
acetylcholinesterase. Although VI was prepared as an inhibitor of pseu- 
docholinesterase and may be an inhibitor of acetylcholinesterase, there 
is no evidence that the uptake of VI by the heart is related to binding to 
either enzyme. In vitro studies are in progress to investigate the specific 
mechanism responsible for the accumulation of VI in heart muscle. 

The simple, rapid synthetic technique employed in the preparation 
of VI would easily allow the 13-hr half-life of iodine 123, which has ex- 
cellent imaging characteristics, to be substituted for the stable iodine in 
the molecule. The apparent in uivo stability and the high heart-to-blood 
and heart-to-lung ratios obtained in mice with VI suggest that iodine 
123-labeled VI may be useful for imaging the heart in humans and war- 
rants further study as a myocardial-imaging agent. 
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Abstract 0 The solubility of cholesterol and some hormone drugs in 
aqueous macromolecule solutions was investigated. Polyvinylpyrrolidone, 
dextrans, and heparin increased the solubilities of progesterone, testos- 
terone, and diethylstilbestrol, while acacia, pectin, and carrageenans 
decreased their solubilities. Dextrans increased the solubilities of cho- 
lesterol and the three hormone drugs. Acacia and pectin greatly increased 
cholesterol solubility; however, these macromolecules significantly de- 
creased progeaterone and diethylstilbestrol solubilities and slightly de- 
creased testosterone solubility. Heparin decreased cholesterol solubility 
and increased progesterone, testosterone, and diethylstilbestrol solu- 
bilities. Carrageenan8 significantly decreased cholesterol, progesterone, 
and testosterone solubilities and had little effect on diethylstilbestrol 
Bolubility. A strong bathochromic shift in the absorption spectra of 
progesterone and testosterone in polyvinylpyrrolidone solutions indicated 
an attachment between the polymer and the C=O group of the ste- 
roids. 

Keyphrases Cholesterol-effect of macromolecules on aqueous sol- 
ubility 0 Hormone drugs--effect of macromolecules on aqueous solu- 
bility 0 Solubility-cholesterol and hormone drugs, effect of macro- 
molecules Macromolecules-effect on aqueous solubility of cholesterol 
and hormone drugs 

Several macromolecular compounds have been reported 
to have hypercholesterolemic effects. Acacia and pectin 
(1-6) and dextran (6-11) have been reported to lower 
serum cholesterol in humans and animals. Heparin re- 
portedly retards atherosclerosis development and mini- 
mizes the degree of hypercholesterolemia (12-14). Carra- 
geenans have been found effective in suppressing hyper- 
lipidemia and atherosclerosis in cholesterol-fed rabbits (15, 
16). Polyvinylpyrrolidone was reported to have hypocho- 
lesterolemia activity (17). 

These reports contain conflicting statements concerning 
the in uiuo effect and mechanism of action of these mac- 

romolecules for lowering serum cholesterol. A previous 
article from this laboratory (18) reported on the interesting 
in uitro effects of carbohydrate macromolecules on the 
aqueous solubility of cholesterol. The large increases in the 
apparent solubility of cholesterol in 0.5% pectin and acacia 
solutions provided a possible explanation for the serum 
cholesterol-lowering ability of these hydrocolloids and 
prompted further solubility studies involving other mac- 
romolecules. This report concerns the effect of various 
macromolecules on the solubility behavior of cholesterol 
and the related hormone drugs, testosterone, progesterone, - -  - -  
and diethylstilbestrol. 

EXPERIMENTAL 

MaterialscDiethylstilbestrol’, progesterone2, and testosterone3 were 
recrystallized from ethanol. Cholesterol4 was purified by recrystallization 
from acetic acid, and the crystals were dried at  90°. The sample was then 
recrystallized from 70% alcohol-water and dried in a vacuum desiccator. 
The melting points and IR spectra of the compounds were in good 
agreement with literature values. Dextrans5, pectin (citrusI6, acacia’, 
p~lyvinylpyrrolidone~, heparin sodium2, and carrageenan@ were used 
as received. 

Solubility Experiments-A stock solution of cholesterol in benzene 
was prepared containing 1.0 mg of cholesterol and 10 pCi of [26-14C]- 
cholesterolg. Stock solutions of testosterone and progesterone were 

1 Matheson, Coleman and Bell. 

8 Supplied by Schering Laboratories. 
4 Fisher Scientific. 

8 Eastman Kodak Co. 
1 NP-KBO, GAF Corp. 
8 Seakem 11 and 21, Marine Colloids. 
Nuclear Chicago. 

Sigma Chemical Co. 

Dextran Ta and TIO, Pharmacia Laboratories. 
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Figure 1-Effect of various macromolecules on the aqueous solubility 
of cholesterol at 30'. Key: 1, water; 2,0.5% pectin; 3,0.5% acacia; 4,10% 
dertran; 5,6% dertran; 6,1% heparin; and 7,0.1% carrageenans. 

prepared to contain 200 mg of untagged compound and 5 KCi of labeled 
compound ([26-14C]progesterone and [26-14C]testosterone)9 in 100 ml 
of benzene. A similar stock solution of diethylstilbestrol (using [mo- 
noethyl -1-14C]diethylstilbe~trol)~ was prepared in methanol. 

A known amount of a particular stock solution was transferred into 
a 125-ml iodine flask, and the solvent was evaporated under a mild ni- 
trogen stream with constant shaking. A 50-ml volume of dissolution 
medium kept at 30' was added to the flask. Dissolution studies were 
carried out at 30 f 0.5' using a controlled environment unitlo to maintain 
the temperature. The solution was stirred at  -300 rpm using a magnetic 
stirrer and a 2.7 X 1-cm polytefll-coated spin bar. A 100-ml volume of 
dissolution medium in a 250-ml iodine flask was used for testosterone 
experiments. 

For each dissolution study, the amount of compound used was in 
-10-fold excess of its previously determined aqueous solubility. At pre- 
determined intervals, samples were withdrawn from the system and fil- 
tered immediately and rapidly through a filtration assembly12 containing 
a 0.45-~m filter. Because filtration adsorption losses may cause errors 
(19), stock solutions containing known amounts of the compounds were 
filtered and compared. No significant adsorption was detected with the 
rapid filtration technique. 

Radioactive Assay-A 0.20-ml volume of the particle-free filtrate was 
pipetted into a liquid scintillation vial. To this vial was transferred 15 
ml of dioxane-naphthalene scintillation cocktail (20). The scintillation 
vial was tightly capped and shaken for about 30 sec to ensure thorough 
mixing of the experimental solution and the cocktail. At the same time, 
a blank was prepared in the same manner except that the compound was 
omitted from the solution. The standard was prepared by pipetting 0.10 
ml of the standard solution of the experimental compound into a scin- 
tillation vial. After the solvent (benzene or methanol) was evaporated, 
0.20 ml of water and 15 ml of dioxane-naphthalene scintillation cocktail 
were added and the vial was shaken. 

Duplicate samples along with appropriate standards and blanks were 
counted directly using a liquid scintillation system13. Sufficient time was 
allowed for the samples to cool to 4.0' to minimize quenching, and the 
samples were counted for 10 min. The solubility values were obtained 
from the ratio of the counts per minute of the internal standard and the 
sample. 

UV Absorption Studies-Progesterone and testosterone in water 
both absorb a maximum of radiated energy at  249 nm. With a spectro- 
photometer14, UV scans were carried out for each of these two hormones 
in aqueous solutions containing various concentrations of the macro- 
molecules. Macromolecule solutions containing no hormone drugs were 
used as blanks in comparison cells. 

lo Hot Pack model 1278-8. 
l1 Teflon. 
l2 Millipore. 
l3 Unilux 11, Nuclear Chicago. 
l4 Perkin-Elmer model 202. 
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Figure 2-Effect of polyvinylpyrrolidone solutions on the aqueous 
solubility of cholesterol after 72 hr a t  30'. 

RESULTS AND DISCUSSION 

The aqueous solubilities of cholesterol, progesterone, testosterone, and 
diethylstilbestrol were reported previously (21). Figures 1-7 illustrate 
the effect of various macromolecules on the solubility behavior of these 
compounds. Each point on the solubility curves represents an average 
of a t  least six or eight determinations. Statistical analyses of the data with 
t and F tests a t  95% confidence levels indicated the differences in solu- 
bilities between various test solutions to be significant. 

Figure 1 illustrates the effect of various macromolecules on cholesterol. 
The large increases in 0.5% pectin and acacia solutions and the slight 
increase in dextran solutions were discussed previously (21). Heparin and 
both carrageenanss decreased the aqueous solubility (at equilibrium) of 
cholesterol to 4 . 0 1  and 0.02 Kglml, respectively. Polyvinylpyrrolidone 
decreased the aqueous solubility of cholesterol, and the decrease was 
proportional to the polyvinylpyrrolidone concentration (Fig. 2). 

The solution behavior of testosterone (Figs. 3 and 4) showed that 
heparin and 10% dextran slightly increased the solubility; 6% dextran 
(both high and low molecular weights), pectin, and acacia had no signif- 
icant effect; and the carrageenans decreased solubility. Testosterone 
solubility was significantly increased in polyvinylpyrrolidone solutions, 
and the increase was proportional to the polyvinylpyrrolidone concen- 
tration (Fig. 7). The equilibrium solubility of testosterone in water and 
macromolecule solutions, with the exception of heparin, was approached 
from supersaturation and not from undersaturation. The portion of the 
solution behavior curve that depicts the solubility decrease after the peak 
was reached is apparently indicative of the rate a t  which the less soluble 
hydrated form of testosterone is crystallized out of solution (22-24). 
Heparin appears to prevent crystallization. 

Polyvinylpyrrolidone, dextran (both high and low molecular weights), 
and heparin significantly increased progesterone solubility (Fig. 5). 
Pectin, acacia, and carrageenad all decreased progesterone solubility 
to approximately the same level. 

Polyvinylpyrrolidone, dextran (lWo), and heparin increased diethyl- 
stilbestrol solubility, whereas dextran (at the 6 and 2% levels) and car- 
rageenans had no significant effect (Fig. 6). Acacia and pectin decreased 
the aqueous solubility. 

In general, polyvinylpyrrolidone, dextran, and heparin increased the 
solubilities of the hormone drugs while acacia, pectin, and the carra- 
geenans decreased their solubilities. In this study, dextran was the only 
macromolecule that increased the solubilities of cholesterol and the three 
hormone drugs. 

... 
I . . . . . . . . . . . , ..*.... .........* a 

g 2or 10 

1 1 1 1 1 1 1 1 1 1  
10 20 30 40 50 60 70 80 90 

MINUTES 

Figure 3-Effect of various macromolecules on the aqueous solubility 
of testosterone a t  30'. Key: 1,  water; 2, 1 % heparin; 3, 1 % polyoinyl- 
pyrrolidone; 4,3% polyvinylpyrrolidone; and 5,6% polyuinylpyrroli- 
done. 
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Figure 4-Effect of various macromolecules on the aqueous solubility 
of testosterone at 30°. Key: 1 ,  water; 2,10% dextran; 3,6% dextran; 4,  
0.5% pectin or 0.5% acacia; and 5, 0.1 % carrageenans. 

A 1% dextran solution almost doubled diethylstilbestrol and choles- 
terol solubilities, caused an appreciable increase in progesterone solu- 
bility, and produced a slight increase in testosterone solubility. Dextran 
at the 6% level increased cholesterol and progesterone solubilities; how- 
ever, there was little effect on testosterone and diethylstilbestrol solu- 
bilities. Although the solubilities of cholesterol and the hormone drugs 
were dependent on the dextran concentration, the degree of solubility 
of each compound was inconsistent. For example, the solubilities of 
progesterone in 10,6, or 2% dextran solution were nearly the same (17-16 
pg/ml), while the solubilities for diethylstilbestrol in 10 and 6% dextran 
were 46.1 and 26.6 Fg/ml, respectively. Solubility experiments were 
carried out with both high and low molecular weight dextrans5; in all 
instances, the solubility data were essentially identical for each test 
compound, and their curves were superimposable. The dextran solubility 
curves in Figs. 1 and 4-6 represent the behavior of both high and low 
molecular weight dextrans and indicate that the molecular weight of 
dextran was not a factor in these solubility phenomena. Dextran, a linear 
glucose polymer, forms colloidal solutions in water, and it is possible that 
drug molecules may be dispersed or adsorbed on the colloidal particles. 
Starches rich in amylose (25), cyclodextrins, and modified dextrans (26) 
form inclusion compounds and are capable of complexing with various 
drug molecules. 

Acacia and pectin greatly increased cholesterol solubility; however, 
these carboxylic acid-type polysaccharides significantly decreased pro- 
gesterone and diethylstilbestrol solubilities and slightly decreased tes- 
tosterone solubility. On the other hand, heparin, a highly sulfated mu- 
copolysaccharide, decreased cholesterol solubility and increased pro- 
gesterone, testosterone, and diethylstilbestrol solubilities. Carrageenanslo 
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Figure 5-Effect of various macromolecules on the aqueous solubility 
of progesterone at 30'. Key: 1 ,  water; 2,6% polyvinylpyrrolidone; 3.3% 
polyvinylpyrrolidone; 4,1% polyvinylpyrrolidone; 5,10% dextran; 6 ,  
6% dextran; 7,2% dextran; 8 , 1 %  heparin; and 9,0.5% pectin, 0.5% 
acacia, or 0.1 % carrageenans. 
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Figure 8-Effect of polyuinylpyrrolidone on the absorption spectra of 
testosterone and progesterone. Key: I, water; 2,0.5%; 3,1%; 4,5%; 5, 
10%; and 6,20%. 

ride, and promazine hydrochloride. They reported the relative reactivities 
of four types of carrageenans with these drugs to be from 16 to 10 while 
the relative reactivities of acacia and pectin with the same drugs were 0.15 
to 0.01. Pectin also formed precipitates with promazine and chlorpro- 
mazine hydrochlorides but not with reserpine; acacia did not precipitate 
any of these drugs (27). In the current study, the processes that bring 
about solubilization or decreased solubility phenomena of cholesterol 
and hormone drugs by various macromolecules are very difficult to de- 
scribe qualitatively and quantitatively because of the complexities of both 
the hormone drugs and macromolecules (especially the natural hydro- 
colloids). 

Polyvinylpyrrolidone significantly increased the testosterone, pro- 
gesterone, and diethylstilbestrol solubilities (Fig. 7) and decreased cho- 
lesterol solubility (Fig. 2). Both increases and decreases in solubility were 
dependent on the polyvinylpyrrolidone concentration. Polyvinylpyrro- 
lidone has the ability to complex with drugs, dyes, toxins, and other 
substances, and these complexes may be water soluble or water insoluble 
(28). Numerous investigations have been carried out on and mechanisms 
advanced for the binding of polyvinylpyrrolidone with drugs, preserva- 
tives, and organic ions such as dyes (29-40). Jurgensen Eide and Speiser 
(29, 30) reported that ionic compounds having an -OH, -NH2, or 
-COOH group showed a higher degree of complexation than compounds 
without such groups and suggested that the complexing tendency was 
due to hydrogen bonding. Frank (26) suggested that van der Waals forces 
between the aromatic system of erythrosine ions and the paraffinic chain 
of the polyvinylpyrrolidone molecule are responsible for the binding of 
this dye. Higuchi and Kuramoto (31,32) also suggested that the poly- 
vinylpyrrolidone molecule could associate through ion dipole and van 
der Waals interactions. The polyvinylpyrrolidone molecule does not have 
an ionizable group; however, the lactam bond in the pyrrolidone ring 
represents a dipole that may undergo ion-dipole interaction with anions 
and aid in their binding by supplying the necessary attraction force to 
bring the two components into close contact (37). 

Figures 8 and 9 show the effect of polyvinylpyrrolidone on the ab- 
sorption spectra of testosterone and progesterone. As the polyvinylpyr- 
rolidone concentration increased, the absorbance also increased. This 
bathochromic effect indicated an attachment between the polymer and 
the C=O group of the hormones. Anderson and Boyce (38) observed 
similar behavior in the interaction between erythrosine and polyvinyl- 
pyrrolidone, and other investigators (36,371 attributed the bathochromic 
shifts observed between polyvinylpyrrolidone and erythrosine sodium 
dye to charge transfer or van der Waals forces, and Anderson and Boyce 
supported this suggestion (38). The decrease in the A,,, with the low 
(0.5%) concentration of polyvinylpyrrolidone might indicate micellar 
solubilization (41). 

. 

245 t 
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Figure 9-Effect ofpolyuinylpyrrolidone solutions on the A,,, oftes- 
tosterone and progesterone. 

With the carrageenans (0.25 and 0.5%), a slight shift toward longer 
wavelength was observed (from 249 to 252.5 nm), indicating direct par- 
ticipation with the carbonyl groups of progesterone and testosterone. No 
change was observed in the  Amax of testosterone or progesterone in 
aqueous solutions containing various concentrations (0.25-20%) of dex- 
tran, acacia, and pectin. That the shifts were not due to changes in pH 
or ionic strength of the system was confirmed by the absence of changes 
in the Amax after the addition of acid, base, or 0.1 M NaCl. 
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Abstract A normal-phase high-performance liquid chromatographic 
separation for pilocarpine and isopilocarpine was developed which is 
suitable for the routine analysis of ophthalmic preparations. The method 
utilizes a column packed with 5 - ~ m  silica with a mobile phase of hex- 
ane-2% ammonium hydroxide in 2-propanol (7030). Peak detection is 
by UV a t  220 nm. It is suggested that a partition separation mechanism 
is involved rather than adsorption. A separation factor (a) of 1.17 was 
obtained with a relative separation (R,) of 2.13. Column lifetimes were 
typically 6-8 months with daily use. Several standard pilocarpine-iso- 
pilocarpine mixtures and five commercially available ophthalmic solu- 
tions from different manufacturers were analyzed. The method was 
specific for pilocarpine and isopilocarpine in the presence of each other 
and pilocarpic acid and is a significant improvement over the nonspecific 
colorimetric methods of analysis. 

Keyphrases 0 Pilocarpine-high-performance liquid chromatographic 
analysis in the presence of isopilocarpine, ophthalmic solutions Iso- 
pilocarpine-high-performance liquid chromatographic analysis in the 
presence of pilocarpine, ophthalmic solutions High-performance liquid 
chromatography-separation of pilocarpine and isopilocarpine, oph- 
thalmic solutions 

Pilocarpine, a widely used alkaloid, possesses several 
important pharmacological properties. For example, it is 
a miotic and lowers intraocular pressure. The major oph- 
thalmic application of pilocarpine has been for the treat- 
ment of glaucoma. The structure of pilocarpine is well es- 
tablished and contains both an imidazole and a lactone. 

In aqueous solution, pilocarpine (I) decomposes through 
two major pathways, which are both base catalyzed 
(Scheme I). The lactone ring can undergo hydrolysis, re- 
sulting in the formation of pilocarpic acid (II), or epimer- 
ization can occur at the a-carbon to form isopilocarpine 
(111). Both pilocarpic acid and isopilocarpine are essentially 
pharmacologically inactive (1,2). 

BACKGROUND 

Analytical methods to measure the extent of pilocarpine degradation 
in ophthalmic medications have been published, but most cannot dif- 
ferentiate between pilocarpine and isopilocarpine. For instance, the USP 
method for determining pilocarpine is a colorimetric assay based on the 
formation of hydroxamic acid (3). Since the moiety responsible for pro- 
ducing color is an intact lactone ring, the assay can distinguish between 

pilocarpine and pilocarpic acid but not between pilocarpine and isopi- 
locarpine (4). This flaw is serious since recent studies indicated that the 
primary degradation product of pilocarpine is not pilocarpic acid but ita 
diastereomer, isopilocarpine (4). 

Several techniques have been investigated to produce an analytical 
separation of pilocarpine and isopilocarpine. Some of the published 
methods include TLC (5), NMR (6-9), IR spectroscopy (lo), GLC (8, ll), 
and polarimetry (12, 13). However, most of these separations are not 
suitable for development into a routine analysis. The reported TLC 
separation is questionable and could not be duplicated by one investigator 
(10); the NMR analysis requires an expensive 100-MHz instrument (10); 
IR analysis gives poor results when one diastereomer predominates (lo), 
which is usually the case in ophthalmic solutions; and GLC requires 
derivatization prior to analysis, which makes multiple-sample runs too 
time consuming. Of these techniques, only polarimetry seems to have 
practical value. In fact, a UV-optical rotation analysis has been used 
successfully by this laboratory for several years'. 

The UV-optical rotation method requires elaborate sample prepara- 
tion and is tedious in actual practice. An analytical procedure such as 
high-performance liquid chromatography (HPLC), which minimizes 
sample preparation and retains a high separation capability, would be 
highly desirable, and several HPLC separations of pilocarpine and iso- 
pilocarpine have been reported. Initially, ion-exchange columns packed 
with cation-exchange resins2 were used with UV peak detection a t  217 
nm (4). Unfortunately, these HPLC systems gave variable peak retention 
times and generally produced erratic results (10,141. 

Khalil(15) reported an HPLC analysis for pilocarpine using an octa- 

OH' I""' 

See B. S. Scott, D. L. Dunn, and E. D. Dorsey, J.  Pharm. Sci., in press. 
Aminex A-7 (7-11 pm), Bio-Rad Laboratories. 
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