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he vectorial transport of bile salts from blood into bile is
ssential for the generation of bile flow, solubilization of
holesterol in bile, and emulsification of lipids in the intes-
ine. Major transport proteins involved in the enterohepatic
irculation of bile salts include the hepatocellular bile salt
xport pump (BSEP, ABCB11), the apical sodium-de-
endent bile salt transporter (ASBT, SLC10A2) in cholan-
iocytes and enterocytes, the sodium-dependent hepato-
yte bile salt uptake system NTCP (SLC10A1), the organic
nion transporting polypeptides OATP-C (SLC21A6),
ATP8 (SLC21A8) and OATP-A (SLC21A3), and the mul-
idrug resistance protein MRP3 (ABCC3). Synthesis and
ransport of bile salts are intricately linked processes
hat undergo extensive feedback and feed-forward reg-
lation by transcriptional and posttranscriptional mech-
nisms. A key regulator of hepatocellular bile salt ho-
eostasis is the bile acid receptor/farnesoid X receptor
XR, which activates transcription of the BSEP and
ATP8 genes and of the small heterodimer partner 1
SHP). SHP is a transcriptional repressor that mediates
ile acid-induced repression of the bile salt uptake sys-
ems rat Ntcp and human OATP-C. A nuclear receptor
hat activates rodent Oatp2 (Slc21a5) and human MRP2
ABCC2) is the pregnane X receptor/steroid X receptor
XR/SXR. Intracellular trafficking and membrane inser-
ion of bile salt transporters is regulated by lipid, protein,
nd extracellular signal-related kinases in response to
hysiologic stimuli such as cyclic adenosine monophos-
hate or taurocholate. Finally, dysfunction of individual
ile salt transporters such as BSEP, on account of ge-
etic mutations, steric inhibition, suppression of gene
xpression, or disturbed signaling, is an important cause
f cholestatic liver disease.

ile acid research experienced a renaissance with the
proclamation of a “bile-ology” role for bile acids as

ey signaling molecules in the enterohepatic circula-
ion.1 The traditional image of bile acids as solvents of
holesterol in bile and lipid emulsifiers in the intestine
as been revolutionized in recent years. An intriguing
eature of bile acid metabolism is the efficiency of their
ycling through the liver and the intestine, with only
inimal losses of about 0.5 g/d into feces. This loss is

ompensated for by de novo synthesis in the liver, a
rocess that is subject to extensive feedback autoregula-
ion by bile acids. The coordinated action of bile salt
ransport proteins maintains ongoing hepatic extraction
rom portal blood, biliary excretion, and absorption of
ile salts in the intestine. These processes are essential for
ile acid and lipid homeostasis, as evidenced by the wide
pectrum of phenotypic abnormalities attributable to the
ysfunction of individual transporter molecules. This
eview first summarizes the transport systems involved in
he enterohepatic circulation of bile salts and then fo-
usses on recent insights into the regulation and disease
tates associated with defects of bile salt transport. For
urther information, the reader is referred to several
omplementary reviews that have appeared recently.2–7

Physiology of the Enterohepatic
Circulation of Bile Acids
Bile Acid Synthesis

Bile acids are synthesized from cholesterol by
ither a neutral or classical pathway resulting in forma-
ion of cholic acid or by an acidic or alternative pathway

Abbreviations used in this paper: ABC, adenosine triphosphate–
inding cassette; ATP, adenosine triphosphate; BAR, bile acid recep-
or; BARE, bile acid response element; BRIC, benign recurrent intra-
epatic cholestasis; CAR, constitutive androstane receptor; CDCA,
henodeoxycholic acid; CYP, cytochrome P450 enzyme; DCA, deoxy-
holic acid; FXR, farnesoid X receptor; HCC, hepatocellular carcinoma;
NF, hepatocyte nuclear factor; I-BABP, ileal bile acid binding protein;
PS, lipopolysaccharide; LXR, liver-X receptor; MDR, multidrug resis-
ance gene product; OATP, organic anion transporting polypeptide;
I3K, phosphoinositide 3-kinase; PPAR, peroxisome proliferator-acti-
ated receptor; PXR, pregnane X receptor; RAR, retinoic acid receptor;
dx, radixin; RXR, retinoic X receptor; SHP, small heterodimer partner;
REBP, sterol regulatory element-binding protein; UDCA, ursodeoxy-
holic acid.
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eading to the synthesis of chenodeoxycholic acid
CDCA). In the classical pathway, the rate-limiting en-
oplasmic reticulum enzyme cholesterol-7�-hydroxylase
cytochrome P450 enzyme [CYP] 7A1) hydroxylates
holesterol at the 7� position and the resulting 7�-
ydroxycholesterol is 12�-hydroxylated by microsomal
terol-12�-hydroxylase (CYP8B1).8 A cascade of down-
tream reactions ensues, including hydroxylation of the
liphatic side chain at position 27 via mitochondrial
YP27.9 In the alternative pathway, 7�-hydroxylation is
receded by the formation of several different oxysterols.
lthough 25- and 27-hydroxycholesterol are subse-
uently 7�-hydroxylated by CYP7B1 oxysterol-7�-hy-
roxylase, the oxysterol 24-hydroxycholesterol is a sub-
trate of CYP39A1.10,11 Oxysterols are also substrates of
YP7A112 and 7�-hydroxylation of oxysterols blocks

heir ability to inhibit sterol regulatory element-binding
rotein (SREBP).13 Thus, 7�-hydroxylation of oxysterols
an markedly influence lipid metabolism through in-
reasing the expression of genes normally regulated by
REBP, notably the low-density lipoprotein receptor.14

his also explains why variation in the expression level of
YP7A1 correlates with the expression of SREBP-regu-

ated genes.15 In humans, the classical bile acid synthetic
athway is predominant, with only about 10% of bile
cids being produced via the alternative pathway. This
xplains why �50% of the bile acid pool consists of
holic acid and a further 20% of its metabolite deoxy-
holic acid (DCA), whereas CDCA constitutes �30% of
he total bile acid pool in humans.16

Hepatocellular Bile Salt Excretion

After their synthesis in hepatocytes, bile acids are
xcreted as C24 amides conjugated with glycine or tau-
ine. Amidation of bile acids lowers the pKa to �3 and
mproves their solubility in the intestinal lumen. At
hysiologic pH in bile fluid and in blood the amides are
resent in anionic salt form and are thus called bile salts.
he term “bile salts” is used to denote the predominant

ransport form of glycine or taurine conjugated bile
cids, which are negatively charged at physiological pH.
n contrast, the term “bile acids” denotes newly synthe-
ized bile acid derivatives exhibiting a terminal acidic
roup. Under normal conditions, conjugated bile salts
re excreted into bile via the bile salt export pump
BSEP, ABCB11), an adenosine triphosphate (ATP)-
inding cassette (ABC) transporter localized in the can-
licular or apical domain of the hepatocyte plasma mem-
rane (Figure 1).3 In human liver, BSEP is a 160-
ilodalton protein that exhibits a high affinity for bile
alts when expressed at high levels in baculovirus-in-
ected Sf9 insect cells. The Michaelis constant (Km) for
3H]-taurocholate ranges between 4.25–7.9 �mol/L, and
he rank order of the intrinsic clearance of bile salts is
aurochenodeoxycholate � taurocholate � tauroursode-
xycholate � glycocholate.17,18 BSEP belongs to the

igure 1. Bile salt transporters in human liver and intestine. At the
asolateral hepatocyte membrane, the major uptake system for con-

ugated bile salts is the Na�-dependent bile salt transporter NTCP
SLC10A1). Na�-independent bile salt uptake is mediated by the
ultispecific organic anion transporting polypeptides OATP-A

SLC21A3), OATP-C (SLC21A6), and to a minor extent OATP8
SLC21A8). At the canalicular hepatocyte membrane, excretion of
onovalent bile salts is mediated by the bile salt export pump BSEP

ABCB11), whereas excretion of nonbile salt organic anions such as
ilirubin glucuronides, as well as of divalent sulfated or glucu-
onidated bile salts, is mediated by the multidrug resistance associ-
ted protein MRP2 (ABCC2). Biliary excretion of phospholipids and
holesterol is mediated by MDR3 (ABCB4) and ABCG5/ABCG8, re-
pectively. The FIC1 gene product, which may be involved in bile salt
ransport, is also expressed at the canalicular membrane of hepato-
ytes. MRP3 (ABCC3) is a basolateral efflux system for anionic con-
ugates that also mediates low-affinity transport of monovalent bile
alts. MRP3 is expressed in hepatocytes, cholangiocytes, and entero-
ytes. MRP4 (ABCC4) is a basolateral efflux system for anionic con-
ugates including sulfated bile salts, and its mouse homolog (Mrp4) is
nduced in the livers of Fxr-/- mice that exhibit elevated concentrations
f bile salts.226 In cholangiocytes and enterocytes, the apical Na�-
ependent bile salt transporter ASBT (SLC10A2) mediates bile salt
ptake across the luminal membrane. Basolateral efflux into the
eriductular capillary plexus occurs via organic anion exchange mech-
nisms and via MRP3. Ductular bile is modified by chloride channels
uch as the cystic fibrosis transmembrane conductance regulator
CFTR) and the chloride/bicarbonate exchanger (anion exchanger 2,
E2). Enterocytes also express MRP2, the cholesterol transporter
BCG5/ABCG8, and the PXR-inducible xenobiotic efflux pump MDR1
t their apical membrane. Open symbols denote Na�-cotransport
NTCP, ASBT) or anion exchange mechanisms; grey symbols repre-
ent ATP-binding cassette (ABC) transporters.
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ultidrug resistance (MDR) gene family of ABC trans-
orters with orthologous gene products in a variety of
nimal species including rat, mouse, rabbit, pig, and the
ittle skate.19–25 In mammalian species, the canalicular
ile salt concentration is about 1000-fold higher than
hat in portal blood, underscoring the need for an active
TP-dependent efflux system at the canalicular pole of

he hepatocyte.
In addition to excretion of monovalent bile salts via

SEP, the canalicular MRP 2 is capable of transporting
lucuronidated and sulfated bile salts.26 MRP2 mediates
xport of multiple organic anions including conjugated
ilirubin from hepatocytes into bile and its enterohepatic
xpression is confined to the canalicular domain of hepa-
ocytes (Figure 1) and the apical domain of enterocytes in
he proximal small intestine. MRP2 expression is regu-
ated by diverse mechanisms, including membrane re-
rieval and insertion, translation, and transcription.3 In
ddition to transport of anionic conjugates, MRP2 trans-
orts cancer chemotherapeutics, uricosurics, antibiotics,
eukotrienes, glutathione, toxins, and heavy metals.27

RP2 is thus important clinically because it modulates
he pharmacokinetics of many drugs. Genetic studies
ave identified various naturally occurring mutations
hat are associated with a loss of MRP2 expression and/or
unction.28 In cholestatic liver disease, MRP2 expression
s decreased.29–31 A second canalicular efflux pump for
ulfated conjugates is human ABCG2. Potential physio-
ogic substrates include estrone-3-sulfate and dehydro-
piandrosterone sulfate.32

The excretion of amphipathic bile salts into bile drives
he canalicular excretion of phosphatidylcholine and free
holesterol as unilamellar vesicles, the relative lipid com-
osition of which determines the risk for cholesterol
allstone formation.33 In the presence of an excess of bile
alts, mixed micelles are formed and stored in the gall-
ladder. Recently, a heterodimeric ABC transporter that
s encoded by 2 oppositely oriented, closely opposed
enes termed ABCG5 and ABCG8 has been identified as
n apical transporter involved in cholesterol excretion
nto bile (Figure 1).34,35 Another ABC transporter in-
olved in cholesterol transport is ABCA1, which medi-
tes cellular cholesterol efflux from peripheral macro-
hages but is also expressed at the basolateral surface of
epatocytes and Caco2 cells.36,37 Absence of ABCA1 in
ice with a null allele does not affect biliary cholesterol

xcretion.38 Mutations in the ABCA1 gene in man are
he cause of Tangier disease, a familial high-density
ipoprotein deficiency.39–41 Expression of both ABCG5/
BCG8 and ABCA1 is subject to feedforward regulation
y cholesterol through oxysterol-dependent activation of
he liver-X receptor (LXR), the master regulator of he-
atic cholesterol homeostasis.42,43

Cholangiocyte Bile Salt Transport

After excretion by hepatocytes into the bile cana-
iculus, primary hepatic bile is modified during its pas-
age through the biliary tree by organic anion and elec-
rolyte transport proteins expressed in biliary epithelial
ells (Figure 1). Cholangiocytes are capable of Na�-
ependent uptake of bile salts via the apical sodium-
ependent bile salt transporter ASBT (SLC10A2), that is
xpressed at the apical or luminal membrane.44 Absorp-
ion of bile salts within the biliary tree is the first step
ithin the so-called cholehepatic shunt pathway that

llows for intrahepatic cycling of bile salts through the
eriductular capillary plexus. Considering that luminal
ree concentrations of bile salts are in the millimolar
ange, it is unlikely that uptake of bile salts by cholan-
iocytes quantitatively affects biliary bile salt concentra-
ions under normal conditions. The physiological role of
ile salt uptake by cholangiocytes probably pertains to
he regulatory effect of bile salts on intracellular signal-
ng mechanisms including cholangiocellular mucin and
icarbonate secretion. After uptake across the luminal
holangiocyte membrane, bile salts are effluxed across the
asolateral cholangiocyte membrane into the periductu-
ar capillary plexus via an anion exchange mechanism.45

n man, this anion exchanger could be the organic anion
ransporting polypeptide A (OATP-A, SLC21A3), which
as been shown to be expressed in human gallbladder-
erived biliary epithelial cells.46 In addition to an anion
xchange mechanism, a certain proportion of bile salts
ppears to be secreted via MRP3 (ABCC3). MRP3 has
een localized at the basolateral membrane of cholangio-
ytes and human gallbladder epithelial cells in immuno-
uorescence studies (Figure 1).47,48 A third possible can-
idate for bile salt extrusion across the basolateral
embrane is an alternatively spliced form of rat Asbt,

alled t-Asbt.49 The t-Asbt is specifically localized to the
asolateral domain of cholangiocytes and transport stud-
es in Xenopus laevis oocytes showed that t-Asbt can
unction as a bile salt efflux protein.49

Intestinal Absorption of Bile Salts

A critical step in bile acid homeostasis is their
eabsorption in the intestinal lumen, which is a major
eterminant of the bile acid pool size and the activity of
he bile acid synthesizing enzymes CYP7A1 and
YP27.50 Reabsorption occurs primarily in the ileum,
nd the first step involves uptake into ileal columnar
pithelium via the apical sodium-dependent bile salt
ransporter ASBT (SLC10A2), which has also been called
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leal bile acid transporter or ileal sodium-dependent bile
alt transporter.51,52 The human ASBT protein consists of
48 amino acids and is encoded by a major 4.0-kb
ranscript that has been detected in the ileum, cecum,
nd kidney by northern blot analysis.53 In rats, expres-
ion of Asbt has been shown on the apical surface of ileal
nterocytes, renal proximal tubular cells, and large
holangiocytes.44,54 Human ASBT transports conjugated
nd unconjugated bile salts with a higher affinity for
DCA and DCA than for taurocholate.53 The ASBT gene

s localized on chromosome 13q33.55 In addition to
a�-dependent ASBT-mediated bile salt uptake, Na�-

ndependent uptake down the length of the small intes-
ine in rats is mediated by Oatp3 (Slc21a7), which has
een shown to be expressed at the apical surface of jejunal
nterocytes.56 Rat Oatp3 has the highest affinity for
lycine-conjugated dihydroxy bile salts, which is in
greement with previous jejunal perfusion studies in
uinea pigs showing that dihydroxy bile salt conjugates
re absorbed more rapidly than trihydroxy conjugates in
he jejunum.57

After uptake into the enterocyte, bile salts are shuttled
o the basolateral domain for efflux into the portal cir-
ulation. Intracellular transport is mediated by the 14
ilodalton ileal bile acid-binding protein (I-BABP), that
s cytoplasmatically attached to ASBT.58 The bile salt
inding site of I-BABP has been characterized by using
combination of photoaffinity labeling, mass spectrom-

try and nuclear magnetic resonance structure.59 Baso-
ateral extrusion of bile salts is mediated by MRP3
ABCC3), a member of the MRP subfamily of transport-
rs that is expressed at the basolateral membrane of ileal
nd colonic enterocytes,60 hepatocytes,61,62 cholangio-
ytes,47,62 and in kidney.63 MRP3 substrates include the
rganic anions estradiol-17�-glucuronide,64,65 bilirubin
lucuronide,66 the monovalent bile salts taurocholate and
lycocholate,67,68 and divalent sulfated bile salts.67 Al-
hough MRP3 represents a bile salt efflux system at the
asolateral membrane of enterocytes, human MRP3 has a
ower affinity for conjugated bile salts than rat Mrp3,
uggesting that the overall contribution of human MRP3
o basolateral bile salt efflux might be small.68,69

Hepatocellular Uptake of Bile Salts

The final step in the enterohepatic circulation of
ile salts is the extraction from portal blood plasma by
epatocytes. This process is described in detail in several
ecent review articles.2–4 Bile salts circulate in plasma
ightly bound to albumin and lipoproteins such as high-
ensity lipoprotein.5 More than 80% of conjugated
ile salts undergo single-pass extraction by the liver,
redominantly via the Na�-taurocholate cotransporting
olypeptide (NTCP, SLC10A1). NTCP belongs to the
ame transporter family as ASBT, and the human protein
onsists of 349 amino acids with a high affinity for
aurocholate (Km �6 �mol/L).70 It has been localized to
he basolateral hepatocyte membrane in rat and human
iver (Figure 1).71,72 In contrast to ASBT, the substrate
pecificity of rat Ntcp is not limited strictly to bile salts
ut also includes sulfated sex steroids, bromosulfophtha-
ein, thyroid hormones, and the drug conjugate chloram-
ucil-taurocholate.2,72–74 The predominant role of Ntcp
n Na�-dependent hepatocellular bile salt uptake is ev-
dent from several observations: (1) the Km values of
a�-dependent taurocholate uptake by hepatocytes are

imilar to Km values in Ntcp expressing transfected cell
ines2; (2) decreases of Ntcp expression in cultured pri-

ary rat hepatocytes and in regenerating liver are par-
lleled by decreased Na�-dependent taurocholate up-
ake3; and (3) Na�-dependent taurocholate uptake in
enopus laevis oocytes injected with total rat liver mes-

enger RNA (mRNA) is decreased by 95% after inhibi-
ion of Ntcp expression by antisense oligonucleotides.75

Next to the sodium-dependent uptake system NTCP,
a�-independent hepatic uptake of bile salts is mediated

y the organic anion transporting polypeptides (Oatps/
ATPs) (Figure 1). The functional properties of OATPs

re reviewed in detail elsewhere.2,76,77 Both rodent and
uman hepatocytes express 3 members of the OATP
uperfamily at appreciable levels. Rat liver members
omprise Oatp1 (Slc21a1), Oatp2 (Slc21a5), and Oatp4
Slc21a10). Oatp1 and Oatp2 belong to the OATP1A
ubfamily and Oatp4 to the OATP1B subfamily, accord-
ng to the recently proposed new classification and no-

enclature scheme for OATPs (see Note added in
roof).77 All 3 rat liver Oatps transport bile salts with
m values for taurocholate uptake of 32–50 �mol/L for
atp1, 35 �mol/L for Oatp2, and 9–27 �mol/L for
atp4.2 Human hepatocytes predominantly express
ATP-C (SLC21A6) and OATP8 (SLC21A8), which
elong to the OATP1B subfamily, OATP-B (SLC21A9,
member of the OATP2B subfamily)77 and OATP-A,
hich represents the only human member of the
ATP1A subfamily.77,78 Of these 4 human OATPs,

elevant bile salt transport could be shown for OATP-
,79–82 the major Na�-independent bile salt uptake sys-

em of human liver, OATP-A78 and to a lesser extent
ATP8.82 The Km of OATP-C–mediated taurocholate
ptake is in the range of 14–34 �mol/L.79,80 A second
mportant function of OATP-C is uptake of unconju-
ated bilirubin from sinusoidal blood plasma.83,84

ATP-A is a 60-kilodalton bile salt transporter with a
road substrate specificity for xenobiotics.76–78,85 Its ex-
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ression levels appear to vary interindividually and oc-
asional high levels of expression in human liver have
een reported.86 Of note, OATP-A expression levels are
ncreased in liver tissue of patients with cholestatic liver
isease.87 In summary, OATP-C and OATP-A are the 2
a�-independent bile salt uptake systems of human

epatocytes, whereas OATP8 mediates taurocholate
ransport to a lesser extent and OATP-B does not trans-
ort bile salts at all.82

Regulation of Bile Salt Transport and
Implications for Liver Disease

Virtually all bile salt transport systems mentioned
arlier are not only constitutively expressed but also
ubject to extensive regulation, mainly at the level of
ene transcription. These regulatory mechanisms repre-
ent adaptive responses to (1) intracellular accumulation
f bile salts and other amphipathic compounds that act as
igands for nuclear receptors and (2) changes in the
ctivation of critical transcription factors in disease
tates. Through the coordinated transcriptional regula-
ion of transport proteins at the plasma membrane and
ntracellular cytochrome P450 enzymes, the liver and
ntestine form a functional enterohepatic unit that can
apidly metabolize and eliminate cholestatic bile salts
nd toxic xenobiotic compounds. Hence, bile salts can
erve as model compounds for studying the effect of
enobiotics on gene expression. In addition to the tran-
criptional cascades that regulate bile salt transporter
xpression, several posttranscriptional mechanisms are
mportant for the short-term adaptive requirements of
ransport protein targeting and membrane insertion in
esponse to substrate flux and induction of protein ki-
ase–signaling pathways.

Transcriptional Regulation of Bile
Salt Transporters

The requirement for a regulatory network con-
rolling the activity of bile salt uptake and efflux systems
s evident from the fact that the intracellular accumula-
ion of bile salts leads to cholestasis, hepatocyte apopto-
is, and parenchymal damage.88 Bile salts can regulate
ot only uptake and efflux systems but also key bile acid
ynthetic enzymes through the action of critical tran-
cription factors that bind to “bile acid responsive ele-
ents” (BAREs) in the regulatory regions of the corre-

ponding genes. Bile salts, sterols, and fatty acids are
atural ligands of nuclear hormone receptors expressed in
iver and intestine (Table 1), and among these the bile
cid receptor/farnesoid X receptor (BAR/FXR) has a
redominant role in regulating bile acid synthesis and
ile salt transport. FXR (also called RIP14 and HRP1)
elongs to the NR1 family of nuclear receptors that also
ontains the pregnane X receptor (PXR), the peroxisome
roliferator-activated receptor � (PPAR�), and the LXR.
XR and LXR are closely related and belong to the
R1H subfamily. FXR is highly expressed in the liver

nd intestine but also in adrenal gland and kidney.89,90

he most effective activator of FXR is CDCA, with an
ffective concentration (EC50) of about 10–20 �mol/L in
V-1 cells (green monkey kidney cells).91 The secondary
ile acids lithocholic acid and DCA are less effective, and
he hydrophilic bile acid ursodeoxycholic acid (UDCA)
as been reported to be inactive.90 Nuclear receptors
enerally bind to AG(G/T)TCA-like hexameric repeat
otifs as heterodimers with the retinoid X receptor

RXR).
Activation of bile salt transporter genes by the

AR/FXR. Bile salt transporter genes that are directly or
ndirectly regulated by FXR include BSEP, MRP2, rat
tcp, OATP-C and OATP8 in hepatocytes, and I-BABP

n the intestine.92–98 BSEP, MRP2, OATP8, and I-BABP
ave an inverted repeat element in the promoter region
hat directly binds the FXR/RXR heterodimer and is
ctivated by CDCA.92–94,97,98 Activation of the bile salt
fflux pumps BSEP and MRP2 by bile acids is an im-
ortant adaptive mechanism by which hydrophobic bile
cids can promote their own efflux into bile. Interest-
ngly, the cholestatic bile acid lithocholic acid inhibits
he BSEP promoter and strongly decreases BSEP expres-
ion in primary human hepatocytes and HepG2 cells
hrough antagonism of FXR activity.99 This could be
n important mechanism of cholestasis induced by cho-
estatic bile salts. The induction of OATP8, which is
ainly a xenobiotic and peptide uptake system,82,100–102

ay serve to maintain the hepatocellular clearance of
enobiotics in cholestatic situations when other basolat-
ral uptake systems such as OATP-C are down-regu-
ated.29,30 None of the Oatps in rodent liver has been
hown to be activated by FXR. However, rodent Oatp2
s induced by lithocholic acid through a PXR-mediated
echanism.103–105

Repression of bile salt transporter genes through
ndirect FXR pathways. Rat Ntcp, human OATP-C and

ouse Asbt are transcriptionally repressed by bile salts
hrough FXR-mediated induction of the small het-
rodimer partner (SHP)1. SHP is a nuclear receptor
NR0B2) that negatively interacts with other nuclear
eceptors such as the liver receptor homolog (LRH)1 (also
alled fetal transcription factor [FTF], NR5A2) and
epatocyte nuclear factor (HNF) 4�, essential activators
f the bile acid synthetic enzymes CYP7A1 and
YP8B1.106–110 Denson et al.95,111 showed that the rat
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tcp promoter binds the nuclear retinoic acid receptor
RAR�) as a heterodimer with RXR and suggested that
ile acid mediated repression of the rat Ntcp gene oc-
urred via SHP-mediated inhibition of retinoid activa-
ion of the RAR�:RXR� element. In addition to SHP-
ediated inhibition of RAR�:RXR�, the RAR�:RXR�

omplex is down-regulated by the inflammatory cytokine
nterleukin (IL)-1�, explaining down-regulation of the
at Ntcp and Mrp2 promoters secondary to IL-1� expo-

able 1. Nuclear Receptors Involved in the Regulation of Bile

Nuclear receptors Ligands Transp

regnane X receptor PXR Xenobiotics
rifampin,
RU486,
steroids,
phenobarbital,
St. John’s
wort, statins,
bile salts, bile
acid precursors

1 MDR

1 Oatp

1 MRP

onstitutive androstane
receptor

CAR Xenobiotics
phenobarbital

1 MRP

1 MRP

arnesoid X receptor FXR Bile acids 1 I-BAB

1 OATP

1 BSEP
1 MRP

eroxisome proliferator
activated receptor �

PPAR� fatty acids
fibrates
DHEAS

1 Mdr2

1 ASBT

lucocorticoid receptor GR glucocorticoids 1 ASBT

etinoic acid receptor RAR� retinoids 1 Ntcp

mall heterodimer partner SHP-1 activated by FXR 2 Ntcp

2 OATP
(SLC2

1-fetoprotein transcription
factor

FTF activated by bile
acids

1 MRP

iver X receptor LXR�/� oxysterols 1 ABCA

1 ABCG
ure in HepG2 cells.111 This suppressive effect of IL-1�
n RAR�:RXR� transactivation involves mitogen-acti-
ated protein kinase pathways, specifically phosphoryla-
ion of RXR by the c-Jun N-terminal kinase.112

Mouse but not rat Asbt promoter activity is repressed
n Caco2 cells by CDCA.113 The mouse Asbt promoter
inds and is activated by LRH1. SHP diminishes the
ctivity of the mouse Asbt promoter and partially offsets
ts activation by LRH1. The bile acid response is medi-

t and Drug Transporters

roteins Functional consequences References

CB1) Increased efflux of xenobiotics from
hepatocytes and enterocytes

119,125

21a5) Increased hepatocellular uptake of organic
anions and xenobiotics (e.g., digoxin)

104,105

CC2) Increased efflux of anionic conjugates and
xenobiotics from hepatocytes and
enterocytes

94

CC2) Increased apical efflux of anionic
conjugates and xenobiotics from
hepatocytes and enterocytes

94

CC3) Increased basolateral efflux of anionic
conjugates and xenobiotics from
hepatocytes, cholangiocytes, and
enterocytes

127

Increased bile acid protein binding in ileal
enterocytes

98

C21A8) Increased hepatocellular uptake of organic
anions and xenobiotics (e.g., digoxin)

97

B11) Increased biliary excretion of bile salts 92,93
CC2) Increased efflux of anionic conjugates and

xenobiotics from hepatocytes and
enterocytes

94

b4) Increased phospholipid flippase at the
canalicular hepatocyte plasma
membrane

132

10A2) Increased Na�-dependent bile salt uptake
in ileum

116

10A2) Increased Na�-dependent bile salt uptake
in ileum

138

0a1) Increased Na�-dependent bile salt uptake
into hepatocytes

111

0a1) Decreased Na�-dependent bile salt uptake
into hepatocytes

95

Decreased Na�-independent bile salt
uptake into hepatocytes

96

CC3) Increased basolateral efflux of anionic
conjugates and xenobiotics from
hepatocytes, cholangiocytes and
enterocytes

129

Increased cholesterol efflux from
macrophages, hepatocytes and
enterocytes

37,227–
229

CG8 Increased cholesterol secretion into bile 42,230
Sal

ort p

1 (AB

2 (Slc

2 (AB

2 (AB

3 (AB

P

8 (SL

(ABC
2 (AB

(Abc

(SLC

(SLC

(Slc1

(Slc1

-C
1A6)

3 (AB

1

5/AB
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ted by FXR and can be antagonized by overexpression of
dominant-negative FXR in Caco2 cells.113

The mechanisms leading to down-regulation of the
ATP-C gene in cholestasis have been shown to involve
ile acid mediated repression of HNF1�, the major
ranscriptional activator of OATP-C.114 HNF1� RNA
nd protein levels in cultured hepatoma cells are de-
reased �50% by exposure to CDCA and the human
NF1� gene contains a classic BARE in the minimal
romoter region.96 This BARE contains an HNF4�
inding site and the central mechanism by which bile
cids repress HNF1� is decreased activation by HNF4�.
n addition, HNF4� nuclear binding activity is de-
reased by CDCA and the human HNF4� gene promoter
s repressed by CDCA through a SHP-independent
echanism.96 These findings indicate a further regula-

ory cascade by which bile acids regulate hepatic genes
hrough suppression of the master transcription factors
NF1� and HNF4�. In man, this mechanism may even

redominate over the effects of bile acids on LRH1,
specially because human CYP7A1 and ASBT—unlike
heir rodent counterparts—are not activated by
RH1.106,107,113,115,116

Role of the PXR/SXR. The second nuclear recep-
or, next to FXR, that regulates bile salt transporter
enes is PXR, also known as SXR in humans.117–119

igands of PXR include rifampicin, RU486, St. John’s
ort extract, clotrimazol, lovastatin, phenobarbital, bile

alts, and bile acid precursors.93,120–123 PXR is the classic
xenosensor,” which binds as a heterodimer with RXR to
“xenobiotic response element” in the promoter of the
uman CYP3A4 gene.117,124 PXR is expressed mainly in
he liver and intestine, and other target genes that are
ctivated by PXR include human MDR1,125 MRP2,94

nd rodent Oatp2.103,105 PXR can also act as a transcrip-
ional repressor, as shown for mouse cholesterol-7�-hy-
roxylase,103 although the exact mechanism of repression
s unknown. Until today, MRP2 and rodent Oatp2 are
he only bile salt transporters shown to be regulated by
XR. Reduced expression of Oatp2 in ethinylestradiol-

nduced cholestasis in rats is associated with reduced
uclear-binding activity of PXR.126 The human
ATP-A gene also contains a clustered PXR consensus
ite that binds PXR (Jung et al., unpublished data, June
002), and it is conceivable that the induction of
ATP-A expression observed in certain cholestatic pa-

ients is a PXR-related effect.87

Role of other transcription factors in the regula-
ion of bile salt transporter genes. The role of nuclear
eceptors other than FXR and PXR in regulating bile
alt transport is less well established (Table 1). The
asolateral bile salt transporter Mrp3, which is strongly
nduced in obstructive cholestasis in rats and compen-
ates for decreased Mrp2 expression,47 is induced by
onstitutive androstane receptor (CAR).127,128 CAR is a
uclear receptor known to strongly activate CYP2B1
xpression, and recent evidence suggests that bilirubin
ay induce translocation of CAR from the cytosol to the

ucleus, suggesting a regulatory role of CAR in choles-
atic liver disease. In addition to regulation by CAR, the
uman MRP3 gene possesses 2 alpha-1 fetoprotein tran-
cription factor (FTF) binding sites that confer induc-
bility by FTF.129 FTF mRNA levels are increased by
DCA in human colonic cells. Whether hepatic MRP3
xpression is also induced by bile salts through an FTF-
ediated mechanism has not been studied.
The rat Ntcp gene is induced by the pituitary hormone

rolactin, leading to increased Ntcp mRNA and an
ncreased Vmax for Na�-/taurocholate cotransport in
epatocytes from postpartum rats.130 Prolactin binds to
he prolactin receptor and triggers a signaling cascade
hat results in recruitment of Stat5, a member of the
ignal transducers and activators of transcription family.
uclear translocation of phosphorylated liver Stat5 is

orrelated with suckling-induced increases in serum pro-
actin levels. The Ntcp gene promoter is transactivated by
tat5, which binds to interferon-�–activated sequence–
ike elements in the promoter sequence.131

The apical sodium-dependent bile salt transporter
SBT and the hepatocyte canalicular phospholipid
ippase Mdr2/MDR3 (ABCB4) are activated by
PAR�.116,132 A key function of PPAR� is the regula-
ion of genes involved in various steps of fatty acid
etabolism133 and PPAR� ligands include fatty acids

nd fibrate drugs. A possible link between ileal bile salt
bsorption via ASBT and hepatic fatty acid catabolism
as long been postulated on the basis of the observation
hat patients with type IV hypertriglyceridemia exhibit
ecreased intestinal bile salt absorption and reduced ileal
xpression of ASBT mRNA and protein by 32% and
3%, respectively.134,135 Although the cause-effect rela-
ionship of this association remains to be established, the
nding that PPAR� regulates the human ASBT gene
pens the possibility that decreased activity of PPAR�
known to be a highly polymorphic gene) could be the
ause of both hypertriglyceridemia and decreased ileal
ile salt absorption. Sequence polymorphisms of the
SBT gene itself as a cause of decreased ASBT expression

n hypertriglyceridemia have been excluded.136 Another
mplication of ASBT induction by PPAR� concerns
ptake of bile salts by biliary epithelial cells expressing
SBT. Fibrate drugs are ligands of PPAR� and an
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mportant adverse effect of fibrate treatment is the in-
reased risk of cholesterol gallstone formation. Fibrates
ecrease biliary bile salt excretion and consequently in-
rease biliary cholesterol saturation. Although 1 mecha-
ism is the suppression of hepatic bile acid synthesis,137

ncreased expression of ASBT at the apical surface of
holangiocytes secondary to fibrate-induced PPAR� ac-
ivation could increase cholangiocellular bile salt absorp-
ion, thereby contributing to the increased biliary cho-
esterol/bile salt ratio.

An important mechanism of induction of intestinal
a�-dependent bile salt transport is glucocorticoid re-

eptor (GR)-mediated transactivation of ASBT gene ex-
ression. The GR is a nuclear steroid hormone receptor
hat is activated by nanomolar concentrations of glu-
ocorticoids. The human ASBT gene has been shown to
e transactivated by the GR and its ligands dexametha-
one and budesonide.138 This is of particular interest
ith respect to the fact that patients with Crohn’s disease
ave decreased ileal ASBT expression and consequently
uffer from intestinal bile salt malabsorption.139,140 Thus,
ne of the beneficial effects of glucocorticoid treatment in
rohn’s disease could be the induction of ileal ASBT
xpression, thereby ameliorating the chologenic compo-
ent of diarrhea.

Posttranscriptional Regulation of
Hepatocellular Bile Salt Transporters

Hepatocytes are exposed to variable loads of bile
alts with especially high bile salt concentrations in
ostprandial portal blood plasma. These rapid changes in
he hepatocellular bile salt transport capacity cannot be
ccounted for by transcriptional regulation but require
osttranscriptional adaptive processes. Such posttran-
criptional modifications include alterations in protein
argeting by recruitment of carriers from intracellular
ools, leading to an increased transporter density at the
lasma membrane. Alternatively, functional activity of
he transporters may be modulated by protein phosphor-
lation/dephosphorylation or by protein-protein interac-
ions.

Canalicular transporters. Canalicular ABC trans-
orters such as rat Bsep, Mdr1, and Mdr2 have been
hown to be targeted to the canalicular membrane in
esponse to adenosine 3	,5	-cyclic monophosphate
cAMP) and taurocholate.141 Because pretreatment with
ycloheximide, an inhibitor of protein biosynthesis, does
ot prevent this increase in canalicular transporter den-
ity, recruitment of transporters must occur from an
xisting intracellular pool rather than from enhanced
ranscription or translation. The “cAMP pool” probably
iffers from the “taurocholate pool.”142 Newly synthe-
ized Bsep, after being targeted through an endosomal
ompartment, accumulates in an intrahepatic cAMP pool
nd later equilibrates with the taurocholate pool. Under
asal conditions, the majority of Mdr1, Mdr2, and Bsep
roteins appear to reside in intrahepatic pools rather than
n the canalicular membranes as indicated by an intra-
epatic/canalicular transporter ratio of �6:1.141

Posttranscriptional regulation of canalicular ABC
ransporters is under the control of the lipid kinase
I3K.143,144 PI3K is required for recruitment and vesic-
lar trafficking of ABC transporters from intracellular
ools to the canalicular membrane after stimulation by
aurocholate.144 After administration of the PI3K inhib-
tor wortmannin, taurocholate-induced bile salt secretion
s decreased by 50%. PI3K is also necessary for maximal
TP-dependent transport of Mrp2, Mdr2, and Bsep (but
ot Mdr1) in the canalicular membrane, presumably
ecause of specific interaction of PI3K lipid products
ith these ABC transporters.141 Next to PI3K, protein
inase C isoforms are also important for intracellular
ransporter trafficking to the canalicular membrane. Ac-
ivation of protein kinase C by UDCA or by the phorbol
ster 12-myristate-13-acetate increases the density of
rp2 transporter molecules at the canalicular mem-

rane.145,146 Additional mechanisms of UDCA-induced
nsertion of transporters into the canalicular membrane
ight involve p38 mitogen-activated protein kinase and

xtracellular signal-related kinases.147,148 Furthermore,
ecruitment of intracellular Bsep to the canalicular mem-
rane is also induced by hypo-osmolarity, whereas hy-
erosmolarity causes cholestasis through retrieval of both
sep and Mrp2 into intracellular vesicles.149

Finally, canalicular localization of Mrp2 is dependent
n the presence of radixin (Rdx), a member of the
zrin-Rdx-moesin family of proteins that crosslink actin
laments and integral membrane proteins.150 Rdx is
oncentrated in bile canalicular membranes, and its ab-
ence in Rdx 
/
 mice leads to decreased Mrp2 density
s compared with other canalicular proteins such as
-glycoproteins.150 In vitro binding studies show that
adixin associates directly with the carboxy-terminal cy-
oplasmic domain of human MRP2.150 This is the first
emonstration of a protein-protein interaction with a
analicular transporter molecule that directly affects pro-
ein targeting and function.

Basolateral transporters. Studies with isolated
at hepatocytes show an enhanced sodium-dependent
ptake of taurocholate after addition of cAMP.151 This
ncreased bile salt transport activity is paralleled by a
rotein synthesis-independent translocation of Ntcp
rom an endosomal compartment to the basolateral cell
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ole of hepatocytes.152 Immunoprecipitation experi-
ents show that Ntcp is a serine/threonine phosphopro-

ein which, on addition of cAMP, is dephosphorylated by
rotein phosphatase 2B in cultured rat hepatocytes.153,154

he state of phosphorylation of Ntcp determines its
istribution between the plasma membrane and the en-
osomal compartment, whereby cAMP-mediated de-
hosphorylation of Ntcp leads to an increased retention
f Ntcp in the plasma membrane.155 Insertion and re-
rieval of Ntcp from the basolateral plasma membrane
ollows vesicular transport routes of hepatocytes. This
rocess is controlled by the phosphoinositide 3-kinase
PI3K)/protein kinase B pathway and relies on intact
icrofilaments.156–158 In addition to Ntcp, Oatp1 activ-

ty has also been shown to be regulated by cAMP.
reatment of hepatocytes by cAMP leads to a 75%

eduction in the uptake of the prototypic Oatp1 sub-
trate bromosulfophthalein into hepatocytes.159 In con-
rast to the regulation of Ntcp-mediated bile salt trans-
ort, cAMP does not alter the carrier density of Oatp1,
ut most probably reduces the Vmax of Oatp1 by in-
ucing phosphorylation of the transporter in the plasma
embrane.160

The physiologic stimuli altering the phosphorylation
tate of Ntcp and Oatp1, as well as the carrier density of
tcp in the basolateral plasma membrane, have not been

lucidated. It was shown that addition of ATP4
 to
epatocytes significantly reduces the uptake of bromo-
ulfophthalein into hepatocytes, implying a role of pu-
inergic receptors.159 After a meal, hepatocytes are not
nly challenged with a significant bile salt load but also
y high portal venous concentrations of nutrients such as
lucose and amino acids. The latter have been shown to
ctivate compensatory volume decrease mechanisms in
epatocytes.161 Along these lines, it was shown that cell
welling of hepatocytes leads to a translocation of Ntcp
nto the basolateral plasma membrane via the PI3K
athway.162

Disease States Associated With
Disturbances of Bile Salt Transport
Hereditary Defects of Bile Salt Transport

The role of bile salt transporters in the pathogen-
sis of liver disease is a dynamic field of research that
egan in the late 1950s when it was realized that certain
orms of cholestasis have an increased prevalence in se-
ected families, indicating a genetic basis.163–166 Mean-
hile, distinct clinical entities have been defined that are

aused by mutations in transporter genes, notably in the
amilial intrahepatic cholestasis 1 (FIC1, ATP8B1),
SEP (ABCB11), and MDR3 (ABCB4) genes in the case
f progressive familial intrahepatic cholestasis (PFIC)
ypes 1, 2, and 3, respectively.3,4,167,168 All 3 types of
FIC are inherited in an autosomal recessive fashion and
an be distinguished on the basis of clinical, biochemical,
nd histological features.

PFIC type 1 (PFIC1, Byler’s Disease). This disor-
er is characterized by jaundice and severe pruritus in the
resence of high serum concentrations of bile salts but
ormal gamma-glutamyltranspeptidase and cholesterol.
iver histology shows cholestasis and progression to cir-
hosis without ductular proliferation. PFIC1 is caused by
utations of the coding sequence of the FIC1 gene

ATP8B1), which is located on chromosome 18q 21-
2169 and which is expressed in liver and small intestine.
n the liver, FIC1 has been localized to the canalicular
embrane of hepatocytes and to cholangiocytes.170 FIC1

ncodes a P-type adenosine triphophatase putatively in-
olved in the transport of phospholipids and possibly bile
alts,171 although direct transport studies have not yet
een reported. When this function is defective, the trans-
ort of bile salts is impaired in the liver as well as in the
ntestine resulting in cholestasis and chronic watery
iarrhea.172 Mutations in the FIC1 gene are also re-
ponsible for benign recurrent intrahepatic cholestasis
BRIC).171

PFIC type 2 (PFIC2, Byler Syndrome). This dis-
rder presents with permanent jaundice from the onset
nd liver failure occurs more rapidly than in PFIC1. It is
aused by mutations of the BSEP (ABCB11) gene, which
s located on chromosome 2q 24.173 Children with PFIC2
o not express BSEP.174 When PFIC2-related BSEP mu-
ations are introduced artificially into rat Bsep and ex-
ressed in Madin–Darby canine kidney and Sf9 insect
ells, the G238V, E297G, G982R, R1153C, and
1268Q mutations prevent the protein from trafficking

o the apical membrane, whereas the G238V mutant
eems to be rapidly degraded by proteasomes.175

hereas mutation C336S affects neither Bsep transport
ctivity nor trafficking, mutations E297G, G982R,
1153C, and R1268Q abolish taurocholate transport

ctivity. Impaired bile salt secretion results in accumu-
ation of bile salts within hepatocytes followed by hep-
tocellular injury, apoptosis, and/or necrosis. A clinical
yndrome with recurrent intrahepatic cholestasis but
ormal liver architecture in an adolescent patient has
een associated with compound heterozygosity for the
297G and a novel R432T mutation,176 suggesting that
ertain adult forms of cholestasis may also be caused by
SEP mutations and reduced transport function.

PFIC type 3 (PFIC3, MDR3 deficiency). In con-
rast to PFIC1 and PFIC2, this disorder exhibits high
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erum GGT and shows ductular proliferation and an
nflammatory infiltrate in the early stages, which
rogress to biliary cirrhosis. It is caused by homozygous
utations of the MDR3 (ABCB4) gene.177 This results

n a lack of MDR3 P-glycoprotein, the phospholipid
xport pump of the canalicular membrane, and in an
bsence of phospholipids (phosphatidylcholine) from
ile. Because biliary phospholipids form mixed micelles
ith bile salts and thereby protect the biliary epithelium

gainst toxic bile salt effects, their lack in the bile of
atients with MDR3 deficiency leads to toxic injury of
he biliary epithelium. MDR3 deficiency can cause a
ide spectrum of clinical phenotypes ranging from neo-
atal cholestasis to intrahepatic cholestasis of pregnancy
nd cirrhosis of adulthood.178

BRIC. Like PFIC1, this disorder is also caused by
mutation in the FIC1 (ATP8B1) gene, although not all
RIC phenotypes are attributable to FIC1 muta-

ions.176,179 It is characterized by recurrent bouts of
holestasis in the adult with intermittent symptom-free
eriods lasting from months to several years. In contrast
o PFIC1, BRIC does not lead to progressive liver dam-
ge. Serum bile salt concentrations are elevated prior to
he increase of other cholestatic markers. Fecal loss of bile
alts due to intestinal malabsorption is increased in non-
ymptomatic BRIC patients.180 As mentioned earlier,
IC1 is also expressed in the small intestine and appears
o be important for intestinal bile salt absorption.

Dubin–Johnson syndrome. The Dubin–Johnson
yndrome is an autosomal recessive disorder characterized
y conjugated hyperbilirubinemia, increased urinary ex-
retion of coproporphyrin I, deposits of a black pigment
n centrolobular hepatocytes, and prolonged bromosul-
ophthalein retention.181 In contrast to PFIC, hepatic
unction is preserved. The syndrome is caused by the
bsence of MRP2 protein from the canalicular hepatocyte
embrane182 because of mutations of the MRP2 gene

ABCC2).181,183,184 The MRP2Delta(R,M) mutation,
hich describes the deletion of Arg1392 and Met1393,

auses disturbed maturation and trafficking of the pro-
ein from the endoplasmic reticulum to the Golgi com-
lex and impaired sorting of the glycoprotein to the
pical membrane.185 The MRP2 I1173F mutation,
hich denotes the exchange of the hydrophobic amino

cid isoleucine 1173 with phenylalanine in a predicted
xtracellular loop of MRP2, leads to retention of MRP2
n the endoplasmic reticulum and degradation by pro-
easomes in transfected HEK293 cells, and is associated
ith a loss of ATP-dependent transport of leukotriene
4.186 Absent MRP2 function may be compensated

or by increased expression of MRP3 at the basolateral
epatocyte membrane, as suggested by immunofluores-
ence studies on liver sections from a Dubin–Johnson
atient.61

Polymorphisms of basolateral bile salt trans-
orter genes. In contrast to the established pathogenetic
ignificance of gene mutations in the bile excretory sys-
ems of the canalicular hepatocyte membrane, the role of
efects in basolateral bile salt uptake transporters is less
ell defined. Mechanistically, reduced hepatocellular up-

ake of cholephilic compounds because of dysfunction of
bile salt uptake system is unlikely to cause hepatic

arenchymal damage, whereas it may influence the he-
atic clearance of a drug that is normally extracted from
inusoidal blood via the same transporter. Mutations in
he human NTCP (SLC10A1) gene that are associated
ith defective Na�-dependent bile salt uptake have not
een described to date.187 However, the Na�-indepen-
ent organic anion transporting polypeptides appear to
e highly polymorphic, notably the 4 OATPs expressed
n human liver (OATP-A [SLC21A3], OATP-B
SLC21A9], OATP-C [SLC21A6], and OATP8
SLC21A8]).76 The functional consequences of polymor-
hisms in the OATP-C gene—the major Na�-indepen-
ent bile salt uptake system—have been determined in
itro.188 The transport capacity for estrone-3-sulfate and
stradiol-17�-glucuronide is severely compromised by
everal nonsynonymous polymorphisms affecting highly
onserved amino acids within the putative transmem-
rane regions and extracellular loop 5, even though these
atients have no obvious clinical phenotype. The
LC21A6-L193R amino acid substitution is a naturally
ccurring mutation resulting in defective protein matu-
ation and absent in vitro transport function.189 Poly-
orphisms have also been identified in the OATP-A and
ATP8 genes,76 although the functional and clinical

onsequences remain to be defined.

Acquired Defects of Bile Salt Transport

Bile salt transporters are vulnerable targets of
umerous cholestatic metabolites and signaling path-
ays (Table 2). Syndromes in which direct inhibition of

unction or expression of bile salt transporters are a cause
f cholestasis include drug-induced cholestasis, sepsis-
ssociated cholestasis, and intrahepatic cholestasis of
regnancy. The changes in transporter expression that
ccur in extrahepatic cholestasis are secondary adaptive
hanges that result from the impairment of bile flow and
etention of biliary constituents within the hepatic pa-
enchyma.

Drug-induced cholestasis. An important mecha-
ism of drug-induced cholestasis is inhibition of the bile
alt export pump with accumulation of bile salts in
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able 2. Role of Bile Salt Transporters in the Pathogenesis of Liver Disease

Species
Transport
protein

Gene
symbol Physiologic function Alterations in liver disease References

asolateral transport proteins

Rat Ntcp Slc10a1 Na�-dependent hepatocellular
bile salt uptake

Decreased expression in rat models of cholestasis
Decreased mRNA and protein levels during pregnancy,

associated with decreased nuclear binding of HNF1� and
RAR�:RXR�

201,211,231
232

Human NTCP SLC10A1 Na�-dependent hepatocellular
bile salt uptake

Decreased mRNA and protein levels in human cholestatic
liver disease

30,187

Decreased expression in HCC 72

Rat Oatp1 Slc21a1 Multispecific uptake of
organic anions and
amphipathic compounds

Decreased expression in bile duct ligation and in ethinyl
estradiol induced cholestasis

211,233

Oatp2 Slc21a5 Multispecific uptake of
organic anions and of
cardiac glycosides
(digoxin)

Decreased mRNA but not protein levels in carbon
tetrachloride induced liver injury

Decreased mRNA and protein levels in ethinylestradiol-
induced cholestasis

234

126

Oatp4 Slc21a10 Multispecific uptake of
organic anions and
amphipathic compounds

Decreased expression in bile duct ligation and sepsis 235

Human OATP-C SLC21A6 Hepatocellular uptake of bile
salts and other organic
anions

Reduced mRNA in PSC and inflammatory cholestasis
Decreased expression in HCC

29,30
217

OATP8 SLC21A8 Hepatocellular uptake of
organic anions, peptides,
and xenobiotics

Decreased expression in HCC because of increased
expression of the transcriptional repressor HNF3�

218

Rat/human Mrp1/MRP1 ABCC1 Efflux of cytotoxic cations and
non–bile salt organic
anions

Increased expression in hepatoma cells and sepsis 199,236

Rat/human Mrp3/MRP3 ABCC3 Efflux of organic anions, bile
salts, and anticancer
agents

Increased expression in Eisai Hyperbilirubinemic Rats and in
bile duct ligation

Increased expression in Dubin–Johnson syndrome and
primary biliary cirrhosis

237
61

epatocyte canalicular transport proteins

Mouse/rat/
human

Bsep/Bsep/
BSEP

ABCB11 Canalicular efflux of bile salts Gene mutations and absence of the protein in patients with
PFIC2, characterized by low GGT levels and reduced biliary
bile acid excretion

174,238

Compound heterozygosity for the E297G/R432T mutations in
a patient with recurrent intrahepatic cholestasis

176

Reduced mRNA and canalicular BSEP staining in human
inflammatory cholestasis

30

Cisinhibition by cholestatic drugs such as cyclosporine A 190

Transinhibition by the cholestatic estrogen metabolite
estradiol-17�-D-glucuronide

190,239

Increased expression in C57L/J gallstone-susceptible mice,
despite reduced bile salt excretory capacity

220,240

Mouse/rat/
human

Mdr2/Mdr2/
MDR3

ABCB4 Biliary excretion of
phospholipids

Mdr2 
/
 knockout mice exhibit an absence of
phospholipids in bile and develop progressive liver disease
with portal inflammation, bile duct proliferation and fibrosis

241

PFIC3, characterized by high GGT levels and absent
lipoprotein X in serum, is caused by mutations in the
MDR3 gene (chromosome 7q21)

177

MDR3 mutations in PFIC3 are associated with intrahepatic
cholestasis of pregnancy

242

Rat/human Mrp2/MRP2 ABCC2 Canalicular excretion of
organic anions

Decreased mRNA and protein levels in bile duct ligation and
endotoxinemia

200,243

Decreased canalicular density of Mrp2 transporter molecules
in endotoxinemia, taurolithocholate cholestasis, and bile
duct ligation

145,200,243

Mutations in the rat Mrp2 gene cause hereditary conjugated
hyperbilirubinemia

244

Mutations in the human MRP2 gene cause the Dubin–Johnson
syndrome with absent protein expression

181,183

MRP2 function is inhibited by anabolic 17�-alkylated steroids 245,246

Decreased canalicular MRP2 staining in PBC and
inflammatory cholestasis

30,31

Decreased mRNA levels in PSC 29

Human FIC1 ATP8B1 Putative aminophospholipid
translocator

P-type ATPase, positional candidate in genetic linkage
analysis of PFIC1 (Byler’s disease) and BRIC

171

SC, primary sclerosing cholangitis; PBC, primary biliary cirrhosis.
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epatocytes and subsequent liver damage. Inhibition of
sep by drugs can be tested in transport assays using
sep-expressing membrane vesicles from Sf9 insect cells.
yclosporine A, rifamycin SV, rifampicin, gliben-
lamide, and the thiazolidinedione insulin sensitizer
rug troglitazone cis-inhibit Bsep/BSEP-mediated
3H]taurocholate transport, providing a potential mech-
nism for intrahepatic cholestasis caused by these
gents.17,18,190,191 Cyclosporine A additionally leads to
isturbances of Bsep localization at the canalicular mem-
rane and to disruption of the pericanalicular F-actin
ytoskeleton, an effect that was not observed with the
mmunosuppressive agent tacrolimus (FK506).192 The
ndothelin antagonist bosentan also inhibits Bsep func-
ion while increasing Mrp2-dependent bilirubin excre-
ion and bile salt-independent bile flow.193,194 The sub-
trate specificity of Bsep has been suggested to extend
ot only to bile salts but also to vinblastine, calcein-
cetoxymethyl ester, and the linear hexapeptide
itekiren, which could cause cholestasis through inter-
ction with the canalicular efflux of bile salts.21 Another
otential Bsep substrate and inhibitor is the nonsteroidal
nti-inflammatory agent sulindac, an established hepato-
oxin. Sulindac appears to be secreted into the bile
analiculus in unconjugated form via a canalicular bile
alt export system and is passively absorbed by the bile
uct epithelium, thereby inducing a bicarbonate-rich
holeresis.195 Because of continuous cycling within the
holehepatic shunt pathway, high local concentrations of
ulindac could be reached within the hepatocyte that
ause cholestasis by inhibition of canalicular bile salt
fflux.

Sepsis-associated cholestasis. Cholestasis is a
ell-recogized complication in patients with sep-

is.196,197 Sepsis-associated cholestasis is more common
ith gram-negative infections and is caused by the effect
f bacterial endotoxins on hepatocellular transport sys-
ems.2 In experimental sepsis secondary to lipopolysac-
haride (LPS) administration, ATP-dependent uptake of
�mol/L taurocholate in canalicular plasma membrane

esicles is reduced to 53% of controls without an appar-
nt change in Km, suggesting a decrease in the number
f Bsep molecules in the canalicular membrane.197 Re-
uced canalicular secretion of bile salts is caused by a
2% reduction in Bsep mRNA levels198 and a concom-
tant decrease in protein199 in endotoxin-treated rats. The
xpression of the canalicular organic anion transporter
rp2 is decreased even more profoundly, amounting to

1% of controls in the LPS model.198 Furthermore, LPS
as been shown to induce an early and selective but
eversible retrieval of Mrp2 from the canalicular mem-
rane.200

Administration of either LPS, tumor necrosis factor � or
L-1� to rodents causes a decrease in mRNA levels of the
epatocellular bile salt uptake system Ntcp at the basolat-
ral membrane.201,202 Administration of IL-6, a marker of
acteremia, reduces hepatocellular taurocholate uptake
ithout affecting Ntcp mRNA levels.201,203 The down-

egulation of Ntcp in endotoxin-induced cholestasis can
artly be explained by decreased binding activity of the
uclear transcription factors HNF1� and RAR�:RXR� to
he Ntcp gene promoter.111,112,204 The effects of endotoxin
n bile salt transport can be attenuated by pretreatment of
ats with anti-tumor necrosis factor-� antibodies.205

Intrahepatic cholestasis of pregnancy. Intra-
epatic cholestasis of pregnancy (ICP) is a syndrome
haracterized by pruritus and biochemical cholestasis of
arying severity. It accounts for about 20% of pregnan-
y-associated liver diseases that present with jaundice.
he familial clustering of ICP, the high regional preva-

ence, the higher prevalence among mothers and sisters
f patients with ICP, and the susceptibility to ethinyl
stradiol-induced cholestasis in subjects with a family
istory of ICP implicates one or several genetic traits in
he pathogenesis.206–208 The coexistence of ICP in PFIC3
s associated with defects of the MDR3 (ABCB4) gene, as
uggested by the identification of nonsense mutations in
he MDR3 gene of women with this diagnosis.178,209

ext to polymorphisms of the MDR3 and possibly the
SEP genes, the role of cholestatic estrogen metabolites
ppears to play a major role in the pathogenesis of ICP.
hus, ATP-dependent canalicular taurocholate transport

s reduced by 63% after ethinyl estradiol treatment of
ats,210 which is attributable to the 47% reduction of
sep protein levels after 5 days of ethinyl estradiol

reatment.198 Down-regulation of hepatocellular bile salt
ptake systems (Ntcp and Oatp1) has also been ob-
erved.211 However, direct inhibition of Bsep transport
unction by the cholestatic estrogen metabolite estradiol-
7�-D-glucuronide may represent a major pathogenetic
actor in estradiol-induced cholestasis.190,212

Expression of Bile Salt Transporters in
Hepatocellular Carcinoma

The pharmacological interest in expression of bile
alt transporters in hepatocellular carcinomas (HCC) re-
ates to the fact that cytostatic agents covalently linked
o bile salts could be shuttled into HCC tumor cells
rovided that the appropriate bile salt uptake systems are
xpressed at adequate levels. Cytostatic drug conjugates
onsisting of a bile salt moiety such as glycocholate or
aurocholate and a cytostatic agent such as cisplatin or
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hlorambucil have been evaluated with respect to liver
rganotropism and uptake into liver tumors. Bamet-R2
s a cisplatin-glycocholic acid conjugate that is taken up
nto rat HCC after intravenous injection.213 A cisplatin-
DCA conjugate called Bamet-UD2 was shown to ef-

ectively inhibit the growth of orthotopically implanted
ouse Hepa 1-6 hepatomas in the livers of nude mice
ith only low in vivo toxicity.214,215 Both Bamet-R2 and
amet-UD2 are substrates of the bile salt uptake trans-
orters of human liver, NTCP, OATP-A, and OATP-
.216 Interestingly, they are also substrates of the organic
ation transporters OCT1 and OCT2, that belong to the
LC22A family of solute carriers.216 Next to the cispla-
in-bile acid conjugates, a chlorambucil-taurocholate
onjugate has also been shown to be a substrate of NTCP
nd OATP-A.72

The usefulness of these drug targeting approaches
learly depends on the expression levels of bile salt
ptake systems in human HCC cells compared with the
urrounding nontumor liver parenchyma. The level of
TCP mRNA in 5 surgically resected HCCs was re-

uced to 56% in northern blots compared with peritu-
or nonmalignant liver tissue and immunofluorescent

nalysis indicated the presence of NTCP protein at the
urface of HCC cells.72 The OATP-C mRNA was re-
uced in 11 out of 20 HCCs by real-time polymerase
hain reaction.217 Expression of OATP8, which exhibits
ow bile salt transport activity,82 was decreased in 60% of
CCs on the mRNA and protein level compared with

urrounding nontumor liver tissue from the same pa-
ients.218 This decrease was atrributable to an increase in
NF3� expression in these HCCs because HNF3�

inds to and transcriptionally represses the OATP8
ene.218 Expression of the organic anion and bile salt
fflux systems MRP1, MRP2, and MRP3 has also been
tudied in HCCs by immunostaining. Whereas no sur-
ace expression could be shown for MRP1, plasma mem-
rane staining of MRP2 and MRP3 was detectable in
7% and 100% of HCCs examined, respectively.219

hether the novel cytostatic bile acid conjugate drugs
re substrates of MRP2 and MRP3, which could com-
romise intracellular accumulation of these agents, re-
ains to be established.

Role of Bile Salt Transporters in Cholesterol
Gallstone Disease

Although several bile salt transporter genes have
een identified within susceptibility loci in the gall-
tone-susceptible mouse, the exact contribution of each
uantitative trait locus to cholesterol gallstone formation
s still under investigation. Candidate “Lith” genes in-
olved in bile salt transport include mouse Bsep (Abcb11),
rp2 (Abcc2), Fic1 (Atp8b1), Ntcp (Slc10a1), Asbt
Slc10a2), and Oatp1 (Slc21a1).220 Alterations in the ex-
ression or function of these transport proteins may cause
hanges in the composition of bile that contribute to
holesterol gallstones. The Bsep gene is contained within
he Lith1 quantitative trait locus, and the Lith1 locus
onfers high cholesterol secretion rates in combination
ith elevated bile salt and phospholipid secretion rates in

usceptible mice, a phenotype resembling that of obese
uman gallstone patients.221 The Lith1 locus is thus
ssociated with a gain of Bsep function and an increase in
elative and absolute cholesterol secretion rates. Another
ene contained within the Lith1 locus is the oxysterol-
ependent nuclear receptor LXR, that activates tran-
cription of several cholesterol homeostatic genes includ-
ng ABCA1 and ABCG5/ABCG8.222 This could also
xplain the increase in pigment secretion that is associ-
ted with the Lith1 locus. The role of the ileal bile salt
ransporter gene Asbt (Slc10a2) in cholesterol gallstone
ormation could relate to the fact that decreased ASBT
unction in man (e.g., in Crohn’s disease138) is associated
ith increased colonic bile salt levels, which promote
ilirubin absorption and increased bilirubin secretion
nto bile.223 The exact contribution of the other bile salt
ransporter Lith genes to the pathogenesis of cholesterol
allstones remains elusive at present because mutations
f the corresponding genes in man (e.g., MRP2 in the
ubin–Johnson syndrome or FIC1 in PFIC1 and BRIC)

re not associated with an increased incidence of chole-
ithiasis. In contrast, the Lith gene Mdr2 (MDR3 in man,
BCB4), which does not transport bile salts, appears to
lay a role in certain forms of cholelithiasis in patients
hat exhibit biochemical evidence of chronic cholestasis,
ecurrence of symptoms after cholecystectomy, and a
igh cholesterol/phospholipid ratio in bile.224 In 1 pa-
ient, the consecutive onset of cholelithiasis in adoles-
ence, followed by recurrent intrahepatic cholestasis of
regnancy, and finally biliary cirrhosis in adulthood has
een associated with a mutation at codon 535 in exon 14
f the MDR3 gene.225

Conclusions
The 2 clinical situations in which dysfunction of

ile salt transporters become most apparent are choles-
atic liver disease and intestinal bile salt malabsorption.
he former results from an “overflow” of bile salts in the

iver and systemic circulation caused by a disturbance of
epatocellular bile salt transport and excretion; the latter
eads to an “underfilling” of the bile salt pool and con-
equently decreased biliary bile salt excretion. The clin-
cal manifestations of cholestasis are elevated serum
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arkers of cholestasis, pruritus, jaundice, intestinal
alassimilation, and ultimately liver damage. Intestinal

ile salt malabsorption manifests itself as chologenic
iarrhea and may contribute to gallstone formation. Be-
ween these 2 extremes of defective bile salt transport, a
omplex network of regulatory cascades governs the
daptive responses to physiological and exogenous stim-
li such as postprandial increases in the portal venous
ile salt load, intake of xenobiotics, hormonal influences
uring pregnancy, and septicemia. Whereas the intesti-
al bile salt transporter ASBT has become an established
harmacological target for inhibition of bile salt absorp-
ion in the treatment of lipid disorders, the usefulness of
epatocellular bile salt transporters for liver-directed
rug targeting strategies awaits confirmation in human
tudies.

Note added in proof. Following submission of this
anuscript, the new OATP classification and nomencla-

ure system, as indicated on page 325 of this review, was
ormalized and accepted by the HUGO Gene Nomen-
lature Committee (HGNC). According to this phyloge-
etically based and species-independent classification
ystem, all Oatps/OATPs are classified within the
ATP/SLCO superfamily of membrane transport systems

Hagenbuch B and Meier PJ, Pflugers Arch Eur J Physiol
003, in press; Hediger M et al., Pflugers Arch Eur J
hysiol 2003, in press; http://www.pharmaconference.org/

lctable.asp). Concerning the Oatps/OATPs mentioned in
his review, the new protein names and the new gene symbols
re as follows: Oatp1a1/Slco1a1 (previously called Oatp1/
lc21a1), Oatp1a4/Slco1a4 (Oatp2/Slc21a5), Oatp1b2/
lco1b2 (Oatp4/Slc21a10), OATP1A2/SLCO1A2 (OATP-A/
LC21A3) OATP1B1/SLCO1B1 (OATP-C/SLC21A6),
ATP1B3/SLCO1B3 (OATP8/SLC21A8), OATP2B1/

LCO2B1 (OATP-B/SLC21A9). We suggest using only
he new nomenclature in future in order to avoid further
onfusion.
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76. Kullak-Ublick GA, Kerb R, Müllhaupt B, Penger A, Brinkmann U,
Stieger B, Meier PJ. A novel R432T mutation in the bile salt
export pump gene (BSEP; ABCB11) is associated with recurrent
intrahepatic cholestasis in an adolescent patient [abstract].
Hepatology 2001;34:216A.

77. de Vree JM, Jacquemin E, Sturm E, Cresteil D, Bosma PJ, Aten
J, Deleuze JF, Desrochers M, Burdelski M, Bernard O, Oude
Elferink RP, Hadchouel M. Mutations in the MDR3 gene cause
progressive familial intrahepatic cholestasis. Proc Natl Acad Sci
U S A 1998;95:282–287.

78. Jacquemin E, De Vree JM, Cresteil D, Sokal EM, Sturm E,
Dumont M, Scheffer GL, Paul M, Burdelski M, Bosma PJ, Ber-
nard O, Hadchouel M, Elferink RP. The wide spectrum of multi-
drug resistance 3 deficiency: from neonatal cholestasis to cir-
rhosis of adulthood. Gastroenterology 2001;120:1448–1458.

79. Floreani A, Molaro M, Mottes M, Sangalli A, Baragiotta A, Roda
A, Naccarato R, Clementi M. Autosomal dominant benign recur-
rent intrahepatic cholestasis (BRIC) unlinked to 18q21 and
2q24. Am J Med Genet 2000;95:450–453.

80. Bijleveld CM, Vonk RJ, Kuipers F, Havinga R, Boverhof R, Koop-
man BJ, Wolthers BG, Fernandes J. Benign recurrent intrahe-
patic cholestasis: altered bile acid metabolism. Gastroenterol-
ogy 1989;97:427–432.

81. Wada M, Toh S, Taniguchi K, Nakamura T, Uchiumi T, Kohno K,
Yoshida I, Kimura A, Sakisaka S, Adachi Y, Kuwano M. Muta-
tions in the canalicular multispecific organic anion transporter
(cMOAT) gene, a novel ABC transporter, in patients with hyper-
bilirubinemia II/Dubin-Johnson syndrome. Hum Mol Genet
1998;7:203–207.

82. Kartenbeck J, Leuschner U, Mayer R, Keppler D. Absence of the
canalicular isoform of the MRP gene-encoded conjugate export
pump from the hepatocytes in Dubin-Johnson syndrome. Hepa-
tology 1996;23:1061–1066.

83. Paulusma CC, Kool M, Bosma PJ, Scheffer GL, Ter Borg F,
Scheper RJ, Tytgat GNJ, Borst P, Baas F, Oude Elferink RPJ. A
mutation in the human canalicular multispecific organic anion
transporter gene causes the Dubin-Johnson syndrome. Hepa-
tology 1997;25:1539–1542.

84. Paulusma CC, Oude Elferink RP. The canalicular multispecific
organic anion transporter and conjugated hyperbilirubinemia in
rat and man. J Mol Med 1997;75:420–428.

85. Keitel V, Kartenbeck J, Nies AT, Spring H, Brom M, Keppler D.
Impaired protein maturation of the conjugate export pump mul-
tidrug resistance protein 2 as a consequence of a deletion
mutation in Dubin-Johnson syndrome. Hepatology 2000;32:
1317–1328.

86. Keitel V, Nies AT, Brom M, Hummel Eisenbeiss J, Spring H,
Keppler D. A common Dubin-Johnson syndrome mutation im-
pairs protein maturation and transport activity of MRP2
(ABCC2). Am J Physiol Gastrointest Liver Physiol 2003;284:
G165–G174.

87. Shneider BL, Fox VL, Schwarz KB, Watson CL, Ananthanaray-
anan M, Thevananther S, Christie DM, Hardikar W, Setchell
KDR, Mieli-Vergani G, Suchy FJ, Mowat AP. Hepatic basolateral
sodium-dependent bile acid transporter expression in two un-
usual cases of hypercholanemia and in extrahepatic biliary
atresia. Hepatology 1997;25:1176–1183.

88. Tirona RG, Leake BF, Merino G, Kim RB. Polymorphisms in
OATP-C: identification of multiple allelic variants associated with
altered transport activity among European- and African-Ameri-
cans. J Biol Chem 2001;276:35669–35675.

89. Michalski C, Cui Y, Nies AT, Nuessler AK, Neuhaus P, Zanger
UM, Klein K, Eichelbaum M, Keppler D, Konig J. A naturally
occurring mutation in the SLC21A6 gene causing impaired
membrane localization of the hepatocyte uptake transporter.
J Biol Chem 2002;277:43058–43063.

90. Stieger B, Fattinger K, Madon J, Kullak-Ublick GA, Meier PJ.
Drug- and estrogen-induced cholestasis through inhibition of the
hepatocellular bile salt export pump (Bsep) of rat liver. Gastro-
enterology 2000;118:422–430.



1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

January 2004 BILE SALT TRANSPORTERS IN LIVER DISEASE 341
91. Funk C, Ponelle C, Scheuermann G, Pantze M. Cholestatic
potential of troglitazone as a possible factor contributing to
troglitazone-induced hepatotoxicity: in vivo and in vitro interac-
tion at the canalicular bile salt export pump (Bsep) in the rat.
Mol Pharmacol 2001;59:627–635.

92. Roman ID, Fernandez-Moreno MD, Fueyo JA, Roma MG,
Coleman R. Cyclosporin A induced internalization of the bile salt
export pump in isolated rat hepatocyte couplets. Toxicol Sci
2003;71:276–281.

93. Fattinger K, Funk C, Pantze M, Weber C, Reichen J, Stieger B,
Meier PJ. The endothelin antagonist bosentan inhibits the can-
alicular bile salt export pump: a potential mechanism for he-
patic adverse reactions. Clin Pharmacol Ther 2001;69:223–
231.

94. Fouassier L, Kinnman N, Lefevre G, Lasnier E, Rey C, Poupon R,
Elferink RP, Housset C. Contribution of mrp2 in alterations of
canalicular bile formation by the endothelin antagonist bosen-
tan. J Hepatol 2002;37:184–191.

95. Bolder U, Trang NV, Hagey LR, Schteingart CD, Ton-Nu HT, Cerre
C, Elferink RP, Hofmann AF. Sulindac is excreted into bile by a
canalicular bile salt pump and undergoes a cholehepatic circu-
lation in rats. Gastroenterology 1999;117:962–971.

96. Moseley RH. Sepsis-associated cholestasis. Gastroenterology
1997;112:302–306.

97. Bolder U, Ton-Nu H-T, Schteingart CD, Frick E, Hofmann AF.
Hepatocyte transport of bile acids and organic anions in endo-
toxemic rats: impaired uptake and secretion. Gastroenterology
1997;112:214–225.

98. Lee JM, Trauner M, Soroka CJ, Stieger B, Meier PJ, Boyer JL.
Expression of the bile salt export pump is maintained after
chronic cholestasis in the rat. Gastroenterology 2000;118:
163–172.

99. Vos TA, Hooiveld GJEJ, Koning H, Childs S, Meijer DKF,
Moshage H, Jansen PLM, Müller M. Up-regulation of the multi-
drug resistance genes, mrp1 and mdr1b, and down-regulation
of the organic anion transporter, mrp2, and the bile salt trans-
porter, spgp, in endotoxemic rat liver. Hepatology 1998;28:
1637–1644.

00. Kubitz R, Wettstein M, Warskulat U, Haussinger D. Regulation
of the multidrug resistance protein 2 in the rat liver by lipopoly-
saccharide and dexamethasone. Gastroenterology 1999;116:
401–410.

01. Green RM, Beier D, Gollan JL. Regulation of hepatocyte bile salt
transporters by endotoxin and inflammatory cytokines in ro-
dents. Gastroenterology 1996;111:193–198.

02. Kullak-Ublick GA. Regulation of organic anion and drug trans-
porters of the sinusoidal membrane. J Hepatol 1999;31:563–
573.

03. Green RM, Whiting JF, Rosenbluth AB, Beier D, Gollan JL. Inter-
leukin-6 inhibits hepatocyte taurocholate uptake and sodium-
potassium adenosinetriphosphatase activity. Am J Physiol
1994;267:G1094–G1100.

04. Trauner M, Arrese M, Lee H, Boyer JL, Karpen SJ. Endotoxin
downregulates rat hepatic ntcp gene expression via decreased
activity of critical transcription factors. J Clin Invest 1998;101:
2092–2100.

05. Whiting JF, Green RM, Rosenbluth AB, Gollan JL. Tumor necro-
sis factor-� decreases hepatocyte bile salt uptake and medi-
ates endotoxin-induced cholestasis. Hepatology 1995;22:
1273–1278.

06. Leevy CB, Koneru B, Klein KM. Recurrent familial prolonged
intrahepatic cholestasis of pregnancy associated with chronic
liver disease [see comments]. Gastroenterology 1997;113:
966–972.

07. Mella JG, Roschmann E, Glasinovic JC, Alvarado A, Scrivanti M,
Volk BA. Exploring the genetic role of the HLA-DPB1 locus in
Chileans with intrahepatic cholestasis of pregnancy. J Hepatol
1996;24:320–323.

08. Meng LJ, Reyes H, Axelson M, Palma J, Hernandez I, Ribalta J,
Sjovall J. Progesterone metabolites and bile acids in serum of
patients with intrahepatic cholestasis of pregnancy: effect
of ursodeoxycholic acid therapy. Hepatology 1997;26:1573–
1579.

09. Gendrot C, Bacq Y, Brechot M-C, Lansac J, Andres C. A second
heterozygous MDR3 nonsense mutation associated with intra-
hepatic cholestasis of pregnancy [letter]. J Med Genet 2003;
40:e32.

10. Bossard R, Stieger B, O’Neill B, Fricker G, Meier PJ. Ethinylestra-
diol treatment induces multiple canalicular membrane transport
alterations in rat liver. J Clin Invest 1993;91:2714–2720.

11. Simon FR, Fortune J, Iwahashi M, Gartung C, Wolkoff AW,
Sutherland E. Ethinyl estradiol cholestasis involves alterations
in expression of liver sinusoidal transporters. Am J Physiol
1996;271:G1043–G1052.

12. Vore M, Liu Y, Huang L. Cholestatic properties and hepatic
transport of steroid glucuronides. Drug Metab Rev 1997;29:
183–203.

13. Monte MJ, Dominguez S, Palomero MF, Macias RIR, Marin JJG.
Further evidence of the usefulness of bile acids as molecules
for shuttling cytostatic drugs toward liver tumors. J Hepatol
1999;31:521–528.

14. Dominguez MF, Macias RI, Izco Basurko I, de La Fuente A,
Pascual MJ, Criado JM, Monte MJ, Yajeya J, Marin JJ. Low in vivo
toxicity of a novel cisplatin-ursodeoxycholic derivative (Bamet-
UD2) with enhanced cytostatic activity versus liver tumors.
J Pharmacol Exp Ther 2001;297:1106–1112.

15. Larena MG, Martinez Diez MC, Monte MJ, Dominguez MF, Pas-
cual MJ, Marin JJ. Liver organotropism and biotransformation of
a novel platinum-ursodeoxycholate derivative, Bamet-UD2, with
enhanced antitumour activity. J Drug Target 2001;9:185–200.

16. Briz O, Serrano MA, Rebollo N, Hagenbuch B, Meier PJ, Koepsell
H, Marin JJ. Carriers involved in targeting the cytostatic bile
acid-cisplatin derivatives cis-diammine-chloro-cholylglycinate-
platinum(II) and cis-diammine-bisursodeoxycholate-platinum(II)
toward liver cells. Mol Pharmacol 2002;61:853–860.

17. Kinoshita M, Miyata M. Underexpression of mRNA in human
hepatocellular carcinoma focusing on eight loci. Hepatology
2002;36:433–438.

18. Vavricka SR, Jung D, Fried M, Grützner U, Meier PJ, Kullak-Ublick
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