Biological Significance of Serum Albumin Binding Parameters
Determined In Vitro for Clofibrate-Related Hypolipemic Drugs:
Use of 2-(4’-Hydroxybenzeneazo)benzoic Acid to Mirror L-Thyroxine
Binding to and Displacement from Serum Albumins

RALPH 1. NAZARETH, THEODORE D. SOKOLOSKI*, DONALD T. WITIAK, and

ALLEN T. HOPPER*

Abstract O Clofibrate [ethyl 2-(p-chlorophenoxy)-2-methylpro-
pionate] has been shown to be an effective lipid-lowering drug in
man and to exert its action by multiple modes. To explore further
the possibility that albumin binding parameters determined in
vitro are predictive of hypolipemic activity determined in vivo,
the binding of several cyclic and acyclic analogs of the corre-
sponding carboxylic acid of clofibrate to bovine, rat, and human
serum albumins was studied. This report compares the differen-
tial hypolipemic effects of the esters of these analogs with data
derived from studies involving their ability to undergo hydrolysis
by serum esterases in vitro, as well as with the pKa’s, log P
values, and albumin binding parameters of their respective free
acids. The latter study involved the use of 2-(4’-hydroxyben-
zeneazo)benzoic acid as an optical probe which mirrors thyroxine
binding in vitro as well as the use of the free acids alone and their
ability to displace radiolabeled thyroxine. These investigations
indicate that albumin binding parameters probably are impor-
tant for drug transport in vive but that hypolipemic activity is
related to mechanisms other than thyroxine displacement.
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Clofibrate [ethyl 2-(p-chlorophenoxy)-2-methyl-
propionate, I} has been shown to be an effective
lipid-lowering drug in man (1, 2). This drug rapidly
undergoes hydrolysis in vivo, and the corresponding
acid, II, is presumed to be the active drug (3). Stud-
ies in vivo with I and in vitro with II suggest that
clofibrate may be exerting its effect by multiple
modes of action (4). Aryloxyisobutyrates were re-
ported (5) to cause a reduction of L-thyroxine bind-
ing to albumin in the range of r < 1 (r = moles drug
bound per mole albumin). While clofibrate was re-
ported to both alter (6) and not alter (7, 8) the dis-
tribution of labeled thyroxine in vivo, causing a re-
duction in plasma concentration with a concomitant
increase in liver concentration, it was suggested that
any alteration in distribution of thyroxine in vivo
caused by clofibrate may have physiological signifi-
cance and, in fact, correlate with in vitro binding
studies. For example, the suggestion was made (6)
that the displacement effects observed for hypoli-
pemic drugs in the range r = 0-1 are likely of rele-

vance to therapy whereas effects at r > 1 may be
critical in the evaluation of toxicological studies.
Studies by Thorp (9) involving interspecies differ-
ences in the binding of these drugs also led him to
conclude that albumin binding studies in vitro could
be used to predict the effects of a given compound on
serum cholesterol levels in vivo.

To explore further the possibility that albumin
binding parameters determined in vitro are predic-
tive of hypolipemic activity determined in vivo, the
binding of several cyclic and acyclic analogs of II to
bovine, rat, and human serum albumins was studied.
A comparative analysis was recently described (10)
of the hypocholesterolemic and hypotriglyceridemic
activity of the corresponding ethyl esters of these an-
alogs in a hyperlipemic rat model in which hyperli-
pemia was induced by intraperitoneal injection of
tyloxapoll. Under these conditions, clofibrate (I),
ethyl 1,4-benzodioxane-2-carboxylate (V), ethyl 5-
chloro-2,3-dihydro-2-benzofurancarboxylate  (VII),
and ethyl 6-chlorochroman-2-carboxylate (XI) signif-
icantly reduced serum cholesterol levels. The des-
chloro analogs 1X and XIII were inactive. In these
same hyperlipemic rats, esters I, V, and XI also sig-
nificantly reduced plasma triglyceride levels. Des-
chloro analogs IX and XIII were inactive, and the
apparent hypotriglyceridemic effect of chioro analog
VII was not statistically significant. Acyclic analog
III, administered as the pL-compound, also showed
no significant hypocholesterolemic or hypotriglycer-
idemic activity in these hyperlipemic rats.

In this report, the differential hypolipemic effects
of esters I, I, V, VII, IX, XI, and XIII are compared
with data derived from studies involving their ability
to undergo hydrolysis by serum esterases in vitro, as
well as with the pKa’s, log P (P = octanol-water
partition coefficient) values, and albumin binding
parameters of the respective free acids. Albumin
binding studies also were carried out with optically
pure L(S)-IV and p(R)-IV, alicyclic homolog XV, and
4-ketochroman (XVII) to determine whether stereo-
chemistry and these minor structural modifications
had a major influence on albumin binding parame-
ters.

Since it was shown previously (11) that the optical
probe 2-(4’-hydroxybenzeneazo)benzoic acid (XVIII)
could be used as a model to mirror the binding of
thyroxine to bovine and rat serum albumins, acid

1 Triton WR-1339.
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Table I—Molar Absorptivity and Wavelength Maximum
Used to Study the Hydrolysis of Esters by
Rat Plasma In Vitro at 37°

€
(Wavelength, nm)

Ester
I 11,600 (226)
111 13,047 (226)
VII 7,196 (231)
X1 8,965 (229)
XVI 19,290 (226)

XVIII also was utilized in these studies to gauge the
displacement of thyroxine from serum albumins by
the various analogs. Use of XVIII in place of thyrox-
ine to estimate relative differences in competitive
binding by the various analogs is simple and has the
additional advantage of decreased expense over the
usual assays for the hormone utilizing radiolabeled
compound (12) or enzymatic reactions (13). To sub-
stantiate further the validity of results obtained in
competitive binding studies of the various analogs
using XVIII, the displacement of 125I-thyroxine from
rat serum albumin by II, XII, and XIV (12, 14) was
investigated.

EXPERIMENTAL

Materials—Bovine serum albumin (Fraction V, fatty acid
poor), human serum albumin (Fraction V), and 2-(4’-hydroxy-
benzeneazo)benzoic acid (XVIII) were used as purchased?. Rat
serum albumin3 (Fraction V), L-thyroxine4, dimethyl sulfoxide*,
isooctane® (2,2,4-trimethylpentane, spectral grade), and 125]-thy-
roxine® (specific activity 200 ¢Ci/ml) were used without further
purification. 1-Octanol” was purified as described under Octanol-
Water Partition Coefficient Determination. All final solutions
were made with 0.1 M sodium phosphate buffer, pH 7.4, using
analytical grade chemicals. All carboxylic acids were synthesized
as described by Witiak et al. (15-18). Dimethyl sulfoxide stock
solutions of the carboxylic acids (1.0 X 10-2 M) were diluted with
appropriate amounts of phosphate buffer to give the desired final
concentrations.

Hydrolysis of Esters by Rat Plasma In Vitro—The hydrolysis
of esters I, ITI, VII, XI, and XVI by rat plasma in vitro at 37° was
determined according to the method of Thorpé. Blood collected
from the abdominal aorta of anesthetized male Sprague-Dawley
rats (180-200 g) was placed in tubes (Vacutainer) containing a small
amount of ethylenediaminetetraacetic acid. The blood was imme-
diately centrifuged for 15 min, and the supernatant plasma was
separated and pooled. The esters were dissolved in spectral grade
methanol to give 0.05 M solutions. The incubation system used
was as follows: 0.1-0.3 ml of the ester solution was added to 8 ml
of rat plasma, and the mixture was incubated at 37° on a meta-
bolic shaker. Samples (1.0 ml) were removed at various times (0,
5, 10, and 60 min) for determination of the amounts of the parent
esters present.

For the assay procedure, 1 ml of each sample was placed in a
10-ml glass-stoppered centrifuge tube. One-half milliliter of 3 N
hydrochloric acid and 5 ml of an isococtane-absolute ethanol mix-
ture (95:5 v/v) were added to each tube. The tubes were stop-
pered, shaken by hand, and allowed to stand. After separation of
the layers, the UV absorption of the extracts was determined
against a blank consisting of the solvent mixture. The wave-
lengths used for the esters as well as their ¢ values are given in

2 Nutritional Biochemical Corp., Cleveland, Ohio.

3 Pentex, Inc., Kankakee, I11.

4 Eastman Kodak Co., Rochester, N.Y.

5 Matheson, Coleman and Bell, Norwood, Ohio.

€ Amersham-Searle Corp., Arlington Heights, Iil.

7 Aldrich Chemical Co., Milwaukee, Wis.

8J. M. Thorp, Biological Research Department, Imperial Chemical In-
dustries Ltd., Alderly Park, Macclesfield, Chesire, England, personal com-
munication.
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Table 1. This UV absorption of the extract is due to the presence
of both ester and free acid. An aliquot of the isooctane—ethanol
extract was extracted with an equal volume of 2% sodium bicar-
bonate to remove the free acid selectively. The amount of free
acid was determined from the reduction in the UV absorption of
the organic phase by comparison with suitable standards, blanks,
and recoveries (at zero time) from rat plasma.

pKa and ¢ of Carboxylic Acids—The pKa'’s of the carboxylic
acids were determined potentiometrically by titrating 0.02% solu-
tions prepared by diluting 0.4% stock solutions in dimethyl sulf-
oxide with double-distilled water. Sodium hydroxide (0.01 N) was
the titrant, and a pH meter? was used to measure the pH.

The molar absorptivity, ¢, for the carboxylic acids was deter-
mined by measuring!® the absorbance of solutions made by dilut-
ing 1.0 X 102 M dimethyl sulfoxide solutions with phosphate
buffer. Reference solutions consisted of equivalent dilutions of di-
methyl sulfoxide with buffer. The wavelength maxima at which ¢
was determined are listed in Table II. All studies were made at
ambient temperature.

Binding of Carboxylic Acids to Serum Albumin—The bind-
ing of the carboxylic acids to bovine, human, and rat serum albu-
mins was determined by the ultrafiltration technique (11) at am-
bient temperatures, using phosphate buffer solutions having a
constant concentration of serum albumin (1.0 X 10-* M, molecu-
lar weight 67,000) and a varying analog concentration (from 2.0 X
10-% to 3.0 X 10-3 M), The ultrafiltrate was analyzed spectro-
photometrically after suitable dilution. The e value and wave-
length of measurement are given in Table II.

Competitive Binding between XVIII and II, r(S)-IV, p(R)-
IV, XIV, and XV on Bovine Serum Albumin—The binding of
XVIII to bovine serum albumin in the presence of four analogs
[L(S)-IV, p(R)-IV, XIV, and XV] was determined by varying the
concentration of XVIII from 3.0 X 10-3 to 1.6 X 10-3 M at fixed
albumin (1.0 X 10-* M) and analog (1.0 X 10-* M) concentra-
tions. Three fixed concentration levels of II were used: 1.0 X 104,
2.0 X 10-%, and 5.0 X 10-* M. Ultrafiltration was used to study
binding where the amount of XVIII free was determined by spec-
trophotometric analysis at 350 nm. None of the analogs absorbs
at this wavelength in phosphate buffer.

? Sargent, model DR.
10 With a Cary model 16 spectrophotometer.



Table II-—Molar Absorptivity and pKa for Various

Table III—Octanol-Water Partition

Analogs Used in Serum Albumin Binding Studies Coefficients of Analogs
€ €
Analog (Wavelength, nm) pKa Analog (Wavelength, nm) Log P
11 1018 (279) 4 .46 11 1038 (280) 2 .57
L(S)-IV 1372 (279) 4.35 D(R)-IV 1565 (281) 2.31
p(R)-IV 1400 (279) 4.35 VI 2300 (277) 1.40
V1 2300 (277) 4.23 VIII 3010 (290) 2.11
VIII 2228 (279) 4.36 XI1I 2120 (285) 2.40
XII 1873 (283) 4.26 X1V 1825 (282) 1.90
X1V 1613 (279) 4.14 XV 1100 (281) 2.90
XV 1048 (279) 3.90 XVII 3240 (330) 1.77
XVII 3029 (337) 3.90

Moriguchi Method—For comparative purposes, the binding of
the carboxylic acids to bovine serum albumin also was studied by
an indirect method (19, 20). The binding constants of the analogs
were evaluated spectrophotometrically in terms of their ability to
displace competitively 2-(4’-hydroxybenzeneazo)benzoic acid
(XVII). Bovine albumin and XVIII stock solutions were made in
0.05 M sodium phosphate buffer, pH 7.4. Stock analog solutions
(1.0 X 10-* M) were made in the phosphate buffer with 10% di-
methyl sulfoxide. Solutions containing analogs (0, 1.0 X 104, 1.5
X 10-%, 2.0 X 107%, and 2.5 X 10-* M), XVIII (1.0 X 10~* M),
and bovine serum albumin (5.0 X 10-3 M) were prepared, and
the absorbances were measured at 482 nm 1 hr after preparation
of the solutions. The results were analyzed according to Eq. 1:

AE=FE —(E + E) (Eq. 1)

where:

E’ = absorbance of the solutions containing 1.0 x 10-¢+ M
XVII and 5.0 X 103 M bovine serum albumin with 0, 1.0
X 10-4, 1.5 X 10~%, 2.0 X 10-4, and 2.6 X 10-* M analogs
at 482 nm

E = absorbance of the solution of 1.0 X 10-* M XVIO at
482 nm

E’’ = absorbance of the solution of 5.0 X 10-5 M bovine serum
albumin at 482 nm

Log K,, where K, is the binding constant of the analog (pre-
sumably to the primary binding site), is determined from the AE
value obtained for the various analogs through use of theoretical
curves relating log K, to AE as described by Moriguchi (20).

Competitive Binding between XVIII and II, XII, and XIV
on Rat Serum Albumin—The binding of XVIII to rat serum al-
bumin in the presence of two analogs (XII and XIV) was deter-
mined by varying the concentration of XVIII from 5.0 X 10-5 to
1.6 X 10-3 M at fixed albumin (1.0 X 10-* M) and analog (2.0 x
10-% M) concentrations. The effect of two fixed concentration lev-
els (2.0 X 10~ and 5.0 X 10-4 M) of Il was studied under the
same conditions. Ultrafiltration was used to study binding, and
the amount of XVIII free was determined by spectrophotometric
analysis at 350 nm.

Binding of Thyroxine to Rat Serum Albumin—Equilibrium
dialysis with 125]-thyroxine was used to study the binding of thy-
roxine to rat serum albumin (12, 14). Twenty-centimeter (8-in.)

Figure 1—Scaichard plot for
the binding of XII to human
serum albumin (1.0 X 10-*M)
at pH 74. Key: O, experi-
mental values; and , com-
puter fit assuming two in-
dependent classes of binding
sites exist on serum albumin.

r/D, M7 X 1074

lengths of 2.1-cm (0.83-in.) dialysis tubing were soaked in 0.1 M
nitric acid for 24 hr and then in 0.01 M nitric acid for 3 days to
remove metal impurities. The tubing was thoroughly rinsed with
distilled water and was finally stored in deionized water at 4°.
Before use, the tubing was rinsed with glass-distilled water. The
stock solution of thyroxine (1.0 X 10-3 M) was prepared in 0.04 N
sodium hydroxide. The range of thyroxine concentrations used
was from 2.6 X 10-8 to 2.6 X 10-5 M. These solutions were pre-
pared by appropriate dilutions of the stock thyroxine solution
using 0.1 M sodium phosphate buffer, pH 7.4, containing 3.0 X
10-* M ethylenediaminetetraacetic acid. 12%1-Thyroxine (2.0 uCi)
was added to the nonradioactive thyroxine solutions, and 5 ml of
this solution was placed in 50-ml lusteroid centrifuge tubes (28 X
102 mm). Five milliliters of the rat serum albumin solution (0.05
g rat serum albumin/100 ml) was placed in the dialysis bag. The
tubes were covered with aluminum foil and placed on a metabolic
shaker at 37°. After 16 hr, the radioactivity in 2-ml samples from
each compartment was counted!!. The fraction bound was ob-
tained from the relationship: (counts per minute inside — counts
per minute outside)/total counts per minute.

Competitive Binding between Thyroxine and II, XII, and
XIV on Rat Serum Albumin—The binding of thyroxine to rat
serum albumin in the presence of two analogs (II and XIV) was
determined by varying the concentration of thyroxine from 2.6 X
10-% to 2.6 X 10-% M at a fixed albumin concentration (7.5 X
10-¢ M), employing an analog concentration of 1.0 X 10-% M.
Under similar experimental conditions, two fixed concentration
levels of XII were used (1.0 X 10-4 and 2.0 X 10-% M). Stock so-
lutions of the analogs were made in 0.1 M sodium phosphate
buffer, pH 7.4, containing 3.0 X 10-* M ethylenediaminetetraa-
cetic acid. Equilibrium dialysis, followed by analysis of 125]-thy-
roxine as already described, was used to determine the fraction of
thyroxine bound.

Octanol-Water Partition Coefficient Determination—Parti-
tion coefficients of the carboxylic acid analogs were determined
according to the method of Hansch!2. 1-Octanol was purified by
washing with 10% sodium hydroxide, 10% sulfuric acid, and, fi-
nally, 10% sodium bicarbonate solution. After drying over magne-
sium sulfate, the octanol was distilled under reduced pressure
and then saturated with distilled water. Analogs were dissolved in
octanol, and 10 ml of the resulting solution was placed in a 250-
ml glass-stoppered centrifuge bottle. Two hundred milliliters of’
the appropriate buffer solution (pH two units below the pKa of
the analog) was added; the bottle was stoppered and the phases
were mixed by inverting and shaking by hand for 2 min. After
centrifugation for 1 hr, samples of the octanol phase were re-
moved by pipet and analyzed spectrophotometrically. The wave-
lengths used for these measurements and the ¢ values for the var-
ious analogs are listed in Table III.

RESULTS

Hydrolysis of Esters by Rat Plasma In Vitro—The hydrolysis
of esters 1, TII, VII, XI, and XVI by rat plasma in vitro was car-
ried out at 37°. All of these esters were rapidly hydrolyzed, in ac-
cord with the results obtained by Thorp (3) for clofibrate. The
mean percent and standard deviation of the ester hydrolyzed in 5

11 Baird-atomic well counter, model 810C, with a Baird-atomic spectrom-
eter, model 530.

12C, Hansch, Department of Chemistry, Pomona College, Claremont, CA
91711, personal communication.
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Figure 2—Scatchard plot for
3 the binding of XVIII to bovine
serum albumin (1.0 X 10—+ M)
in the presence of various total
amounts of II. Key: O, XVIII
alone; », 1.0 X 10-* M II; @,
1 2.0 X 10-*MII;and @,5.0 X
10-*MII.

r/D, M1 X 104
~N

o
N -
~ WP
N
o
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min at 37° were as follows: I, 98.6 £ 0.2%; III, 98.1 + 0.1%; VII,
97.8 + 0.5%; XI, 96.3 £ 0.5%; and XVI, 99.0 & 0.3%.

Binding of Carboxylic Acid Analogs to Bovine, Rat, and
Human Serum Albumins—At the pH of the binding studies (7.4),
all of the analogs exist primarily in the anionic form since their
pKa’s range from 3.90 to 4.46 (Table II). It is apparent that the
species bound must be the charged form for each analog. A Scat-
chard plot for the binding of each analog to the various serum al-
bumins gives the same general nonlinear relation, excluding ana-
log X which binds to only one site and, therefore, gives a linear
Scatchard plot. A typical or representative result is shown in Fig.
1 for the binding of XII to human serum albumin. The solid line
in Fig. 1 is the computer fit for the data using the binding param-
eters generated assuming two independent classes of binding sites
exist on serum albumin. It is apparent that this assumption ade-
quately describes the binding of this analog to human serum al-
bumin. Similar computer fits were obtained for each of the other
analogs with all serum albumins used. The computer-generated
values for ny, K;, ny, and K, best describing the binding of the
analogs to bovine, rat, and human serum albumins are given in
Table IV. The parameters are related by the well-known equa-
tion:

n,K,D; n,K,D,
r= (Eq. 2)
1+ KD, 1+ K,D;

in which r is the number of moles of analog bound per mole of al-
bumin; n; and n; are the maximum number of sites in the first
and second class of mutually independent sites, respectively; K;
and K, are the binding constants in each class, and D; is the con-
centration of free analog in equilibrium with bound analog.

For all analogs and a particular albumin, the binding constant
for the first class of sites is larger than that for the second binding
class. With bovine serum albumin, analogs L(S)-IV, VI, and XIV
have the larger K; values, ranging from four to five times the K,
value for II. With rat serum albumin, XIV has a primary binding
constant approximately twice that of the other analogs. With
human serum albumin, XIV has a K, less than the one observed
for II, but again differences in binding constants for the various

Figure 3—Relation-
ship between 1/r
(moles bovine serum
albumin per mole
XVIII) and 1/
[XVIII)fe at low r
values in the presence
of II. Key: O, no 1I;
o, 1.0 X 10+ M II;
®,20 X 10-*M1II;
and @, 5.0 X 10—*M
II.

1 1 1 1 1 1 1

0 2 4 6 8 10 12 14
1/[XV1il]tree, M™1 X 1071

206 / Journal of Pharmaceutical Sciences

1/[XVIHireey, M™1 X 1074

Figure 4—Relationship between 1/r (moles bovine serum
albumin per mole XVIII) and 1/[XVIII};.. at low r values
in the presence of 1.0 X 10-* M L(S)-1V, p(R)-IV, XIV, and
XYV. The broken line is XVIII alone, having an intercept of
0.38.

analogs are comparatively small. It is apparent that there are
minor species differences in the albumin binding parameters for a
given analog. From these data, determined in vitro for human
serum albumin, one can calculate the percent of II (derived from
the in vivo hydrolysis of clofibrate) that would be expected to be
bound to human serum albumin in vivo by using a computer pro-
gram developed by Garten and Wosilait (21). Assuming a total
therapeutic serum concentration of 170 mg/liter for clofibrate (22)
and a total albumin concentration of 6.0 X 10-% M, 93% of the
free acid II is predicted to be bound to serum proteins in vivo.
This value is in agreement with results obtained by Thorp (3)
who found that II was 96% bound to 4% bovine serum albumin
(6.0 X 10-* M) in vitro. Whereas the therapeutic serum concen-
trations for all experimental drugs in humans (or animals) are
not known, the relatively small differences in log P values ob-
served for these analogs leads to the prediction that similar serum
concentrations would be attained if equivalent oral doses were
administered. When using the same therapeutic serum concentra-

Figure 5—Scatchard
plot for the binding of
XVIII to rat serum al-
bumin in the presence of
various total amounts of
II. Key: O, XVIII alone;
0,2.0 X 10-*M II; and
®,50 X 10¢MII.

r/D, M~ X 104




Table IV—Binding Parameters of Analogs to Bovine, Rat, and Human Serum Albumins (1.0 X 10-¢ M)

at pH 7.4 (0.1 M Phosphate Buffer)

Analog
Albumin Parameter II L(S)-IV p(R)-IV VI VIII X XII1 X1V XV XVII
Bovine n 4.0 1.5 2.1 2.0 3.3 — 3.1 2.1 3.7 2.6
na 9.7 7.8 15.1 4.3 6.1 — 11.4 104 7.6 9.0
Ky, M X 10— 1.28 5.97 2.64 4.56 1.16 — 3.78 6.46 1.55 2.64
Ky, M-1 X 102 3.3 3.8 1.4 6.3 2.5 — 2.3 23 29 1.7
Rat n 2.6 2.3 2.2 2.2 3.6 2.8 4.1 1.6 3.3 3.3
ny 18.0 3.5 6.9 10.2 13.8 — 19.2 58 8.7 8.0
K, Mt X 104 2,94 1.81 2.43 2.27 1.83 0.3 1.88 5.06 2.93 2.41
K, M—1 X 10—? 4.4 5.0 6.5 2.1 1.7 — 1.1 59 4.6 1.7
Human n 1.8 1.3 1.7 1.5 2.3 — 3.1 2.4 2.8 2.7
na 9.0 6.2 8.0 10.0 10.2 — 34 129 3.6 2.7
Ky, M~1 X 10-* 2.47 2.40 1.56 3.18 2.89 — 1.52 1.09 1.35 2.19
K,, M~1 X 102 4.7 4.8 4.1 1.5 3.9 — 8.8 0.96 6.2 5.3
Table V—Statistical Analysis of Linear Regression Intercepts at p = 0.01
F Ratio
Number for
of Variance of Mean Theo- Theo- Calcu-
Obser- Intercepte, Mean Square Square reticalF retical lated
System vations st Error rror Ratio? ¢ Value? ¢t Value®
Bovine serum albumin:
XVIII alone 11 8.73 X 10—¢ 3.06 X 103 — — — —
XVIIT 4+ II (1.0 X 10~* M) 10 8.20 xX 10 2.51 X 1073 1.22 5.47 2.90 0.74
XVIII + II (2.0 X 10—* M) 14 7.80 X 10— 3.94 X 103 1.29 4.39 2.83 1.22
XVIII + II (5.0 X 10~* M) 13 3.86 X 10— 2.30 X 103 1.33 4.63 2.84 0.19
XVIII 4+ L(S)-IV (1.0 X 10~* M) 9 8.44 X 10— 2.60 X 10~¢ 1.77 6.72 2.92 1.39
XVIII 4+ p(R)-IV (1.0 X 10~¢* M) 9 1.94 X 103 6.01 X 103 1.96 6.72 2.92 0.23
XVIII 4+ XIV (1.0 X 10~¢ M) 9 3.32 x 10¢ 1.02 X 108 2.99 5.61 2.92 2.06
XVIII + XV 1.0 X 10—+ M) 9 6.47 X 10— 2.00 X 10-3 1.53 6.72 2.92 1.10
Rat serum albumin:
XVIII alone 6 1.55 X 10—¢ 1.04 X 10—¢ — — — —
XVIIT + II (2.0 X 10~* M) 6 1.33 X 10* 1.27 X 10—* 1.22 16 .00 3.36 4.80
XVIII + II (5.0 X 10—+ M) 6 3.77 X101 2.40 X 104 2.30 16 .00 3.36 3.35
XVIIT + XII (2.0 X 10~* M) 6 6.75 x 10— 6.91 X 10—¢ 6.62 16 .00 3.36 2.72
XVIII + XIV (2.0 X 10~ M) 8 4.49 X 10 8.80 X 104 2.04 15.20 3.17 1.20
Thyroxine and rat serum albumin:
Thyroxine alone 6 1.19 X 103 1.23 X 103 — — — —
Thyroxine + II (1.0 X 10—t M) 4 9.68 X 10—¢ 8.08 X 10— 1.52 18.00 3.71 1.43
Thyroxine + XII (2.0 X 10~¢ M) 5 1.16 X 103 9.76 X 10— 1.26 28.70 3.50 1.13
Thyroxine 4+ XII (1.0 X 10—* M) 5 1.52 X 103 1.07 X 10— 1.15 28.70 3.50 0.39
Thyroxine + XIV (1.0 X 10-* M) 7 8.04 X 10~ 7.56 X 10— 1.63 11.40 3.25 2.25

@ Calculated by a reported method (11). ® From “Scientific Tables,” K. Diem and C. Lentner, Eds., J. R. Geigy S. A., Basle, Switzerland, 1970.

tion employed for clofibrate, computer analysis of data obtained
in vitro using human serum albumin predicted that all analogs
would be 85-95% bound to serum proteins in humans.

Competitive Binding between XVIII and II, L(S)-IV, b(R)-
IV, XIV, and XV on Bovine Serum Albumin—The binding of
XVII to bovine serum albumin was studied in the presence of a
constant total concentration of II where three levels of II were
used (1.0 X 10-%, 2.0 X 10~4, and 5.0 X 10-* M). The results rep-
resented as Scatchard plots are given in Fig. 2. As the concentra-
tion of II increases, displacement of XVIII from its binding sites
-also increases. By using values of r (moles X VII bound per mole
bovine serum albumin) of approximately 1 and less, where the
first class of sites is primarily affected, the data of Fig. 2 were re-
plotted as 1/r versus 1/[XVI]¢ ee to determine if II and XVIII
are competing for the same binding site on the albumin. If the
same extrapolated 1/r intercept is obtained for each concentra-
tion of II as found for XVIII alone, the conclusion can be reached
that the same site is involved (23). Figure 3 shows the effect of
the three different total concentrations of II on the binding of
XVIII to bovine serum albumin. The linear relationships obtained
at the three levels of II extrapolated to essentially the same inter-
cept on the 1/r axis as found for XVIII alone (i.e., 0.38). Linear
regression analysis of the data yielded 1/r intercepts of 0.35, 0.43,
and 0.39 for I at 1.0 X 10-% 2.0 X 1074, and 5.0 X 10-% M, re-
spectively. The values for the intercepts are not statistically dif-
ferent at p = 0.01 as shown by the Student ¢ test (Table V). The
validity of the use of the test was described previously (11).

Four other analogs [L(S)-IV, p(R)-IV, XIV, and XV] were stud-

ied to determine if they also competed with XVIII at the same
binding site on bovine serum albumin. Reciprocal plots using
data at low r values gave the results presented in Fig. 4 where a
constant total level of analog was used (1.0 X 10-4 M). The inter-
cepts obtained for L(S)-IV, p(R)-IV, XIV, and XV by regression
analysis were 0.44, 0.39, 0.30, and 0.42, respectively. The values
for these intercepts also are not statistically different at p = 0.01
as shown by the Student ¢ test (Table V).

Moriguchi Method—The binding of the analogs by bovine
serum albumin using Moriguchi’s method gave the results pre-
sented in Table VI. For purposes of comparison, the K; values
obtained for binding of the analogs to bovine serum albumin
using ultrafiltration are also presented in Table VI. In terms of
decreasing K; values, the results obtained using Moriguchi’s
method rank the analogs as follows: XII, XVII, XIV, VIII, XV, II,
p(R)-IV, and 1(S)-IV. The results obtained using ultrafiltration,
on the other hand, rank the analogs as follows: XIV, L(S)-IV, XII,
XVIL, p(R)-1V, XV, 11, and VIII. There is no apparent similarity
in the ordering of the analogs using the two methods.

Competitive Binding between XVIII and II, XII, and XIV to
Rat Serum Albumin—The binding of XVIII to rat serum albu-
min was studied in the presence of a constant total concentration
of II where two levels of II were utilized (2.0 X 10-% and 5.0 X
10-* M). The results, represented as Scatchard plots, are given in
Fig. 5. To determine if the same binding site is involved in the
displacement, reciprocal plots were constructed for those binding
data taken at r = 1 or less, where the strong primary site for
XVII would likely be involved. Plots of 1/r versus 1/{XVII]tree
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Figure 6—Relation-

ship  between 1/r
2+ (moles rat serum
albumin per mole

1/r

XVvIll)y and 1/
1+ [XVIIIjree at low

presence of II. Key:
O, no Il; @, 2.0 X
10+ M II; and e,
50 X 10*MII.

i { 1 1
0 1 2 3 4
1/[XVIHl}treo, M™1 X 1074

at the different concentrations of II are given in Fig. 6. Lin-
ear regression analysis of the data yielded 1/r intercepts of 0.37
for XVIII alone and 0.45 for II at levels of 2.0 X 10-* and 5.0 X
10-4% M. The value for the intercept is statistically different at p
= 0.01 for II at a level of 2.0 X 10-* M, but it is not statistically
different for II at a level of 5.0 X 10-* M as shown by the Student
¢ test (T'able V).

Two additional analogs, XII (an active hypolipemic agent) and
XIV (an inactive analog), were studied to determine if they also
competed with XVIII at the same binding site on rat serum albu-
min. Reciprocal plots using data taken at low r values gave the
results presented in Fig. 7, where a constant total level (2.0 X
104 M) of analog was used. The 1/r intercepts obtained for XII
and XIV by regression analysis were 0.46 and 0.36, respectively.
The values for the intercepts are not statistically different at p =
0.01 as shown by the Student ¢ test (Table V).

Binding of Thyroxine to Rat Serum Albumin—The binding
of thyroxine to rat serum albumin gave results plotted in Fig. 8.
The solid line in Fig. 8 is the computer fit for the data using the
binding parameters generated assuming that two independent
classes of binding sites exist. [t is apparent that this assumption
adequately describes the binding of thyroxine to rat serum albu-
min. The computer-generated values are: n; = 0.49, K; = 1.51 X
108M-1, ny, =35,and K =8.2 X 10t M -1,

Competitive Binding between Thyroxine and II, XII, and
XIV on Rat Serum Albumin—The binding of thyroxine to rat
serum albumin was studied in the presence of a constant total
concentration of XII where two levels of XII were employed (1.0 X
10-* and 2.0 X 10-* M). The results, represented as Scatchard
plots, are given in Fig. 9. As the concentration of XII increases,
displacement of thyroxine also increases. To determine if the
same binding site is involved in the displacement, reciprocal plots
were constructed for those binding data taken at low r values,
where the strong primary site for thyroxine would most likely be
involved. Plots of 1/r versus 1/[thyroxine]s ee at the different con-
centrations of XII are given in Fig. 10. The linear relationships ob-

tained at the two levels of XII extrapolated to essentially the-

same intercept on the 1/r axis as that found for thyroxine alone
(0.57). Linear regression analysis of the data yielded 1/r intercepts
of 0.59 and 0.62 for XII at levels of 1.0 X 10-4 and 2.0 X 10-¢* M,
respectively. The values for the intercepts are not statistically
different at p = 0.01 as shown by the Student ¢ test (Table V).

| | i ] 1 1 11
0 1 2 3 4 0 1 2 3 4
1/IXVIH]tree, M™1 X 101

Figure 7—Relationship between 1/r (moles rat serum albumin
per mole XVIII) and 1/{XVIII}see at low r values in the
presence of 2.0 X 10~* M XII and XIV. The broken line is
XVIII alone, having an intercept of 0.37.
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r values in the.

Figure 8 Scatchard plot
for the binding of L-thy-
roxine to rat serum albumin
(7.5 X 10 M) at pH 7.4.
Key: O, experimental values;
and , computer fit as-
suming two independent
classes of binding sites exist
on serum albumin.

/D, M=1 X 104

Two other analogs (II and XIV) were studied to determine if
they also competed with thyroxine at the same binding site on rat
serum albumin. Reciprocal plots using data at low r values gave
the results presented in Fig. 11, where a constant total level (1.0
X 10~ M) of analog was used. The intercepts obtained for II and
XIV by regression analysis were 0.50 and 0.67, respectively. The
values for the intercepts are not statistically different at p = 0.01
as shown by the Student ¢ test (Table V).

Octanol-Water Partition Coefficients of Analogs—The octa-
nol-water partition coefficients of the analogs were determined at
a pH two units below the pKa of each analog. The log P values
for the analogs are presented in Table III. The experimental log P
values are in fairly good agreement with the calculated log P
values, using the Fujita et al. (24) log P value for phenoxyacetic
acid (1.21) as a reference.

DISCUSSION

Clofibrate is rapidly hydrolyzed by tissue and serum esterases
in vivo and in vitro to the active hypolipemic acid II (3). Like I,
esters ITI, VII, XI, and XVI also rapidly undergo hydrolysis by rat
plasma in vitro. Therefore, the differences in hypolipemic activity
observed previously (10) cannot be explained on the basis of dif-
ferential rates of hydrolysis to the active free acids.

To explore further the possibility that the differential hypoli-
pemic effects of these analogs are related to the physicochemical
properties of the free acids, the pKa’s for a number of these ana-
logs were determined. As expected, the pKa’s of the analogs do
not differ greatly and fall in the 3.90-4.46 range (Table II).
Hence, there is no simple relationship between biological activity
and pKa among these structurally modified analogs of clofibrate.
The log P values for the carboxylic acid analogs [II, n(R)-IV, VI,
VIII, XII, XIV, XV, and XVII], experimentally determined at a
pH two units below their respective pKa’s, are shown in Table
[I. These values are in agreement with those values calculated
from the experimentally determined log P value for phenoxyacetic
acid (24) and may be used to predict distribution of drugs via a
random-walk process to sites of action (25). While the two most

Figure 9—Scatchard plot
for the binding of 1-thy-
roxine to rat serum albumin
(7.6 X 10 M) in the
presence of various total
concentrations of XII. Key:
O, L-thyroxine alone; O,
1.0 X 10*M XII; and @,
2.0 X 10+ M XII.

/D, MT1 X 104




Table VI—Comparison of K; Obtained by the Moriguchi
Method with K, Obtained by Ultrafiltration for Binding
of Analogs to Bovine Serum Albumin

K, M~ X 10~* K,, Mt X 10—

(Moriguchi (Ultrafiltration

Analog Method) Method)
X1I 7.94 3.78
XVII 6.31 2.64
X1V 6.31 6.46
VIII 2.51 1.16
XV 2.00 1.55
11 1.59 1.28
D(R)-IV 1.00 2.64
L(S)-1V 0.63 5.97

active hypotriglyceridemic and hypocholestrolemic drugs (I and
XI) also have the largest log P values for their corresponding car-
boxylic acids, the relative activity of the other analogs shows no
apparent relationship to partition coefficients. Because of their
similar pKa’s and the lack of correlation of log P with hypolipemic
activity, it seems that differences in activity observed in vivo are
not due to major differences in absorption and distribution but
rather to structural differences that either enhance or decrease
the affinity of the molecule for certain enzymes at sites of action
or loss.

Several mechanisms of action have been proposed for the hypo-
lipemic effect of clofibrate. Of immediate interest is the thyroxine
displacement mechanism proposed by Platt and Thorp (26). In
this hypothesis, the free acid hydrolysis product of clofibrate is
proposed to exert its effect by displacing thyroxine from its bind-
ing proteins in the plasma and the liver. The result is presumed
to be increased lipid metabolism with concomitant lowering of
serum lipid levels because of the hyperthyroid effect in the liver.

To explore the hypothesis that these compounds exert their ac-
tion indirectly by displacing thyroxine from plasma proteins, the
binding parameters for these analogs as well as the nature of the
sites to which they are bound were investigated, and these results
were compared with binding studies involving thyroxine and dye
XVIII which, as previously shown, mirrors the binding of thyrox-
ine (11). Since prevous studies in these laboratories detected
species differences in the binding of dye XVIII and acids II, L(S)-
IV, and p(R)-IV (27), a thorough investigation of the binding of
the compounds to bovine, rat, and human serum albumins was in
order before any further conclusions concerning the relationship
between albumin binding parameters and biological activity
could be made. Bovine serum albumin has been used by several
workers for studying the binding of thyroxine (13, 28, 29) and its
displacement by drug entities (27, 30). Studies utilizing rat serum
albumin are important since the biological evaluation of these
compounds in rats has been performed. Studies utilizing human
serum albumin are important since such studies may ultimately
reflect or be predictive of hypolipemic activity in humans (9).
The results show that thyroxine binds to rat serum albumin at
site n; with Ky = 1.51 X 10 M-! and that this value is similar to
the binding of thyroxine at site n; on bovine serum albumin (K;
= 1.6 X 10° M-1) (29). Similarly, the results obtained for the
binding of the analogs to bovine, rat, and human serum albumins
(Table IV) also show only minor species differences. For all stud-
ies involving albumin derived from these three species, both ac-
tive and inactive analogs bind similarly at site n;. Since the pri-
mary site n; is the major site for thyroxine binding, the possibili-
ty that these compounds may be able to displace the hormone in
vitro was investigated.

To test differences in the ability of the analogs to displace thy-
roxine, the optical probe 2-(4’-hydroxybenzeneazo)benzoic acid
(XVII]) was used as a convenient means to mirror thyroxine
binding to serum albumin in order to determine whether earlier
reported work (27) had biological relevance. In a previous paper
(11), it was shown that thyroxine competed with XVIII at the
same binding site on bovine and rat serum albumins. Competitive
binding studies between XVIII and five analogs [II, L(S)-IV,
p(R)-IV, XIV, and XV] to bovine serum albumin were carried out
to determine whether the five analogs compete with XVIII at the
same binding site-on the albumin. The results (Figs. 3 and 4) show
that all analogs compete with XVIII at the same binding site on

Figure 10—Relation-
ship between 1/r (moles
rat serum albumin per
mole L-thyroxine) and the
reciprocal of free L-
thyroxine concentration
(L-Ty) at low r values in
the presenceof XII. Key:
O, no XII; 0, 1.0 X
10* M XII; and e,
2.0 X 10+ M XII.

1 | 1

0 0.5 1 15
1/[L-Taltree, M™1 X 106

bovine albumin. It may be concluded, therefore, that these acids
could theoretically displace thyroxine from its binding site on the
albumin. However, the primary binding constant for thyroxine is
much greater than the primary binding constant for any analog
studied. Similar results were obtained for rat serum albumin
using analogs II, XII, and XIV; however, binding studies in great-
er detail were carried out with bovine serum albumin owing to
the high cost of rat serum albumin.

The slope of a plot of 1/r versus 1/[XVII]¢ ee at low r values is
1/nK, where n would approximate the number of primary sites
for XVIII on bovine serum albumin and K is the apparent pri-
mary binding constant for XVIII. The reciprocal plot for X VIII
alone, having an intercept of 0.38, shows n to be 2.6. The comput-
er fit of the Scatchard curves shows n; to be 1.7 + 0.2 (average +
average deviation of five determinations). Reciprocal plots as-
suming one class of sites normally generate a high value for n as
compared to a multiple-class model, so a high n value in the re-
ciprocal treatment was expected (31). The slope.: of the reciprocal
plot for XVIII alone predicts Ky to be 18,800 M -1, whereas the
computer fit for the Scatchard treatment of the two class as-
sumption gives K; = 23,000 + 3000 (average + average deviation
of five determinations). A lower value for K in the reciprocal
treatment assuming only one class of sites is to be expected (31).

In the presence of an inhibitor, the binding constant, K, ob-
tained for the binding of XVIII should be related to the binding
constant in the absence of the inhibitor, K, by Eq. 3 (31):

KI
1+ KCp) (Eq. 3)

Thus, K for XVII in the presence of the inhibitor depends on the
binding constant, K., and the free concentration of the inhibitor,
(C;). Therefore, the greater the value of K.(C;), the greater is the
slope of the reciprocal plot. The slopes of the reciprocal plots for
XVIII in the presence of 1.0 X 10-* M II, L(S)-IV, n(R)-IV, XIV,
and XV are 2.7 X 1074, 3.2 X 1074, 3.4 X 10~4, 3.7 X 104, and
3.4 X 10~* M, respectively. The effectiveness of these compounds

K

1/[L-Tadfree, M~1 X 104

Figurell—Relationship between 1/r (moles rat serum albumin
per mole L-thyroxine) and the reciprocal of free i-thyroxine
concentration (L-T.) at low r values in the presence of 1.0 X
10-* M II and XIV. The broken line is L-thyroxine alone,
having an intercept of 0.57.
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to displace thyroxine from bovine serum albumin stand in the
order XIV, XV, p(R)-IV, L(S)-IV, and II based on the assumption
that the concentration of the inhibitor free (C;) is the same in
each case and that the small differences in the observed slopes
are significant.

Moriguchi and coworkers (19, 20) also used XVIII in their bind-
ing studies with boviné serum albumin. These studies were car-
ried out at low concentrations of XVIII, and the maximum r
value that was obtained was about 1.5. They indicated that their
data were best fitted by the equation:

log{r/in = r){=mlog A + m log K (Eq. 4)

where r represents the moles of bound drug A per mole of total
albumin, A is the concentration of unbound A, K is the binding
constant, m is an empirical parameter, and n is the number of
binding sites on a single molecule of albumin. This equation is
based on the assumption that binding to serum albumin is af-
fected by electrostatic interactions altering binding affinity. Such
an assumption differs from the one used in this study, which as-
sumes that all binding sites are independent but that more than
one class of sites exist. The validity of Eq. 4, where n had to as-
sume a value of 2.0, was based solely on best fit of data. This as-
sumption is not valid since the results of previous investigations
(11) showed that r values much greater than 2.0 can be obtained.
The results obtained for the binding of the analogs to bovine
serum albumin using Moriguchi’s method are listed in Table VI;
comparison of these values with those derived from ultrafiltration
showed differences in rank ordering of the analogs. From these
data, it was concluded that Moriguchi’s method is not applicable.

Recognizing that binding to human serum albumin is pertinent
and that binding might depend on species differences, the bind-
ing of the analogs to human serum albumin was also studied. In
humans, three carrier proteins for thyroxine were identified: (a)
thyroxine binding prealbumin, which has an anodal mobility
greater than that of serum albumin; (b) thyroxine binding globu-
lin, with an electrophoretic mobility between a;- and «az-globulin;
and (c¢) serum albumin (32). When tracer quantities of 13[-thy-
roxine are added to serum and electrophoresis is performed in a
glycine-acetate buffer at pH 8.6 (33), approximately 30% of the
radioactivity is associated with the prealbumin, 60% with thyrox-
ine binding globulin, and the remaining 10% with serum albumin
(34). The prealbumin and binding globulin preparations are not
available commercially, so the present studies were done with
human serum albumin. The results obtained (Table IV) show no
marked differences in K; among the analogs; i.e., active and in-
active analogs bind similarly. The percent of each analog that
would be expected to be bound to serum albumin was calculated
using the parameters listed in Table IV through the use of a pub-
lished computer program (21), as described in the Results section.
There is no dramatic difference in the amount of each analog that
would be expected to be bound to human serum albumin, al-
though active analogs II, VIII, and XII showed a slightly larger
percent bound than analog XIV which was inactive in the hyper-
lipemic rat model (10). Furthermore, the differential hypocholest-
erolemic and hypotriglyceridemic activity observed for VIII could
not be predicted on the basis of these albumin binding studies.

In the rat, thyroxine is bound to both an «-globulin and albu-
min (35), and it seemed that attempts to correlate hypolipemic
activity in vivo using rats with rat serum binding parameters
would have greater validity. The results obtained for the binding
of analogs to rat serum albumin (Table IV) show that both active
and inactive analogs have similar binding parameters. There are
no marked differences in K; among the analogs except X and
XIV. Analog X differs from the other analogs in that it binds to
only one site and has a low K; value. Why this analog is the only
one that binds in this fashion is not understood. Analog XIV has
a primary binding constant that is approximately twice that of
the other analogs. Newman et al. (10) showed that both X and
XIV are biologically inactive in hyperlipemic rats in vivo. There-
fore, it would seem that Thorp’s displacement mechanism cannot
be invoked to differentiate the varying activity among the ana-
logs, since most analogs essentially bind to the same extent to rat
serum albumin and differences in binding by X and XIV do not
account for their inactivity in vivo. Furthermore, the differential
hypocholesterolemic effects of I, p(R)-IlI, and L(S)-III in normo-
cholesterolemic Swiss Webster rats (15) cannot be accounted for
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on the basis of differential binding of the corresponding free acids
to rat serum albumin in vitro. In fact, o(R)-IV binds to a slightly
greater extent than L(S)-IV, but ester L(S)-IIl is active in vivo.

To substantiate this conclusion, the binding of thyroxine to rat
serum albumin was determined by equilibrium dialysis at 37°
using 125I-thyroxine. These studies were necessary to confirm that
data obtained using the optical probe XVIII indeed can be used
to determine thyroxine binding to, and displacement from, serum
albumin. Competitive binding studies between thyroxine and
three analogs (II, XII, and XIV) were carried out to determine if
the three analogs do indeed displace thyroxine at the same bind-
ing site on rat serum albumin. The results (Figs. 10 and 11) show
that the three analogs compete with thyroxine at the same bind-
ing site on rat serum albumin. From earlier studies (11) utilizing
the optical probe XVIII and rat serum albumin, it was shown
that thyroxine displaces XVIII from the same binding site on rat
serum albumin; from the present studies, it was shown that the
analogs used also displace XVIII from the same binding site on
rat serumn albumin. Therefore, it was concluded that the analogs
could displace thyroxine from its binding site on this albumin.
The results of competitive binding studies between thyroxine and
the analogs to rat albumin show that the analogs do displace thy-
roxine from the same (primary) binding site on the albumin. This
finding confirms the results obtained using the probe XVIII and
substantiates the validity of the use of the probe XVIII to mimic
thyroxine binding to rat serum albumin. Analogs II and XII are
biologically active while analog XIV is inactive in hyperlipemic
rats (10); since all three analogs displace thyroxine from its bind-
ing site on rat serum albumin under the experimental conditions
in vitro, and the ester XIII of analog XIV is inactive but readily
undergoes hydrolysis by serum esterases in vitro, it seems that
thyroxine displacement determined in vitre is not related to ac-
tivity in vivo. Rather, albumin binding in vivo likely is important
for drug transport, and the mode of action of these compounds in-
volves their selective influence on lipid regulating enzymes. Work
designed to probe the differential enzymatic mechanisms of action
of clofibrate and related analogs is continuing in these laboratories.

REFERENCES

(1) L. Hellman, B. Zumoff, G. Hessler, E. Kara, 1. L. Rubin,
and R. S. Rosenfeld, J. Atheroscler. Res., 3, 454(1963).

(2) K. G. Green, W. H. W. Inman, and J. M. Thorp, ibid., 3,
593(1963).

(3) J. M. Thorp, Lancet, 1, 1323(1962).

_ (4) D. Steinberg, in “Atherosclerosis—Proceedings of the 2nd
International Symposium,” R. J. Jones, Ed., Springer-Verlag,
New York, N.Y., 1970, p. 500.

(5) J. M. Thorp, R. C. Cotton, and M. F. Oliver, Progr. Bio-
chem. Pharmacol., 4, 611(1968).

(6) J. M. Thorp, Proceedings of the 13th Meeting of the Euro-
pean Society for the Study of Drug Toxicity, Berlin, Germany,
1971, pp. 98-109.

(7) C. B. McKerron, R. L. Scott, S. P. Asper, and R. I. Levy,
J. Clin. Endocrinol., 29, 957(1969).

(8) J.Barbosa and L. Oliner, Metabolism, 18, 141(1969).

(9) J. M. Thorp, in “Atherosclerosis—Proceedings of the 2nd
International Symposium,” R. J. Jones, Ed., Springer-Verlag,
New York, N.Y., 1970, p. 541.

(10) H. A. 1. Newman, W. P. Heilman, and D. T. Witiak, Lip-
ids, 8, 378(1973).

(11) R. I. Nazareth, T. D. Sokoloski, D. T. Witiak, and A. T.
Hopper, J. Pharm. Sci., 63, 199(1974).

(12) M. Tabachnik, J. Biol. Chem., 239, 1242(1964).

(13) G. L. Tritsch, C. E. Rathke, N. E. Tritsch, and C. M.
Weiss, ibid., 236, 3163(1961).

(14) K. Sterling and M. Tabachnik, ibid., 236, 2241(1961).

(15) D. T. Witiak, R. E. Hackney, and M. W. Whitehouse, J.
Med. Chem., 12, 697(1969).

(16) D. T. Witiak, T. C. L. Ho, R. E. Hackney, and W. E.
Connor, ibid., 11, 1086(1968).

(17) D. T. Witiak, D. R. Feller, E. S. Stratford, R. E. Hackney,
R. Nazareth, and G. Wagner, ibid., 14, 754(1971).

(18) D. T. Witiak, E. S. Stratford, R. Nazareth, G. Wagner,
and D. R. Feller, ibid., 14, 758(1971).

(19) 1. Moriguchi, S. Wada, and H. Sano, Chem. Pharm. Bull.,
16, 592(1968).



(20) I. Moriguchi, ibid., 16, 597(1968).

(21) S. Garten and W. D. Wosilait, Computer Progr. Biomed.,
2, 61(1971).

(22) D. Hunninghake and D. Azarnoff, Metabolism, 17,
588(1968).

(23) H. M. Solomon, J. J. Schrogie, and D. Williams, Biochem.
Pharmacol., 17, 143(1968).

(24) T. Fujita, J. Iwasa, and C. Hansch, J. Amer. Chem. Soc.,
86, 5175(1964).

(25) C.Hansch and T. Fujita, ibid., 86, 1616(1964).

(26) D. S. Platt and J. M. Thorp, Biochem. Pharmacol., 15,
915(1966). .

(27) D. T. Witiak and M. W. Whitehouse, ibid., 18, 971(1969).

(28) A.Lein, Fed. Proc., 11, 91(1952).

(29) R. F. Steiner, J. Roth, and J. Robbins, J. Biol. Chem.,
241, 560(1966).

(30) D. T. Witiak, T. D. Sokoloski, M. W. Whitehouse, and F.
Hermann, J. Med. Chem., 12, 754(1969).

(31) J. T. Edsall and J. Wyman, “Biophysical Chemistry,” vol.
I, Academic, New York, N.Y., 1958, p. 591.

(32) J.H. Oppenheimer, N. Engl. J. Med., 278, 1153(1968).

(33) K. Sterling and M. Tabachnik, Endocrinology, 68,
1073(1961).

(34) J. H. Oppenheimer, R. Squef, M. L. Surks, and H. Haner,
J. Clin. Invest., 42, 1769(1963).

(35) L. 8. Farer, J. Robbins, B. S. Blumberg, and R. E. Rall,
Endocrinology, 70, 686(1962).

ACKNOWLEDGMENTS AND ADDRESSES

Received June 11, 1973, from the College of Pharmacy, Ohio
State University, Columbus, OH 43210

Accepted for publication September 26, 1973.

Abstracted from a dissertation submitted by R. I. Nazareth to
Ohio State University in partial fulfillment of the Doctor of Phi-
losophy degree requirements.

Supported in part by the Public Health Service, National
Heart and Lung Institute, Grant HL-12740.

* Present address: Battelle Memorial Institute, Columbus, OH
43210

x To whom inquiries should be directed.

Simple and Specific Assay of Penicillins by
IR Spectrophotometry in Deuterium Oxide and

Dimethyl Sulfoxide Solutions

BENITO CASU** and PAOLO VENTURA{}

Abstract O An IR spectrophotometric method for the qualitative
and quantitative analysis of penicillins is described. The method
is based on the inspection of the carbonyl region of the IR spec-
trum of penicillins dissolved in deuterium oxide or dimethyl sulf-
oxide solution and on the measurement of the absorbance of the
B-lactam band at about 1760 cm~-1. Most common natural and
synthetic penicillins are amenable to the present IR analysis in
solution, without previous derivatization. The accuracy of the
method is better than £2% and is thus comparable to that usual-
ly attainable by current iodometric procedures. Since the solution
spectra in the analytical region are characteristic for the individ-
ual penicillins, the described method is superior to iodometry as
far as specificity is concerned. A single analysis usually requires
no more than 15 min. The method allows a direct evaluation of
the stability of penicillins in aqueous (deuterium oxide or deuteri-
um chloride) solutions. Usual salts or buffers generally do not in-
terfere with the analysis. Some qualitative and quantitative as-
pects of the IR spectra of penicillins in solution are discussed.

Keyphrases O Penicillins—IR spectrophotometric analysis in deu-
terium oxide, deuterium chloride, or dimethyl sulfoxide 0O Deuter-
ium oxide—solvent for IR spectrophotometric analysis of penicil-
lins 0 Dimethyl sulfoxide—solvent for IR spectrophotometric anal-
ysis of penicillins O0 IR spectrophotometry—analysis, penicillins,
deuterium oxide, deuterium chloride, or dimethyl sulfoxide solu-
tions

Current chemical methods for penicillin assay,
such as those based on iodometric (1, 2) and acidi-
metric (3) titrations, are indirect and nonspecific.
UV spectrophotometry is of limited applicability in

penicillin analysis. The aminopenicillanic moiety of
penicillins displays only end-absorption in the UV
region. Only the degradation products of peni-
cillins and a few compounds related to penicil-
lins (including cephalosporins) display characteristic
UV absorption bands (4). Because of the lack of
specificity of the iodometric and acidimetric meth-
ods, it is also a common practice to characterize pen-
icillins from their IR spectra. Such spectra, usually
obtained on solid samples, are excellent ‘“finger-
prints” for individual penicillins, the elucidation of
the structure of penicillins having actually been one
of the oldest applications of IR spectroscopy (5).

It should be attractive to use the IR spectra for
both the qualitative and quantitative analysis of
penicillins. However, the IR spectra run on solid
samples are not easily amenable to quantitative
measurements. In fact, the absorbance of the IR
bands is strongly affected by scattering and crystal-
linity effects (6). The logical approach to an IR
quantitative analysis is to work on samples in solu-
tion. An IR assay in chloroform solution of a number
of semisynthetic penicillins in the acid form was re-
ported (7). Since most important penicillins are in
the salt form, this method requires acidification and
solvent extraction. Moreover, the chloroform method
does not apply to ampicillins (7).

In principle, water could be taken into consider-
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