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Abstract Hepatic extraction of trihydroxy (free, glyco- and
tauro-conjugated), dihydroxy, and monohydroxy bile acids has
been evaluated in single pass liver perfusion experiments in
rats. The percentage of each bile acid bound to albumin was
also evaluated by equilibrium dialysis. Conjugation increased
bile acid liver extraction, without relevant differences in the
percentage of bile acid bound to albumin. Among the free
bile acids, trihydroxy bile acids were more efficiently cleared
by the liver than the dihydroxy acids, and the latter more than
monohydroxy bile acids. 7-Ketolithocholic acid uptake was
slightly less than that of cholic acid. Conversely, among di-
hydroxy bile acids, the percentage of the bile acid bound to
albumin decreased from lithocholic acid to cholic acid. De-
creasing the albumin concentration in the medium, and hence
the fraction of the bile acid bound to albumin, resulted in an
increase in bile acid liver extraction.Bll Therefore, besides
differences in the chemical structure of bile acids, the extent
of bile acid-albumin binding may be a determinant in bile acid
liver uptake.—Aldini, R., A. Roda, A. M. M. Labate, G. Cap-
pelleri, E. Roda, and L. Barbara. Hepatic bile acid uptake:
effect of conjugation, hydroxyl and keto groups, and albumin
binding. J. Lipid Res. 1982. 23: 1167-1173.
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Bile acids (BA) are present in serum at low levels in
healthy fasting subjects, due to their efficient hepatic
uptake and small intestinal input. The information so
far available on the hepatic BA uptake indicates that the
BA share a carrier-mediated transport system (1-4) op-
erating far from saturation at physiological levels of BA
in the portal blood. Quite recently (5), receptors to BA
have been identified and characterized on the liver cell
membranes.

Trihydroxy BA present a maximal transport capacity
approximately twice that of dihydroxy BA, independent
of conjugation (1). Furthermore, different rates of he-
patic extraction have been documented among different
BA in rat liver perfusion experiments, using pairs of
labeled BA (6). In these experiments, uptake of taurine-
conjugated cholic acid was higher than that of glycine-
conjugated and unconjugated cholic acid while minor
differences were found among the various free BA.

At present, it is not known whether differences in the
binding affinity for the uptake sites on the liver cell
membranes may entirely account for differential rates
of uptake for the different BA. Since BA are present
in serum bound to albumin, the tightness of the BA
albumin binding was thought to influence the hepatic
BA uptake, and the efficiency of the hepatic uptake has
been inversely correlated to the affinity of the BA to
albumin (6). Quite recently, however, evidence has been
presented indicating that the uptake of fatty acids takes
place by saturable interaction of a fatty acid albumin
complex with a receptor for albumin (7) on the liver
cell surface. This receptor may account for the efficient
hepatic clearance of such substances tightly bound to
albumin as BA.

The present investigation was carried out in order
to get more insight into the hepatic uptake of different
BA and, possibly, to better define the role of BA al-
bumin binding as a determinant of BA liver uptake.

MATERIALS AND METHODS

Liver perfusion

Isolated liver perfusions were performed as described
by Mortimore (8). Male Sprague-Dawley rats (200-250
g) were used as liver donors. The perfusate consisted
of Krebs-Ringer bicarbonate, pH 7.4, containing glu-
cose (100 mg/ml) and bovine serum albumin (3% or
0.75%, w/v) (Fraction V, essentially fatty acid free,
Sigma, St. Louis, MO, A 6003). The perfusion was es-
tablished without using any anticoagulant and the liver
was washed with 40 ml of Krebs-Ringer bicarbonate

Abbreviations: BA, bile acid; CA, cholic acid; GCA, glycocholic
acid; TCA, taurocholic acid; CDCA, chenodeoxycholic acid; GCDCA,
glycochenodeoxycholic acid; UDCA, ursodeoxycholic acid; LCA, lith-
ocholic acid; GLCA, glycolithocholic acid; 7KLCA, 7-ketolithocholic
acid.

! Address reprint requests to: R. Aldini, M.D., Clinica Medica 111,
Policlinico S. Orsola, via Massarenti, 9, 40100 Bologna, Italy.
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solution. Complete and even blanching of all liver lobes
during this wash-out period indicated satisfactory per-
fusion. Following the wash, the liver was perfused for
30 min with a recycling system containing either 3% or
0.75% albumin before starting the perfusion studies.
Oxygenation with 95% Og and 5% CO; was carried out
as described by Hamilton et al. (9), using silastic tubing
(Dow-Corning, Midland, MI). Perfusate temperature
and pH were monitored continuously and the perfusion
was discharged if the values fell outside the physiological
range.

Viability of the livers was also assessed by light mi-
croscopy, bile output, and oxygen consumption. The
outflow was collected at 10-sec intervals, immediately
after injection of the labeled BA, and the volume was
retained for analysis. Before injection, 1 ml of each so-
lution was retained for equilibrium dialysis, in order to
assess the percentage of BA bound to albumin.

Materials

The following commercially available BA were used:
[24-"*C]taurocholic acid (52.0 mCi/mmol) (Radiochem-
ical Centre, Amersham, England); [*H(G)]glycocholic
acid (1.7 Ci/mmol), [24-'*C]cholic acid (40 mCi/mmol),
[*H(G)]glycochenodeoxycholicacid (1 Ci/mmol), [11,12-
®H]chenodeoxycholic acid (1 Ci/mmol), [*H(G)]glyco-
lithocholic acid (1 Ci/mmol), [24-'*C]lithocholic acid
(59 mCi/mmol), (The Radiochemical Centre, Amer-
sham, England); [11-12-*H]ursodeoxycholic acid (37
Ci/mmol) (New England Nuclear, Boston, MA). [24-
'4C]7-Ketolithocholic acid (20 mCi/mmol) was synthe-
sized from [**C]chenodeoxycholic acid according to the
procedure described by Fieser (10). Glycocholic acid
and glycochenodeoxycholic acid (analytical grade) were
purchased from Calbiochem (La Jolla, CA).

Purity was checked by thin-layer chromatography on
silica Gel-G plates (Merck, Darmstadt, Germany) in the
following solvent systems: acetic acid-carbon tetra-
chloride-diisopropyl ether-isoamyl acetate-n-propa-
nol-benzene, 5:20:30:40:10:10 (v/v) for the free bile
acids, and propionic acid-isoamyl acetate~water—n-pro-
panol 75:100:25:50 (v/v) for the conjugated bile acids
(11). All were shown to be greater than 98% pure.

Prior to infusion into the livers, the labeled bile acids
were incubated at 37°C overnight in Krebs-Ringer bi-
carbonate buffer containing albumin 3% or 0.75%. Im-
mediately before the experiments, Evans blue (1 mg/g
liver) (12) was added as marker of the flow rate and
recovery.

Experimental design

Two sets of experiments were carried out at a phys-
iological (3%, w/v) concentration of albumin in the
medium, in order to define the effect of the following
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parameters on BA liver uptake. A) Tauro-, glyco-, and
free cholic acid were compared in the same liver per-
fusion experiments (four experiments) to study the ef-
fect of conjugation. B) Free cholic, chenodeoxycholic,
lithocholic, ursodeoxycholic, and 7-ketolithocholic acid
were compared in the same livers (five experiments) to
examine the effect of number and arrangement of hy-
droxyl groups and presence of keto groups on the ste-
roid ring.

In order to evaluate the effect of albumin concen-
tration on hepatic BA extraction, glycine-conjugated
cholic, chenodeoxycholic, and lithocholic acids were in-
Jected in the same livers and hepatic extraction was com-
pared at 3% and 0.75% albumin concentration in the
perfusate. The experiments were carried out at a tracer
(four experiments) and 100-uM dose of BA (four ex-
periments). In the latter experiments, glycolithocholic
acid was not used, because of its insolubility. Since the
total volume of injection was 2.5 ml, 100 uM BA rep-
resented a dose of 0.025 pmol/bolus, i.e., a mass of
BA less than the saturation dose reported for tauro-
cholate (1).

In all the experiments, the bile acids were randomly
injected. Since *H-labeled bile acids were also used, in
order to avoid problems of overlap, a 15-min interval
was interposed between each infusion. In some exper-
iments, in addition, the first BA infused was also infused
at the end of the study, in order to check the repro-
ducibility of uptake information. If the difference be-
tween the two experiments exceeded 2.0% of the in-
jected dose, the experiment was discharged. A total of
0.2 uCi of each bile acid was injected in each experi-
ment, i.e., a mass inferior to the K,, reported for tau-
rocholate (1).

Analytical methods

Radioactivity was measured on 500 ul of each outflow
sample by liquid scintillation counting in a Isocap 300
(Nuclear Chicago, now Tracor Analytic, Elk Village,
IL), after addition of 15 ml of Unisolve® as scintillation
solution. From the known weight and activity of the
injected material, it was possible to calculate the cu-
mulative recovery as a percentage of the dose for each
labeled BA, after correcting for the Evans blue recov-
ery. The Evans blue was directly evaluated in each sam-
ple in a Perkin Elmer Spectrophotometer at 610 nm
(12). Bovine serum albumin concentration in the per-
fusate was measured by the method of Lowry et al. (13).

Equilibrium dialysis

Equilibrium dialysis was performed in dialysis bags
washed with distilled water and then with phosphate
buffer 0.1 M, pH 7.2. The dialysis systems were set up
with 0.3 ml each of BA solution inside the sac and 4 ml
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of buffer outside, containing an identical solution of BA
free of protein. The systems were equilibrated by me-
chanical shaking for 24 hr at 37°C. The equilibrium
was verified by the absence of a change in distribution
between 20 and 24 hr (14). Two hundred ul of both
inner and outer solutions were then counted for radio-
activity. The radioactivity in the outer (free) and inner
(bound + free) fractions was used to calculate the
bound BA.

Expression of the results

The percentage of outflow was corrected for the
Evans blue recovery and the liver uptake was calculated
as: 100 — percentage outflow. Only intra-experiment
comparisons between the extraction of different BA
were considered. The statistical analysis was performed
using the Student’s ¢ test for paired data.

RESULTS

Standardizing liver perfusion

Liver perfusion data are in Table 1. Similar flow rates
of perfusate through the liver were established. The
following observations indicated the metabolic integrity
of the liver. The pH of the perfusate leaving the liver
was between 7.36 and 7.44; bile output averaged 0.056
ml/g liver per hr; no significant differences in SGOT
levels were observed throughout the study (12 =2 U/
1); there was normal histology as judged by light mi-
croscopy; and oxygen consumption was constant. Only
preparations that fulfilled these criteria were used for
the analysis of the results.

To allow quantitative interpretation of the results, it
was necessary to appraise the extent of bile acid binding
to the mechanical components of the perfusion system
with respect to temperature (37°C) and albumin con-
centration (0.75-3%, w/v). The bile acids bound to the
glass systems ranged from 0.5% (3% albumin) to 1.5%
(0.75% albumin). The recovery of Evans blue was 97.6
* 2.5% (mean * SD; range, 94-102%).

Effect of conjugation and presence of hydroxyl and
keto groups

Fig. 1 shows a typical experiment, comparing tau-
rocholic, glycocholic, and free cholic acid liver outflow

TABLE 1. Liver perfusion data

Perfusate Perfusate Portal Vein
Albumin Flow Pressure Bile Flow Liver Weight
g/100 ml mlimin per g cm H,0 ml/ g liver per hr g
0.75 1.2+ 0.3 12 0.056 + 0.004 9.95 + 0.12
3.0 1.2 +0.2 12 0.054 + 0.003 10.02 = 0.07
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Fig. 1. Outflow profile for an experiment carried out comparing
taurocholic, glycocholic, and free cholic acid in single pass uptake by
liver. The experiment illustrated is number 1 in Table 1.

profiles. In all the experiments, taurocholic acid was
taken up by the liver more efficiently (P < 0.001) than
glycocholic acid and the latter more efficiently (P
< 0.001) than cholic acid (Table 2).

In Fig. 2, the outflow profiles of unconjugated BA
are shown. Cholic acid single pass extraction was sig-
nificantly higher than that of 7-ketolithocholic acid (P
< 0.01), ursodeoxycholic acid (P < 0.005), chenodeoxy-
cholic acid (P < 0.005), and lithocholic acid (P < 0.005)
(Table 3). Among the disubstituted bile acids, cheno-
deoxycholic and ursodeoxycholic acids were taken up
to a similar extent, while 7-ketolithocholic acid extrac-
tion was slightly greater than that of the two dihydroxy
bile acids (P < 0.05 for both BA).

Effect of albumin concentration (Table 4)

When the liver uptake of glyco-conjugated BA was
compared at 3.0 g/dl albumin concentration in the per-
fusion medium, the uptake of glycocholic acid was
higher than that of glycochenodeoxycholic acid (P

TABLE 2. Effect of conjugation: hepatic uptake of taurine- and
glycine-conjugated and unconjugated cholic acid

Single Pass Extraction (% dose)

Exp. TCA GCA ca

1 80 68 57

2 73 61 51

3 70 58 50

4 75 66 56
Mean 74.5 63.3 53.5
SD 4.2 4.6 3.5
P vs. TCA 0.001 0.001
P vs. GCA 0.001
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Fig. 2. Outflow profile for an experiment carried out comparing
cholic, chenodeoxycholic, ursodeoxycholic, lithocholic, and 7-keto-
lithocholic acids in single pass uptake by liver. The experiment illus-
trated is number 4 in Table 3.

< 0.01) and glycolithocholic acid (P < 0.05). Glyco-
chenodeoxycholic acid extraction was higher than that
of glycolithocholic acid (P < 0.05), showing that the
presence of hydroxyl groups increased the uptake both
for free (see above) and conjugated BA.

A similar uptake pattern for tri-, di-, and monohy-
droxy glycoconjugated BA was observed when the per-
fusion experiments were carried out at 0.75 g/dl al-
bumin concentration in the perfusion medium. Fur-
thermore, the uptake of glycocholic acid was similarly
higher than that of glycochenodeoxycholic acid when
the two bile acids were injected as a 100-uM bolus, both
at 3 g/dl albumin (P < 0.001) and 0.75 g/dl albumin
(P < 0.001) concentration in the perfusion medium.

As far as the effect of albumin concentration on the
uptake of the same BA is concerned, a significant (P
< 0.001) increase in the glycocholic acid liver uptake
was observed, both at tracer and 100 uM BA concen-
tration, when the albumin concentration was lowered
down from 3 to 0.75 g/dl. On the other hand, no mod-
ifications were observed between the uptake of the
other two bile acids either at 3 or 0.75 g/dl concentra-
tion, when the bile acids were infused at tracer dose,
while liver extraction of glycochenodeoxycholic acid at
100 uM BA concentration was significantly (P < 0.001)
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higher at 0.75 than at 3 g/dl concentration of albumin
in the medium.

BA-albumin binding (Table 5)

In the presence of physiological (3%, w/v) concen-
trations of albumin in the medium, 48% unconjugated
cholic acid was bound, while 92% chenodeoxycholic,
91% ursodeoxycholic, 85% 7-ketolithocholic, and 98%
lithocholic acid were bound. Tauro- and glyco-conju-
gated cholic acids were 42% and 45% bound, respec-
tively. Decreasing the albumin concentration to 0.75%,
in the presence of tracer doses of BA, glycocholic acid
binding was reduced to 32%, while glycochenodeoxy-
cholic and glycolithocholic acid bindings were un-
changed. In the presence of 100 uM BA concentrations
in the media, however, the percentage of both glyco-
conjugated cholic and chenodeoxycholic acids bound
was reduced by an average factor of 40% and 25%,
respectively (Table 5).

DISCUSSION

The present experimental model provides further
evidence that uptake of bile acids by liver is efficient for
all the BA, though differences exist among the various
BA. To date, different rates of hepatic extraction have
been shown for conjugated cholic and free cholic acid,
chenodeoxycholic acid, and deoxycholic acid, but no
data are available on ursodeoxycholic and 7-ketolith-
ocholic acids. Interest in these latter acids is now emerg-
ing in view of their use as gallstone-dissolving agents
(15-17). We have documented clearcut differences in
the uptake of BA; taurocholic was extracted most ef-
ficiently followed in order by glycocholic and cholic ac-
ids. Among the unconjugated BA, the hepatic uptake

TABLE 3. Effect of hydroxyl and keto groups: hepatic extraction
of free cholic, chenodeoxycholic, lithocholic, ursodeoxycholic,
and 7-ketolithocholic acids

Single Pass Hepatic Extraction (% dose)

Exp. CA CDCA UDCA LCA 7KLCA
1 52 38 48 35 47
2 48 40 41 33 44
3 46 37 36 32 39
4 46 39 41 33 44
5 79 74 73 55 76
Mean 54.2 45.6 47.8 37.6 50.0
SD 14.1 15.9 14.7 9.8 14.8
P vs. CA 0.005 0.005 0.005 0.01
P vs. CDCA NS 0.05 0.05
P vs. UDCA 0.05 0.05
Pvs. LCA 0.001
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TABLE 4. Effect of albumin concentration in the medium: hepatic extraction of
glycine-conjugated cholic, chenodeoxycholic, and lithocholic acids

Bile Acids at 100 uM

Bile Acids at a Tracer Concentration Concentration

GCA GCDCA GLCA GCA GCDCA
Exp. 3 0.7 3 0.75 3 0.75 3 0.75 3 0.75

1 44 55 39 40 32 33 64 86 57 71

2 46 59 39 43 33 33 60 81 53 68

3 79 91 74 71 55 55 57 76 51 64

4 74 86 71 76 61 63 54 76 .48 62
Mean 60.7 72.7 55.7 57.5 452 46.0 58.8 79.8 52.3 66.3
SD 18.3 183 194 186 149 153 43 48 3.8 4.0

P <0.001 NS NS <0.001 <0.001
P vs. GCA 0.01 0.01 0.05 0.05 0.001 0.001

P vs. GCDCA 0.05 0.05

¢ Albumin concentration at 3 and 0.75 g/dl.

of cholic was the highest, followed in order by 7-keto-
lithocholic, ursodeoxycholic, chenodeoxycholic, and
lithocholic acids. Therefore both conjugation and the
number of hydroxyl groups influence hepatic BA single
pass clearance.

The differences found in hepatic extraction of the
free BA can be explained in terms of differences in the
binding activity of albumin towards these compounds.
In fact, the affinity for albumin has been shown (18) to
be reduced by the introduction of polar groups into the
steroid ring. Thus, the extent of binding decreases from
lithocholic to cholic acid, through chenodeoxycholic
(18) and ursodeoxycholic acids, and is inversely related
to the hepatic extraction (Fig. 3).

A similar trend was observed when the hepatic ex-
traction of glyco-conjugated BA was related to the per-
centage of BA bound to 3 g/dl albumin: the curve of
the glyco-conjugated BA paralleled that of the free BA,

TABLE 5. Bile acid-albumin binding: percentage of bile acids*
bound to bovine serum albumin

3 g/dl Albumin 0.75 g/dl Albumin
n Mean + SD n Mean + SD

CA 8 48 + 2
CDCA 5 92 + 4
UDCA 5 91 £5
LCA 5 98 + 2
7KLCA 5 85*5H
GCA 7 45 + 2 4 32 +1
TCA 3 42 + 3
GCDCA 4 90 + 6 4 90 + 4
GLCA 4 97 £ 3 4 97 + 2
GCA’ 3 70 + 4 3 46 + 3
GCDCA* 3 90 + 5 3 68 + 4

“ Tracer concentration for all bile acids except those indicated by
footnote b.
* Bile acid concentration 100 uM.

but was shifted to higher values of hepatic extraction.
Furthermore, decreasing the albumin concentration in
the perfusate increased the liver extraction of cholic
acid (both at tracer and 100 uM BA concentrations) and
chenodeoxycholic acid (100 uM), probably on account
of the decrease in the fraction of BA bound to albumin.

On the other hand, differences in the tightness of the
BA albumin binding (14, 19) cannot entirely explain
the differences in hepatic extraction of taurine- and gly-
cine-conjugated and unconjugated BA. In fact, the con-
jugation with glycine and taurine greatly increases the
hepatic extraction for all BA without a corresponding
decrease in the percentage of BA bound to albumin.
This suggests that different mechanisms, other than the
binding to albumin, are involved in the overall uptake
of bile acids by liver.

80 HEPATIC EXTRACTION (%)

‘TCA
\

70

60

T

50

40

0 0 70 80 % 10

% OF BILE ACID BOUND TO ALBUMIN

Fig. 3. Relationship between the hepatic extraction of bile acid and
the percentage of bile acid bound to albumin. Solid lines represent the
behavior of bile acid with different substituents; dotted lines represent
the effect of conjugation for a single bile acid.
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Reichen and Paumgartner (20) demonstrated that
chemically different BA share a common hepatic trans-
port system, with greater affinity for dihydroxy BA, but
with higher maximal uptake velocity for trihydroxy BA.
They found that conjugation increases the affinity of
the BA to the receptor. Since they found that the af-
finity of all the bile acids studied (taurocholic, cholic,
chenodeoxycholic) to albumin is of a similar order of
magnitude, they concluded that the differences in the
K,, observed in their studies reflect differences in the
affinity of individual BA to the hepatic carrier, rather
than differences in the fraction of BA bound to albumin.

Our results are in agreement with those of Reichen
and Paumgartner (20), limited to the effect of conju-
gation on the BA-albumin binding. In fact, both the
fractions of BA bound to albumin (Table 5) and the
affinity of the BA to albumin (14, 18) were not greatly
modified by conjugation. Therefore, differences in the
binding affinities for the uptake sites on the liver cell
membranes must be considered, at least as far as con-
jugated bile acids are concerned.

Quite recently, a surface membrane albumin recep-
tor has been demonstrated in rat liver perfusion exper-
iments (21); it is thought to mediate the hepatic uptake
of bromosulfophthalein, bilirubin (22), and fatty acids
(7). Therefore, albumin-bound fractions, not free,
should be the major uptake determinant, at least for
these organic anions; though other studies (23) indicate
that the receptor to albumin is not involved in bilirubin
hepatic uptake. On the basis of the existence of such a
receptor, from kinetics analyses of the uptake of
[**C]oleate, in a single pass perfusion of rat liver, Wei-
siger, Gollan, and Ockner (7), suggested a two-com-
ponent model for the uptake of fatty acids. A major
component is attributable to a receptor for albumin,
catalyzing the uptake of albumin-bound oleic acid, while
a minor component reflects the uptake of unbound
oleate. The authors considered that a similar model
could be applied to other organic anions, such as bili-
rubin and bile acids, and could explain the efficient he-
patic uptake of substances tightly bound to albumin.

Since the tightness of the albumin binding of bile
acids is quite different from that of fatty acids and it
differs among the BA from monohydroxy BA to tri-
hydroxy BA, it is possible that the two components of
the uptake play different roles in the overall uptake of
the different BA, and that the bound fraction accounts
for the uptake of almost all lithocholic acid (96-98%
bound to albumin) and most of dihydroxy BA (80-90%
bound), but only part of trihydroxy BA.

Moreover, Forker and Luxon (24) have demon-
strated in rat liver perfusion experiments that increasing
the concentration of albumin in the perfusion media
reduces the uptake rate, but that this effect is much less
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than that predicted from concomitant changes in the
BA-albumin binding. They conclude that the uptake of
taurocholate depends not only upon the free bile acid
but also upon the interaction between albumin and the
liver cell surface.

In conclusion, both differences in the chemical struc-
ture of the bile acids and differences in the tightness of
the BA binding to albumin are determinants of hepatic
BA uptake. The extent to which albumin exerts its role
in the uptake of bile acids by the liver and the exact
mechanism involved have yet to be fully clarified. il

Manuscript received 24 August 1981, in revised form 24 March 1982, and
in re-revised form 28 July 1982.
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