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Equilibrium and Kinetic Factors
Influencing Bile Sequestrant Efficacy
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In vitro bile salt binding equilibria and kinetic studies were per-
formed with cholestyramine to determine how these factors influ-
ence bile sequestrant efficacy in vivo. Chloride ion at physiologic
concentrations caused more than a twofold reduction in glyco-
cholate (GCH) binding, compared to binding in the absence of salt,
over a range of GCH concentrations and was also observed to dis-
place bound GCH. In addition, chloride ion displaced from chole-
styramine as a result of bile salt binding was measured using a chlo-
ride selective electrode, and the results show that bile salt binding is
due to ion exchange. Comparison of the results of the equilibrium
binding experiments to human data shows that the effect of anion
binding competition alone cannot account for the lack of efficacy of
cholestyramine. Consideration of other effects, such as additional
binding competition or poor availability for binding, based on data
from the literature, shows that adequate bile salt binding potential
exists and that these interferences are not major factors influencing
resin efficacy. In kinetic studies, both binding uptake of GCH and
displacement of GCH from cholestyramine by chloride ion were
relatively rapid, indicating that cholestyramine should equilibrate
rapidly with bile salts in the GI tract. Based on these findings, it is
suggested that the low efficacy of cholestyramine is a result mainly
of its relatively poor ability to prevent bile salt reabsorption in the
ileum.

KEY WORDS: bile sequestrants; cholestyramine; bile salts; bile salt
binding.

INTRODUCTION

Bile sequestrant resins are an important class of drug
used in the management of elevated serum cholesterol lev-
els. However, their effectiveness is often compromised be-
cause the large doses needed for therapy reduce patient com-
pliance and give rise to side effects. The actual amount of
bile salts sequestered in vivo (1) is much less than the theo-
retical capacity of the resins. The reasons for this discrep-
ancy have not been fully established. Although introduced
almost 30 years ago, there has been little progress toward
developing more efficacious bile sequestrants.

Over the past several years, however, there has been
renewed interest in bile sequestrants. This is due in part to
recent findings in large-scale clinical studies that bile seques-
trants (specifically cholestyramine) effectively lower choles-
terol levels and reduce the risk of developing cardiovascular
disease. For this reason and because of their proven safety,
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bile sequestrants have become the drug of first choice in the
management of type II hyperlipoproteinemia (2). In addition
to issues of noncompliance due to the large amount of drug
that must be administered and side effects due to the large
doses, there are economic factors related to the need for
improving bile sequestrants. A recent study of chole-
styramine in the prevention of coronary heart discase has
shown that bile sequestrant therapy is not cost-effective for
several segments of the hyperlipidemic population and that
drug costs greatly influence estimates of the cost per year of
life saved (3). Thus, any improvement in the efficacy or po-
tency of sequestrants that lowers the dosage and conse-
quently lowers the cost of therapy would increase the use-
fulness of sequestrants and have a significant impact on the
hypercholesterolemic population.

Novel approaches used in improving sequestrants, in-
cluding the synthesis of new resins or modification of exist-
ing ones (4,5), have not yet been commercially successful.
Since in vitro studies are not necessarily predictive of in vivo
activity (5,6), it is not clear which aspects of bile salt binding
behavior in vitro are most relevant to in vivo activity. Past
reports on bile sequestrants have served to characterize var-
ious details of bile salt binding behavior, but a clear under-
standing of why bile sequestrants are so inefficient in vivo is
still lacking. The fundamental process that governs the phar-
macologic action of bile sequestrants is the removal of bile
salts from the enterohepatic cycle while within the gastroin-
testinal (GI) tract. In order to devise strategies for improving
these resins, it is necessary to identify how sequestrants
function and what factors influence their activity in the GI
tract. The approach in this report is to develop a mechanistic
understanding of bile sequestrant action by examining the
physical-chemical aspects of in vitro bile salt binding to
cholestyramine in relation to the physiology of the GI tract.

MATERIALS AND METHODS

Cholestyramine of pharmaceutical grade was obtained
from Sigma Co. (St. Louis, MO) in powder form (100-200
mesh). Sodium glycocholate (GCH; 99% pure) was pur-
chased from Sigma Co., sodium taurodeoxycholate (TDC;
95% pure) was obtained from Aldrich Chemical Co. (Mil-
waukee, WI), and both were dried under vacuum and stored
in a desiccator and used without further purification. Sodium
chloride and phosphoric acid were reagent grade. HPLC-
grade methanol was used in the HPLC assay and the water
employed in these experiments was distilled and deionized.
The moisture content of the commercial resin was deter-
mined to be 10% and this was used as a correction factor for
the mass of cholestyramine used in each sample.

Equilibrium Studies

Known amounts of resin (approximately 0.02 g) were
weighed out into vials and 20 ml of a bile salt solution at a
given concentration was added. The suspensions were agi-
tated on a test tube rocker at room temperature for at least 24
hr. Aliquots were then removed and filtered through 0.22-
pm filters (GSWP, Millipore, Milford, MA) and the filtrate
was assayed for bile salts by HPLC as described below.
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Keeping the mass of resin small with respect to the volume
of solution ensured that sorption of bile salts due to the
embibment of the solution from the swelling of the resin was
negligible. The experiments were done at room temperature
since this variable does not have a large effect on ion-
exchange equilibrium (7,8). Since cholestyramine is a qua-
ternary amine and the pK, of the bile acids was below 3.5, it
was not necessary to control the pH of the solutions with
buffers. In preliminary experiments the pH of the bile salt—
cholestyramine suspensions was above 6.5, indicating that
the bile salts were more than 99% ionized.

Bile salt binding in the presence of NaCl was deter-
mined in a similar manner, except that the bile salt solutions
were made up in 0.1 and 0.025 M NaCl. Studies on the effect
of concentration of NaCl on bile salt binding were conducted
by first adding bile salt solution and equilibrating as above,
then adding a 1-ml aliquot of a concentrated NaCl solution so
that the resultant NaCl concentration ranged from 0 to 200
mM. These samples were then equilibrated for 24 hr, fil-
tered, and assayed for bile salt.

Kinetic Studies

Kinetic studies of GCH adsorption to cholestyramine
were conducted in the presence of 0.1 M NaCl at GCH con-
centrations of 2 and 10 ma GCH. Twenty milliliters of GCH
solution was added directly to known amounts of resin and
aliquots of the suspension were removed at appropriate time
intervals, filtered, and assayed for GCH. Three individual
samples were used for each time point and the vials were
agitated for the duration of the experiment. Displacement
kinetics were studied using a batch technique. Fifty milli-
grams of resin was hydrated in 10 ml of water for several
hours; and then 35 ml of a GCH solution was added so that
the total initial concentration of GCH (12 mM) was in the
region where binding saturation occurred based on the equi-
librium binding results. After 24 hr the suspension was cen-
trifuged and the supernatant was sampled. The solution was
decanted and the infranatant was mixed with 40 ml of water
and centrifuged again. This procedure was repeated four
more times in order to wash the excess GCH from the resin.
Loss of a small fraction of the resin occurred during the
decantation process due to ultrafine particles that remained
suspended, but this amount was judged to be insignificant.
Finally, the resin was transferred into a 400-ml polyethylene
vessel with 250 ml of water, and 100 ml of a NaCl solution
was added so that the final concentration of C1~ was 0.1 M.
A sample was taken prior to the addition of sodium chloride
and was used as the zero-time point (no bile salt was de-
tected). One-milliliter aliquots were removed at each time
point, filtered, and analyzed for bile salt as described below.
The suspension was constantly stirred at S0 rpm with a small
paddle stirrer.

Chloride Exchange Experiments

The chloride released from the resin due to exchange
with organic anions was measured using a chloride-selective
electrode in an additional set of binding experiments. The
resin used in these experiments was washed several times in
water and methanol to remove impurities and dried under
vacuum before use. Twenty milliliters of distilled deionized
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water was added to 20 mg of resin and the suspension was
allowed to hydrate overnight. Aliquots of stock solutions of
the binding anion (GCH, TDC) were then added and the
suspensions were allowed to equilibrate for 24 hr with occa-
sional agitation. Preparation for bile salt analysis was the
same as in the equilibrium binding studies described previ-
ously. The apparatus for the chloride analysis consisted of a
chloride selective electrode (Orion 94-17B), a double-
junction reference electrode (Orion 90-02), and an ion/pH
meter with a millivolt display (Orion EA 920), all available
from Orion Research Inc., Cambridge, MA. A portion of the
filtrate from each sample was analyzed in the presence of a
fixed amount of ionic strength adjustor (NaNOQ;). The ionic
strength adjustor provides a sufficiently high and constant
background ionic strength so that the chloride activity re-
mains directly proportional to concentration. The amount of
chloride in the unknown samples was calculated from cali-
bration curves prepared from chloride standards. All chlo-
ride analyses were done at 30°C under gentle stirring. Chlo-
ride concentrations fell within the region of linear electrode
response. In preliminary tests for interference in the chloride
measurement due to the presence of bile salts, it was found
that within certain bile salt concentration ranges at low Cl1~
concentrations, falsely low potential readings resulted. Anal-
ysis of the results from the bile salt binding data indicated
that the chloride measurements were in the range of bile salt
and chloride concentrations where readings were true. Cal-
culations for these experiments were based on the molecular
weight of the anionic species and a chloride exchange ca-
pacity of 3.5 mEq/g for cholestyramine (9).

HPLC

Glycocholate and taurodeoxycholate were quantified by
HPLC assay with a C,;g column (HiBar, RP-18, 10 pm, 25
cm, EM Science, Cherry Hill, NJ) and a methanol/water
mobile phase, 70:30 for GCH and 57.5:42.5 for TDC, ad-
justed to pH 2.0 with phosphoric acid. The absorbance was
measured using a Spectroflow 783 variable-wavelength de-
tector (Kratos Analytical Instruments, Ramsey, NJ) at a
wavelength of 210 nm and the flow rate was 1 ml/min. The
amount of organic anion bound to the resin was calculated
by the difference between the initial amount added and the
final amount in solution at equilibrium or at the sampling
time. The amount of bile salt bound per gram of resin is
based on the dry weight of the resin.

RESULTS AND DISCUSSION

The sodium salts of glycocholic acid and taurode-
oxycholic acid were chosen for use in these experiments
because they span the range of affinity for cholestyramine
for conjugated bile salts (7) and GCH accounts for about 75%
of the bile salt pool in cholestyramine-treated patients (10).
TDC has binding properties and physicochemical properties
similar to those of taurochenodeoxycholate (7,11) and differs
from it only in the position of a hydroxyl group. While sec-
ondary bile acids are not found in the bile salt pool of chole-
styramine-treated patients (10), TDC was used as a model
dihydroxy conjugate with a high affinity for cholestyr-
amine in lieu of the primary chenic species because of
greater availability.
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Bile Salt Binding, Chloride Competition, and
Equilibria Considerations

The binding behavior of GCH to cholestyramine is
shown in Fig. 1a. The initial concentrations of bile salts used
in these experiments are within the range known to exist in
the GI tract (12). Other bile salts show similar binding trends
(7). At saturation, based on the data in Fig. la, chole-
styramine can bind about 1.7 g of GCH per g of resin. An
average daily excretion of 1.5 g of bile salts, which correlates
well with the cholesterol lowering effect, is generally ob-
served in patients taking cholestyramine (1). So ideally there
is more than adequate binding potential in just 1 g of chole-
styramine to result in the therapeutic action.

The shape of the binding curve in Fig. 1a resembles a
typical Langmuir adsorption isotherm. The data in Fig. 1b
were obtained in an experiment analogous to that in Fig. 1a,
but in this case the amounts of both adsorbent and adsorbate
were held constant and the system was diluted with water to
adjust the concentration (in previous experiments a constant
volume of bile salt solutions over a range of concentrations
was added to a constant amount of resin). Based on a one-
component Langmuir interpretation, one would expect the
data in Fig. 1b to follow the same trend as in Fig. 1a. How-
ever, the binding is independent of concentration for the
experiment shown in Fig. 1b because the amount of GCH
and chloride initially present on the resin relative to the num-
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Fig. 1. (a) GCH binding to cholestyramine as a function of GCH
concentration. Initial concentration range was 0.50—4.0 mM. SE is
within the symbols and n = 3. (b) Experiments similar to that in a
but performed by keeping the mass of GCH constant. Concentration
was changed by dilution with water (see text). The initial concen-
tration range was 0.2-4.0 mM GCH. Error bars correspond to SE
and n = 5.
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ber of charged sites was held constant by using the same
mass of bile salt and resin in each sample. This result dem-
onstrates that bile salt binding is a mass action process and
that, under certain conditions, a simple Langmuir adsorption
model fails to describe the system adequately because it
does not account for the effects of a competing species (13).
For this reason and because analysis of the data in Fig. 1a
showed that the binding potential of cholestyramine for
GCH is very high, a Langmuir analysis has not been used
here to interpret the binding data.

While in the GI tract resin will be exposed to various
endogenous anions. Chloride ion is one of the predominant
anions present in the GI tract and is ubiquitous throughout
the length of the intestine (14,15). Figure 2a shows the re-
sults of binding studies similar to those in Fig. 1a but per-
formed in the presence of 0.025 and 0.10 M sodium chloride.
Chloride has a pronounced effect on both the magnitude of
binding and the shape of the binding profiles. GCH binding
in 0.10 M NaCl is only about one-third that in water at an
equilibrium GCH concentration of 1 mM (see Fig. la). The
effect of an additional anion on bile salt binding to seques-
trants has usually not been studied over an extended range of
bile salt concentrations. Figure 2b illustrates the effect of
increasing amounts of NaCl on bile salt binding to chole-
styramine from GCH solutions initially at a concentration of
3 mM, which represents a nominal bile salt concentration
found in the intestine. The binding of GCH was reduced as
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Fig. 2. (a) GCH binding to cholestyramine as a function of GCH
concentration in the presence of a constant concentration of salt:
(O) 0.025 M NaCl; (@) 0.10 M NaCl. Initial GCH concentration
range was 0.5-10.0 mM. SE is within the symbols and n = 5. (b)
GCH binding to cholestyramine from a 3 mM solution of GCH (ini-
tial concentration) as a function of added NaCl. SE is within the
symbols and n = 5.
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the concentration of chloride ion was increased. Binding val-
ues changed very little beyond 80 mM NaCl and there were
no abrupt changes in binding as a function of NaCl in the
physiologic range of 80-150 mM. The results in Fig. 2b also
indicate that bile salt binding is reversible to a large extent
since the chloride was added subsequent to equilibration of
the resin with only bile salt. Thus, the difference in total
binding between the no-added salt point and subsequent
samples with added salt represents the amount of bile salt
displaced by the added chloride. The finding that bile salt
binding is reversible is contrary to the results of Johns and
Bates (7). However, their test of reversibility involved dilu-
tion with water and did not evaluate the ion-exchange pro-
cess. Reversibility is a fundamental property of ion exchange
(8) and has been noted previously for bile salt—cholestyr-
amine systems with the addition of fatty acids (16) and ci-
trate ion (17).

It is important to determine whether the reduction in
bile salt binding due to the presence of chloride is responsi-
ble for the observed binding inefficiency ir vivo. In Table I
the theoretical doses of resin needed to sequester a thera-
peutic amount of bile salt have been calculated based on the
binding data from the previous experiments and nominal val-
ues for bile salt concentration. These figures are based on an
average fecal excretion of bile salts of 1.5 g/day on a dose of
32 g/day of cholestyramine being necessary for cholesterol
lowering therapy (1). While the binding conditions are some-
what idealized, these calculations show, assuming that all of
the bound bile salts are excreted, that the bile salt binding
capacity of the resin is much greater than the net in vivo
binding based on fecal excretion data. When the effect of a
competing anion is included, the calculated dose is one-tenth
that normally required. Under fasting conditions when bile
salt concentrations are very low, there is still adequate bind-
ing potential for the dose of cholestyramine to be reduced by
two-thirds and still obtain a therapeutic effect. The calcula-
tions show that the actual dose of resin is approached only
when 10% of the binding capacity, under conditions of nom-

Table I. Dose of Cholestyramine Necessary for the Cholesterol
Lowering Effect Calculated from Binding Data®

g bile Dose
salt bound/ required
Conditions g resin (€3]
Clinical use 0.047 32.0
Binding at capacity in nominal
bile salt concentration
2 mM [eql® 1.75 0.86
2 mM [eq] in 0.1 M NaCl 0.50 3.0
Binding at bile salt concentrations
found in fasting ileum
0.2 mM [eq] 1.10 1.4
0.2 mM [eq] in 0.1 M NaCl 0.15 10.0
Binding at 10% maximum capacity at
2 mM [eq] in 0.1 M NaCl 0.05 30.0

2 A dose of 32 g of cholestyramine will generally result in cholesterol
lowering and fecal bile salt excretion of 1.5 g/day of bile salts (1).
Data from the binding curves in Figs. 1a and 2a were used to
calculate the amount of resin needed to bind 1 g of bile salt.

® Denotes equilibrium bile salt concentration.
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inal bile salt concentration and 0.1 M NaCl, is considered.
Since other bile salts in the bile salt pool have a greater
affinity for the resin than GCH, these values represent con-
servative estimates. Thus, based on an equilibrium binding
assumption, the effect of C1~ alone cannot account for the
lack of in vivo activity of cholestyramine.

Other Anions and Additional Binding Effects

Other anions present in the GI tract or in food have been
shown to reduce bile salt binding to cholestyramine; how-
ever, the effect of these ions is generally not as great as the
effect of C1~. Experiments done by Toda et al. with chole-
styramine and HCO; ™~ (5), similar to those presented in Fig.
2b with chloride ion, display the same trend with respect to
bile salt binding as the bicarbonate concentration is in-
creased. Since HCO; ™ affects bile salt binding in a manner
similar to C1~, but not to as great an extent as C1~ (7), the
net effect of both ions can be approximated solely by chlo-
ride ion. Kos et al. recently investigated the reduction
in binding of cholate to cholestyramine as a result of sequen-
tial exposure to simulated GI fluids, competition with cit-
rate i1on, and exposure to fruit juices as suspending fluids
(17). Although cholate binding was reduced because of
the various treatments, the binding capacity of the resin was
not lowered to the extent seen with physiologic Cl1™
(Fig. 2b).

Dietary fatty acids have also been shown to bind to
cholestyramine in a manner similar to bile salts (18). Bile salt
binding in the presence of sodium salts of fatty acids is re-
duced as a function of fatty acid concentration and increas-
ing chain length, with maximum reduction of bile salt binding
seen with fatty acids of chain length greater than C,; (16).
However, the actual availability of fatty acid molecules for
binding may be less than that encountered in experiments
performed with salts of fatty acids in vitro due to solubility
limitations, partitioning, and rapid absorption (19,20). Also,
feeding of long-chain triglyceride vs medium-chain triglycer-
ides along with cholestyramine resulted in no significant dif-
ference in overall bile salt excretion in rats or humans
(21,22). Consequently, it is not likely that the effect of fatty
acids in vivo is a major factor influencing resin efficacy.

Kuron et al. (23) have postulated that poor dispersion of
the resin and interference with bile salt binding by intestinal
contents are responsible for the poor efficacy of seques-
trants. However, binding studies performed with aspirated
intestinal contents and measurement of postprandial intesti-
nal bile acid concentrations subsequent to resin administra-
tion show that substantial binding occurs and the bile salt
concentration in the upper jejunum is reduced by about half
(24). Also, the effect of a mucin coating on the resin (result-
ing from contact with the intestinal mucosa) has been inves-
tigated as a potential factor reducing bile salt binding to
cholestyramine and determined to be insignificant based on
the uptake profiles of model compounds to a cholestyramine
analog of larger particle size (25). These various findings
related to the conditions of the upper GI tract support the
assumption that, on an equilibrium basis, the extent of bile
salt binding in the upper small intestine is sufficient for a
therapeutic effect despite the presence of binding competi-
tion and other nonspecific effects.
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Adsorption and Exchange

Since GCH binding to cholestyramine was found to be
reversible, it was necessary to examine further the nature of
bile salt binding to cholestyramine and establish the mecha-
nism of binding. Studies performed at low pH where bile
salts exist as nonionized species have shown that significant
binding occurs (26), and this provides evidence that hydro-
phobic interactions with the resin matrix may contribute
substantially to overall binding. Adsorption of short-chain
fatty acids to Dowex 1-X2 (chemical equivalent of chole-
styramine) has been shown to involve superposition of
molecular sorption on ion exchange (27) and irreversible
binding of benzoate ion to Dowex 1-X4 (analogue to chole-
styramine with slightly higher cross-linking) has been ob-
served (28).

These findings indicate that nonelectrostatic interac-
tions are potentially significant and suggest that there may be
a component of the overall binding that is independent of ion
exchange which could contribute to the in vivo activity of the
resin. By comparing the amount of chloride exchanged to the
total amount of bile salts bound, it is possible to discriminate
between the stoichiometric ion-exchange binding and addi-
tional nonspecific adsorption. Figure 3 shows the total bile
salt anion binding and chloride exchange for GCH and TDC,
respectively. The amount of organic anion bound was equiv-
alent to or slightly less than the amount of chloride ex-
changed for each bile salt. This establishes that ion exchange
is the primary adsorptive component involved for these com-
pounds binding to cholestyramine and supports previous re-
sults (29).

The small differences in chloride exchange and total bile
salt anion binding are probably attributable to several fac-
tors. Because the pH of the TDC solutions is about 9, the
small amount of hydroxide ion present competes for binding
sites and reduces the organic anion binding relative to the
total amount of chloride evolved from the resin. However,
the amount of hydroxide ion in these solutions based on the
pH is not sufficient to account for the total difference be-
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tween the two measurements. Residual chloride on the resin
not removed by washing and slight impurities in the organic
anions would also have a similar influence on the results. A
charge effect as a result of bile salt micelles formed in the
resin particle from unbound bile salts may also be partly
responsible for the additional displacement of chloride ion
since the exchange difference tends to increase with increas-
ing bile salt concentration and is more pronounced with the
more polar TDC bile salt. More detailed experiments and
sensitive techniques are needed to identify fully the cause of
this discrepancy.

In Fig. 3 TDC binding is observed to slightly exceed the
capacity of the resin and this phenomenon has also been
noted previously (26,30) and attributed to hydrophobic in-
teractions. However, since both TDC and Cl~ ions exceed
the chloride exchange capacity of the resin, the additional
TDC binding cannot be interpreted as nonexchange binding.
This phenomenon may be related to increased capacity of
the resin due to changes in swelling when binding different
anions. While nonexchange binding is not present with re-
spect to bile salts binding to cholestyramine (under the ex-
perimental conditions employed), nonelectrostatic interac-
tions certainly play a significant role in influencing binding
affinity and may be extremely important in retaining the bile
salts on the resin while in the GI tract. The presence of a
nonexchangeable binding component for benzoate on
Dowex 1-X4 (28) is a strong indication that a similar phe-
nomenon can occur with bile salts, considering their high
degree of hydrophobicity.

Bile Salt Binding Kinetics

The enterohepatic system is extremely efficient and bile
salts are almost completely reabsorbed in the ileum. Because
of the finite residence time sequestrants have in the GI tract
and the active reabsorption of bile salt, the time scale over
which sequestrants can bind bile salts becomes an important
factor to consider. Figure 4a shows the results for binding
uptake studies with GCH, at initial concentrations of 2 and
10 mM, in the presence of 0.1 M NaCl. While the absolute
amount of GCH bound in each treatment was different, bind-
ing rapidly approaches the equilibrium binding value, with
over 90% of the binding occurring within 1 hr in both cases.
Increasing the initial GCH concentration to 10 mM (in the
presence of 0.1 M Na(l) did not greatly influence the appar-
ent rate of uptake. While aspects of bile salt binding kinetics
have been investigated previously (17,31), the results pre-
sented here give a much more definitive indication of the
magnitude of binding relative to the solution conditions on
the time scale of the GI transit time.

Since it was previously determined that bile salt binding
was reversible, experiments were conducted on the Kkinetics
of displacement of bound bile salts from cholestyramine by
Cl™ to ascertain whether desorption might be a limiting ki-
netic factor influencing the efficacy of the cholestyramine.
The results in Fig. 4b represent the consequence of a step
change in bile salt concentration from an aqueous equilib-
rium concentration of 12 mM GCH to no free bile salt
present in 0.1 M NaCl solution. Displacement of GCH by
Cl~ occurs rapidly and 90% of the bound bile salts were
released in 1 hr. While this is an extremely large perturbation
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from equilibrium, smaller changes would be expected to take
place within the same time scale.

A rigorous treatment of the data in these kinetic studies
was not undertaken because no significant concentration ef-
fect was observed and comparison of the time scale of bind-
ing (f900, < 1 hr) to the resin GI residence time (¢, = 3 hr)
showed that a large amount of binding occurred rapidly. The
results from the uptake studies demonstrate that chole-
styramine can equilibrate rapidly with bile salts and bind
near its capacity (at a given bile salt concentration) within 1
hr and show that the binding process in the upper region of
the GI tract is not a limiting factor for resin efficacy. How-
ever, since displacement occurs rapidly as well, bound bile
salts are labile to desorption by other anions. These two
results suggest that, to a large extent, cholestyramine will
maintain binding equilibrium with the bile salts in the sur-
rounding solution in the small intestine. Consequently, when
the bile salt concentration is reduced through normal active
reabsorption, in the presence of a constant supply of endog-
enous anions, the resin will reequilibrate with the ambient
solution, other anions will replace the bile salts on the resin,
and the displaced bile salts will be reabsorbed. This phenom-
enon, the reabsorption of bile salts initially instilled to the
gut as cholestyramine-bound bile salts in the presence of
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NaCl, has been observed qualitatively in situ in animals (32).

CONCLUSIONS

In this report we have investigated aspects of the equi-
librium and Kinetic binding behavior of bile salts to chole-
styramine. It has been demonstrated that bile salts bind to
cholestyramine primarily by means of an ion-exchange
mechanism governed by the principles of mass action, and
bile salts can be displaced by additional competing anions.
Competing anions, such as chloride, substantially reduce the
in vitro binding capacity, however, even in the presence of a
strongly competing ion, the binding capacity of chole-
styramine is still sufficient potentially to sequester more bile
salts than the net amount of fecal excretion observed in vivo.
The result suggests that for an ion-exchange resin seques-
trant, the affinity of the resin for bile salts relative to endog-
enous anions is of greater importance than the capacity of
the resin for bile salts. Results from kinetic studies indicate
that resin in the GI tract will rapidly equilibrate with bile
salts. The finding that bile salt binding is reversible in the
presence of a competing anion suggests that while substan-
tial binding may occur in the intestine where bile salt con-
centrations are high, bile salts are displaced from the resin
by competing anions in the lower ileum as the concentration
of bile salts decreases as a result of active reabsorption.
Thus, the reabsorption of bile salts may be the primary fac-
tor influencing the efficacy of bile sequestrants.
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