trolled release of macromolecular drugs. Such microspheres 
may prove to be useful as an injectable dosage form. In addi- 
tion, the simplicity of the technique may facilitate its wide- 
spread application in new areas. 


EXPERIMENTAL SECTION 


Microsphere Preparation-Microsphere preparation is shown diagram- 
matically in Fig. 1. Ethylene-vinyl acetate copolymer’ (40% vinyl acetate) 
was washed in water and ethanol2 ( I  2) and dissolved in methylenc chloride3 
to give a 10% (w/v) solution. Bovine serum albumin4 was sieved5 to give 
106-150-pm particles. The polymer solution (2 mL) was added lo a weighed 
amount of powder in a 5-ml, glass vial6 and the mixture was vortexed’ to give 
a uniform suspension. The mixture was quickly drawn into a disposable 3-mL 
syringeB uia a 1.27-cm 16-gauge needle9 that had been trimmed to a blunt end 
with a standard machine shop grinder wheel. After vortexing again for a few 
seconds, the suspension was carefully extruded through the same 16-gauge 
needle drop by drop into 20 mL of cold unstirred absolute ethanol in  a 50-mL 
beaker immersed in a dry ice-ethanol bath (-78’C). The mixture gelled 
virtually immediately on contact with the cold ethanol in the near-spherical 
shape of the droplets, and the hard, gelled spheres sank to the bottom of the 


I Elvax 40; DuPont Chemical Co.. Wilmington. Del. * US. Industrial Chemicals, New York, N.Y. 
Reagent grade; Mallinckrodt. St. Louis. Mo. 


‘Sigma Chemical Co., St. Louis, Mo. 
American Standard Sieves. Nos. 40,60, and 200; Dual Manufacturing Co.. Chicago, 


6 Wheaton Scientific Co., Millville. N.J. ’ Scientific Instruments, Springfield, Mass. * Becton. Dickinson and Co.. Rutherford. N.J. 


111. 


Perfcktum. Popper & Sons, New Hyde Park, N.Y 


beaker. The mixture was extruded as  quickly as  possible drop by drop to 
minimize methylene chloride evaporation and plugging of the needle. It was 
also found that extrusion was facilitated by conducting it outside of a fume 
hood. Microspheres were prepared with loadings of 10-50% protein by 
weight. 


After 5-10 min, the beaker containing the microspheres was removed from 
the dry ice bath and allowed to warm to room temperature. The microspheres 
turned white as  the solvent was extracted into the ethanol. After II h. the 
liquid was replaced with -10 mL of fresh ethanol and set aside overnight in 
a 20-mL glass vial6. The ethanol was decanted and the microspheres were dried 
for 4-5 h in a vacuum desiccator. The duration of the various process steps 
were not considered critical as long as solvent and ethanol removal was largely 
complete. For example, removal of the microspheres from the cold ethanol 
immediately after extrusion caused the microspheres to agglomerate since 
insufficient methylene chloride had been removed for the microspheres to 
remain gelled at  r w m  temperature. 
Release Kinetics-A 30-50-mg aliquot of microspheres was weighed and 


placed in a vial containing 10 mL of saline (0.154 M NaC1I0) at room tem- 
perature (23OC). The liquid was sampled periodically and the concentration 
of protein was determined spectrophotometrically” at 280 nm. Each sample 
was returned to the vial after measurement. Release was monitored in du- 
plicate for a period of 6 d; release values were within 510% of the mean. 


Bead Characterization-Dry microspheres were sliced with a razor blade, 
mounted on studs using silver paint, sputter coated, and examined by scanning 
electron microscopy12. Average bead diameter wascstimated with the aid of 
a metallograph micro~cope’~  at  low magnification ( I S X ) .  


RESULTS AND DISCUSSION 


The formation of polymer microspheres by precipitation of a polymer so- 
lution in contact with a nonsolvent is a standard microencapsulation technique 
( I  3). A process based on this technique and the extrusion of the polymer so- 
lution in a dropwise manner into a nonsolvent for the preparation of con- 
trolled-release formulations was patented by Sternberg et a / .  (14).This pro- 
cedure did not work for our system: the extruded droplets of methylene 


Dry Ice 
ethanol 


Warm lo room tsmparature 


Dscanl and d r y  


Figure 1-Schematic ilfustration of microsphere preparation. 


~~ 


lo USP grade; Mallinckrodt. 
I I  Model 2 5 0  Gilford Instrument Laboratories, Oberlin. Ohio. 
l2 IS1 DS 130; International Scientific Instruments, Santa Clara, Calif. 


Reichert MEF, Austria. 
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Figure 3-Cumulative release of albumin from ethylene-vinyl acetate mi- 
crospheres. Values are the mean of two measurements; release values were 
within 510% of the mean. 


Figure 2-Scanning electron micrographs of a whole microsphere. and a 
microsphere sliced with a razor blade, both containing 50% (wlw) al- 
bumin. 


chloride solution of polymer-containing dispcrscd protein lost their shape on 
contact with ethanol a t  room temperature; the polymer precipitated as  a 
shapeless coagulum on the bottom of the beaker. Regularly shaped beads could 
be formed only by extruding into cold ethanol. Presumably, the polymer so- 
lution gelled rapidly on contact with the cold ethanol, preserving the shape 
of the droplets and giving time for the methylene chloride to slowly diffuse 
into the surrounding ethanol. 


Beads prepared from 10% polymer in mcthylene chloride were almost 
perfectly spherical immediately after formation in cold ethanol. As the beads 
warmed and methylene chloride was removed, the polymer became softer and 
more easily deformed. The beads flattcned slightly and became more ellip- 
soidal; this was accentuated for the beads with low loadings of albumin [ i .e . ,  
< 2 m  (wlw) albumin]. The softness of the beads with lower albumin loadings 
was noted particularly when they were dry; it was difficult to handle the beads 
with forceps or a spatula without further changing their shape. Since these 
lower loading beads were also tacky (in the “dry” state), they stuck to the walls 
of glass or plastic containers and further increased handling difficulties. 
Scanning electron micrographs of beads containing 50% (w/w) bovine serum 
albumin are shown in Fig. 2, illustrating the sphericity of these beads. 


When a 5% solution of ethylene. vinyl acetate copolymer in methylene 
chloride was used to fabricate the microspheres, it was less viscous than the 
10% solution and, therefore, easier to use in making microspheres with high 
drug loading. However, this 5% solution resulted in beads with poorly defined 
shapes. Beads with 50% drug loading were teardrop shaped while smaller 
loadings (<20%) resulted in large aggregates of irregularly shaped beads. It 
appeared that the low ratio of polymer to solvent in these beads resulted in 


Table I-Estimated Microsphere Diameter 


Loading. R ( w / w )  Diameter, mma 


10 
20 
30 
50 


1.11 
1.17 
I .43 
1.37 


AVCrdgC of 10 20 beads; precision = f0.07 mm 


a slower cold ethanol solidification process than when beads were made from 
a 10% polymer solution. Consequently, the beads could be deformed and 
changed shape while the newly formed beads sank to the bottom of the cold 
ethanol. The beads with 50% loading were not as easily deformed so that only 
a small tail was produced while the beads with lower loadings were still tacky 
at the bottom of the cold ethanol and stuck to the previously formed beads. 
The most desirable shape was obtained with the 10% solution; thus, kinetic 
studies were conducted with the beads made from this solution. An interme- 
diate concentration may be a better compromise between low polymer -drug 
mixture viscosity and good bead shape, particularly for higher drug load- 
ings. 


The average size of microspheres made from a 10% solution are listed in 
Table 1. As expected, the less drug in the microspheres and therefore the more 
polymer and solvent, the smaller (in general) the microspheres. Although the 
initial bead size was determined by the extruding needle diameter (16-gauge 
needle, 1.19 mm i.d. X 1.65 mm o.d.), the lower loading microspheres shrank 
more in the cold ethanol since there was more solvent to remove. The micro- 
spheres were reasonably uniform in si7e despite the crude nature of the ex- 
trusion process: the variation in bead size was less than the 40.07-mm precision 
of the metallograph measurements. I t  is expected that greater microsphere 
uniformity could be obtained with better blending of the drug and polymer 
solution and by using a syringe pump to extrude the drug-polymer mixture 
at a constant rate. 


Only to a limited extent can smaller microspheres be prepared effectively 
by using a smaller gauge needle, or by using a lower polymer concentration. 
For example. microspheres with 30% albumin were -1.20 mm in diameter 
when prepared with a 20-gauge needle. However, viscosity effects and the need 
to grind the drug into even finer particles limit this approach, while some 
deterioration in bead shape may need to be tolerated if less concentrated 
polymer solutions are used. Smaller beads may be prepared more readily by 
a vibratory prilling process ( 1  5) or by blowing droplets off the end of a needle 
by a coaxial air stream (16). In the latter case i t  would be necessary to prevent 
the volatile methylene chloride from evaporating before the droplets leave the 
needle. 


Typical release kinetics are shown in Fig. 3 as  a plot of cumulative release 
against time. The release kinetics for 10% loading were not included because 
of the irregular shape of the beads and the difficulties in handling them. 


The kinetic data is consistent with previous studies with this macromole- 
cule-controlled release system (3). Cumulative release is generally greater 
at any time (i.e.,  faster release rate) with higher drug loadings. This is pre- 
sumed to result from the greater porosity of the polymer matrix at higher drug 
loadings (9). The seemingly faster initial release for the 20% albumin-loaded 
spheres compared with the 30% loaded matrices (Fig. 3) was not Considered 
statistically significant. The release of albumin from the beads was relatively 
rapid with one-half of the content released in 50 h. In retrospect, such a release 
rate might have been predicted on the basis that a 1 .@em thick slab of similar 
composition released one-half of its drug from a single face in 28 d ( 1  7). The 
differences in the time to release half of their content are completely attrib- 
utable to the differences in the si7es and shapes of the two matrix preparations 
(especially the sizes). 


The particle sizes of the albumin particles (106-150 pm)  were 515% of 
the diameter of the microspheres thcmselves. It is probable that a significant 
portion of the albumin merely dissolved from the surface of the bead when 
the microspheres were placed into release media. Thus, this early burst of drug 
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from the microsphere can be primarily attributed to dissolution of drug from 
the surface with a minor contribution of matrix diffusion of albumin. To slow 
the release rate to levels practical for long term therapy, the beads can be 
coated with polymer containing no drug. A sevenfold decrease in release rate 
was observed after coating insulin-containing slabs with 20% ethylene-vinyl 
acetate solution (9). 


The microsphere preparation technique can be used for other drugs and 
polymers other than ethylene-vinyl acetate, but it is important that the 
polymer-solvent solutions have glass transitioq temperatures > -78OC. 
Nonsolvents for the polymer. other than ethanol, could be used as long as they 
do not freac at -78OC. In addition, the low-temperature nature of the process 
maka  it ideally suited for thedal ly  labile compounds that cannot be processed 
at the higher temperatures of conventional prilling processes [e.g., 60°C for 
gelatin encapsulation (18)]. 
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Abstract 0 99mTc - N - (3-bromo-2,4,6-trimethylacetanilide)iminodiacetate 
( I )  and 99mTc-N-pyridoxyl-5-methyl-tryptophan ((I) have been described 
as having optimal properties as hepatobiliary radiopharmaceuticals. This study 
compared specificity for hepatobiliary excretion, blood disappearance, r a t s  
of biliary appearance, and pharmacokinetic parameters including hepatic 
clearance, volumes of distribution, and mean residence times in normal and 
sulfobromophthalein-treated rats. The specificity of I was higher as indicated 
by 94% in the bilk at 90 min compared 1091% for I I  in normal rats and a urine 
excretion of 0.3% for I compared with 1.9% for I I .  I n  sulfobromophthalein- 
treated animals, urine excretion increases were only to 0.5 and 3.0% for I and 
I I .  respectively. I n  control rats, blood disappearance was similar for both I 


and I I ,  but I 1  disappeared faster in treated animals. The clearance of II was 
70 mL/min/kg in  normal and 47 mL/min/kg in  treated rats; clearance of 
I was 51 and 30 mL/min/kg in  normal and treated rats. respectively. Volumes 
of distribution were larger for II. Compound I was superior in specificity while 
II was superior in clearance and excretion kinetics. 


Keyphrases 0 Hepatobiliary radiopharma~euticals-~~~Tc-labeled com- 
pounds compared, sulfobromophthalein-treated and normal rats 0 Radio- 
pharma~euticals-~~~Tc-labeled hepatobiliary compounds compared, sul- 
fobromophthalein-treated and normal rats Sulfobromophthalein-effect 
on hepatobiliary radiopharmaceuticals, rats 


Efforts to develop an optimal 99mTc-labeled hepatobiliary 
agent ( I )  have followed either a series beginning with 
9YmTc-labeled pyridoxylidene glutamate ( 2 )  or 99mT~-N-  
(2,6-dimethylacetanilide)iminodiacetate (3). These studies 
have resulted in improvements in hepatobiliary specificity, 
kinetics, and resistance to transport competition from elevated 
bilirubin levels. The currently “best” agents, based on animal 
and clinical studies, are 99mTc-N-(3-bromo-2,4,6-trimeth- 


ylacetani1ide)iminodiacetate ( I )  (4, 5) and 99mTc-N-pyri. 
doxyl-5-methyltryptophan (11) ( 6 ) .  


To try to answer the question of which agent is superior, 
short of clinical paired comparisons in normal volunteers and 
patients, we have carried out detailed studies in rats. These 
studies were designed to compare rates of blood disappearance, 
rates of biliary appearance, specificity for hepatobiliary ex- 
cretion, hepatic clearance of the complexes, and ability of the 
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from the microsphere can be primarily attributed to dissolution of drug from 
the surface with a minor contribution of matrix diffusion of albumin. To slow 
the release rate to levels practical for long term therapy, the beads can be 
coated with polymer containing no drug. A sevenfold decrease in release rate 
was observed after coating insulin-containing slabs with 20% ethylene-vinyl 
acetate solution (9). 


The microsphere preparation technique can be used for other drugs and 
polymers other than ethylene-vinyl acetate, but it is important that the 
polymer-solvent solutions have glass transitioq temperatures > -78OC. 
Nonsolvents for the polymer. other than ethanol, could be used as long as they 
do not freac at -78OC. In addition, the low-temperature nature of the process 
maka  it ideally suited for thedal ly  labile compounds that cannot be processed 
at the higher temperatures of conventional prilling processes [e.g., 60°C for 
gelatin encapsulation (18)]. 
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Abstract 0 99mTc - N - (3-bromo-2,4,6-trimethylacetanilide)iminodiacetate 
( I )  and 99mTc-N-pyridoxyl-5-methyl-tryptophan ((I) have been described 
as having optimal properties as hepatobiliary radiopharmaceuticals. This study 
compared specificity for hepatobiliary excretion, blood disappearance, r a t s  
of biliary appearance, and pharmacokinetic parameters including hepatic 
clearance, volumes of distribution, and mean residence times in normal and 
sulfobromophthalein-treated rats. The specificity of I was higher as indicated 
by 94% in the bilk at 90 min compared 1091% for I I  in normal rats and a urine 
excretion of 0.3% for I compared with 1.9% for I I .  I n  sulfobromophthalein- 
treated animals, urine excretion increases were only to 0.5 and 3.0% for I and 
I I .  respectively. I n  control rats, blood disappearance was similar for both I 


and I I ,  but I 1  disappeared faster in treated animals. The clearance of II was 
70 mL/min/kg in  normal and 47 mL/min/kg in  treated rats; clearance of 
I was 51 and 30 mL/min/kg in  normal and treated rats. respectively. Volumes 
of distribution were larger for II. Compound I was superior in specificity while 
II was superior in clearance and excretion kinetics. 


Keyphrases 0 Hepatobiliary radiopharma~euticals-~~~Tc-labeled com- 
pounds compared, sulfobromophthalein-treated and normal rats 0 Radio- 
pharma~euticals-~~~Tc-labeled hepatobiliary compounds compared, sul- 
fobromophthalein-treated and normal rats Sulfobromophthalein-effect 
on hepatobiliary radiopharmaceuticals, rats 


Efforts to develop an optimal 99mTc-labeled hepatobiliary 
agent ( I )  have followed either a series beginning with 
9YmTc-labeled pyridoxylidene glutamate ( 2 )  or 99mT~-N-  
(2,6-dimethylacetanilide)iminodiacetate (3). These studies 
have resulted in improvements in hepatobiliary specificity, 
kinetics, and resistance to transport competition from elevated 
bilirubin levels. The currently “best” agents, based on animal 
and clinical studies, are 99mTc-N-(3-bromo-2,4,6-trimeth- 


ylacetani1ide)iminodiacetate ( I )  (4, 5) and 99mTc-N-pyri. 
doxyl-5-methyltryptophan (11) ( 6 ) .  


To try to answer the question of which agent is superior, 
short of clinical paired comparisons in normal volunteers and 
patients, we have carried out detailed studies in rats. These 
studies were designed to compare rates of blood disappearance, 
rates of biliary appearance, specificity for hepatobiliary ex- 
cretion, hepatic clearance of the complexes, and ability of the 


002243549184 1200- 1861$01.0010 
@ 1984, American hrmaceutical Association 


Journal of Pharmaceutical Sciences I 1861 
Vol. 73, No. 12, December 1984 







agents to compete with sulfobromophthalein as a member of 
the dye anion and bilirubin pathway for hepatobiliary excre- 
tion. 


EXPERIMENIAL SECTION 


Radiophannaceutical Preparation-Kits for the preparation of I for animal 
use wcre obtained as a gift'. Thcy were prepared by the addition of 2-3 mL 
of generator eluate saline containing [Tclpertechnctate at a concentration 
of -5 mCi/mL. The percent of 99mTc-radioactivity bound to the ligand was 
determined by TLC2. Saturated sodium chloride was used to develop silicic 
acid strips ( R ~ o f  pertechnetate = I ,  RJof I = 0-0.2) for the determination 
of free [99mTc]pcrtechnetate. An acetonitrile-water mixture (3:l) was used 
to developsilica gel strips (R j  of pertechnetate and I = 1, &of insoluble ra- 
dioactive material = 0) for the determination of insoluble activity. The percent 
bound was calculated as 100 - (percent [99mTc]pertechnetate + percent in- 
soluble radioactivity). Values were 298%. The ligand of I I  was supplied3. The 
preparation of kits for 11 was performed essentially as described (6). Radio- 
activity was added to a thawed kit (-30-50 mCi to 1 .O mL of kit volume) and 
the vial was heated in  a boiling water bath for 30 min. At that time, small 
amounts of free pertechnetate weresometimes present. A 250-pL aliquot was 
therefore purified by HPLC to remove any free pertechnetate or insoluble 
radioactive material. Chromatographic conditions were: 0.01 M sodium 
phosphate buffer (pH 6) and acetonitrile with a gradient of 20-70% aceto- 
nitrile programmed over 20 min at a flow rate of 1.0 mL/min on an ODS 
column4. Fractions from three different peaks were collected without frac- 
tionation at 8-10 mL eluate volume [these fraetiops were shown to contain 
stereoisomeric chelate isomers that were only slightly different in their bio- 
logical properties (7)]. The eluate was collected in a tube containing I .5 mg 
of freshly dissolved ascorbic acid, as an antioxidant stabilizer, in 1 mL of water. 
Fifteen- to twenty-fold dilutions were made with saline containing 1 mg/mL 
ascorbic acid. The final injection volume of 0.25 mL contained -50 pCi. 


A N m l  Studies-Male Sprague-Dawley rats (300-430 g) were anesthe- 
tized with sodium pentobarbital. Catheters were placed in the femoral vein 
for injections. hydration, and infusions and in the carotid artery for blood 
sampling. The common bile duct was cannulated and bile was collected in 
tubes in a fraction collector. The body temperature of the rats was maintained 
at  37OC with external heat from a lamp. For competitive studies, sulfobro- 
mophthalein was infused at a transport maximum level of 2.5 pmol/min/kg 
for I5 min prior to and for 60 min postinjection of the radiopharmaceutical 
(8). The infusion flow rate was 0.1 mL/min. Urine normally was retained in 
the bladder during the 90-min studies. At that time the bladder was tied off, 
removed, and counted together with portions of the urinary tract that might 
contain urine. Bile and urine samples were counted in a well counter with 
appropriate dose standards. Total blood volume was assumed to be. 7% of body 
weight (9). Blood samples of 0.3-0.4 mL were taken at  I ,  2 , 3 , 4 ,  5,6,9,  12, 
15,20.25,45,60,75,  and 90 min postinjection. Bile samples were collected 
at  0 and 2 min and then at 4-min intervals to 90 min postinjcction. 


Pharmacokinetic Calculations-Blood radioactivity concentration 
(cpm/mL of blood) uersus time curves for each animal were used to calculate 
distribution volume, blood clearance, and mean residence time using standard 
methods (10, I I ) .  All comparisons were made using Student's t test (12). 


RESULTS 


The preparations of I I  were purified by HPLC to remove unbound label 
as pertechnetate. This was necessary because the presence of small amounts 
of oxygen during the heating period decomposed some of the chelate and 
reoxidized the technetium. The isomeric chelated forms were not separated 
since they have been shown to have small in uiuo differences (7) and ultimate 
use of this preparation in clinica1,situations would not involve HPLC purifi- 
cation (hence no possibility for separation of chelate forms). 


Blood disappearance curves for the radioactivities of I and 11 under normal 
and sulfobromophthalein conditions are shown in Figs. 1 and 2. In control rats, 
I1  levels were somewhat lower in the first 5 min while I levels were slightly 
lower afterwards. Both compounds are rapidly cleared with < I %  of the in- 
jected dose remaining in the blood at 14 min for I and at  18 min for 11.  In rats 
treated with sulfobromophthalein the blood disappearance of both compounds 


I E. R. Squibb & Sons, New Brunswick. N.J. * Gelman ITLC. A n n  Arbor. Mich. 
Nihon Mcdi-Physics. Takarazuka. Japan. ' Hcckman-Alicx gradient system wiih 5-pm ultrasphere ODS column, Bcrkeley. 
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Figure I-Disappearanceof radioactivity from I (- -0- -)and I 1  (-@-I from 
blood of normal rats. Data are plotted as mean f SEM (n = 5)  and represent 
percent of injected dose remaining in total blood. 
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Figure 2-Disappearanceofradioactivity from I (- -0- -)and I I ( - @ - )  from 
the blood of rats treated with sulfobrrimophthalein. Data are plotted as meon 
f S E M  (n = 5 )  and represent percent of injected dose remaining in total 
blood. 
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Figure 3--Comparative rates of appearance of radioactivity from I (- -0- -) 
and I 1  ( -@-) in bile in normal rats. Data are plotted as mean f SEM of 
percent of injected dose. 
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Figure 4 ---Comparative rotes of appeorance of radioactivity of I (- -0- -) 
nncl I1 ( - @ - I  in bile of rats treated with sulfobromophthalein. Data are mean 
f S E M ( n  = 5 )  percent of injected dose. 


was slowed; however, the disappearance of I 1  was faster than that of I at all 
times. 


Bile cumulative radioactivity curves for the radiopharmaceuticals are shown 
in Figs. 3 and 4. In normal rats I I  appeared significantly faster. Forty-one 
percent of the dose of I I  was found in  the bile by 6 min compared with 12% 
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Table I-Excretion and Pharmacokinetic Parameters of Hepatobiliary Agents in Control and Treated Hats a 


Urine Biliary CL,, Vd, Mean Residence 
Radiopharmaceutical Excretion. Toh Excretion, % b  ml./min/kg mL/kg Time, min 


I 
Control 0.27 f 0.08 93.86 f 1.13 50.8 f 4.6 743 f 73c 14.6 f 0.56c 
Sulfobromopht halein 0.47 f 0.08 8 I .02 f I .48 29.5 f 0.93c 564 f 36 19.2% 1.00 


Control 1.89 f 0.25 91.45 1.30 70.0 f 8.0 I695 f 209 24.1 f 0.51 
Sulfobromophthalein 3.00 f 0.39 81.98 f 1.17 46.8 f 2.7 1042 f 88 22.1 f 0.89 


I I  


Data are mean f S E M .  Urine and biliary excretion arc percent injected dose a t  YO min postinjection. Statistically significant difference (p < 0.05) from I I  (sulfobrorno- 
phthalein). 


for 1. Comparative values at 10 min were 66 and 34%; by 40 min, equivalent 
percentages of each had been excreted. The high final values indicate the high 
specificity of both compounds. 


I n  sulfobromophthalein-treated animals the rates of appearance of radio- 
activity in the bile were significantly decreased. Moreover, the differences 
between compounds I and I I  were more marked in  treated animals than 
controls. Over the first 20 min I I  appeared at a lower rate than in the normal 
animals, but essentially at the same rate as 1 in normal animals. 


Quantitative comparisons of renal and hepatobiliary excretion of the 
complexes and phdrmacokinetic parameters are shown in Table I .  Both agents 
exhibited high specificity for hepatobiliary excretion. However. the percentage 
of I (94.9%) was higher than I I  (91.4%) in bile. This was consistent with a 
lower renal excretion of I (0.27% compared with 1.89% for 11). In animals 
treated with sulfobromophthalein, biliary excretion was reduced for both 
radiopharmaceuticals to -82% at 90 min. Conversely, renal excretion at 90 
min was increased for both, but only by a small percentage (from 0.3 to 0.5% 
for 1 and from I .9 to 3.0% of the injected dose for 11). 


Statistically, the blood clearances for 1 and I I  were not significantlydifferent 
for the controls (y < 0.05). Since both agents are highly specirjc for hepdto- 
biliary excretion, the correction of blood clearances for renal clearances was 
considered negligible. The magnitude of clearances for the two agents indicates 
efficient hepatobiliary excretion of both agents a t  rates which would depend 
primarily on hepatic blood flow. The clearances of both II and I were reduced 
in the presence of sulfobromophthalein. In  this case the difference in clearance 
values was statistically significant (I, < 0.05). The distribution volume for 
I I  was greater than that for 1 (p < 0.05) and the volumes of both compounds 
were decreased during the administration of sulfobromophthalein. 


The mean residence time (MRT) for I I  was greater than the MRT for I 
0, < 0.05). The MRT is directly related to distribution volume and inversely 
related to blood clearance (MRT = distribution v o l u m e / b l d  clearance). 
Thus, although the hepatobiliary excretion (blood clearance) of I 1  is more 
efficient than that of I ,  the I I  distribution volume is greater, resulting in a 
greater MRT for I I .  Caution should be exercixd however, since interpretations 
of MRT values are difficult if the clearing organ (in this case the liver) is also 
responsible for significant distribution of the compound ( I  3). 


DISCUSSION 


Both of the 9“”Tc-labelcd hepatobiliary agents evaluated here are the result 
of the synthesis and biological study of a long series of chelating agents be- 
ginning with N-(2,6-dimethylacetanilide)iminodiacetate for I and pyridox- 
ylidenc glutamate for I I .  They both rate highly with regard to the clinical 
objectives of rapid hepatocyte uptake from the blood, short hepatocyte transit 
times, high specificity for hepatobiliary excretion, and ability to be taken up 
and excreted by the liver with high specificity in the presence of bilirubin or 
other competing transport pathway members. The questions of this study are 
whether or not one agent is significantly superior and whether or not a com- 
parative evaluation in  animals can indicate which will be superior in  clinical 


In  this study sulfobromophthalein was used as a model for the determination 
of the ability of these technetium complexes to be taken up and excreted by 
the liver i n  the jaundiced or hypcrbilirubinemic patient. A more direct way 
would have been to use bilirubin. However, it has been difficult to achieve 
sufficiently high serum bilirubin levels for significant effects on the transport 
of 99mTc-labeled iminodiacetate radiopharmaceuticals without causing toxic 
reactions (14, 15). The secretion of bilirubin is competitively inhibited by 
sulfobroinophthalein (16) and many examples of similar effects on the 
transport of bilirubin and sulfobromophthalein are known (17). In  addition, 
studies in isolated hepatocytes, in which sulfobromophthalein and bilirubin 
were separately added, both were reported to have comparable effects on the 
uptake of 99mTc-labeled iminodiacetate complexes by the hepatocytes 
(14). 


use. 


Short hepatocytc transit times result in  a “bolus” effect on the passage of 
radioactivity from liver to bile. This effcct allows imaging of the hepaticducts 
supcrimposed on the liver and often provides information on the location of 
problems in the biliary ductule network (14). The data from these studies 
demonstrate that with similar blood disappearance rates and thus hepatic 
uptake,the more rapid biliary excretion of 11 results in an advantage in bile- 
to-liver ratio comparisons. 


Under normal liver function conditions the blood disappearance rates of 
both agents were similar. The bile appearance of I 1  was significantly faster 
and indicates a shorter hepatocyte transit time for 11. Final values of collected 
activity in the bile were consistent with their reported specificities for hepa- 
tobiliary excretion (4, 6). 


Studies in  which the transport capacity of the liver was stressed by sulfo- 
bromophthalein resulted in greater differences between the complexes. Under 
this condition the blood percent dose values for I 1  were lower at all times and 
biliary excretion differences were more marked than in normal control studies. 
Thus, I I  was superior in its uptake and excretion in competition with sulfo- 
bromophthalein and, as such, appears to have a higher affinity for the transport 
proteins. 


The results of these studies support a small specificity superiority for I and 
a significant kinetic supcriority for 11 as hepatobiliary radiopharmaceuticals. 
However, species differences are well known (18) and it must be emphasized 
that there is still a need to compare these agents in  humans. 
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Abstract 0 a-(-)-, (+)-, and (f)-N-4-Methylpentyl-, (-)- and (+)-A’- 
cis-3-chloroallyl-, and (-)- and (+)-N-propynyl-N-normetazocine (I, 11, and 
111. respectively) have been prepared from a-(-)-, (+)-, and (f)-N-norme- 
tazocine (IV) and tested for antinociceptive activity in mice and in mor- 
phinedependent rhesus monkeys. The results obtained with la  and b somewhat 
resemble the results obtained with the corresponding phenazocine isomers, 
whereas those observed with Ila and b more nearly correspond with those 
reported for (+)- and (-)-N-allyl-N-normetazocine (SKF 10.047; NANM). 
The propynyl isomers (Illa and b) display profiles of activity more closely like 
the corresponding isomers of metazocine. Evidence is considered which 
suggests that some of the (+)-isomers merit closer scrutiny in animal and 
human studies. 


Keyphnses 0 a-Normetazocine-alkylation, optical pairs, antagonism, 
antinociception, psychotomimetic, mice, morphine-dependent rhesus monkeys 
0 Antagonists-a-normetamcine, alkylation, antinociception, psychotom- 
imetic, mice. morphine-dependent rhesus monkeys 


N-Substituted N-normetazocines of the a-series’ (1) have 
attained importance not only in current medicine2 but also in 
behavioral studies (2) apd as receptor probes (3). Optical pairs 
are of particular interest (2-4). The present note describes the 
chemistry and some basic pharmacology of three optical pairs 
and one racemate belonging to the a-series. 


EXPERIMENTAL SECTION 


Chemistry-’-The compounds were synthesized by alkylation of a-N-nor- 
metazocine (IV) usiqg a tetrahydrofuran-dimethylformamide solvent mix- 
lure4 and the halides 4-methylpentyl bromide for 1, cis-l,3-dichloropropene 
for II ,  and propynyl chloride for 111. Potassium carbonate or potassium bi- 
carbonate was the hydiogen bromide or hydrogen chloride acceptor. Antipodes 
Ila and Ilb were also prepared by optical resolution of ~u-(f)-3-cjs-chloro- 
propenyl-N-normctazocine (Ilc) (5 )s  with d -  and I-mandelic acids. 


Mouse Antinociception Tests-Male mice weighing 20-30 g were used. 
All drugs were administered as salts, dissolved in distilled water, and ad- 
ministered subcutaneously in a volumeofO.l mL/10 gof body wcight. At least 
three doses per curve were tested and 6--10 anitnals per dose were’used. EDSO 
values were calculated using computerized probit analysis. 


I a-Metazocine is 2’-hydroxy-2.5.9a-trimethyl-6,7-benzomorphan. For a oom re 
hensive review and alternative chemical names for the 6.7-benzomorphans see Ref: I: * Pentazocine (see Refs. I and 5) is marketed as Talwin for both oral and parenteral 
use; phenazocine (Ref. 1 3 )  is sold in England as Narphen. ’ Melting points (capillary, uncorrected, Table I l l )  were taken in a Thomas-Hoover 
apparatus; mass spectral (molecular weights in agreement with theory) and C. H. and 
N data (Table 111) are from the Section on Instrumentation and Analytical Serviqm, 
National Institutes of Health. Optical rotations (Table 111) were taken in a Perkin-Elmer 
261 instrument using methanol as a solvent with theexception of l l l a  and l l l b  (bass )  
which were in ethanol. Rotation temperatures were 21-26OC. Free bases were recrys- 
tallized from acetone or acetone-hexane; hydrobromide salts were rccryslallized from 
methanol-acetone. All compounds crystallized as white needles or prisms. 


* Thissolvent mixture was suggcsted by Dr. H. Merz, C. H. Boehringer Sohn, Ingel- 
heim. West Germany, whoalso kindly supplied 1,3-cis-dichloropropene. 


J Compound IIc was supplicd by Dr. A. E. Soria, Sterling-Winthrop Research Institute. 
Rensselaer. N.Y. 


no‘ 


Tail-Flick (TF) Test.-The procedure and modification ( 6 )  have been de- 
scribed. Briefly, the mouse tail was placed in a groove which contained a slit 
under which was a photoelectric cell. When the heat source or noxious stimulus 
was turned on, it focused on the tail and the animal responded by flicking its 
tail out of the groove. Thus, light passed through the slit and activated the 
photocell which, in turn, stopped the recording timer. The apparatus was 
calibrated so that control mice would flick their tails in 2-4 s. Mice were in- 
jected subcutaneously with drug and tested 20 min later. Vehicle controls were 
also tested. 


In the antagonism experiments (tail-flick w r s w  morphine), the antagonists 
were administered subcutaneously 10 min before morphine, and the animals 
were tested 20 min later. 


F’benylquiwne (PPQ) Abdominal Stretching Test (*The mice were in- 
jected subcutaneously wii6 drugs and 10 min later received 2 mg/kg of a fresh 
p-phenylquinone solution intrapcritoneally. The mice were then placed in cages 
in groups of two. At 10 min after the phenylquinone injection, the total number 
of stretches per group were counted within a I-min period. A stretch was 
characterized by an elongation of the body, development of tension in the 
muscles in the abdominal region, and extension of the forelimbs. The an- 
tinociceptive response was expressed as the percent inhibition of the phenyl- 
quinone-induced stretching response. Appropriate controls were used. 


Hot Plate (HP) Assay @)-The hot plate was held at  a constant 55OC oia 
a refluxing 1:l  mixture of ethyl formate and acetone. Mice were placed on 
the hot plate, and activity was noted as a delay of 1 5  s but no more than 30 
s beyond the control time for the movement of the hind limb of the mouse, over 
at least two consecutive time periods. The mice were tested at  5 ,  10.20.30, 
60 min, and longer if necessary, until responses returned to control levels. 


Dependent Rhesus Monkey-In the single-dose substitution (SDS) test, 
for the most part, the recommendations of Scevers (9) and Seevers and Deneau 
(10) were utilized. A brief description of the procedure, including modifica- 
tions ( I  I ), is as follows. Male and female rhesus monkeys (Macaca mulaffa) 
weighing 2.5-7.5 kg were used. The animals were housed in pens, four or five 
to a group, and received 3 mg/kg sc of morphine every 6 h. This dose schedule 
was reported to produce maximal physical dependence ( 10). All the animals 
had received morphine for 2 3  months. A minimal, 2-week, wash-out and 
recuperation period was allowed for each animal between tests. The SDS tes( 
was initiated by the subcutaneous injection of the test drug or control sub- 
stances (morphine and vehicle water, respectively) into the animals in a group 
that had not received morphine for 14-15 h and showed definite signs of 
withdrawal. Each animal was randomly allocated to one of four or five 
treatments: (a) two or three dose levels of the compound under investigation; 
( h )  the morphine control, 3.0 mg/kg; ( c )  the vehicle control, I mL/kg. The 
animals were scored for supprcssion of withdrawal signs during a 2.5-h ob- 
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Table I-Antinociceptive and Narcotic Antagonist Data for N-Substituted a-Normetazocine and Standards' 


Antagonistic Activity 
(ADso),mg/kgsc Antinociccptive Activity ( E D J ~ ) .  mg/kg sc 


Compound Tail-Flick Test p-Phenylquinone Test Hot Plate Test Tail-Flick uersus Morphine 


l a b  
Ibb 
Ice 
l lah  
l l b b  
IlIab 
l l Ibb 
Morphined 
NalorohineC 


Inactive 


10.8 (3.1 -37.3) 
Inactive 
Inactive 


20.6 (9.9-42.4) 


Inactive 
Inactive 


5.8 (5.7-5.9) 
Inactive 


16.3 (3.7 45.8) 
0.9 (0.3-3.1) 
5.1 (2.5-10.4) 


55% at 30 
1.7 (0.5-5.9) 


Inactive 
0.2 (0.1-0.4) 
0.2 (0.2-0.3) 
0.6 (0.3-1.4) 


70% at 100.0 
3.1 (2.4-4.1) 
8.3 (6.0- I I .4) 


30% at 50.0 
20% at  20.0 
10% at 20.0 
50% at  20.0 


1.0 (0.8-1.1) 
9.9 i5.7-1l.i) 


~ ~ ~~~~ 


Inactive 
Inactive 
Inactive 


23.9 (17.6-32.6) 
0.004 (0.002-0.008) 


0.03 (0.1-0.7) 
Inactive 


Inactive 
2.6 (0.7-9.81 


a Range of values is in parentheses. Hydrobromide salt. Hydrochloride salt. Sulfate salt. 


scrvation period. The observer was "blind" regarding the allocation of trcat- 
ments. At the end of the study, the data were grouped according to dose and 
drug, and the results were analyzed using the Mann-Whitney U-test ( 1  2). 


Precipitated Withdrawal (PPTW) Test in Rhesus-Monkeys- The PPTW 
test was performed under the conditions described above for the SDS test, 
except that thc animals of a group were challenged 2 or 3 h after the last dose 
of morphine. Ualoxone at a dose of 0.05 mg/kg sc scrved as the positive con- 
I rol . 


( + I  - 5 . 9 ~  - Dimethyl-2'-hydroxy-2~4-methylpentyl)-6,7-~nzomorphan 
~ l r , .  A mixtureof2.0gof IVc ( I .  13). 1.6gof4-methylpentyl bromide, 2.5 
g of potassium bicarbonate, 4 mL of tetrahydrofuran. and 8 niL of dimeth- 
ylformamide4 was stirred at reflux for 2-3 h, cooled, diluted with 20-25 mL 
of water, and extracted with 30- 40 mL of ether. The ether was washed twice 
wi th  watcr, dried (sodium sulfate), and evaporated to dryness giving I .9 gof 
Ic. mp 138.0-1 38.SDC after recrystallization'. 


The hydrochloride salt of Ic was prepared in acetone with hydrogen chloride. 
Compounds la and Ib wcrcsimilarly prepared using IVa and IVb. respectively 
( 14). The hydrobromide salts were prepared in acctonc-33% hydrogen bro- 
mide in acetic acid. 


Similarly. Ila and Ilb were synthesized from IVa and IVb and cis-1.3- 
dichlor~propanc~, and I l l a  and l l l b  were obtained from IVa and 1Vb and 
propynyl chloride; they were characterized as free bases and hydrobromide 
salts. Compounds Ila and Ilb werc also characterizcd as d-  and I-mandclate 
salts. respecti\ely. 


Optical Resolution of a-(f)-2-(3-ck-C hloropropenyl)-5,9-dimethyl-2'-hy- 
droxy-6,7-benzomorphan 1Ik-A mixture of 4.3 g of IIc (5)s, 2.6 g of d -  
mandelic acid, and '15 mL of absolute ethanol was heated unt i l  a solution was 
obtained and allowed to stand at room tempcrature for 4-5 h to give 2.5 g of 
thed-mandelatcsaltof Ila,  mp 181-1X6°C.Thiswasdissolved in40ml.of  
boiling absolute ethanol. This solution deposited 2.0 g of pure Ila d-mandelate 
after standing overnight at room temperature. I t  was converted to 1.2 g of the 
base Ila by dissolving in  boiling methanol (10 nil.)-water ( 5  ml.) and treating 
the solution with 5 ml. ofconccntrated ammonium hydroxide, mp 136.0- 
I38.5"C aftcr a recrystallization from acetone -hexane. 


Table 11-Effects of N-Substituted Normetazocine in the Morphine- 
Dependent Rhesus Monkey 


Single-Dose Preci pi ta ted 
Substitution Withdrawal 


la" 


Ib" 


Ic" 


Ila" 


Ilb' 


Illa" 


lllb' 


Morphineh 


Nalorphine" 


Did not substitute 
(3.0 12.0) 


Substituted completely 
( 1  S 3 . 0 )  


Did not substitute; 
convulsions ( 12.0) 


Did not substitute 
(0.25-4.0) 


Did not substitute 
(0.125-0.5) 


Partial brief substitu- 
tion ( I  .25-- 10.0) 


Did not substitute 


Substitutcd (3.0) 


Did not substitute 


(0.01 5-0.25) 


(0. I - I  .O) 


Weak activity; convulsions 


Not tested 


Not tested 


Did not precipitate with- 


Precipitated withdrawal 


Not tested 


Precipitated withdrawal 


Did not precipitate with- 


Precipitated withdrawal 


(6.0- 18.0) 


drawal, 1 .O 12.0 mg/kg 


(0.015 1.0) 


(0. I25--0.5) 


drawal, (1.5 -6.0) 


(0.5) 


The filtrates from isolation and recrystallization of the d-mandclatc salt 
above were combined and evaporated to dryness under reduced pressure. The 
residue in warm methanol was treated with dilute ammonium hydroxide, 
affording 2.7 gof a mixture of Ila and Ilb. This mixture, I .7 g of I-niandelic 
acid and 30 mL of absolute ethanol. was heated to solution and left at room 
tcmpcrature for 4.5 h, affording 1.9 g of the I-mandelate salt of Ilb, mp 
181-186°C. This was dissolvcd i n  20 mL of boiling absolute ethanol. Thc 
solution was concentrated to 12- I5 mL and allowcd to stand at room tem- 
pcrature overnight, affording I .6 g of pure Ilb d-mandelate which was con- 
verted to base Ilb with methanol ammonium hydroxide as describcd for Ila 
above. Bases Ila and Ilb and their mandelate salts were identical to those 
obtained from IVa  and IVb, respcctively. and cis- I .3-dichloropropenc. 


R FS IJ LTS 


The different N-substitutcd normetazocines showed dissimilar profiles of 
activity (Tables I and 11). None of the isomers nor the racemate of the N-4- 
methylpentyl-substituted normetazocine (la-c) showed antagonist activity 
tiersus morphine antinociccption. Both the (-)-isomer and racemate were 
active in  the TF,  PPQ, and HP tests; the (-)-isomer was morc potent than 
the racemate. In morphine-dependent monkeys. noncof the compounds prc- 
cipitatcd withdrawal and only the (-)-isomer substituted for morphine. The 
(+)-isomer and racemate produced convulsions, precluding testing at higher 
doses. Regarding the N-substituted chloroalkyl isomers, both Ila and ban-  
tagonized morphine antinociception; the (-)-isomer was clearly the more 
potent, -50 times moreso than nalorphinc. Neither isomer was active in the 
T F  or H P  tests. In  the PPQ test, the (-)-isomer was decidedly the more active 
antipode. Both isomers antagonized morphine antinociception; again, the 
(-)-isomer was far morc potent. Neither isomer substituted for morphine in  
the addicted monkeys: the (-)-isomer, as expected, precipitated withdrawal. 
the (+)-isomer did not. 


Finally, with the N-propynyl-substituted (+)- and (-)-normetairnines 
( I  1la.b) the following rcsults were obtained. The (+)-isomcr showed very weak 
activity in the HP test only and was devoid of antagonist iictivity. However. 
i t  partially substituted for morphine in addicted monkeys. Thc (-)-isomer 
showed weak agonist activity in the HP test and was equipotcnt with morphine 
in the PPQ tcst. As an antagonist, the (-)-isomer was much moreactivc than 
nalorphine. 


DISCUSSION 


Results obtained with the 4-methylpentyl ( I )  isomers are  vaguely remi- 
niscent of thosc obtained with phenazocine antipodes (13). potency differences 
notwithstanding6. In both scria, (-)-isomers supported morphine dependence 
although, relatively. a much larger dose of (-)-phenazocine was needed. 
Ncither (+)-isomer would substitute for morphine, and with la severe tremors 
were noted. In retrospect, (+)-phenazocine, nearly as potent as morphine in 
the HP test, should have been tested more extensively. 


Observations noted with the N-chloroallyl isomers (IIa,b) are quantitatively 
similar to those reported ( I  5 )  for (+)- and (-)-N-allyl-N-normetazocine 
(NANM); Ilb is a very powerful antagonist. It is interesting to note that Brady 
and co-workers recently showed (2) in rats and squirrel monkeys trained to 
discriminate the psychotomimetic phencyclidine hydrochloride (PCP) from 
saline that the (+)-isomer of NANM produced dose-dependent responses 
appropriate for PCP. The (-)-isomer did not produce responses appropriate 
for PCP at any dose. These data suggest a separation of psychotomimetic and 


Hydrobromide salt. Sulfatc salt. Hydrochloride salt. 
Phenazocine is a-(f)-N-phencthyl-substituted N-normetamcine. I t  and its antipodes 


arc 20- 30 times more potent antinociceptivcly t h a n  corresponding I compounds. 
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Table 111-Optical Rotation, Melting Points, and Analyses 


Compound [a] D Concentration mp, ‘C Formula‘ 


la 
Ia-HBr 
Ib 
IbaHBr 
I la 
IIa-HBr 
I1a.d-Mandelate 
Ilb 
1 I b-H Br 
I Ibl- Mandelate 
IIIa 
IIIaeHBr 
I l Ib  
I I IbHBr 
I C  
IoHCI*H~O 


+100.1’ 
+71.2’ 
-99.5’ 
+69.9’ 


+ I  15.8’ 
+69.3’ + 1 00.0’ 


- I  15.4’ 
-68.9’ 
-99.7O + 124.0’ 
+90.9’ 
- 124.0’ 


-90.2’ 
I 


- 


0.70 
0.87 
0.78 
0.67 
0.62 
0.49 
0.78 
0.95 
0.47 
0.57 
0.23 
0.34 
0.21 
0.35 - 
- 


130-131 


130-131 
229-230 


229 230 


138- I 39b 
199-200 


186.0-187.5 
137.0-138.5c 


198-200 
186-188 
167- 169 
210-21 I 
167- 169 
210-21 1 


138.0-1 38.5 
139- I 4 0  


a All compounds were analyzed for C. H. and N; all values were within 0.4% of theoretical value. * Another crystalline modification melted at I I 5 O C  with gas evolution. Another 
crystalline modification melted at 189-I9OaC. 


analgesic effects. Whether in humans (-)-NANM or the chloroallyl N- 
substituted derivative are free of psychotomimetic effects remains to be shown. 
The racemate (IIc) was reported in 1964 (5), as  was l l lc  whose antipodes 
(1Ila.b) displayed profiles of activity reminiscent of N-methyl-6,7-benzo- 
morphans of the a-series. This series was unique in two respects: (a)  (+)- 
isomers substituted partially or completely for morphine; ( b )  the more an- 
tinociceptively potent (HP test) (-)-isomers would not. In fact, like IIIb, the 
(-)-isomers of this N-methyl series precipitated abstinence signs in mor- 
phine-dependent monkeys (4), yet two were more morphine-like than nalor- 
phi?e-like in humans (16). In view of these different profiles of activity in 
animals and the remarkable separation of morphine-like effects in different 
species, these compounds [especially the (+)-isomers] deserve more extensive 
testing, perhaps in humans. 


The exploitation of these differences may expand our knowledge of the basic 
mechanisms involved and possibly lead to a development of an ideal analgesic. 
It is alsoevident that studies with racemates may at  times be misleading and 
that whenever possible pure optical isomers should be used. 
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Abstract 0 Platinum-oxide hydrogenation of 5-m-methoxyphenql-2- 
methyl-9-oxomorphan ( I )  gave the 9a-hydroxy racemate (11)  whose phenolic 
analogue (111) is a strong antinociceptive agent, fully supportive of morphine 
dependence in rhesus monkeys. The di-0-acetyl derivative (VI) of I l l  was 
similar to I l l  in its profile of activity. The diastereoisomer of I l l  (VII), ob- 
tained by hydrogenation of the methobromide of I (IV). extrusion of methyl 
bromide, and 0-demethylation of the resultant free base (Vll l ) ,  was almost 
inactive antinociceptively and did not suppress withdrawal symptoms in  
morphine-dependent monkeys. The orientation of the C-9 hydroxyl groups 
was deduced from spectral data and by analogy. 


Keyphrases 0 9a- and 9P-Hydroxyphenylmorphans-. hydrogenation, dia- 
stereoisomer spectral data, synthesis Antinociceptive activity-9a- and 
9P-hydroxyphenylmorphans, potency, withdrawal symptoms, substitution 
for morphine, antagonism 


The introduction of a 9a-methyl group ( 1 )  into S-m-hy- 
droxyphenyl-2-methylmorphan (IX) (2), whose antipodes are 
strong antinociceptive agents showing a separation of mor- 
phine-like effects (1,3), gives low-potency antagonists without 
appreciablc pain-relieving properties. It was desired to de- 
termine the effect of hydroxyl substitution in the 9-position 
of IX. One of the two possible diastereoisomers (VII) resulting 
from such substitution would be similar to the very potent (10 
times morphine) oxymorphonc (4) with respect to 9-OH-N 
geometry. The synthcsis of VII  and its diastereoisomer (111) 
and some pharmacological findings are presented herein. 


RESULTS AND DISCUSSION 


Chemistry-When bicyclic ketone I (free base of hydrochloride salt) was 
hydrogenated in  ethanol (platinum oxide), addition of hydrogen was stereo- 
selective; the 9a-alcohol (11) was isolated in  98010 yield. To  obtain the 9P- 
alcohol (VIII), the methobromide of I (IV) was similarly hydrogenated. giving 
V which was converted to free base Vll l  pyrolytically (Scheme I ) .  


Hydroxyl assignments are  based principally on IR spectral dala, which 
indicated strong 9-011 N bonding for V l l l .  Only free hydroxyl absorption 
and 9-OH-* bonding were seen for II. The IH-NMR data also appeared to 
support these assignments (see C-9 ti values for ' H - N M R  and IR maxima 
in the Experimental Section). Finally, this stereochemical pattern of addition 
of hydrogen to the carbonyl group of I would bc similar to that observed in 
the benzomorphan series ( 5 )  and for 5-~n-mcthoxyphcnyl-2-methyl-9- 
methylenemorphan ( I ) .  


Phenols I l l  and VII were prepared from II and VIII, respectively. with 
boiling 48% hydrobromic acid or with boron tribromide in methylene chloride 
( 6 ) .  Diacetate VI resulted from treatment of I l l  with aceticanhydride con- 
taining a little pyridinc. 


Pharmacology-As recorded in Table I ,  the Ycr-hydroxy raccmatc (Ill) 
is comparable to morphine in antinociceptive activity in mice by the tail-flick 
(TF) (7).p-phenylquinone-writhing (PPQ) (7). hot-plate (HP) ( 8 ) .  and Nilsen 
(9) tests, while the 9P-isomer (VII) had low-order potency in the PPQ test 
only. Compound I l l  fully supported rnorphinc dependence in rhesus monkeys 
at I -16 mg/g, but Vll,asexpected,did not substitute for morphineat 3-18 
mg/kg (10). The antinwiceptive potency of the di-0-acetyl derivative of I I I 
(VI)  was similar to that of the parent I l l  in the TF,  PPQ, and H P  tests. In  
opiate-dependent monkeys, VI  completely suppressed abrupt withdrawal a t  
10.0 mg/kg'. I t  was reported earlier ( I  I )  that VI  did not suppress withdrawal 
a t  1-10 mgjkg, results that seem inconsistent with the antinociceptive profiles 


I Unpublished rcsults. 
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of activity of VI and its precursor 111. None of the three racemates (111, VI, 
and VII) elicited properties of antagonism in  the opiate-dependent monkey 
(10. I 1 )  or in the T F  uer.w.7 morphine lest (10). 


It seems noteworthy that V11, with 9-OH-N geometry similar to that of 
oxymorphone (4) is relatively inactive. I t  would therefore be of interest to 
synthesize the I4a-hydroxy epimer of oxymorphone which would correspond 
to the very active 111. 


EXPERIMENTAL SECTION2 


9a-Hydroxy-5-m-methoxyphenyI-2-methyImorphan (11) Hydrochlo- 
ride-Compound I ( I  .O g, 3.9 mmol) in 60 mL of methanol was hydrogenated 
(Parr apparatus, 30 psig, 25°C) with 0. I5 g of platinum oxide during 2 h. The 
filtercd solution was evaporated to dryness under reduced pressure giving 0.98 
g of I I ,  mp 98-IOO°C (from ether-petroleum ether). IR (CHCI]): 3650 w 
(free O H )  and 3570 m crn-l (OH-* bonding); IH-NMR (CDCI]): 6 2.52 
(3,s,N-CH~),3.81(3,s,O-CH,),and4.32ppm(l.d,J = 3 Hz,C-9).The 
hydrochloride salt (from acetone-hydrogen chloride) crystallized from 
methanol-ether in prisms, mp 225-227OC. 'H-NMR (Mc2S.O-db): 6 2.80 
(3.5. N-CH3), 3.75 (3, s, O-CH3) and 5.51 ppm ( I .  d ,  J = 3 Hz, C-9); 
El-MS: m/z 261 (M+ - HCI). 


Anal.-Calc. for C16H2&lN02.0.25 1120: C, 63.6: H, 8.2; N, 4.6. Found: 
C. 63.6; H,  8.4; N, 4.4. 
9a-Hydroxy-5-m-hydroxyphenyl-2-methylmorphan (Ill)-The hydro- 


chloride salt of I I (0.5 g, 2.0 mmol) was added to 5 mL of nearly boiling 48% 
hydrobromic acid. The solution was rcfluxed for 12.- I 5  min, cooled, and made 
alkaline with ammonium hydroxide. The liberated base was dissolved in  
chloroform (6-8 ml., three extractions). On standing for 30 min. the combined 
extracts deposited 200 mg of 111, mp 193-196°C. From the filtrate and 
chloroform washings of the precipitate, an additional 140 mg of I l l  separated 
after cooling t00"C. total yield 80%. It was nearly pure (TLC: R10.25, silica 
gel. chloroform-methanol -ammonium hydroxide (90:9:1)] and was recrys- 
tallized by dissolving 200 mg in  200 mL of boiling acetone, filtering the hot 


2 Melting points (uncorrected) were taken in a Thomas-tioovcr capillary apparatus. 
IR a n d  S M R  spectra were obtaincd wi th  a Beckman Aculab8 and a 60-MHz Hitachi- 
Pcrkin Elmer Model R-24. rcspectivcly. Mass and analyticdl data  a rc  from thc Section 
on Microannlytical Services and lnstrumcntalion (Dr. David Johnson. Chief). National 
lnstitutcs of Health. 
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l a b l e  I- Antinoeiceptive Data for 9-Hydroxyphenylmorphans and Morphine 


Compound 
Antinociccptivc Activity (EDso), mg/kg sc 


Tail-flick Test p-Phcnylquinone Test Hot Plate Test Nilsen Test . .  
0.2 (0.07-0.4) 1.9 ( I  .5-2.6) 2.7 (2.2-3.2) 1 1 1 ”  3.5 (2.5-5.0) 


V l h  7.3 (3.6 14.7) 1.0 ( 0 . 3 ~ 3 . 1 )  2.0 ( I  .4  2.8) 
VII ‘  lnactived 8.6 (4.2-17.6) Inactive‘ -. 


Morphine1 5.8 (5.7--5.9) 0.23 (0.20-0.26) 1 .o (0.8- 1 . I  ) 1.3 (1.0-1.7) 


Hydrochloride salt. Hydrobromide salt. dl-Mandclate salt. Essentially inactive; 46% of micc affected at 60 mg/kg. Essentially inactive; 30% of mice affected at  100 
mg/kg. JSulI’ate salt. 


solution, concentrating the filtrate to 4 mL, and cooling to SOC. The yield was 
I40 mg. mp 197- I98OC. 


And-Calc. for C l s H 2 1 N 0 ~ 0 . 5  H20: C, 72.8; H. 8.5; N, 5.7. Found: C,  
72.8: H, 8.4; N. 5.7. 


The hydrochloride salc of Ill (acetone-hydrogen chloride) was recrystallized 
from methanol-acetone, mp 225.5-227.0”C. El-MS: m/z 247 (M+ - 
HCI). 


Anal.-Calc. for C151~22Clh:02: CI, 12.5. Found: CI, 12.2. 
By themethodofRice(5). IIIcouldbeobtainedequallywcll from 11. using 


boron tribromide. 
9a-Aeetoxy-5-m-aeetoxyphenyl-2-methylmorphan (VI) Hydrobromide- 


Acetic anhydride (20 mL), 0.7 g (2.8 mmol) of Ill (hydrochloride salt) and 
a drop of pyridine were refluxed for I h. The cooled mixture was poured into 
50 mL of ice water, made alkaline by careful addition of potassium carbonate 
(stirring), and extracted with chloroform-ethanol (I0:l. 4 X 25 mL).  The 
combined extracts were washed twice with water, dried (sodium sulfatc). and 
evaporated under reduced pressure to afford 0.62 g (68%) of oily V I  which. 
in  acetone, was converted to 0.63 g of the hydrobromide salt with 32% hy-  
drogen bromide-acetic acid. I t  was recrystallized from acetone methylene 
chloride, mp 220-223OC. IR (Nujol): 1760 and 1750 cm-l; El-MS: m/z 331 
(M+ - HBr). 


Anal.-Calc. for ClgH26BrN04: C, 55.4; N, 6.4; N, 3.4. Found: C, 55.4; 
H, 6.6; N, 3.3. 


9~-Hydroxy-5-m-hydroxyphenyl-2-methylnorphan (VII)  dl- 
Mandelate-The methobromide (IV) (2) of I (0.5 g, I .4 mmol) i n  30 mL of 
methanol was hydrogenated (0.1 5 g of platinum oxide, 2 3 ~  2SoC, 30 psig) for 
42 h. The filtered solution was evaporated to dryness under reduced pressure 
to afford 0.56 g of hygroscopic solid, which was dissolved in 5 niL of I-nonanol. 
The solution was refluxed for 5 min under nitrogen, cooled,dilutcd with 20 
mL of ether, and extracted with 20 mL of 10% hydrochloric acid in four 
portions. The combined extracts were made basic with ammonium hydroxide 
and extracted with SO mL of ether in four portions. The ether was washed twice 
with water, dried (sodium sulfate), and evaporated to dryness under reduced 
pressure (0.3 mm, I8 h) giving 0.23 g (55% yield) of V111, mp 68-7OoC. IR 
(CHCI,): 3640 w (free OH),  3560 w (OH-* bonding), and 3400 s cm-l 
(OH-N bonding); III-KMR (CDC13): 6 2.40 (3 ,  s, N-CH3). 3.80 (3, s, 
0- -Cfl , ) ,and4.14ppm (1 .d . J  = 4Hz,C-9);EI-MS:m/z261 (M+),244, 
232, and 218. 


dded 5 mL of hot 48% hydrobromic acid. The solution 
was refluxed for 10 min. cooled, poured into 20 mL of saturated saline, made 
alkaline with ammonium hydroxide. and extracted with 50 mL of ether in four 
portions. The extracts were washed twice with saturated saline. dried (sodium 
sulfate). and evaporated giving 0.18 g of V I I .  Treatment of VII with 0.1 1 6 


( I  equivalent) of dl-mandelic acid in acetone furnished 0.25 g (14% based on 
starting I V )  of the dl-mandelatesalt of VII, which crystallized from metha- 
nol-acetone as a hemihydrate, mp 93-94OC; El-MS: m/z 247 (M+ - man- 
delic acid). 


Anal.--Calc. for C23H29N05-0.5 H20: C, 67.6; t l .  7.4; N, 3.5. Found: C. 
67.2; H, 7.2; N, 3 . 3 .  
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Effects of Solvent Medium on Solubility IV: 
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Ahstmet 0 Solvent effects on the solubility of a set of structurally related solid 
compounds ( A x ,  A,. etc.) in ethanol-water (system I )  and ethanol-cyclo- 
hexane (system 2) are compared by the equation, log S, = P, log S, + C. For 
a given structural change, A,+A,, it yields the respective medium-effects 
parameters, P,l and Py2. They are used to compare the sensitivity of both 
solvent systems with the structural changes in the substrates by the equation, 
A12 = (P,l - I )  - (1 - Py2). Structural changes involving the full replace- 
ment of the hydrogen atoms bonded to either 0 or N afford A12 < 0, while 
those involving solely an increase in the alkyl chain of the substrates yield A12 
> 0. A structural change where the donor-acceptor capacity of hydrogen 
bonding is maintained yields a A12 approaching zero. 


Keyphrases 0 Solubility-effects of solvent medium, hydrophilic-lipophilic 
character, ethanol-water. ethanol-cqclohexane Hydrophilic-lipophilic 
character-effects of solvent medium, ethanol-water, ethanol-cyclohexane, 
solubility 


However, when the solvent systems have different sensi- 
tivities to the structural change, A ,  2 becomes different from 
zero, having a positive value when system 1 is more sensitive 
than system 2, and a negative value in the reverse situation. 


In this paper, the former measurements of solvent effects 
in ethanol-water mixtures (2,3), now system 1, were extended 
to a nonaqueous medium consisting of ethanol-cyclohexane 
mixtures which were selected as system 2. System 2 forms a 
less structured environment of lower dielectric constant than 
system 1 and the hydroxyl groups are less disponible and freer 
to intcract with the substrates through hydrogen bonding. 


EXPERIMENTAL SECTIOIV 


In  previous papers of this series (1 -3) Eq. 1 has been used 
successfully to correlate solvent effects with solubility equi- 
libria: 


logs, = Py logs, + c (Eq. 1) 


S, and S,  are, respectively, two sets of solubility data of a 
pair of structurally related compounds, A, and A,, which arise 
from measurements in the same set of adequately selected 
solvent conditions. This linear free energy relationship (LFER) 
affords the medium effect parameter P,, which in a given 
system of solvents measures the difference in hydrophilicity 
(or lipophilicity) between A, and A,. Equation 1 has been used 
to measure the hydrophilic-lipophilic character exhibited by 
a variety of functional groups in ethanol-water mixtures 
(3) .  


A theoretical model to rationalize solvent effects on solu- 
bility was developed ( I ) .  In  two-solvent systems, each con- 
sisting of binary mixtures of increasing lipophilicity, one 
(system 1) in which the solubility of both substrates (A,  and 
A,) increases, and the other (system 2) in which the solubilities 
decrease as the lipophilicity of the mixtures is raised, the model 
predicts the following: in system 1, P, will be higher than unity 
when A, is more lipophilic than A, and uice uersa; in system 
2, P, will be lower than unity when A, is more lipophilic than 
A, and higher than unity in the reverse situation. 


This paper deals with the comparison of the sensitivity of 
two-solvent systems with a variety of structural changes in the 
substrates. Thus, if the sensitivities of systems 1 and 2 to a 
given structural change (A,+A,) are the same, the following 
relation between Pyl and PYz would be expected to hold (1): 


(Pyl - 1) = (1 - Py2) 


(P,l - I )  - ( I  - Py2) = A , ,  = 0 


(Eq. 2) 


which is conveniently expressed as: 


(Eq. 3) 


Thecompounds of the basic structurep-XI-C6H4-- -X2 were used for the 
solubility measurements. The numbers assigned to each compound in  a pre- 
vious paper (3) were maintained. The corresponding X I  and X2 are, respec- 
tively: H2N--, -COOCH3 (I) ;  H - ~ ,  t.-- NHCOCH3 ( I l l ) ;  HO--, 
-NHCOCH, (IV); (CH3)zN --, --COOCH3 (VII); CH30--, 
-NHCOCH, (X); C2H5O-, -NHCOCli3 (XI); CH3COO--, 
-NHCOCH> (XI]); H--, ---N(CH3)COCH, (XIII); HzN-, -COOC2Hs 
(XIV); H2N--, -COO(CH2)2CH3 (XV); H O  --, --COO(CH2)2CH3 
W I ) .  


Preparation and physical constants of 1.111, IV, VI, VII .  XV, and XVI were 
reported (2, 3); X and XI1 were prepared through acetylation, X from p-  
anisidine (4). and XI1 from IV (5). The following were commercially available: 
XI'. XIV', and XIII2. The melting points for these compounds were: X. mp 
127.0-127.5°C (water) [lit. (6) rnp 129-13IoC]; X1,rnp 134-135OC(etha- 
nol-water, 5050) [lit. (6) mp 134-135oC); XII, mp 153.0-154.5OC (water) 
[lit. ( 5 )  mp 152-156°C1; XIII, mp 99.0-99.5OC (water) [lit. (6) mp 101- 
102OC]; XIV, mp 88-89OC (ethanol-water, 15:85) [lit. (6) mp 88-90°C]. 
5,5'-Diethylbarbituric acid (barbital) (XVII)l, mp 189- 191OC (water), and 
5-ethyl-5-isoamylbarbituric acid (amobarbital) (XVIII). mp 155.5-1 56.5OC 
(ethanol-water, 20:80), were also used. Compound XVlll was cxtracted with 
chloroform from commercial tablets3. 


Solvent mixture preparations and solubility determinations have been re- 
ported (2, 3). Solubility data of XVll and XVlll in  ethanol-water mixtures 
(0-70% ethanol) were taken from Breon and Paruta (7). 


RFSULTS AND DISCUSSION 


Solubility data of the structurally related derivatives P - X I - C ~ H ~ - X ~  
in systems I and 2 are reported in Table I with data of a pair of barbituric acid 
derivatives (XVlj  and XVIII). The data of ~ - X I - C ~ H ~ - X ~  derivatives 
complement previously reported results (2, 3, 7). The solubility of all com- 
pounds of the set is r2ised with increasing amounts of ethanol in system I and 
lowered by the increase of the cyclohexanc content in system 2. 


To incorporate low solubility values into the data set of system 2, mea- 
surements were performed in mixtures having cyclohexane content as high 
as 94 and 96%. f,l and Py2 were obtained from the correlation of the solubility 
data according to Eq. 1, and arc reported in  Table 11. These values can be used 
to compare the sensitivity of both solvent systems with a variety of structural 
changes in the substrates. 


I Sigma Chemical Co. 


3 Quait N; Quhica hriston S.h 
BDH. 
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Table I-Solubility in Systems 1 and 2 at 25°C 


Solvent 
Composition 


Solubility, mg/g,l, 
111 IV VI X XI XI1 Xl l I  XIV X V l l  XVIII 


4 
6 


10 
15 
20 
25 
30 
40 
50 
60 


0 
10 
20 


n 
96 
94 
92 
90 
85 
80 
75 
70 
60 
50 
40 


100 
90 
80 


30 70 
40 60 
so 50 
60 40 
70 30 


System 2 (Ethanol-Cyclohexane) 
16.6 0.529 27.6 2.36 0.7 17 
26.8 I .57 3.67 3.13 
35.4 2.65 35.1 6.1 I 5.01 
47.7 4.50 39.5 8.35 6.55 
90.3 9.45 47.5 15.2 12.7 
96.5 18.4 58.3 20.4 16.1 


I40 26. I 60.6 27. I 23.4 
I95 39.0 69.6 34. I 26.6 
214 64.7 78.9 47.9 32.6 
24 I 92.3 82.7 72.6 46.9 
246 I I 7  


System I (Ethanol-Water) 
2.24 0.502 
3.29 0.824 
3.37 1.15 


I .38 
2.16 
3.10 
5.66 
9.80 
1.1 
5.3 
9.4 


2.20 
3.06 
3.51 


8.99 2.3 I 5.28 
11.3 5.08 12.6 
28.6 12.7 26.6 
42.6 19.1 31.6 
64.2 34.1 50.7 


91.4 


131 


I90 
222 
260 
296 
423 


I 68 


26.5 
46.4 
78.3 


I96 
295 
423 


11.0 
16.8 
24.2 
34.2 
49.6 
73.4 


I10 
I32 
191 
362 


I .37 
1.63 
3.08 
8.06 


23.8 
56.5 


110 
176 


2.44 16.6 
5.84 31.9 


10.7 53.5 
15.9 86.4 
24.3 I l l  


39.3 185 
57.6 236 
70.9 
78.6 


~~~~ ~ 


Table 11-Correlation of Solubilitt Data Accordine to Ep. 1 


Compounds 
Correlated n Range PY Intercept r 


System 2 
XII/IV 
XII/III 
VI/I 
x1/111 


IV/III 


X/IH 
XIV/I 
xv XIV 
xvh I/XV I I 


n 
8 
6 
8 
9 
7 


12 
10 
10 
10 
7 
8 
6 


CH,% 
94-60 
94 -60 
96 -50 
94-50 
94-50 
94-60 
96-30 
96-50 
96- SO 


96-50 
96-SO 
94-60 


96-50 


0.7 I7 
1 . 1 1  
0.393 
1.06 


0.592 
1.71 
0.922 
0.664 
1.1 1 
1.10 
0.908 
0.926 


0.638 


-0.698 
-1.34 
-0.144 
-0.98 I 
-0.4.54 


0.242 
-0.836 
-0.221 
-0.274 
-0.84 I 


0.690 
0.28 1 
0.576 


0.995 
0.997 
0.994 
0.992 
0.993 
0.990 
0.995 
0.997 
0.997 
0.993 
0.996 
0.994 
0.997 


System I Water, % 
XII/IV n 100-30 0.97 I - I  .07 0.985 


7 100-30 0.827 -0.860 0.992 n 100-30 1.66 - 1.05 0.990 
XI/IV 8 100-30 1.36 -1.31 0.992 
XII1/111 6 100-50 1.26 0.942 0.998 


6 90-30 1.17 -0.226 0.997 
7 100-30 1.13 -0.847 0.992 
8 100-30 0.957 -0.667 0.988 n 100-30 I .22 0.297 0.999 


XV/XlV n 100-30 I .25 0. I26 0.998 
x v l r l / x v l l  n 100-30 2.19 -2. I5 0.998 


Solubility data in molality units were used in all cases except those of the correlation X V I I I / X V I I  in system I, which were taken from Ref. 7 and are expressed in mg/mL. However, 
as previously discussed ( I  1, P obtained by using different units to express solubility, remains essentially unchanged. It should be emphasized that all the solubility data of barbituric 
derivatives reported in Ref. {can be correlated according to Eq. 1. 


Table I I I  contains A12 values of some relevant structural changes. They 
were grouped under the headings of the structural change involvcd after clearly 
defined patterns were recognized. 


A12 < 0-Inspection of Table I l l  reveals that a structural change (A, * A y )  
involving the full replacement of the hydrogen atoms bonded to either 0 or 
N affords a negative value of A12 (correlations 1-4). Therefore, the sensitivity 
of system 2 to such structural modification is greater than that of system 1. 
One rcason for this behavior might be that an aqueous medium, such as sjstem 
I ,  has a number of ways to interact with both A, and A, structures due to its 
high donor-acceptor capacity toward hydrogen bonding. System 2, having 
a lower ability to produce specific interactions, has an enhanced sensitivity 
toward a structural change involving the full replacement of the hydrogen 
atoms and thus the number of potential interactions are limited. 
A12 > 0-A structural change which solely involves the incrcasc of thcalkyl 


chain yields a positive value of A12. This behavior was observed with chain 


extensions of ether, ester, and barbituric acid derivatives (correlations 5-8). 
Consequently, in  this situation system I appears to be more sensitive than 
system 2. This could be explained by considering that an increase in the size 
of the hydrocarbon moiety of a substrate is better accepted by a less rigid 
system such as 2 than by a highly structured system such as I .  


A12 Approaching Zero---For a structural change like --OH- --Nll2. 
where the donor-acceptor capacity toward hydrogen bonding is maintained, 
a similar sensitivity in both systems is expected. From the values reportcd 
previously (2). a random value of A12 approaching zero (-0.04) is calculated 
for such a structural change. 


On the other hand, the direct comparison of the structural difference -OH - -0C2H5 between two pharmacologically related drugs, IV (acetamino- 
phcn) and XI (phenacetin). affords a A12 of zero. This result can be seen as 
a consequence of two opposite effects: the hydrogen atom replacement gen- 
erates a negative A12 for --OH--OCH3, as  occurs in IV-X (correlation 
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Table Ill-Sensitivity of Systems 1 and 2 to Structural Changes 


Structural Change, A,--*A, Compounds A I 2  


A12 + 0 
Full Replacement of I 1  


-OH- --OCH3 X / I V  -0.21 


-NH2+ N(CH3)2 VI / I  


-0.69 
-0.31 
-0.28 


-NH-OCCt13+-N(CH3)-OCCH, XII I / I I I  -0. I5 


OCHi *OC>H< X I I X  +o I I  


q Y 1  -OH -+ - - 0 O C C  H 3 


Chain Extension 


-COOeH, ;-&OC2H5 x i v j i  +0.32 
- C O O C ~ H S + - C O O ( C H ~ ) ~ C H ~  X V / X l V  +0.16 
-C2H5+ -(CH2)2CH(CH3)2 XVII I /XVII  +1.12 


A12 z 0 
Changes Which Preserve [ I  


-NH2+-OH 


Hydrogen Replacement 
Plus Chain Extension 
-OH--OC2H5 


VII / I  -0.09 
X V l / X V  +0.05 


X I / I V  0.00 


I ); the chain extcnsion -0CH3 +-OC2H, (X-XI) generates a positive 
A12 (correlation 5). Obviously, the extent of the affinity of a functional group 
for a given medium is the result of a number of well-defined molecular in- 
teractions usually described as specific, nonspecific, solvophobic. etc. (8). 


Because of the importance of the hydrophilic-lipophilic concept, consid- 
erable effort has been made to measure such properties from partition coef- 
ficient or solubility measurements (9, 10) and more recently from solvent 
effects on solubility (2, 3). 


The results discussed here show that functional groups may exhibit different 
hydrophilic-lipophilic properties in different environments, i.e., XVII l  appears 
to be 16-fold more lipophilic than XVl l  in ethanol-water, but only -1.2-fdd 
more lipophilic in ethanol-cyclohexane. Thus, it is now clear that the order 
of hydrophilic strength of different functional groups in ethanol-water re- 


ported previously (3) should be quite different from the order of the same 
groups in ethanol-cyclohexanc. 


Just as Hammett pointed out the ambiguity of the concepts of acidity and 
basicity ( I  I ) .  the inherent ambiguity of the hydrophilic-lipophilic concept 
should be emphasized. Howcvcr, Eq. 1 appears to be a useful tool to obtain 
information about the hydrophilic-lipophilic properties of different solvent 
media. 
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Abstract 0 A novel series of estrone derivatives having a free 3-phenolic group 
with the 2- or 4-position substituted with a thiourea function was synthesized. 
None of the products showed significant binding to the estrogen receptor, and 
the cytotoxic activity on MCF-7 cells for VII and X was weak. 
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Several types of compounds containing structural modifi- 
cations of steroidal and nonsteroidal estrogens were synthe- 
sized during past years, in the hope of developing agents with 


a high binding affinity to the estrogen receptor (1 ,2 )  and re- 
duced estrogenic properties. These, in accordance with their 
capabilities in antagonizing the action of estradiol at the es- 
trogen receptor (3), can be used as antiestrogens (4-9) or as 
cytotoxic agents with selective activity against the hormone- 
dependent tumor cells (10-1 3). In connection with an extensive 
program studying the effect of structural modifications on the 
biological activity of hormones, a variety of modified steroids 
were synthesized and tested for antiestrogenic ( 1  4), endocri- 
nological (1 5-  17), and anticancer ( 1  5, 17,18) properties. As 
a supplemental investigation, a novel series of estrone thiourea 
derivatives (V-XI) were synthesized to check their binding to 
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-NH-OCCt13+-N(CH3)-OCCH, XII I / I I I  -0. I5 


OCHi *OC>H< X I I X  +o I I  


q Y 1  -OH -+ - - 0 O C C  H 3 


Chain Extension 


-COOeH, ;-&OC2H5 x i v j i  +0.32 
- C O O C ~ H S + - C O O ( C H ~ ) ~ C H ~  X V / X l V  +0.16 
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with the 2- or 4-position substituted with a thiourea function was synthesized. 
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the cytotoxic activity on MCF-7 cells for VII and X was weak. 
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sized during past years, in the hope of developing agents with 


a high binding affinity to the estrogen receptor (1 ,2 )  and re- 
duced estrogenic properties. These, in accordance with their 
capabilities in antagonizing the action of estradiol at the es- 
trogen receptor (3), can be used as antiestrogens (4-9) or as 
cytotoxic agents with selective activity against the hormone- 
dependent tumor cells (10-1 3). In connection with an extensive 
program studying the effect of structural modifications on the 
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IV 


Scheme I 


the cstrogen receptor and in uitro cytotoxic activity on the 
growth of cells from the estrogen receptor-positive breast 
cancer cell linc MCF-7. 


RESULTS AND DISCUSSION 


Chemistry-The synthesis of N-substituted N'-(3-hydroxy- I 7-oxoestra- 
I .3,5( IO)-trien-2-yl)thioureas (V-VII) and the corresponding N-substituted 
N'-(3-hydroxy- 17-oxoestra- I ,3,5( IO)-trien-4-yl)thioureas (VIII-XI)  was 
accomplished as shown in Scheme I. The 2- and 4-aminoestroncs (I1 and 111, 
respectively), prepared by nitration of estrone (19) and reduction of the pro- 
duced 2- and 4-mononitroestrones as previously reported (20). were allowed 
to react at room temperature with the equivalent amount of the selected ar- 
ylisothiocyanate derivatives in ethanol or ethanol-acetone to give the es- 
trone-2-thiourea derivatives ( V - V l l ) .  The attempt to crystallize VI from 
boiling ethanol led to the elimination of m-toluidine and the formation of 2'- 
thio- 17-oxoestra-I (10),4-dieno[2,3-d]oxazoline ( IV) .  The same oxazoline 
derivative IV was obtained when equimolar amounts of 2-aminoestrone (11) 
and ni-tolylisothiocyanate were heated in  boiling ethanol for a short period 
or, as previously reported for othe; hzat-sensitive thioureas (21). when VI was 
heated above its melting point. The separation of the estrone-4-thiourea de- 
rivatives (VIII-XI) ,  on the other hand, necessitated the evaporation of the 
mixture todryness, without application of heat, and then purifying the residues 
by precipitation from different cold solvent systems (Table I). N-Benzyl- 
N'-(3-hydroxy-l7-oxocstra-1.3.5( IO)-trien-4-yl)thiourea (XI)  was found to 
be insensitive to heat; hence, its preparation and purification were carried out 
in boiling ethanol. The structures of V-XI were confirmed by elemental 
analysis, IR,  IH-NMR spectra (Table I), and (for VII and X )  MS. 


Biologicrl Screening-The relative binding affinity of the steroidal thioureas 
( V - X I )  was evaluated by measuring their ability to inhibit the binding of 
tritiated estradiol to the cytoplasmic estrogen receptor, obtained from im- 
mature rat uteri (2, 10). The steroidal thiourea derivatives (V-VII)  did not 
produce any inhibition of binding, indicating that they were totally devoid of 
binding affinity. Compounds VIII-XI produced only a slight inhibition, in- 
dicative of a weak (most probably insignificant) binding affinity (60.1%). 
Moreover. VII and X were evaluated in virro for their inhibition of the growth 
of cells from the estrogen receptor-positive breast cancer (MCF-7) cell line 
(12). As shown in Table I I ,  at a concentration of M, both compounds 
produced a slight inhibition of the growth of MCF-7 cells. These effects were 
only significant (p < 0.05) in the case of VII. In  addition, the combination 
of varying molar concentrations of estradiol with the two thioureas (at a 
concentration of M) did not suppress the growth inhibition of MCF-7 
cells (Table 11). indicating that the estrogen receptor was not involved in this 
weak antitumor activity exhibited by V11 and X ( 1  2). This behavior totally 
contrasted with the inhibited growth of MCF-7 cells produced by 1-[2-[p- 
(3,4-dihydro-6-methoxy-2-phenylnaphth- I -yl)phenoxy]ethyl]pyrrolydine 
hydrochloride (nafoxidine)'. which was suppressed by addition of estradiol 
(cJ ,  footnote b in Table 11). Such a slight inhibition of the growth of MCF-7 
cells by the thioureas is consistent with their lack of binding affinity for the 
estrogen receptor. The presence of the thiourea function, although fulfilling 
the polar structural requirements for association with the receptor (4, 8, 10). 
seems to be bulky spatial arrangement as compared with several nitrogen 


Table I-Svnthesized Estrone-2- and -4-thiourea Derivatives (V-XI) 


Corn- Yield, mp, Molecularo 
pound 70 OC Formula 'H-NMR (6). ppmh 


V 


VI 


VII 


VII l  
IX 


X 
XI 


81 


96 


86 


89 
95 


89 
87 


186- 188' C2sHzsN2OzS 0.87 ( s ,  3. C(  I8)-CH3), 
6.62 (s, I ,  C(4)-H), 


7.71 (s, l ,C(l)-H), 
7.30 (br m 5, ArH), 


8.81 (s .2 .NHCSNH. 
disappearing on 
deuteration), 9.47 (s. I ,  
OH, lost on 
deuteration). 


174-176' C X H ~ O N ~ O I S  0.86 ( s ,  3, C(18)-CH3), 
2.3 (s, 3, tolyl-CH3). 
6.75 ( s ,  I ,  C(4)-H), 


( s ,  I ,  C(1)-H), 8.38 
(s, I .  tolyl-NH, lost on 


7.1 (m, 4, ArH), 7.49 


deuteration), 8.51 (s. I ,  
NH,  lost on 
deuteration), 8.86 (s, I ,  
OH).  


187-189= C Z S H Z ~ B ~ N ~ Z O ~ S  0.86 (s, 3. C(18)-CH3), 
6.62 (5, I ,  C(4)-H), 
7.35 (d, 2, J = 10 Hz. 
ArH), 7.52 (d. 2, J = 
10 Hz. ArH), 7.72 (s, I ,  


NHCSNH, lost on 
deuteration), 9.6 (s. 1, 
OH).  


C(l)-H), 8.94 ( s ,  2, 


140-142" CzsHzsN202S 
163-165" C ~ ~ H ~ O N Z O ~ S  0.88 (s, 3, C(18)-CH3), 


2.36 ( s .  3, (tolyl-CH3). 
6.89 (d, I .  J = 8 Hz, 


(m, 6, ArH + C(1)-H + tolyl-NH), 8.02 (br s, 
l ,NH, los ton  
deuteration). 


C(2)-H), 7.10-7.41 


I61 -163e CzsHz7BrNzOzS 
165-167' Cz6H3oNzOzS~ 0.87 (S. 3, C(18)-CH3), 


4.79 (d, 2. J = 6 Hz, 
CbHsCHz, becoming 
singlet a t  4.77 on 
deuteration), 6.20 (m3 
1. benzvl-NH. lost on 
deuterition), 6.83 (d, I ,  
J = 8 Hz, C(2)-H), 
7.18 (d, I ,  J = 8 Hz, 
C(I)-H).  7.25 (s. 5 ,  
ArH), 7.78 (s, 1, NH. 
lost on deuteration). 


~ ~~ 


' Compounds V - X I  were analyzed for C. H. and N; unless otherwise noted, all values 
were within &0.4% of the theoretical value. * I n  CDCIJ or Me*SO-d6 plus D20. The 
compounds solidified and remelted at 3 10°C. Recrystallized from benzene--petroleum 
ether (bp 60-80°C). Recrystallized from chloroform-petroleum ether (bp 60-8OOC). 
1 Recrystallized from ethanol water. Calc.: C, 71.86; N, 6.45. Found: C. 71.40: N. 
6.00. 


mustard functions (23). Hence, the product was sterically hindered from 
fitting in the estrogen receptor sites (6). 


EXPERIMENTAL SECTION2 


N-Substituted N'-(3-Hydroxy-lFoxoestra-1,3,5( 10)-trien-2-y1)thioureas 
( V - V I I t A  solution of 2-aminoestrone (11) (200 mg, 0.7 mmol) was dissolved 
in hot absolute ethanol (15 mL), allowed to cool to room temperature, and 
then treated with the solution of one molar equivalent of the appropriate ar- 
ylisothiocyanate derivative in absolute ethanol ( 5  mL). The solution was al- 
lowed to stand at room temperature overnight. The resulting crystals were 
removed by filtration and washed with petroleum ether. The yields, physical 
constants, and 'H-NMR spectral data of the products are presented in Table 
I .  
2'-Thio-l7-oroestra-l(lO),Cdieno(2,3-d~xazoline (1V)-A solution of 


equimolar amounts of 2-aminoestrone (11) and m-tolylisothiocyanate (0.87 


All melting points are uncorrected. IR spectra were measured as Nujol mulls on a 
Beckrnan 4210 Spectrophotometer. 'H-NMR and M S  were measured on a Perkin-Elmer 
R32 and an AEI-MS-SO, respectively. I Lot IOOA; The Upjohn Co. 
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Table 11-Growth Inhibition of MCF-7 Cells bv VII and X Alone or Combined with Estradiol 


DNA, pgo 
Estradiol 


Compound Molarity Alone M lo-' M M b  


Control 
VllC 


X 


10-8 


10-6 
10-8 


10-6 


I 0-7 


I 0-7 


9.1 f 1.8(100) 
9 . 6 f  1.3(105)  
9 . 6 f  1.2(105) 
6.9 f 0.7 (76) 
9.0 f I .O (99) 
7.8 f 0.7 (86) 
7.6 f 1.4 (83) 


6.6 f 0.9 (72) 6.0 f 1 . 1  (66) 5.7 f 0.3 (63) 


9 . 6 f  l.O(lO5) 7.7 f 1.0 (84) 7.4 f 0.5 (81) 


Experiments were performed in quadrugliqte; the results are given as mean f SD. The percent of control is given in parenthcscs. Inhibition produced by 5 X lo-' M nafoxidine 
M alone was 6.2 f 0.6 (68): the value after a dition of 10 


(p < 0.05); this effect was not suppressed by estradiol. The slight inhibition of X was not significant (I, > 0.10). 
M estradiol was 7.6 f 0.8 (83). Variance analysis showed that V I I  produced a significant growth inhibition at 


mmol) in  ethanol ( 1  5 mL) was heated at reflux for 30 min. The solutjon was 
concentrated and the product, obtained after cooling, was recrystallized from 
ethanol to give IV as white shiny scales (95% yield), mp 3O8-31O0C. Com- 
pound IV was also produced when thiourea VI was heated i n  ethanol for re- 
crystallization, or heated above its melting point for a short time. The mixed 
melting point with a sample of IV, prepared from 2-aminoestrone (11). carbon 
disulfide, and potassium hydroxide [as previously reported (21 )]  showed no 
depression. IR and 'H-NMR spectra of IV obtained from both sources were 
superimposable. IR (mineral oil): v 1730 (C=O). 1595 (C=C, Ar), 1510. 
1495, I140,and930cm-' (NCSamideI, I I , l l l ,and IV bands,respectively); 
'H-NMR (CDCI3 + D20): b 0.92 (s, 3, C(18)-Cti3), 7.05-7.30 (twom, 
2, ArH), and 10.55 ppm (br s (diffuse), oxazoline-H, exchangeable]. 


NSubstituted N-(3-Hydroxy-l7-oxoestra-l,3,5(10)-trien-Cyl) thioureas 
(VIII-XI)-A solution of 4-aminoestrone (Ill) (200 mg, 0.7 mmol) and the 
equivalent amount of the isothiocyanate derivative i n  a mixture of absolute 
ethanol ( I  5 mL) and acetone (5 mL) was allowed to stand at room tempera- 
ture for 24-30 h. The solvent was evaporated to dryness without application 
of heat. The oily residues were dissolved in cold benzene or chloroform (10 
mL); the precipitates were removed by filtration and treated with petroleum 
ether to give the thiourea derivatives (VIII-X) as white amorphous solids. 
The benzyl derivative XI was prepared by heating at reflux a mixture of 4- 
aminoestrone ( I l l )  (250 mg, 0.87 mmol) and benzylisothiocyanate ( I  30 mg, 
0.87 mmol) in absolute ethanol (30 mL) for 30 min. The solution was con- 
centrated to 10 mL, water was added in a dropwise manner, and the solution 
was allowed to stand overnight to deposit colorless needles. The application 
of this method to prepare thioureas VIII-X gave impure products. The yields, 
physical constants, and 'H-NMR spectral analyses are recorded in Table 1. 
1R data for the thiourea derivatives (V-XI)  (mineral oil): v 3340-3310, 
3310-3120 (NH) ,  3120-3050 (OH), 1730-1700 (C=O), 1595-1580 and 
1490- 1485 (C=C. Ar). 1540- I5 15, 1340- 1330, I 165- I 140, and 950-920 
cm-' (NCS amide mixed vibrational I ,  I I ,  I l l ,  and IV bands, respectively); 
MS for Vll:m/z (relativeabundance%); M'absent,216 (IOO), 214 (IOO), 
174(24), 173(48), 172(29), 171 (48). l34(26) .93(56) ,87(19) ,86(19) ,  
77 (I@, 65 (76); MS for X: 216 (loo),  214 (100). I73 (21), 17 I (21), I57 ( l9) ,  
I55(19), 135(27) ,84(60) ,76(15) ,75(21) .  


Relative Binding Affinity for the Estrogen Receptor--The ability of the 
compounds LO bind to the uterine estrogen receptors was estimated according 
to a previously described experimental procedure (24). Briefly, uterine es- 
trogen receptor cytosol was incubated at 18°C for 30 min with 5 X M 
13H]estradiol (saturation amount) in the absence or presence of increasing 
amounts of the test compound ( X )  or unlabelled estrone (control). After in-  
cubation, unbound compounds were removed by dextran-coated charcoal and 
bound ['Hlestradiol was measured. The relative concentration of unlabelled 
estrone and test compound required to achieve 5Wo inhibition of the estradiol 
binding gave the relative binding affinity (RBAx = ( [ l~o]estrone/[ lso]~)  X 
100). 


Effect of VII and X on the Growth of MCF-7 Breast Cancer Cells-The 
action of the compounds on MCF-7 cell growth was estimated by measuring 
the amounts of DNA after I20 h of culture in the absence or presence of the 
test compound. In practice, MCF-7 cells were grown at  37OC in closed flasks 
(75 cm2) containing Earle's minimal essential medium supplemented with 
L-glutamine (0.6 mg/mL), gentamicin (40 pg/mL), penicillin (100 pg/mL), 
streptomycin (100 pg/mL) and 10% fetal calf serum. At confluency, the cells 
were removed by trypsiniiation (0.05% trypsin, 0.025% EDTA) and suspended 
( - I  X lo5 cells/mL) in the growth medium supplemented with charcoal- 
stripped fetal calf serum (0.5% charcoal and 0.005% dextran in I .5 mL of 
medium, incubated overnight a t  4OC). They were then plated in 35-mm Petri 
dishes containing this medium and cultured at 37OC in a 95% air-S% CO1 
atmosphere. After 24 h,.the compounds (solvent: ethanol at the final con- 


centration of 0.1%) were added to the culture dishes. After 48 h, the medium 
was replaced by fresh medium containing the drugs. The cultures were then 
grown for an additional 72-h period before final harvest. Both at 24 h (com- 
pound addition) and 144 h (end of experiment) the cells were washed twice 
with 2 mL of Earle's base before being suspended in 1.5 mL of trypsin-EDTA. 
Total DNA of the collected cells was precipitated in 0.5 M perchloric acid 
and evaluated by the diphenylamine method (25). The control was run in  
parallel. without the drug (solvent only added). 
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COMMUNICA TIONS 


Liquid Chromatographic Microassay for 
Carbamazepine and Its 10,ll -Epoxide in 
Plasma 


Keyphrases Carbarnazepine-carbamazepine 10.1 1 -epoxide,  HPLC 
C a r b a m a z e p i n e  10, I I -epox ide -HPLC wi th  carbamazep ine  


To the Editor: 


MacKichan (1) has developed a high-performance liquid- 
chromatographic assay (HPLC) to measure carbamazepine 
and one of its active metabolites the corresponding 10,l l-  
epoxide in plasma and saliva using double internal standard- 
ization. The double internal standard technique provides a 
more accurate means of quantitating these substances, since 
the concentrations of the parent compound and metabolite can 
vary in the same biological specimen by an order of magnitude 
or more. The HPLC technique described herein is a microni- 
zation of the assay developed by MacKichan and allows car- 
bamazepine and its 10,ll-epoxide to bc accurately quantitated 
in biological specimens of 100 pL. 


The HPLC system utilized in this procedure consists of a 
liquid chromatograph with an integrative data system and 
absorbance detector]. Injections were made with an auto in- 
jector2 onto a reverse-phase column3 equipped with a 70 X 6 
mm stainless steel precolumn4 packed with reverse-phase 
packing material5. A p-Bondapak phenyl column was em- 
ployed in these analyses since this column is routinely used in 
our laboratory. The tribasic sodium phosphate and chloroform 
used in the extraction procedure were ACS certified6. All 
solvents used in the mobile phase were HPLC grade. The 
~arbamazepine~, the 10,ll -epoxide7, lorazepams, and the 
N-demethyl derivative of diazepam9 were gifts. 


A methanolic solution of carbamazepine and the 10,l l-  
epoxide (400 pg/mL) was employed in the preparation of the 
following plasma standards: 0.5, 1.0,2.5,5.0, 10.0, 15.0, and 
30.0 pg/mL. Stock solutions of lorazepam and the N-de- 
methyl derivative of diazepam were prepared in methanol a t  
a concentration of 100 pg/mL. These solutions were then 
combined and diluted with distilled deionized water to create 
an internal standard solution containing lorazepam and the 
N-demethyl derivative of diazepam at concentrations of lOand 
15 pg/rnL. 


The extraction procedure is a scaled-down version of the 
extraction process outlined by MacKichan ( I ) .  Samples of 
plasma (100 pL) and an aliquot of the internal standard so- 
lution (50 pL) were added to disposable glass test tubes. Each 
tube was vortexed to mix the internal standard and sample. To 
this mixture, 100 pL of an aqueous saturated solution of tri- 


I Models S P  80008 and SP 8300. Spectraphysics. Santa Clara, Calif. 


’ p-Bondapak phenyl column (30 cm X 2.9 mm i.d.. 10 p m  particlcs; Waters Asso- 


‘ Crawford (Swagelok-3 16). 


’ Tegretol; Ciba-Geigy Corporation, Summit, N.J.  


WISP 710B; Waters Associates, Milford. Mass. 


ciates. 


Bondapak Cla/Corasil; 37-50 pm. 
Fisher Scienti IC, King of Prussia. Pa. 


Wyeth Laboratories, Philadelphia, Pa. 
Hoffmann-LaRoche, Inc., Nutley. N.J. 


basic sodium phosphate was added and vigorously vortexed 
for 10 s. Chloroform (2 mL) was then added to the tubes, 
which were then vigorously vortexed (30 s). The samples were 
centrifuged (10 min at 1500 rpm) and the aqueous phase was 
aspirated. The organic phase was decanted into clean test tubes 
and evaporated to dryness under reduced prcssure at 42OC. 
The residues were reconstituted with IOOpL of mobile phase 
and -50 p L  was injected onto the column. UV absorbance was 
monitored at 254 nm. The mobile phase consisted of a deion- 
ized water-acctonitrilc-methanol mixture (62:35:3). The 
addition of methanol to the mobile phase rectified some peak 
broadening which was encountered with the phenyl column. 
The chromatograms resulting from the injection of blank 
human plasma, human plasma with internal standards added, 
as well as human plasma with carbamazepine, the 10,l l-  
epoxide, lorazepam, and the N-dcmethyl derivative of di- 
azepam are presented in Fig. 1. All of the peaks were well re- 
solved from each other and from endogenous components of 
plasma with the exception of the 10,ll-epoxide pcak which 
possessed a minor interference similar to that observed by 
MacKichan ( I ) .  This interfering peak can be seen in Fig. 1A 
and B and poses no appreciable problem with regard to 
quantitation of the epoxide, representing the equivalent of 0.2 
pg/mL of epoxide. The retention times for the epoxide, car- 
bamazepine, lorazepam, and the N-demethyl derivative of 
diazepam were 4. I, 5.7, 6.7, and 8.9 min, respectively. 


The mean extraction recovery was 80.3% for carbamazepine 
and 73.3% for the Corresponding 10, I I -cpoxide, which is lower 
than the essentially complete recovery of carbamazepine and 
the epoxide by the method of MacKichan (1). These lower 
recoveries may be, in part, related to the greater percentage 
of tribasic sodium phosphate and methanol in the extraction 
procedure compared with thc original method. The approxi- 
mate sensitivity limits for the assay are 0.1 pg/mL for car- 
bamazepine and 0.3 pg/mL for the epoxide, based on a sig- 
nal-to-noise ratio of 2.5. The calibration plot is linear in the 
0.5-30 pg/mL range. Intraday and interday variability 
studies, based on six replicate measurements for a period of 
6 d at concentrations of 1.0 and 30.0 pg/mL, have demon- 


A B C 


Figure 1 - Chromatograms of a blank human plusma extract (A) ,  a plasma 
extract with 500 ng of lorazepam (peak 67) and 750 ng ofthe N-demethyl 
derivative of diazepam (peak 89) added (R). and a plasma extract containing 
10 pg/mLof the 10.1 I-epoxide of carbamazepine (peak 41) andcarbamaz- 
epine (peak 57) and 500 ng of lorazepam (peak 671 and 750 ng of the N -  
demeihyl deriuatiue of diazepam (peak 89) added (C). Detector and recorder 
responsesfor each chromatogram are 10 mV and 0.005 A full scale. The 
numbers beside each peak represeni its rereniion rime in ienihs of min- 
ities 
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strated assay coefficients of variation of < 8 . 5 1  for both 
com pounds. 


In summary, this micronized assay provides a means for 
simultaneous analysis of carbamazepine and its 10,l I-epoxide 
from small volumes of plasma. This is of particular value when 
analyzing samples from pediatric patient populations. I n  ad- 
dition, this assay makes possible quantitation of these com- 
pounds in the biological fluids of many laboratory animals, 
where constraints may exist on the volume of blood that can 
bc collected. 
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The Ulcerogenic Potential of Copper Aspirinate 
Seems to be More Imaginary than Real 


Alich et al. I interpreted the appearance of an intravenously injected 
protein-bound dye in the gastric mucosa and submucosa of rats given 
Cu(ll)SO4, Cu(lI)2(aspirinate)4, or Cu(II)SO4 plus aspirin administcrcd 
with or without dihydroxyaluminum glycinate and magnesium carbonate 
buffer as  erosions. Leakage of the protein-bound dye from the vasculature 
was suggested as due to damaged blood vessels. Appearance of the protein- 
bound dye in the mucosa and submucosa in  association with the above 
treatments does not provide evidencc of either erosions or vascular 
damage. 


Appearance of the protein-bound dye in the m u m a  and submucosa of 
copper compound-treated rats is more likely due.to leakage associated with 
absorption-induced hyperemia, as shown for the vehicle control, and the 
quantity of protein-bound dye found in these two tissues is more likely due 
to the amount of copper-containing compounds absorbed and their 
subsequent formation of quaternary dye-protein-copper complcxcs which 
produced colorations of varying intensity. Copper sulfate, which is not 
lipid soluble, was poorly absorbed in the time coursc of this experiment 
while more of the lipid-soluble copper aspirinate was absorbed2. The 
combination of aspirin plus copper probably produced an aspirin- and/or 
salicylate-copper complex as  a result of the 10-min sonication, and these 
complexes were nearly equally well absorbed following instillation. 
Appearance of the dye-protein-copper complexes in the mucora and 
submucosa in association with absorption of administered copper 
compounds is also consistent with the poor agreement between the two 
“lesion” grading techniques found when aspirin was administered without 
a copper-containing compound, 


Alich el al.’ suggested that, in general, the presence of buffer had no 
significant effect on the extent of “damage” produced under these 
experimental conditions. Exception is also taken to this suggestion since it 
seems clear that there was a statistically significant reduction in coloration 
in the group given thc buffered copper aspirinate preparation. This 
reduction in coloration is consistent with a reduction in absorption of 
copper complex following the formation of an insoluble form of copper, 
CuCO3, or some other nonabsorbable form of copper during the 10-min 
sonication of a suspension containing 27 pmol of Cu(II)2(aspirinate)4, 71 
pmol of MgCOj, and 22 pmol of dihydroxyaluminum glycinate/mL. The 
formation of Cu(II)(glycinate)2, Cu(II)(salicylate)2, and 
Cu(ll)2(aspirinate)4 during the 10-min sonication of buffer, aspirin, and 
CuSO4 may have only partially overcome the effects of MgCO3 when the 
copper plus aspirin preparation was used. The absorption of copper when 
it was given as CuSO4 also appeared to have been impeded by the buffer. 


In their discussion of the existing literature pertaining to effects of 
Cu(ll)z(aspirinate)4, Alich el al.’ further reduce the credibility of their 
interpretation of their results as  indicating gastric erosions and vascular 
damage. They did point out that Williams el ~ 1 . ~  found no gastric erosions 
with Cu(Il)2(aspirinate)4, but failed to mention that Williams et al.* had 
used doses of 11 5, 345,690, and 1380 mg of Cu(ll)2(aspirinate)4/kg of 
body weight, doses much greater than the 1 IS-mg/kg dose used in their 
study’. 


Alich el al.’ did point out that Williams et a1.2 reported “some 
evidence” of hemorrhage without gastric erosions in rats given 
Cu(ll)2(aspirinate)4, but failed to mention that this hemorrhage which 
was observed at  345,690, and 1380 mg/kg was not observed at  1 I5 mg/ 
kg. Alich el al. offered no rationale as  to how this hemorrhage, which 
occurred in the absence of gastric erosions, was relevant to their gastric 
study or in any way supported their interpretation of their results. We have 
determined the LDmp of Cu(ll)2(aspirinate)4 to be 895 f 222 and 977 f 
297 mg/kg, respectively. in male and female rats using doses ranging up to 
I500 mg/kg. Doses of lo00 and 1500 mg/kg did not produce gastric 
ulcers but did produce diarrhea. A diarrheal-inducing bolus may cause 
intestinal bleeding, but this cannot be. mistaken for gastric bleeding, and 
these doses are much greater than the 1 15-mg/kg dose used by Alich et 
al.’. We have also reported results of our chronic toxicity study of 
Cu(lI)2(aspirinate)4 in rats given 100 mg/kg for 5 d/week for 3 months3. 
No gastric histopathology was found at  the light microscopic level with 
this more challenging treatment regimen. 


an active antiulcer agent in the Shay rat4. They also failed to notice that 
we reported a reduction in gastric acid secretion in response to treatment 
of the Shay rat with copper complexes and not an accumulation of gastric 
acid following pyloric ligation as  they indicated. The antisecretory effects 
of copper complexes have been confirmed and extended by othersS 
These results support the suggestion that antisecretory activity, in  part, 
accounts for their mechanism of antiulcer activity. AIich et al.‘ also 
overlooked the report by Haydcn et al.9 that Cu(ll)z(aspirinate)4 prevents 
aspirin-potentiated ulcers in the Shay rat. 


Alich et al.’ questioned the significance of data obtained in nonfasted 
rats in comparison with their data, but failed to recognize that our Shay 
rat preparation, like theirs, includes fasting. 


Alich et 01.’ did point out that Rainsford and Whitehouselo reported the 
production of ulcers in rats with Cu(ll)2(aspirinate)4 (200 mg/kg), but 
overlooked the response to that report which pointed out that those studies 
were flawed by the use of an inappropriate suspending agent, which has 
the potential of removing the copper from the administered complex, and 
the solution of copper complexes in 20 mM hydrochloric acid, which has 
the potential of destroying the ‘‘dissolved’’ complex and freeing the 
ulcerogenic ligand”. 


Alich el al.’ did point out that Boylc et al. l 2  found an antiulcer effect 
for Cu(ll)2(aspirinate)4, but failed to mention that the dose was 345 me/ 
kg, a dose 3 times as large as  their 1 I5-mg/kg dose, and dismissed their 
results for specious reasons, the inclusion of both number and size of 
lesions in their assessment of the ulcerogenicity of aspirin. 


and 
Brown et ~ 1 . ’ ~  were “about the same for free aspirin and 
Cu(I1)2(aspirinate)4” and indicated that the method used for quantitation 
of was less than state of the art, but failed to mention that doses of 300 
mg/kg were used. 


if it did occur with doses of 100 mg/kg and higher, remains obscure since 
the antiulcer dose of this compound is 5-10 mg/kg4.9,13. The IO-mg/kg 
dose has also been shown to markedly increase the rate of interstitial tissue 
repair in the surgically induced ulcer using histochemical techniques and 
light m i ~ r o s c o p y ~ ~ .  


Alich et al.’ incorrectly indicated that we had reported that aspirin was 


Alich er al.‘ also pointed out that the results reported by 


The significance of Cu(ll)2(aspirinate)4-induced gastric irritation, even 
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strated assay coefficients of variation of < 8 . 5 1  for both 
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In summary, this micronized assay provides a means for 
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from small volumes of plasma. This is of particular value when 
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Alich et a/.  I claimed that many possible variables introduced by others 
had been eliminated from their studies, but failed to recognize that they 
had introduced new variables that others had not introduced and that their 
results are subject to an alternative interpretation. As it turns out, this is 
the second paper coauthored by Alich and Wittmers on the subject of 
Cu(II)2(aspirinate)4 wherein conclusions were not supported by the 
evidence provided. In an earlier paperI4 these authors contended that 
salicylic acid was a contaminant of Cu(ll)2(aspirinate)4, but failed to 
provide evidence in support of this c o n t e n t i ~ n ’ ~ .  The present contention by 
Alich ef 01. that Cu(lI)2(aspirinate)4 causes erosions and vascular leakage 
at  a dose of 100 mg/kg is not supported by evidence and it is also clearly 
inconsistent with results reported by ourselves and others they cited. 
Results obtained by Alich et al.’ may be better interpreted in  terms of 
absorption of copper compounds. 


John R. J. Sorenson 
University of Arkansas 
College of Pharmacy 
Little Rock. AR 72205 
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Response to: “The Ulcerogenic Potential o f  
Copper Aspirinate Seems to be More Imaginary 
than Real” 


Dr. John Sorenson has responded to a paper in which we showed that 
when intact rat stomachs were subjected to aspirin or copper aspirinate 
under normal conditions of absorption, and when mucosal damage was 
highlighted with a protein-binding dye, observations differed from those 
made on Shay-prepared rats by Sorenson’. Our data indicated that copper 
aspirinate gave much larger superficial lesion indices and slightly smaller 
deep lesion indices than aspirin alone2. Dr. Sorenson’s article contains 
several comments deserving of our response. 


I .  Dr. Sorenson. in  taking exception toour results, makes frequent 
reference to studies which employed the Shay rat as  a model. As we 
indicated in our paper, the Shay rat is quite a different model from ours. 
We attempted to approximate normal conditions under which drugs are 
presented to and absorbed from the stomach. We wish to reiterate that our 
model is different from the Shay model, and appears to produce different 
results. Since the Shay rat has frequently been used by other laboratories, 
an effort was made to refer to such data where appropriate. 


lesion index does not measure depth of color. but sums over the number of 
lesions of each diameter within one of the two color groups. Therefore, the 
index gives a number related to total area of mucosa damaged for each 
kind of lesion. Our paper indicates that the two color groups were 
independently verified by microscopic examination to be deep and 
superficial erosions, the deep erosions being a very dark blue, the 
superficial a royal blue. Dr. Sorenson hypothesizes that the color in the 
mucosa is caused by a dye-protein-copper complex formed when the 
copper is absorbed into the mucosa and the dye- protein complex leaves the 
vascular system. While this is an interesting hypothesis, it does not account 


2. Dr. Sorenson interprets the lesion index graphs incorrectly. The 


for all of our rcsults portrayed in Fig. I A  and Bof our paper*. Dr. 
Sorcnson’s hypothesis may be possible or appropriate in A, for the sets of 
data containing Cu(ll) .  but does not account for the lesion index in the 
controls or in those rats lreated with aspirin. Likewise, in B of Fig. I, the 
hypothesis may fit the last two sets of bars, but not the copper sulfate 
control or the rats treated with aspirin. Our observations from past work 
indicate that Cu(I1) is absorbed into the mucosa whether complexed or 
not. In I -  or 2-h experimental periods similar to those described in our 
paper, but in which no dye was used, mucosal tissue exposed to copper- 
containing compounds, became a uniform grey-blue color and yielded 
extremely high values for copper analysis indicating that copper was 
absorbed into the tissue3. 


In any case, the amounts of copper present in our expcrimcnts would be 
too small to account for the extent of the coloration of the lesions. Likewise 
the hypothesis does not explain why there are two distinct shades of blue. 
Finally, the hypothesis cannot be applied to all the data presented in the 
paper. 


3. Sorenson states that appearance of the protein-dye complex in the 
mucosa under the conditions of our experiment “does not provide evidence 
of either erosions or vascular damage.” He attributes the leakage to 
absorption-induced hyperemia. Under normal physiological conditions, 
Pontamine S k y  Blue 6BX, and other protein-binding dyes, do not leak 
from the vascular system in any significant amount4. The protein 
movement from the vascular volume into the interstitial space is very slow, 
as indicated by the small permeability coefficients for molecules of this 
size range. All animals in our experiments were sacrificed 10 min post dye 
injection. The discussion in our paper details the damage to blood vessels 
which allows leakage of the protein--dye complex into the tissue. Use of a 
protein-bound dye to aid assessment of mucosal damage is not unique with 
us. Dr. Sorenson is aware of the papers of Wcst and c o - w o r k e r ~ ~ ~ ~  who also 
used this method. 


4. Dr. Sorenson. commenting on our observations of hemorrhage in the 
absence of visible erosions, claims we “. . . offered no rationale as to how 
this hemorrhage which occurred in the absence of erosions was relevant to 
their gastric study or in any way supported their interpretation of their 
results.” Sorenson appears not to have understood the description of 
Robins’ work’. Robins observed (electron microscope) that prior to the 
appearance of visible mucosal erosions, and within minutes of being placed 
in the stomach, aspirin caused small blood vessels to develop fenestrations 
and later to break down completely’. These observations lend support to 
our suggestion that bleeding occurs prior to the appearance of visible 
lesions. Our paper describes samples which were found, on microscopic 
examination,’to have no lesions, but by the dye method to present 
superficial erosions. The extravascular accumulation of the protein-dye 
complex in these cases indicated that the capillary endothelium was 
damaged prior to the development of the lesions. We also observed 
complete ischemia in the centers of a number of erosions, suggesting that 
the circulation was severely disrupted in these areas within the 2-h 
exposure to the drug. 


5 .  Dr. Sorenson refers to a reduction in gastric acid secretion in 
response to the treatment of the Shay rat with copper complexes. The 
Sorenson reference givens contains no mention of the measurement of acid 
secretion. Further, other references described inhibition of acid secretion 
i n  Shay rats by copper-amino acid c o m p l e x e ~ ~ * ’ ~ .  Since controls were also 
Shny rats, it is not possible to determine whether the acid secretion 
was more or less than that in a non-Shay rat. I t  does not appear legitimate 
to extrapolate such results, in Shay rats, treated uith copper-amino acid 
complexes, to non-Shay rats treated with copper aspirinate. West and co- 
workers (whose work Sorenson uses to buttress his arguments in this 
discussion) did not find the Shay-prepared rat to be the perfect model for 
testing activities of drugs6. 
6. Dr. Sorenson proposes that the complex of copper aspirinate is 


formed by the 10-min sonication of the Cuz+ and aspirin mixture to be 
placed in the stomach. He also proposes that CuCO3 or “some other 
nonabsorbable form of copper” is formed from copper aspirinate during 
the sonication in the buffered system. This is an interesting proposal, the 
decomposition appearing more plausible than the formation of the 
complex (although in our thermal analysis experiments decomposition is 
not observed below 265OC). In any case, it does not seem to bc legitimate 
to propose two opposite effects by the same sonication. 


7. Dr. Sorenson states that we “incorrectly indicated” that he had 
reported that aspirin was an active antiulcer agent in the Shay rat. Our 
reference is t o a  specific papcr’. in which the statement is made (on p. 
139): “Aspirin and anthranilic acid were active at 225 mg/kg ig. Again, if 
this is real activity in  this model then these two compounds lack potency. 
The question as to whether or not these are irritant-induced or false 
positive results remains to be answered.” 
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Alich et a/.  I claimed that many possible variables introduced by others 
had been eliminated from their studies, but failed to recognize that they 
had introduced new variables that others had not introduced and that their 
results are subject to an alternative interpretation. As it turns out, this is 
the second paper coauthored by Alich and Wittmers on the subject of 
Cu(II)2(aspirinate)4 wherein conclusions were not supported by the 
evidence provided. In an earlier paperI4 these authors contended that 
salicylic acid was a contaminant of Cu(ll)2(aspirinate)4, but failed to 
provide evidence in support of this c o n t e n t i ~ n ’ ~ .  The present contention by 
Alich ef 01. that Cu(lI)2(aspirinate)4 causes erosions and vascular leakage 
at  a dose of 100 mg/kg is not supported by evidence and it is also clearly 
inconsistent with results reported by ourselves and others they cited. 
Results obtained by Alich et al.’ may be better interpreted in  terms of 
absorption of copper compounds. 


John R. J. Sorenson 
University of Arkansas 
College of Pharmacy 
Little Rock. AR 72205 


I A .  A.  Alich, V. J .  Welch, and I.. E. Wittmers. Jr. ,  J .  Phorm. Sei., 72, 1457 


D. A. Williams, D. T. Waltz, and W. 0. Foye. J. Pharm. Sri., 65. 126 (1976). 
J. R. J .  Sorenson. T M. Rolniak, and L. W. fhang ,  Inorg. Chim. Arm, 91, L31 


(1984). 


F. Marletta, E. Riziarelli. A. Mangiameli. M. Alberghina, A. Brogna, S. Sam- 
marlano, and A. Blasi. Rend. Gasfroenferol. 9 Suppl. I ,  35 (1977). 


F. Marletta, E. Riz7arelli. A .  Mangiameli, M. Alberghina, A .  Brogna, S. Monaco, 
S. Sammartano. and A. Blasi. “The XlVth International Congress on Internal Medicine.” 
October 1978, p 132and 133. ’ R. Goburrfhun. K .  Gulrez, H. Haruna, and G .  B. West, J .  Pharmacol. Merh., 1. 
rno ( 1 0 7 1 )  


(1983). 


‘ J .  R .  J.  Sorenson, J .  Med. Chem., 19, 135 ( 1  976). 


.” ,\.,. ~ , .  * G .  B. West, J .  Pharmacol. Mefh..8,33 (1982). 
9L. J .  Hayden, G .  Thomas. and G .  B. West. J .  Pharm. Pharmacol. 30, 244 


110710 , . , , ”,. 
lo K .  D. Rainsford and M. W. Whitehouse. J .  Pharm. Pharmacol.. 28 .83  (1976). 


J .  R.  J .  Sorenson, J .  Pharm. Pharmarol.. 29.450 (1977). 
E .  Boyle. P. C .  Freeman. A. C .  Goudie. F. R. Mangan. and M. Thompson. J .  Pharm. 


Pharmacol.. 28,865 (1976). 
I3S. F. Townsend and J. R. J .  Sorenson. in “Trace Elements in the Pathogenesis and 


Treatment of Inflammatory Conditions.” Agents and Actions Suppl. 8. K.  D. Rainsford, 
K .  Brune, and M. W .  Whitehouse. Eds., Birkhauser. Basel. 1981. pp. 389-398. 


l4 A. A .  Alich and L. E. Wittmers, J r . .  J .  Pharm. Sri.. 69, 725 (19x0). 
I s  J .  R.  J Sorenson. J .  Pharm.Sei.. 70(3), I V  (1981). 


Response to: “The Ulcerogenic Potential o f  
Copper Aspirinate Seems to be More Imaginary 
than Real” 


Dr. John Sorenson has responded to a paper in which we showed that 
when intact rat stomachs were subjected to aspirin or copper aspirinate 
under normal conditions of absorption, and when mucosal damage was 
highlighted with a protein-binding dye, observations differed from those 
made on Shay-prepared rats by Sorenson’. Our data indicated that copper 
aspirinate gave much larger superficial lesion indices and slightly smaller 
deep lesion indices than aspirin alone2. Dr. Sorenson’s article contains 
several comments deserving of our response. 


I .  Dr. Sorenson. in  taking exception toour results, makes frequent 
reference to studies which employed the Shay rat as  a model. As we 
indicated in our paper, the Shay rat is quite a different model from ours. 
We attempted to approximate normal conditions under which drugs are 
presented to and absorbed from the stomach. We wish to reiterate that our 
model is different from the Shay model, and appears to produce different 
results. Since the Shay rat has frequently been used by other laboratories, 
an effort was made to refer to such data where appropriate. 


lesion index does not measure depth of color. but sums over the number of 
lesions of each diameter within one of the two color groups. Therefore, the 
index gives a number related to total area of mucosa damaged for each 
kind of lesion. Our paper indicates that the two color groups were 
independently verified by microscopic examination to be deep and 
superficial erosions, the deep erosions being a very dark blue, the 
superficial a royal blue. Dr. Sorenson hypothesizes that the color in the 
mucosa is caused by a dye-protein-copper complex formed when the 
copper is absorbed into the mucosa and the dye- protein complex leaves the 
vascular system. While this is an interesting hypothesis, it does not account 


2. Dr. Sorenson interprets the lesion index graphs incorrectly. The 


for all of our rcsults portrayed in Fig. I A  and Bof our paper*. Dr. 
Sorcnson’s hypothesis may be possible or appropriate in A, for the sets of 
data containing Cu(ll) .  but does not account for the lesion index in the 
controls or in those rats lreated with aspirin. Likewise, in B of Fig. I, the 
hypothesis may fit the last two sets of bars, but not the copper sulfate 
control or the rats treated with aspirin. Our observations from past work 
indicate that Cu(I1) is absorbed into the mucosa whether complexed or 
not. In I -  or 2-h experimental periods similar to those described in our 
paper, but in which no dye was used, mucosal tissue exposed to copper- 
containing compounds, became a uniform grey-blue color and yielded 
extremely high values for copper analysis indicating that copper was 
absorbed into the tissue3. 


In any case, the amounts of copper present in our expcrimcnts would be 
too small to account for the extent of the coloration of the lesions. Likewise 
the hypothesis does not explain why there are two distinct shades of blue. 
Finally, the hypothesis cannot be applied to all the data presented in the 
paper. 


3. Sorenson states that appearance of the protein-dye complex in the 
mucosa under the conditions of our experiment “does not provide evidence 
of either erosions or vascular damage.” He attributes the leakage to 
absorption-induced hyperemia. Under normal physiological conditions, 
Pontamine S k y  Blue 6BX, and other protein-binding dyes, do not leak 
from the vascular system in any significant amount4. The protein 
movement from the vascular volume into the interstitial space is very slow, 
as indicated by the small permeability coefficients for molecules of this 
size range. All animals in our experiments were sacrificed 10 min post dye 
injection. The discussion in our paper details the damage to blood vessels 
which allows leakage of the protein--dye complex into the tissue. Use of a 
protein-bound dye to aid assessment of mucosal damage is not unique with 
us. Dr. Sorenson is aware of the papers of Wcst and c o - w o r k e r ~ ~ ~ ~  who also 
used this method. 


4. Dr. Sorenson. commenting on our observations of hemorrhage in the 
absence of visible erosions, claims we “. . . offered no rationale as to how 
this hemorrhage which occurred in the absence of erosions was relevant to 
their gastric study or in any way supported their interpretation of their 
results.” Sorenson appears not to have understood the description of 
Robins’ work’. Robins observed (electron microscope) that prior to the 
appearance of visible mucosal erosions, and within minutes of being placed 
in the stomach, aspirin caused small blood vessels to develop fenestrations 
and later to break down completely’. These observations lend support to 
our suggestion that bleeding occurs prior to the appearance of visible 
lesions. Our paper describes samples which were found, on microscopic 
examination,’to have no lesions, but by the dye method to present 
superficial erosions. The extravascular accumulation of the protein-dye 
complex in these cases indicated that the capillary endothelium was 
damaged prior to the development of the lesions. We also observed 
complete ischemia in the centers of a number of erosions, suggesting that 
the circulation was severely disrupted in these areas within the 2-h 
exposure to the drug. 


5 .  Dr. Sorenson refers to a reduction in gastric acid secretion in 
response to the treatment of the Shay rat with copper complexes. The 
Sorenson reference givens contains no mention of the measurement of acid 
secretion. Further, other references described inhibition of acid secretion 
i n  Shay rats by copper-amino acid c o m p l e x e ~ ~ * ’ ~ .  Since controls were also 
Shny rats, it is not possible to determine whether the acid secretion 
was more or less than that in a non-Shay rat. I t  does not appear legitimate 
to extrapolate such results, in Shay rats, treated uith copper-amino acid 
complexes, to non-Shay rats treated with copper aspirinate. West and co- 
workers (whose work Sorenson uses to buttress his arguments in this 
discussion) did not find the Shay-prepared rat to be the perfect model for 
testing activities of drugs6. 
6. Dr. Sorenson proposes that the complex of copper aspirinate is 


formed by the 10-min sonication of the Cuz+ and aspirin mixture to be 
placed in the stomach. He also proposes that CuCO3 or “some other 
nonabsorbable form of copper” is formed from copper aspirinate during 
the sonication in the buffered system. This is an interesting proposal, the 
decomposition appearing more plausible than the formation of the 
complex (although in our thermal analysis experiments decomposition is 
not observed below 265OC). In any case, it does not seem to bc legitimate 
to propose two opposite effects by the same sonication. 


7. Dr. Sorenson states that we “incorrectly indicated” that he had 
reported that aspirin was an active antiulcer agent in the Shay rat. Our 
reference is t o a  specific papcr’. in which the statement is made (on p. 
139): “Aspirin and anthranilic acid were active at 225 mg/kg ig. Again, if 
this is real activity in  this model then these two compounds lack potency. 
The question as to whether or not these are irritant-induced or false 
positive results remains to be answered.” 


1876 I Journal of Pharmaceutical Sciences 
Vol. 73, No. 12, December 1984 


0022-3549/84/1200- 1876$01.00/0 
@ 1984, American Pharmaceutlcal Association 







These are the major points relevant to this study on which we would 
differ from Dr. Sorenson’s interpretation of our work. It is somewhat 
difficult to respond to some of his statements because no data is given to 
support the claims made. For example, Dr. Sorenson challenges the widely 
accepted use of a protein-binding dye and proposes in its place an 
“absorption-induced” hyperemia; no substantiating evidence is presented. 
He proposes a difference in the rate of absorption of the different copper- 
containing species, giving as evidence only an oleyl alcohol/water partition 
coefficient for copper aspirinate/aspirin”. He proposes both  formation 
and decomposition of copper complexes by sonibtion, again with no 
evidence given. Dr. Sorenson states that we neglected to report, in our 
survey of experiments, that he had pointed out in print’* that a Rainsford 
and Whitehouse paper was flawed by the use of an inappropriate 
suspending agent”. No supporting evidence was given. 


In cortclusion. this challenge of our results is not a legitimate one. We 
believe that under the experimental conditions employed, copper aspirinate 
does not appear to be less damaging than aspirin. Further work is in 
process on the mechanism and characteristics of the gastric mucosal 
damage inflicted by the copper complex of aspirin as well as that of aspirin 
in combination with copper. 


After consideration of Dr. Sorenson’s concerns, as well as a review of 
the literature, we believe that a more thorough comparison of models is 
warranted. West and c o - w ~ r k e r s ~ . ~  have compared mucosal damage from 
aspirin and copper aspirinate in the stress-induced, Shay. and drug- 
induced ulcer models. A study is planned to compare these with the 
unstressed model in which the ulcers or erosions are caused by the 
presentation of the drug under study. 


A. A Alichx 
College of St. Scholastica 
Department of Chemistry 
Duluth, M N  5581 1 


L. E .  Wittmers, Jr. 
School of Medicine 
University of Minnesota-Duluth 
Department of Physiology 
Duluth, MN 55812 
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Pharmaceutical Company Data on Drugs in 
Breast Milk 


The World Health Organization Regional Office for Europe has 
recently established a Working Group to produce a monograph describing 
the present state of information about drug excretion in breast milk and 
the hazards, if any, to the suckling infant. The Group is currently 
reviewing published literature but is aware that other data may be 
maintained by drug companies in internal files. The Group would welcome 
the opportunity to evaluate such information with a view to including it in 
the monograph. Drug companies which have in their possession 
unpublished data on excretion of drugs in breast milk are asked to contact: 


P.N. Bennett, M D  FRCP 
School of Pharmacy and Pharmacology 
University of Bath 
Claverton Down 
Bath 
Avon BA2 IAY 
England 


In the article “Determination of Pantothenic Acid in Multivitamin Phar- 
maceutical Preparations by Reverse-Phase High-Performance Liquid 
Chromatography” ( I ) ,  the following should be noted: 


On page 114, Figures 1 and 2 were transposed. 
(1) T. J. Hudson and R. J. Allen, J .  Pharm. Sci. ,  73,  1 13 (1984). 


In the article “Diaspirins of Methylenecitric Acid” ( I ) ,  the following cor- 


On page 419, in the last line in Table I the compound name should read 
rection should,be made: 


[ Bis( 3,5-d;bromo-2-carboxyphenyl)fumarate]. 


( 1 )  S. E. Massil, G.-Y. Shi, and I .  M. Klotz, J. Pharm. Sci., 73,  418 
(1984). 


In the article “Physicochemical Model for Dose-Dependent Drug Ab- 


On page 1278, in the Appendix, the last line should read Ri = kJ,i X 


(1)  J. B. Dressman, D. Fleisher, and G. L. Amidon, J. Pharm. Sci., 73, 


sorption” ( I ) ,  the following correction should be made: 


CI Vl. 


I274 ( I  984). 
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