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Abstract

Transport systems involved in uptake and biliary secretion of
bile salts have been extensively studied in rat liver; however,
little is known about these systems in the human liver. In this
study, we investigated taurocholate (TC) transport in canalicu-
lar and basolateral plasma membrane vesicles isolated from 15
human livers (donor age 6-64 yr). ATP stimulated the uptake
of TC into both canalicular and basolateral human liver plasma
membrane vesicles (cLPM and bILPM, respectively). Consid-
erable interindividual variations in the transport velocity were
observed in the different membrane preparations used: 9.0+1.3
(mean+SEM, n = 17; range 1.6-18.0) and 9.3+2.0 (range 1.1-
29.8) pmol TC - mg protein ' - min " at 1.0 uM TC for cLPM
and bILPM, respectively. TC transport was temperature sensi-
tive and showed saturation kinetics with a high affinity for TC
(K, 4.2+0.7 uM and 3.7+0.5 uM for cLPM and bILPM, re-
spectively). Transport was dependent on the ATP concentra-
tion and saturable (K, 0.25+0.03 mM, n = 3). Neither nitrate,
which reduces membrane potential, nor the protonophore
FCCP strongly inhibited ATP-dependent TC transport, indi-
cating that membrane potential and proton gradient are not
involved in this process. TC transport was significantly inhib-
ited by the classical anion transport inhibitor 4,4'-diisothio-
cyanostilbene-2,2'-disulfonate (250 M) and the glutathione
conjugate S-( 2,4-dinitrophenyl)glutathione (100 »M). In con-
clusion, high affinity ATP-dependent TC transport is present in
human liver at both the canalicular and the basolateral sides of
the hepatocyte. (J. Clin. Invest. 1992. 90:2321-2326.) Key
words: canalicular plasma membrane vesicles ¢ basolateral
plasma membrane vesicles  primary active transport o
DNP-SG

Introduction

Transport systems involved in vectorial hepatic transport of
bile salts (i.e., uptake at the sinusoidal side and secretion at the
canalicular pole of the hepatocyte) have been studied exten-
sively in rat liver. However, little is known about these pro-
cesses in the human liver. Vesicles are the system of choice to
study these processes, since no interference by intracellular me-
tabolism occurs and the media inside and outside the vesicles
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can be defined exactly and manipulated easily. We have re-
cently developed a method to isolate canalicular (cLPM)' and
basolateral (bILPM) plasma membrane fractions simulta-
neously from human liver (1), which enables us to study trans-
port processes in both types of membranes of the same liver.

Studies using membrane vesicles from rat liver indicate that
uptake of taurocholate (TC) from the blood into the hepato-
cyte at the basolateral (sinusoidal) membrane is sodium de-
pendent (2-6). Only a single study is known to us in which TC
transport was investigated in human liver membranes: in baso-
lateral membrane preparations isolated from two human
livers, sodium-dependent TC transport could also be demon-
strated (7).

The excretion of TC into bile has been shown to be sodium
independent and membrane potential dependent in rat liver
(5,8,9). A protein of ~ 100 kD appears to be involved in this
transport process (10-12). The magnitude of the membrane
potential, however, is too small to explain the actual bile salt
concentration gradients that exist over the canalicular mem-
brane (5). Recently, primary ATP-dependent TC transport
was demonstrated in rat canalicular membranes (13-17),
which apparently acts synergistically with potential-dependent
TC transport ( 18). Photoaffinity labeling and reconstitution
studies revealed that a 110-kD glycoprotein functions as carrier
in the ATP-dependent TC transport (16).

Besides the bile salt transport system, the existence of two
other ATP-dependent transporters has been demonstrated in
rat canalicular membranes, namely, a transporter for non-bile
acid organic anions, e.g., S-(2,4-dinitrophenyl)glutathione
(DNP-SG), cysteinyl leukotrienes and glucuronides (19-25),
and probably bile acid sulfates (25), and the P-glycoprotein,
the product of the multidrug-resistance gene, which transports
mainly hydrophobic cations (26). Available data indicate that
the multidrug-resistance transporter is different from the anion
carriers. There is also evidence from in vitro studies that TC
transport and non-bile acid organic anion transport proceed
via different systems (15, 16). This has previously been in-
ferred from the existence of the Dubin-Johnson syndrome in
man (27), and mutant Corriedale sheep (28) and Wistar rats
(29, 30), all showing impaired secretion of non-bile salt or-
ganic anions with normal bile salt secretion.

Since bile salt secretion is an important determinant of bile
flow, information on mechanisms of hepatic bile salt transport
in human liver may provide better insight into normal bile

1. Abbreviations used in this paper: bILPM, basolateral domains of
liver plasma membranes; cLPM, canalicular domains of liver plasma
membranes; DIDS, 4,4'-diisothiocyanostilbene-2,2'-disulfonic acid;
DNP-SG, S-(2,4-dinitrophenyl)glutathione; FCCP, carbonylcyanide-
p-trifluoromethoxyphenylhydrazone; LAP, leucine aminopeptidase;
RE, relative enrichment of enzyme activities; TC, taurocholate; UW,
University of Wisconsin.
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formation in man, and improve our understanding of mecha-
nisms involved in the etiology of cholestasis. We therefore in-
vestigated TC transport in human liver plasma membranes. In
this work we demonstrate the presence of an ATP-dependent
TC transport system in human liver plasma membranes.

Methods

Materials. [*H]TC was purchased from DuPont/New England Nu-
clear (Boston, MA), FCCP (carbonylcyanide-p-trifluoromethoxy-
phenyl-hydrazone) was from Fluka AG (Buchs, Switzerland ), and val-
inomycin and DIDS (4,4’-diisothiocyanostilbene-2,2 -disulfonic acid)
were purchased from Sigma Chemical Co. (St. Louis, MO). DNP-SG
was kindly provided by Dr. P. Zimniak ( Division of Gastroenterology,
University of Arkansas for Medical Sciences, Little Rock, AR). All
other chemicals used were of analytical grade.

Human livers. Human liver tissue was obtained from livers har-
vested from multiorgan donors (six female and nine male, age 6-64
yr). Consent from legal authorities and family was obtained for the
explantation of organs for transplantation purposes. The donor livers
were split in order to be able to perform reduced-size liver transplants
in children. The liver tissue remaining after the splitting procedure was
used for the isolation of plasma membranes. Some livers discarded for
transplantation after harvesting were used as well. Livers were perfused
with University of Wisconsin (UW) solution (31) and stored in this
buffer at 4°C until the start of the isolation procedure, which was per-
formed within 48 h.

Isolation and characterization of plasma membrane fractions.
cLPM and bILPM were isolated and characterized as described previ-
ously (1), with a small modification: 0.1 mM PMSF, a protease inhibi-
tor, was added to the homogenization buffer. Membrane vesicles were
stored in liquid nitrogen from 4 to 21 mo until use. No indication of
loss of transport activity was observed during storage under these con-
ditions. Marker enzymes, Na* K *-ATPase ( 32) for basolateral and leu-
cine aminopeptidase (33) for canalicular membranes, were deter-
mined as described. Protein was determined by the method of Lowry et
al. (34) using BSA (Sigma Chemical Co.) as standard. Enrichments
(specific enzyme activity of the membrane preparation relative to the
specific enzyme activity in the total homogenate) of the canalicular
membrane preparations were 59+8 for leucine aminopeptidase and
21+5 for Na*K *-ATPase, and for basolateral preparations 14+2 and
38+6, respectively (17 preparations). We have previously shown that
the subcellular organelles endoplasmic reticulum, mitochondria, Golgi
membranes, and lysosomes, are only slightly enriched, if at all, in our
membrane preparations (1).

Transport studies. TC transport was measured using a rapid filtra-
tion technique. Experiments were performed at 37°C in a final volume
of 100 ul. Unless specified otherwise, the incubation medium con-
tained various concentrations of [2H] TC, 1.0 mM ATP, an ATP regen-
erating system (10 mM creatine phosphate and 0.1 mg/ml creatine
kinase), 1.0 mM ouabain, and 0.5 mg/ml BSA in 10 mM Tris- HCl/
0.25 M sucrose/ 10 mM MgSO,/0.2 mM CaCl,, pH 7.4; final mem-
brane protein concentration was 0.2 mg protein - ml~'. Similar incuba-
tions without ATP served as blanks. Transport was stopped by adding
2.5 ml ice-cold buffer (10 mM Tris- HC1/0.25 M sucrose/10 mM
MgS0,/0.2 mM CaCl,, pH 7.4). Vesicles were filtered through 0.45-
um mixed (nitrate/acetate) cellulose filters (Millipore HAWP; Milli-
pore Corp., Bedford MA), which were prefiltered with 1 ml 1.0 mM
TC and washed twice with 2.5 ml buffer. Radioactivity on the filter was
measured in an Wallac liquid scintillation counter (LKB, Turku, Fin-
land). Experiments were performed in triplicate, with at least three
different membrane preparations.

K, and V,,, values were calculated using double reciprocal plots of
1/v as a function of 1/[substrate]; the intercept on the x-axis reflects
—1/K,,, the intercept on the y-axis 1/V, ...

Values are expressed as mean+SEM unless indicated otherwise. In
some studies least-squares linear regression analysis was applied.
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Results

ATP-dependent TC transport. TC uptake into human liver
plasma membrane vesicles at 37°C was stimulated by ATP
(Fig. 1). Large differences in transport rate between different
membrane preparations were observed (see below), but quali-
tatively the different membrane preparations showed the same
time dependence: initial, rapid uptake was followed by slower
uptake, probably a consequence of simultaneous leakage of TC
out of the vesicles according to the TC gradient produced. Fi-
nally, probably because the ATP concentration in the system
was reduced, release of TC occurred. This release was slower in
the bILPM fraction shown in Fig. 1 than in the cLPM fraction,
probably because in the latter fraction more Mg-ATPase was
present (1), leading to faster consumption of ATP. No ATP-
dependent transport of TC was observed when experiments
were performed on ice (data not shown). To verify that uptake
and not ATP-dependent binding was measured, studies were
performed in the presence of different extravesicular concen-
trations of sucrose. With increasing osmolarity, less TC was
taken up in the presence of ATP (Fig. 2), indicating that only a
small fraction of the measured uptake reflects binding to the
membranes. Binding of TC to the membrane vesicles (associa-
tion at infinite medium osmolarity ) amounted to 8 and 12% of
the total uptake in normal medium in two different cLPM
preparations, and to 8 and 9%, respectively, for bILPM frac-
tions isolated from the same livers. Thus, the contribution of
binding was similar for both types of membranes.
Localization of ATP-dependent TC transport. ATP-depen-
dent TC transport was observed in both canalicular and basolat-
eral membrane fractions. Large interindividual differences
were observed: initial rates 1.6~18.0 pmol TC-mg™' - min™!
for cLPM and 1.1-29.8 for bILPM (medium concentration,
1.0 kM TC). In some of the preparations the transport rate (on
protein basis) in basolateral membranes was higher than in the
canalicular fraction, whereas in others this ratio was opposite

(see below). Mean TC transport rate was 9.0+1.3
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Figure 1. TC uptake into human cLPM and bILPM: effect of ATP.
Association of TC (medium concentration 1.0 uM) with membrane
vesicles was determined at 37°C, in the absence (closed symbols) or
presence (open symbols) of 1.0 mM ATP. o, cLPM; a, bILPM. Data
are from a representative experiment (see text). The experiment was
performed in triplicate; SD are not shown for clarity, they were < 15%
of the mean values.
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Figure 2. Effect of medium osmolarity on TC uptake in human liver
plasma membrane vesicles. ATP-dependent uptake was determined
after 30 min incubation in medium ( TC concentration 1.0 M) with
different concentrations of sucrose. Data (+SD) are from a typical
experiment in triplicate. Similar observations were made in four other
membrane preparations. By extrapolation to the abscissa an estimate
of the amount of TC bound to the membranes can be made.

pmol-mg~'-min~! for cLPM and 9.3+2.0 pmol-mg™'-

min~! in bILPM (17 membrane preparations isolated from 15
different livers). It is theoretically possible that ATP-depen-
dent TC transport is present only in human canalicular mem-
branes, as described for rat liver (14, 15). Due to unavoidable
contamination with canalicular membranes, ATP-dependent
TC transport would in this case also be measurable in the
bILPM fraction. This possibility could, however, be excluded.
The relative amounts of cLPM present in the cLPM and
bILPM fractions can be quantified by measuring the relative
enrichment (RE) in leucine aminopeptidase (LAP) activity. If
ATP-dependent TC transport were performed by canalicular
membranes only, the transport rates corrected for the presence
of cLPM (by dividing by LAP enrichment) should be identical
in cLPM and bILPM. Transport rates thus calculated, how-
ever, yielded values of 0.19+0.04 pmol-min~'-mg prot™.

RE(LAP)™! for cLPM and 0.69+0.10 for blLPM preparations
(P <0.001), indicating that the ATP-dependent TC transport
is not only located on the canalicular, but also on the basolat-
eral side of the membrane. Similarly, to rule out the possibility
that transport is located on bILPM only, transport rates were
corrected for the presence of bILPM by dividing by the RE for
Na*K*-ATPase. Mean velocities were 0.56=0.08 for canalicu-
lar and 0.27+0.05 pmol-min~'-mg prot™'-RE(Na*K*-
ATPase) ™! for basolateral membrane preparations (P < 0.01).
These data thus show that the ATP-dependent TC transport
activity is present in both bILPM and cLPM.

Age dependency of ATP-dependent TC transport. There
seemed to be a tendency for a decrease in transport rate with
donor age (Fig. 3). However, it appeared that the purity of the
membrane preparations was also age dependent to some ex-
tent: with increasing age, less enrichment with Na*K*-ATP-
ase was observed in both cLPM and bILPM. Enrichments in
LAP activity were not age dependent. Thus, it was essential to
correct the uptake rate for the purity of the plasma membrane
preparation. When this was done for the quantity of bILPM by
dividing the transport rate by the enrichment of Na*K *-ATP-
ase activity in the membranes (Fig. 4), there was a tendency for
a decrease in uptake rate with age for the basolateral prepara-
tion only. Transport rate corrected for LAP showed a decrease
with age for both cLPM and bILPM, probably because of the
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Figure 3. Age dependency of ATP-dependent TC transport in human
liver membranes. Initial rapid TC uptake in medium containing 1.0
uM TC was determined as described in Methods. (4) cLPM (r
=—-0.567; P <0.01); (B) blLPM (r = —0.479; P < 0.05).

occurrence of relatively less basolateral membranes in prepara-
tions of the older donors, as mentioned earlier.

No correlations between ATP-dependent TC transport and
donor gender, preservation time of the liver in UW solution, or
storage time of the membranes in liquid nitrogen were ob-
served.

Kinetics of ATP-dependent TC transport. Transport of TC,
measured in the presence of 1.0 mM ATP, showed saturation
kinetics. Fig. 5 gives an example of the relationship between
TC concentration and transport rate. The apparent K, for TC
was 4.2+0.7 uM for cLPM (four preparations), which is simi-
lar to the K, determined for bILPM (3.7+0.5 uM; five prepara-
tions). As stated above, large differences in transport rates were
observed for different preparations used. V,,, values ranged
from 6.5 to 188 pmol - mg prot ™' - min~! (five basolateral and
four canalicular preparations isolated from six different livers).

Fig. 6 shows the dependence of transport rate on ATP con-
centration in a typical experiment. Transport was saturable;
the apparent K, for ATP was 0.25+0.03 mM (n = 3). V,,, for
the three preparations (isolated from three different livers)
studied ranged from 4.3 to 21 pmol-mg™! - min~'.

Role of membrane potential and pH gradients. To further
characterize ATP-dependent TC transport, we studied the ef-
fects of several compounds. Since bILPM and cLPM showed
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Figure 4. Age dependency of ATP-dependent TC transport in human
liver membranes. Transport rates, as presented in Fig. 3, were
corrected for the amount of basolateral membranes actually present
in the preparations by dividing the transport rate
(pmol-mg~'-min~"') by the relative enrichment of the basolateral
marker enzyme Na*K*-ATPase. (4) cLPM (r = 0.069); (B) bILPM
(r = —0.409). No significant correlation with age was observed.
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Figure 5. Effect of TC concentration on ATP-dependent TC transport
in human liver plasma membrane vesicles. Initial rapid uptake was
determined at different TC concentrations in the presence of 1.0 mM
ATP; uptake in the absence of ATP served as blanks. Values are
mean=+SD of an experiment in triplicate. @, cLPM; 0, bILPM. Quali-
tatively similar curves were observed in seven additional membrane
preparations (see text).

similar K, values for TC uptake, it is highly likely that the same
transporter is responsible for transport in both vesicle prepara-
tions. We therefore did not study effects of the various com-
pounds on cLPM and bILPM separately, but all studies were
done at least once with a preparation of each membrane type.
No qualitatively different effects on cLPM and bILPM were
observed.

Initial rates of ATP-dependent TC transport were not de-
pendent on pH gradient or membrane potential. The protono-
phore FCCP, which dissipates pH gradients, only slightly inhib-
ited transport. The presence of nitrate, a permeable anion that
dissipates a possible membrane potential, stimulated transport
(Table 1). The K* ionophore valinomycin, which collapses
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Figure 6. Effect of ATP concentration on TC transport. Initial rapid
TC uptake was determined in the presence of 1.0 uM TC. Data are
mean+SD of an experiment in triplicate. Qualitatively similar curves
were observed in two additional membrane preparations (see text).
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Table I. Effects of Nitrate, Ionophores, DIDS, and DNP-SG on
Plasma Membrane ATP-dependent TC Transport

Relative transport
%
Control 100
FCCP (5 uM) 819 (6)
Nitrate* 158+24 (4)
Valinomycin plus K** 48+10 (4)
Valinomycin® 53+21 (3)
DIDS (250 uM) 6+5 (3)
DNP-SG (100 uM) 62+10 (4)

Initial rates of ATP-dependent TC uptake were measured in medium
as described in Methods unless specified otherwise. TC concentration
was 1.0 uM and ATP concentration was 1.0 mM. Data are given as
percentage of control uptake rate +SEM, with the number of different
membrane preparations used in parentheses. The data presented
were obtained from at least one cLPM and one bILPM preparation.
No qualitative differences were observed between cLPM and bILPM.
* Medium inside as well as outside the vesicles contained 100 mM
KNO; plus 50 mM sucrose instead of 250 mM sucrose in the uptake
buffer. * Medium inside and outside the vesicles contained 100 mM
KCl plus 50 mM sucrose instead of 250 mM sucrose in the uptake
buffer; valinomycin concentration was 10 ug/mg protein.

§ Medium contained 10 ug valinomycin/mg protein.

membrane potential in the presence of KCl, inhibited TC trans-
port, which might point to an involvement of membrane po-
tential in the ATP-dependent transport. However, similar inhi-
bition by valinomycin occurred in the absence of potassium,
suggesting a nonspecific effect of valinomycin (Table I).
Inhibitors. DIDS, the classical anion transport inhibitor,
strongly inhibited ATP-dependent transport (Table I). DNP-
SG, which was shown to be transported by an ATP-dependent
carrier in rat liver membranes (13, 19, 20), also inhibited ATP-
dependent TC transport to a considerable extent (Table I).

Discussion

Excretion of TC into bile was shown to be a sodium-indepen-
dent, membrane potential-dependent process in rat liver (5, 8,
9). However, the magnitude of the membrane potential is in-
sufficient to explain the gradient of bile salts across the canalicu-
lar membrane. The recent discovery of an ATP-dependent TC
excretion system in rat liver may provide a clue for the exis-
tence of the extremely high biliary bile salt concentrations (13-
17). This study clearly demonstrates the presence of an ATP-
dependent transport system for TC in human liver plasma
membranes as well. Transport was temperature dependent and
showed a low K, value (K, = 4.2+0.7 uM and 3.7+0.5 uM for
cLPM and blLPM, respectively) for TC. In rat cLPM, K, val-
ues of 47 (14), 26 (15), 7.5 (16), and 2.1 uM (17) have been
published for the ATP-dependent TC transport system. The
K, for ATP was 0.25 mM, which is in the range of values
reported in the literature for rat cLPM, i.e., 0.80 (16), 0.67
(15), and 0.064 mM ( 14), respectively. Experiments using the
highly permeable anion nitrate and the protonophore FCCP
indicated that neither membrane potential nor pH gradient
was involved in the transport process. Similarly, it has been



reported that membrane potential is not involved in the ATP-
dependent TC transport in rat canalicular membranes (14,
17). In our experiments, the ionophore valinomycin did in-
hibit transport. Since this inhibition was seen in both the ab-
sence and the presence of the transferred ion (potassium), this
is probably attributable to a nonspecific effect of valinomycin.
Similar to observations in rat liver cLPM (15, 17), the anion
transport inhibitor DIDS very strongly inhibited ATP-depen-
dent TC transport in human membrane vesicles.

The measured transport rates showed large interindividual
variations. There are many factors that may influence the trans-
port rate and may thus be responsible for this variation. First of
all there are donor-dependent factors (genetic variations, age,
gender, diet, previous medication, etc.). Furthermore, several
factors may influence the quality of the isolated liver (quality
of the perfusion, preservation time). Finally, the purity of the
membranes and their orientation (in rat cLPM, ATP-depen-
dent transport was shown in inside-out vesicles only [15]) may
influence the measured transport rate. When corrected for the
amount of basolateral membranes present in the membrane
fractions, there was an insignificant tendency for an age-depen-
dent decrease in TC transport in the bILPM fraction. It is
known that in rat liver ouabain and TC uptake decline upon
aging (35, 36). It is possible that a significant decrease of TC
transport rate only takes place at higher ages than those studied
here (maximum age 64 yr). For other parameters that might
influence TC transport (donor gender, preservation time of the
liver in UW, and storage time of the membranes in liquid ni-
trogen), we did not observe clear-cut effects.

ATP-dependent TC transport activity was present in both
canalicular and basolateral human plasma membrane prepara-
tions, whereas in Sprague-Dawley rats it was demonstrated ex-
clusively (14, 15), and in Wistar rats predominantly (16, and
our own unpublished results) in canalicular membranes. In the
latter rat membrane preparations only low rates of ATP-depen-
dent TC transport were measured in bILPM fractions, possibly
due to slight contamination of these fractions with cLPM. As
was demonstrated in Results, in the human membranes trans-
port activity in blLPM cannot be explained by the low level of
contamination with cLPM. At the moment we do not know
whether the presence of the transporter at the human basolat-
eral membrane is physiologically relevant. Several explana-
tions for the appearance of this transporter can be put forward.
First, Bartles et al. (37) have shown in rat liver that, after syn-
thesis, several canalicular proteins are first transported to the
basolateral side of the cell and subsequently transferred to the
canalicular membrane. It is conceivable, therefore, that the
transporter is always present in the bILPM, although perhaps
in a physiologically nonrelevant concentration. During the
preservation of the liver in UW for a prolonged period of time
(at least 10 h in our experiments) redistribution of canalicular
and basolateral proteins might take place. Alternatively, the
transport of the proteins to the bILPM may be less restrained
than the redistribution of the proteins from the bILPM to the
cLPM, leading to relatively high concentrations of the trans-
porter at the bILPM. In rats, extrahepatic obstructive cholesta-
sis causes a shift of the bile salt transport system from the cana-
licular to the basolateral side of the cell (38). The donor livers
we studied might, to some extent, be in a “cholestatic state,”
for instance due to medication of the donor or other factors
inherent to the donor procedure. However, this possibility is

not very likely, since no clinical signs of cholestasis were ob-
served: plasma bilirubin and alkaline phosphatase were nor-
mal. Since we do not know whether TC is the physiological
substrate for the ATP-dependent transport observed, it may be
of physiological significance to transfer its natural substrate out
of the cell and into the blood compartment. For several organic
anions, transport from the liver to the blood (sinusoidal efflux)
is known to occur (39).

There is some controversy in the literature as to whether in
rat liver TC and non-bile acid organic anions share the same
canalicular ATP-dependent transporter. In one study (13),
ATP-dependent DNP-SG and TC transport showed mutual
inhibition. Nishida et al. (15), however, did not observe inhibi-
tion of ATP-dependent TC transport by DNP-SG. It was also
demonstrated (15, 16) that mutant rats lacking ATP-depen-
dent DNP-SG transport retain ATP-dependent TC transport,
suggesting different transport mechanisms. In our membrane
preparations, DNP-SG, a substrate for the non-bile acid or-
ganic anion carrier in rats (13, 19), did inhibit ATP-dependent
TC transport. This may indicate the use of a common trans-
porter. However, more studies on both rat and human mem-
branes are warranted to investigate the nature and kinetics of
this inhibition.

In conclusion, we have demonstrated the presence of a
high-affinity, temperature-sensitive, and saturable ATP-de-
pendent TC transport system in human liver plasma mem-
branes. Since this transport is independent of membrane po-
tential and proton gradients, it apparently reflects direct ATP-
dependent transport.
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