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Abstract O Normal human gallbladder bile and gallbladder bile of pa-
tients undergoing chenodeoxycholic acid therapy were simulated by using
appropriate combinations of taurine and glycine conjugates of cholic,
chenodeoxycholic, and deoxycholic acids. Also, the total bile acid con-
centration and the total bile acid to lecithin ratio were varied over
physiological ranges. Dissolution rates of cholesterol monohydrate pellets
(model gallstone) in these solutions were 930-99% interfacially controlled.
Even under conditions favorable for dissolution, i.e., high bile acid con-
centration and high bile acid to lecithin ratio, the interfacial resistances
were extremely large. These results are of the same order of magnitude
as those found in the limited studies with actual gallbladder bile and
suggest that the bile acids, lecithin, and the electrolytes are the primary

determinants of the interfacial resistance for cholesterol dissolution.
Furthermore, the kinetics of dissolution were always much faster with
the chenodeoxycholic acid-rich compositions than with the corresponding
normal compositions. This finding suggests, therefore, that in addition
to desaturating bile with respect to cholesterol, the feeding of cheno-
deoxycholic acid further facilitates cholesterol gallstone dissolution by
reducing the interfacial resistance of the process.

Keyphrases O Cholesterol-—dissolution kinetics in simulated bile, effect
of bile composition O Dissolution kinetics—cholesterol in simulated bile,
effect of bile composition 0 Bile composition—effect on dissolution ki-
netics of cholesterol in simulated bile

Recent studies (1-7) on the dissolution of human cho-
lesterol gallstones and cholesterol monohydrate pellets in
bile acid-lecithin solutions and in human gallbladder bile
indicated that:

1. The dissolution of both cholesterol gallstones and
cholesterol monohydrate pellets (model gallstones) was
interfacially controlled rather than diffusion—solubility
controlled, providing a possible explanation for the rather

0022-3549/ 78/ 1200-1711801.00/0
© 1978, American Pharmaceutical Association

slow rate of stone dissolution in vivo (8).

2. The interfacial resistance to dissolution was a func-
tion of the composition of the simulated bile solution—uviz.,
the bile acid type and concentration, the bile acid to leci-
thin ratio, and the electrolyte type and concentration.

3. The magnitudes of the interfacial resistances in both
the simulated bile solutions and the human gallbladder
biles were indeed comparable.

Journal of Pharmaceutical Sciences / 1711
Vol. 67, No. 12, December 1978



Table I—Bile Acid Compositions of Normal Human Gallbladder
Bile (N) and Gallbladder Bile of Patients Undergoing
Chenodeoxycholic Acid Therapy (C)

Type Mole Percent

of Bile 1 I II1 v \Y% VI
N 10 30 5 15 10 30
C 15 75 1 4 1 4

4. The kinetics of cholesterol gallstone dissolution in
bile may be explainable on the basis of the principal bile
acids, lecithin, and the electrolytes in the particular
bile.

In the present study, an attempt was made to simulate
normal human galibladder bile, which has been shown to
dissolve cholesterol stones very slowly (2, 7), as well as the
gallbladder bile of patients undergoing chenodeoxycholic
acid therapy for the dissolution of cholesterol gallstones
(8-12). The following parameters were varied: the com-
position of the six principal bile acids, the total concen-
tration of these bile acids, the lecithin concentration, and,
hence, the total bile acid to lecithin ratio. A wide range of
conditions was simulated with regard to these parameters
to cover the likely situations in both populations. All
simulated solutions contained 0.10 M sodium chloride
since the concentration of this predominant bile electrolyte
seems to remain rather constant in human bile. In addi-
tion, the solutions were maintained at pH 7.40 at 37° with
0.01 M phosphate buffer.

The rate of dissolution per unit area, /A, and the
equilibrium solubility, C,, of cholesterol monohydrate in
these simulated solutions were determined experimentally,
and the total resistance to dissolution, R, was calculated
using (6, 7):

Cl\‘
J/A = 7{‘
for sink conditions. In Eq. 1, R represents the sum of the
diffusional resistance, h/D, and the interfacial resistance,
1/P, where h is the Nernst effective diffusion layer thick-
ness, D is the diffusion coefficient of micelle-solubilized
cholesterol in solution, and P is the effective permeability
coefficient of the solid-solution interface (1-7). In the
present consideration, however, since 1/P is much greater
than h/D in all situations, R = 1/P = interfacial resis-
tance.

(Bg. 1)

EXPERIMENTAL

Materials—Commercial cholesterol! was recrystallized three times
from 95% ethanol. Radioactive cholesterol monohydrate was prepared
by mixing 5 g of the recrystallized cholesterol with 100 uCi of a benzene
solution of 4-14C-cholesterol? in 400 ml of 95% ethanol at 60°. This so-
lution was filtered while hot, and the filtrate was allowed to stand for 48
hr at room temperature. Then the cholesterol monohydrate crystals were
filtered and dried in vacuo for 24 hr. The crystals obtained were stored
in the dark in a desiccator saturated with water vapor at room tempera-
ture.

NMR studies quantitatively confirmed the monohydrate nature of the
crystals, TLC indicated the absence of any impurities (13). X-ray crys-
tallography? indicated that they were cholesterol monohydrate crystals
and that they had a lattice system similar to that of cholesterol found in

1 Kastman Kodak Co., Rochester, N.Y.

2 New England Nuclear Corp., Boston, Mass.

3 Performed by Dr. C. Nordman, Department of Chemistry, University of
Michigan, Ann Arbor, Mich.
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R X 1075, sec/cm
= a
;’/‘-

0 1 2 3 4 .5 6
TOTAL BILE ACID TO LECITHIN RATIO

Figure 1—Profile of R dependence on {total bile acid] to [lecithin] ratio
at various total bile acid concentrations for simulated normal gall-
bladder bile (open symbols) and simulated gallbladder bile of patients
undergoing chenodeoxycholic acid therapy (closed symbols). Key
(concentration of bile acid): ¥, %, 464 mM; 0,@, 116.0 mM;and O, |,
174.0 mM.

human biliary calculi (14). These monohydrate crystals lose their water
content readily on exposure to low humidity and light.

The sodium salts of chenodeoxycholyltaurine (I) and chenodeoxy-
cholylglycine (II) were prepared by the method of Norman (15) with
certain modifications (16). The sodium salts of deoxycholyltaurine4 (III)
and deoxycholylglycine? (IV) were used as received. The sodium salts of
cholyltaurine (V) and cholylglycine (VI) were prepared using the method
of Norman (15) with certain modifications by Pope (17) and Hofmann®,
The purity of these compounds was checked and confirmed by TLC using
a destructive detection method (18).

Egg lecithin was prepared from fresh egg yolks and subsequently stored
according to the method of Singleton et al. (19). Chromatographically
homogeneous lecithin (mol. wt. = 771) was obtained. Monobasic sodium
phosphate, dibasic sodium phosphate, and sodium chloride® were ana-
lytical grade and were used as received.

Dissolution Rate Determination—Pellets of *C-cholesterol
monohydrate were prepared by directly compressing 100 mg of the ma-
terial in a die, 1.27 ¢m i.d., under a force of 1360.8 kg with a laboratory
press”. The exposed surface area of the resulting pellets was 1.267 cm2.
The pellet was held firmly in a die by covering the bottom with melted
paraffin. This die was then placed on the bottom of a water-jacketed
cylinder, with the pellet facing a stirring paddle inserted at the top of the
cylinder (6). The stirring speed was maintained at 150 rpm during dis-
solution by a constant-speed motor®.

Exactly 10 ml of the dissolution medium, preequilibrated at 37°, was
added into the cylinder. Immediately, the first 0.50-ml sample was
withdrawn using a pipet. Four other samples were taken at suitable time
intervals. The !4C-labeled samples were subsequently counted with a

4 Calbiochem, Los Angeles, Calif.

5 A. F. Hofmann, unpublished data.

€ Matheson, Coleman and Bell, Norwood, Ohio.
7 Model B, Fred Carver Inc., Summit, N.J.

8 Model CA, Hurst, Princeton, Ind.



Table HI—Influence of Total Bile Acid Concentration and [Bile Acid] to {Lecithin] Ratio on Solubility, C;, Dissolution Rate, J/ A, and

Resistance, R, for Simulated Normal Gallbladder Bile

Total Total (Bile Acid] to
[Bile Acid], [Lecithin], [Lecithin} JIA X 104, Cs, R X 1073,
mM mM Ratio mg/cm?/sec mg/ml sec/cm
174 96 1.81 0.219 10.27 469
174 64 2.72 0.470 7.65 163
174 48 3.63 0.548 5.86 107
174 32 5.44 0.914 4.55 50
116 64 1.81 0.0914 7.16 783
116 42.6 2.72 0.128 4.80 375
116 32 3.63 0.164 3.60 220
116 21.3 5.44 0.296 2.50 85
46.4 25.6 1.81 0.0146 2.43 1664
46.4 17.0 2.72 0.0301 2.04 678
46.4 12.8 3.63 0.0438 1.70 388
46.4 8.53 5.44 0.0532 1.24 233

Table III—Influence of Total Bile Acid Concentration and [Bile Acid] to [Lecithin] Ratio on Solubility, C;, Dissolution Rate, J/ A, and
Resistance, R, for Simulated Gallbladder Bile of Patients Undergoing Chenodeoxycholic Acid Treatment

Total Total [Bile Acid] to
{Bile Acid], [Lecithin], [Lecithin) J/A X 104, C,, R X 1073,
mM mM Ratio mg/cm?/sec mg/ml sec/cm
174 96 1.81 0.726 9.07 125
174 64 2.72 0.824 6.59 80
174 48 3.63 1.37 5.71 417
174 32 5.44 1.64 4.40 26.8
116 64 1.81 0.367 6.98 190
116 42.6 2.72 0.411 4.56 111
116 32 3.63 0.548 3.67 67.0
116 21.3 5.44 0.685 2.82 41.2
46.4 25.6 ) 1.81 0.0274 2.30 839
46.4 17.0 2.72 0.0392 1.81 462
46.4 12.8 3.63 0.0477 1.63 342
46.4 8.53 5.44 0.107 1.06 99.1

Table IV—Comparison of Experimental and Estimated R Values for Human Gallbladder Bile Samples (7)

Total Total [Bile Acid] to
[Bile Acid], {Lecithin], [Lecithin]
Bile Sample mM mM Ratio R X 10739, gec/cm R x 1073, sec/em
1 194.1 41.3 4.70 26.6 55
2 133.7 24.9 5.38 30.6 75
3 231.2 64.9 3.65 40.1 35
4 208.5 46.3 4.46 245 55

@ Determined from R = AC,/J. ® Estimated from Fig. 1.

liquid scintillation counter®, and the amount of cholestero! dissolved in
the solvent was plotted against time.

Solubility Determination—The solubilities of cholesterol mono-
hydrate in various solvent media were determined by introducing an
excess amount of 14C-cholesterol monohydrate of about 20 mg into 2 mi
of a solvent in a test tube. The tube was then flushed with nitrogen,
capped, and shaken by a wrist-action shaker!? in a water bath at 37°.
After 4 days, a sample was taken and quickly filtered through a glass
wool-wrapped, long tipped pipet preequilibrated at 37°. Exactly 0.2 m]
of the filtrate was then assayed for cholesterol with a liquid scintillation
counter. More samples were taken every 2 days and assayed for choles-
terol. The solubility of cholesterol monohydrate in the medium was ob-
tained when the concentration reached a constant level.

RESULTS AND DISCUSSION

The average bile acid compositions in normal human gallbladder bile
(20) and in gallbladder bile of patients undergoing chenodeoxycholic acid
therapy (10) are presented in Table 1. The selected ranges of the total bile
acid concentration, the lecithin concentration, and, hence, the bile acid
to lecithin ratio were representative of over 100 human bile samples an-
alyzed in several published reports (21-24).

Tables II and III and Fig. 1 summarize the dissolution kinetic data

8 Model LS 200, Beckman Instruments, Southfield, Mich.
10 Burrell Corp., Pittsburgh, Pa.

obtained with the simulated bile solutions. The R values were about
20-700 times the diffusion-convection resistance previously reported
for similar systems!! (Tables II and I1I); i.e., the dissolution rates in these
solutions were essentially 90-99% interfacially controlled. The magni-
tudes of these R values seemed to be comparable to those found in the
situations where only one bile acid was present in solution (6). In addition,
as shown previously with the individual bile acids (6), R decreased with
an increasing bile acid concentration and an increasing bile acid to lecithin
ratio. While this result occurred for both compositions of bile acids, the
corresponding R values for the chenodeoxycholic acid-rich solutions were
consistently lower than those with normal compositions (Fig. 1).

Even under the most favorable conditions with regard to the compo-
sition of the bile, i.e., high bile acid concentration, high bile acid to lecithin
ratio, and high chenodeoxycholate concentration, the R values were much
larger than the diffusion-convection resistance. This result confirms the
hypothesis (2, 5-7) that the interfacial resistance may indeed be an im-
portant rate-determining factor in cholesterol stone dissolution in vivo.
Moreover, in the region where the bile acid concentration and the bile
acid to lecithin ratio are low, the observation that three- to fourfold
smaller R values were found with the chenodeoxycholic acid-rich com-
positions may have the following clinical implications:

1. Even if the oral administration of cholic acid had been as effective
as chenodeoxycholic acid in desaturating bile with respect to cholesterol,
from the kinetic viewpoint it would not have been as effective as cheno-

11 The h/D value for these systems = 2.3 X 103 sec/cm (6).
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deoxycholic acid.

2. In addition to its primary effect on cholesterol desaturation, the
feeding of chenodeoxycholic acid also appears to promote stone disso-
lution by lowering the interfacial resistance in bile, thereby facilitating
the kinetics of dissolution as well.

Recent clinical efforts (25) indicated that the oral administration of
ursodeoxycholic acid may also be effective in promoting cholesterol
gallstone dissolution but without some of the side effects attributed to
chenodeoxycholic acid. Therefore, the dissolution kinetics in simulated
bile acid mixtures should be studied using the ursodeoxycholic conjugates
(glycine and taurine) and the results from these studies should be used
to assess the relative effectiveness of ursodeoxycholic acid and cheno-
deoxycholic acid in speeding up the kinetics of stone dissolution.

At low bile acid concentrations and/or low bile acid to lecithin ratios,
the R values are extremely large (Table III). These large R values are
believed to be clinically significant since, in many instances, necessary
treatment periods for significant stone dissolution have been very long,
often extending beyond 12 months. In some cases, little or no dissolution
was found (8-12) even after such long times. In view of this fact, it was
suggested previously (26, 27) that dissolution rate accelerators might have
therapeutic value in effecting more rapid stone dissolution when ad-
ministered simultaneously with chenodeoxycholic acid.

Table IV shows some preliminary dissolution data on human gall-
bladder bile reported earlier (7). Based on the total bile acid concentration
and the bile acid to lecithin ratio, a rough estimate of R was obtained for
each bile sample by extrapolation and interpolation of the curves in Fig.
1. The magnitudes of these R values are reasonably comparable to the
experimental values found in the present studies. Since the bile acid
composition and the electrolyte content of these samples are not known,
a better estimation of R based on the simulated solution data is not
possible at this time. Nonetheless, the results suggest that the bile acids,
lecithin, and the electrolytes are the primary determinants of interfacial
resistance in cholesterol dissolution.
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