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SUMMARY. The equilibrium of bile salt between aqueous phase and mixed
micelle was studied in solutions of pure bile salt and Tecithin comparing
taurocholate and taurochenodeoxycholate. The relationship between bile
salt concentration in the aqueous phase and the ratio-of bile salt/lecithin
in the mixed micelle was determined by equilibrium dialysis on serial
dilutions of these solutions., Extrapolation of this relationship to zero
mixed-micellar bile salt permitted calculation of the critical micelle
concentration (CMC) of the mixed micelle. For taurocholate, taurocheno-
deoxycholate, and an equimolar mix of these two bile salts, the mixed
micelle CMC's were 3.1 mM, 0.47 mM, and 0.89 mM respectively. In the most
concentrated solutions, aqueous phase bile salt concentration surpassed

the CMC of the simple bile salt micelle by more than four-fold indicating
the presence of simple micelles as well as mixed micelles. At all dilutions
taurochenodeoxycholate had a much greater affinity for the mixed micelle
than did taurocholate. This last finding may be the reason for the
superior cholesterol solubilizing capacity of taurochenodeoxycholate-
lecithin solutions compared to taurocholate-lecithin solutions.

INTRODUCTION

Bile salt-lecithin micelles are of particular interest because of
their capacity to solubilize biliary cholesterol and their apparent role
in biliary secretion of cholesterol and lecithin (1-4). The bile salt
component of these micelles exists in dynamic equilibrium between micelles
and aqueous phase. Previous study of this equilibrium in serial dilutions
of human bile has provided an estimate of the affinity of bile salt for
the mixed micelle and permitted measurement of the critical micelle con-

centration (CMC) of biliary micelles (5). In that study, as in many
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other investigations, the bile salt component of bile was regarded as
a single, homogeneous chemical entity. However, bile contains several
different species of bile salt, which may differ with respect to physical
interactions with lecithin.

In the present study the equilibrium of bile salt between mixed micelle
and aqueous phase was studied in relatively simple systems of pure bile
salt and lecithin. The taurine conjugates of cholate and chenodeoxycholate,
the two bile salts synthesized by the human Tiver, were compared both in
systems where each represented the entire bile salt component and in a
system where both bile salts were present in equimolar proportions. This
comparison is of special interest because these two bile salts are known
to have different cholesterol solubilizing capacities (6). Moreover,
administration of chenodeoxycholate has been shown to dissolve cholesterol
gallstones while cholate is absolutely ineffective in this regard (7).

MATERIALS AND METHODS

Bile salt and Tecithin were measured as previously described (5).
The sodium salts of taurocholate (TC) and taurochenodeoxycholate {TCD)
as well as a chromatographic preparation of egg Tecithin were obtained
commercially (Sigma Chemical, St. Louis, Missouri) and checked for purity
by thin-layer chromatography. TCD required further purification by re-
crystallization. Sterile aqueous bile salt-lecithin solutions for each
of these two bile salts and for a 1:1 molar mixture of the two were
prepared by dissolving the dry lipids in 0.10 N NaCl. The final solutions
were adjusted to pH 7.3 + .02. Samples of these solutions or dilutions
thereof were aseptically dialyzed against 0.10 N NaCl at room temperature
for measurement of the aqueous phase bile salt concentration. Bile salt
and Tecithin concentrations in the retentate were used to calculate the
molar ratio of bile salt/lecithin in the mixed micelle by subtraction
of the aquecus phase bile salt concentration. Details of this entire
procedure have been published elsewhere (5).

In addition to measurement of total bile salt, retentates and dialysates
of the 1:1 molar mix of TC- and TCD-lecithin were analyzed for individual
bile salts. Separation of TC and TCD in these samples was accomplished
by thin~layer chromatography using silica gel G as the stationary phase
and isoctane:ethyl acetate: acetic acid 5:5:1 as the moving phase. Prior
to chromatography the bile salts were deconjugated by hydrolysis in 1.25
N NaOH at 1250C. and 15 p.s.i. for three hours. Known amounts of 14C-cholate
and 14C-chenodeoxycholate (New England Nuclear, Boston, Mass.) were added
to each sample before application to the silica gel plates to account for
losses during chromatography.

Dialysis equilibration was entensively evaluated for each type of
solution studied. Dialysis of pure bile salt solutions (not containing
lecithin) demonstrated complete equilibration (equal bile salt concentration
in dialysate and retentateg even well above the CMC indicating that both

224



BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Vol. 74, No. 1, 1977

Ls6° 19°¢ 8¢'¢ 80°Y
968" G2'¥ 02'¢ ¢<¢0°S

[8L°  [8S°0 ¥E'L 888°0 88° €v's 82 927/

08L°  SLL°0  1S°L EP°L S¥8*  Lv'9  ¥8°E  9¢°0l

¥89° 20°L 902 262 828" 86'9 20t (9°LL

068"  9L'L ZL'¢ ¥9°L 629" G¢'L 22’z 9Lt 618" LL7L vO'v 082l
€48  6ETL 9.7 1§72 925" L6°L 162 869 66L° 99°8 26t 88°El
pe8”  6L°L 0€'E  ¥E'P SGb° (8L #8'¢ 806 €8L° 06°6  00°% 967Gl
SLLT €€t eSv 6974 99¢° 8L’z LL't  tEEL 8L 18°LL 929 spvee
899" 062 G€°G 0€"LL 892° 6°2 929  vv€2 GeL° S6°€L SL'9 €£2792
Z19°  66°¢  99°9 €£€°/l Lse* 66'2 059  zL'¥e 00L° 2.7l €8'S ¥6°0¢
L85° b’y 8€°9 58l 661" §6°¢ SL°L  ¥E'62 289" 04702 00°9 2L°SE
605"  ¥9°G 82°9 88°02 vee” Sv'v 899  ¥5°82 €29° €9°€¢Z 126G 80°0Y
e4 elgl 401l A18] e elg] 4{7] J1g] 24 eig] 4[]  4lg]
910 0YdAX03pousydoune] -aje|oysouane] 91e|0YyoAkxoapousyosodne | aje|oysouane]

*oj3ezA|eLp BYLl UL 3(RS B[L] JO UOLIRIIUSIOUOD 3Yy] AQ

(91v1U8384 + 31ezA{eLp) AWNjoA [e10} BuiAidiz|nu Ag pa3e|nd|ed sem aseyd snosnbe Sy} UL 3[°S S[LG 4O SILoWL| ik
*6eq sLsALeLp ayy ul padsetd uotlnios SLYyl JO JwN|OA 3yl pue UOLIN|OS BULYJOM |RPULBLUO 3Y] JO UOL]RUIUIDUOD }|BS
9119 9Y3} wo4j pIIR[NI|BD DUSM 1|BS 9|LQ SO SI[OUW |RI0F ‘JdQWNU SLY} ULRIQO O] "SI |SDLW POXLw UL ueyl Jdyjed
aseyd snoanbe ayj ul Juasaud 3RS ILLG [LI01 SO UOLIORUS BY) SIUDSBAdDU By *uBIL|/|Ooww UL uldAlb due (e[g])
9jezA{eLp Ul 3|eS B|Lg 4O UOLIPUIUIDUOD pue (J[]] “U[g] ) 93°IUSIS4 UL ULYILI3| pue 1|eS 3[LQ 4O SUOLIRUIUIDUO)

WNTYEITINDT SISATVIC LY NIHLIJ3T ONY LTYS 3718 J0 SNOILYYINIINOD ONV ISYHd SNOINDY IHL NI LIVS 3718 40 NOILIVYMA
I 378vL

225



Vol. 74, No. 1, 1977 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

bile salt monomer and simple bile salt micelles were measured as dialyzable
bile salt. In the bile salt-lecithin solutions equilibrium was indicated
by a plateau in dialyzate bile salt concentration. In these studies the
slowest equilibration time for TCD was 28 hours, for TC was 15 hours, and
for the 1:1 mix of TC-TCD was 20 hours. These slowest equilibration times
were noted in the most concentrated solutions (Table 1). As the solutions
were diluted dialysis time quickly became shorter. Never the less all TC-
lecithin solutions were dialyzed for 24 hours while all TCD-lecithin and
TC-,TCD-lecithin solutions were dialyzed for 36 hours. As discussed
previously (5) the speeding of dialysis with dilution is probably a result
of reduction in concentration of simple bile salt micelles while the
descrepancy between equilibration times for TC versus TCD is a result
of the larger simple micelles formed by TCD (8). Below the CMC TC and TCD
dialyze at the same rate reaching equilibrium in about 4 hours, Analysis
of dialysates for phospholipid at dialysis equilibrium showed values of less
than 1% of the retentate phospholipid indicating nearly complete retention
of lecithin by the dialysis membrane.
RESULTS AND DISCUSSION

Primary data for each individual dialysis are given in Table 1 along
with the calculated percentage of bile salt present in the aqueous phase.
At dialysis equilibrium the retentate of the most dilute TC solutions was
slightly turbid indicating some precipitation of lecithin. Retentates of
all other solutions were clear at dialysis equilibrium. Presumably in
these solutions all lecithin was present as mixed micelles despite the
fact that as much as 89% of the bile salt was outside mixed micelles in
the aqueous phase,

Dilution, which can be viewed simply as expansion of the aqueous
phase relative to the mixed-micelle phase, promoted movement of bile
salt out of the mixed micelle and progressively increased the percentage
of bile salt in the aqueous phase. Viewed conversely dilution reduced
the ratio of bile salt/lecithin in the mixed micelle (Fig. 1) confirming
our previous observation on bile (5). Depletion of mixed-micellar bile
salt may be the reason that cholesterol solubilizing capacity is reduced when
bile salt-lecithin solutions are diluted (11}.

From the data in Fig. 1 it is evident that TCD has a greater affinity
for the mixed micelle than does TC since a much higher aqueous phase bile

salt concentration is required to support any given ratio of bile salt/lecithin

in the micelle for TC than for TCD. Thus for any given bile salt-lecithin
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Figure 1: Aqueous phase bile salt concentration (B,) as a function of
the ratio of bile salt/lecithin in mixed micelles (B/L). Volume of

solution inside the dialysis bag was 1.0 or 2.0 ml. Dilution of By

was accomplished either by direct dilution of the initial working solution

or by increasing the dialysate volume. Points to the far left of each

graph represent the most dilute solutions while points to the far

right represent the most concentrated solutions. Curves connecting

the points were fitted by inspection. A. Taurocholate (TC), Initial

working solution was 75.9 mM bile salt and 9.56 mM lecithin. Dilutions

range from two-fold to 20-fold. The most dilute solution (Far left)

was slightly turbid at dialysis equilibrium indicating beginning pre-
cipitation of lecithin. B. Taurochenodeoxycholate (TCD). Initial

working solution was 59.6 mM bile salt and 12.02 mM Jecithin. Dilution

ranged from two-fold to 80-fold. There was no turbidity in any of

the solutions at dialysis equilibrium. C. 1:1 molar mix of TC and

TCD. Initial working solution was 55.4 mM bile salt and 10.2 mM

lecithin., Dilutions ranged from 5-fold to 85-fold. No turbidity was noted in
any of the solutions at equilibrium.
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bg (mM)

Figure 2: Aqueous phase TC and TCD concentration (bs) as a function of the
ratio of TC or TCD to lecithin in the mixed micelle ?b/L) for the

equimolar mix of TC-TCD (Fig. 1, C,) Curves were fitted by inspectjon.

TCD has a greater affinity for the mixed micelle than does TC even when
both bile salts are present in the same solution.

solution, substitution of TC for TCD would result in a reduction of bile
salt/lecithin in the micelle. Again, depletion of mixed micellar bile salt
may be the reason for the reduction in cholesterol solubilizing capacity of
bile salt-lecithin solutions when TC is substituted for TCD (6). Thus two
independent perturbations, dilution and substitution of TC for TCD, reduce
both cholesterol solubilizing capacity and the ratio bile salt/lecithin in
the micelle suggesting that bile salt content of the mixed micelle is a
determinant of cholesterol solubility.

The CMC of the simple bile salt micelle is ~4.0 mM for TC and ~1.0 mM
for TCD (8). The highest aqueous phase bile salt concentrations shown
in Fig. 1 surpass these CMC values by more than 4-fold for both TC and TCD
indicating that concentrated solutions of bile salt and lecithin contain
both mixed micelles and simple micelles. The presence of simple micelles in
the aqueous phase of concentrated solutions may account at least in part,

for the deviation from linearity seen in all three solutions of Fig. 1.
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It is possible, but not certain, that saturation of the mixed micelle with
bile salt also contributes to this deviation from linearity.

Careful work by Higuchi, et al, indicates that the simple bile salt
micelle solubilizes cholesterol faster than the bile salt-lecithin mixed
micelle (9). The presence of simple micelles in concentrated solutions
of bile salt and lecithin may therefore have unexplored implications for
kinetics of cholesterol dissolution in bile and artificial bile.

The CMC of the bile salt-lecithin micelle can be estimated by ex-
trapolating the data in Fig. 1 to zero B/L (5). This calculation gives
CMC values of 3.1 mM, and 0.47 mM, for the TC-lecithin and the TCD-lecithin
micelles respectively. These CMC values are below the CMC's of the
corresponding simple micelles as would be predicted on theoretical grounds (10).

At the (MC of the equimolar TC:TCD mix (b/L = 0, Fig. 2), the aqueous
phase concentration of TCD is 0.47 mM, a value identical to the CMC of the
TCD-1lecithin micelle (Fig. 1). This identity indicates that the presence
of TC monomers in the mix does not alter the CMC of the TCD-lecithin micelle,
Perhaps more unexpected is the presence of TC in mixed micelles at aqueous
phase TC concentrations much less than 3.1 mM, the CMC of the TC-lecithin
micelle. Thus once TCD-lecithin micelles are formed, entry of TC into the
mixed micelle appears to be facilitated.
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