
Bile acids are amphipathic steroidal compounds derived
from the enzymatic catabolism of cholesterol (Fig. 1). They
perform essential roles in gastrointestinal physiology
(Hofmann, 1994). As the major solute in bile, they are a
primary determinant of bile flow and biliary lipid secretion.
The catabolism of cholesterol to bile acids is an important route
for the elimination of cholesterol from the body, accounting
for approximately 50 % of cholesterol eliminated daily. In the
intestine, bile acids regulate pancreatic secretions and the
release of gastrointestinal peptides (Koop et al., 1996; Riepl et
al., 1996) and activate carboxyl ester lipase, which is required
for the absorption of lipid-soluble vitamins. The detergent
properties of bile acids aid in the solubilization of cholesterol
in bile and of dietary fats and cholesterol in intestinal fluid, a
prerequisite for their intestinal absorption. Bile acids are also
implicated in signal transduction pathways that regulate
apoptosis, mucin secretion and biliary ductular secretion
(Alpini et al., 1997a; Dray-Charier et al., 1997; Jones et al.,
1997). The full physiological importance of bile acids may still
not be fully appreciated.

Conjugated bile acids, which carry a negative charge at

physiological pH, require carrier-mediated transport to cross
membranes. The cloning of cDNAs for individual carriers, first
from rodent then from human tissues, has permitted an
increasing number of diseases and clinical syndromes to
be attributed to specific defects in the regulation and expression
of bile acid transporters (Balistreri, 1999; Jacquemin, 1999;
Jansen et al., 1999). Bile acid carriers operating at the
basolateral and apical surfaces of several cell types are diverse
in their structure, in their driving forces and in their substrate
specificities. This review gives a current account of the
regulated biosynthesis of bile acids and of the identity,
distribution and characteristics of transporters that mediate
their disposition within the liver, biliary tree, intestine and
kidney in humans. Reference is made to rodent tissues for
comparison and when information from humans is lacking.
The gene symbols associated with each carrier are consistent
with the Human Gene Nomenclature Committee Data Base and
are given in parentheses (Table 1; Fig. 2).

Biosynthesis of bile acids

The major biosynthetic pathway begins in the liver with 7-
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Bile acids are steroidal amphipathic molecules derived
from the catabolism of cholesterol. They modulate bile flow
and lipid secretion, are essential for the absorption of
dietary fats and vitamins, and have been implicated in the
regulation of all the key enzymes involved in cholesterol
homeostasis. Bile acids recirculate through the liver, bile
ducts, small intestine and portal vein to form an
enterohepatic circuit. They exist as anions at physiological
pH and, consequently, require a carrier for transport
across the membranes of the enterohepatic tissues.
Individual bile acid carriers have now been cloned from
several species. Na+-dependent transporters that mediate
uptake into hepatocytes and reabsorption from the
intestine and biliary epithelium and an ATP-dependent
transporter that pumps bile acids into bile comprise the
classes of transporter that are specific for bile acids. In

addition, at least four human and five rat genes that code
for Na+-independent organic anion carriers with broad
multi-substrate specificities that include bile acids have
been discovered. Studies concerning the regulation of these
carriers have permitted identification of molecular signals
that dictate eventual changes in the uptake or excretion of
bile acids, which in turn have profound physiological
implications. This overview summarizes and compares all
known bile acid transporters and highlights findings that
have identified diseases linked to molecular defects in these
carriers. Recent advances that have fostered a more
complete appreciation for the elaborate disposition of bile
acids in humans are emphasized.
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α hydroxylation of cholesterol catalyzed by the rate-limiting,
microsomal cholesterol 7-α-hydroxylase (CYP7A1) (Jelinek et
al., 1990). Additional hydroxylation and oxido-reduction steps
form the dihydroxylated (3αOH,7αOH) chenodeoxycholic
acid or the more hydrophilic trihydroxylated
(3αOH,7αOH,12αOH) cholic acid (Fig. 1), which are the
predominant bile acids in man. An alternative extra-hepatic
pathway begins with sequential oxidation reactions at C27 of
cholesterol by sterol 27-hydroxylase (CYP27) (Cali and
Russell, 1991; Martin et al., 1993), a mitochondrial enzyme
that is expressed in hepatic and in most extra-hepatic tissues
including vascular endothelium and macrophages (Bjorkhem
et al., 1994; Reiss et al., 1997). Oxidation products of
cholesterol formed extra-hepatically by CYP27 are transported
to the liver for conversion to chenodeoxycholic acid (Pikuleva
et al., 1997). Mutations in the human CYP27gene underlie
a recessive sterol storage disease, cerebrotendinous
xanthomatosis, characterized by the accumulation of
cholesterol and cholestanol in the tissues (Cali et al., 1991).
Atherosclerosis is an additional finding, consistent with a role
for CYP27 in promoting the flux and removal of cholesterol
from extra-hepatic sources (Bjorkhem et al., 1994; Lund et al.,
1996).

Bile acids are conjugated at the terminal (C24) carboxyl
group with the amino acids taurine and glycine by bile acid-

CoA:amino acid N-acyltransferase (Falany et al., 1994). This
amidation increases their amphipathic character and
decreases their ionization constants, rendering them more
hydrophilic and more readily excretable into bile. The
glycoconjugates, which predominate in man, and
tauroconjugates (Fig. 1), which predominate in rodents, have
pKa values of approximately 4 and 2, respectively, and exist
in their anionic salt form at physiological pH (Hofmann,
1994). Bile acids are excreted into the bile for eventual
discharge into the small intestine (approximately 30 g day−1)
then undergo reabsorption, creating a cycle of enterohepatic
circulation. In the intestinal lumen, bacterial enzymes
dehydroxylate chenodeoxycholic acid to lithocholic acid
and cholic acid to deoxycholic acid. A proportion of these
secondary bile acids is absorbed from the intestine and
recirculates entero-hepatically (Hofmann, 1994).

Regulation of biosynthesis

The synthesis of bile acids in man is highly regulated
(Chiang, 1998). Measures that decrease the return of bile acids
to the portal circulation, such as biliary diversion in animals or
intake of binding resins, increase the conversion of cholesterol
into bile acid (Pandak et al., 1991; Xu et al., 1999).
Biosynthesis is also regulated by dietary intake of cholesterol,
although the response is species-specific: whereas an increase
in bile acid production is an important response in mice
and rats (Nguyen et al., 1999), only a modest compensatory
increase occurs in man (Duane, 1993).

The transcription of CYP7A1is subject to both feedforward
and feedback regulation (Stroup et al., 1997). A host of
transcription factor binding sites have now been identified on
the CYP7A1promoter to explain the nature of its activation and
repression. A nuclear receptor, the liver X receptor α (LXRα),
for which ligands are hydroxylated cholesterol metabolites,
dimerizes with a second nuclear receptor, the retinoid X
receptor (RXR), and binds to its response element on the
Cyp7a1promoter, thereby mediating transcriptional activation.
Knockout LXRα(−/−) mice fail to upregulate Cyp7A1 in
response to dietary cholesterol (Peet et al., 1998). In humans,
ligand-activated LXRα/RXR binds less avidly to the CYP7A1
promoter, consistent with minor transcriptional upregulation
(Repa and Mangelsdorf, 2000). Transcription of CYP7A1is
downregulated by the farnesoid X nuclear receptor (FXR) via
a complex molecular mechanism that involves the coordinated
regulation of several liver-enriched nuclear receptors. Bile
acids are physiological ligands of FXR (Makishima et al.,
1999; Parks et al., 1999). Bile acid-activated FXR dimerizes
with RXR and transcriptionally activates its target nuclear
receptor, short heterodimer partner (SHP). SHP represses
CYP7A1 indirectly through its association with yet another
nuclear receptor, liver receptor homolog-1 (LRH-1) (Lu et al.,
2000).

CYP27is also transcriptionally repressed by bile acids. One
transcription factor identified is hepatocyte nuclear factor-1α
(HNF1α), whose binding to the CYP27promoter is reduced by
bile acids (Rao et al., 1999).
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Fig. 1. Structure of cholesterol (A) and a bile acid amidated with
taurine (taurocholic acid) (B). Cholesterol, a C27 hydrophobic
compound, is converted to the more hydrophilic, trihydroxylated
(3αOH,7αOH,12αOH) C24 bile acid. Amidation with taurine (or
glycine) lowers the pKa of the terminal acidic group, such that bile
acids are negatively charged at physiological pH and exist in their
anionic salt form.



Bile acid carriers within the enterohepatic circulation
Influx of bile acids at the basolateral surface of hepatocytes

The entry of bile acids into hepatocytes at the
basolateral surface (in contact with the blood sinusoids) occurs
by two processes. The major uptake system is Na+-dependent

and driven by the transmembrane Na+ gradient maintained by
Na+/K+-ATPase. A second Na+-independent uptake system
is mediated by several members of the Organic Anion-
Transporting Polypeptide (OATP) family of transporters, which
function as anion exchangers.
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Fig. 2. Bile salt carriers in rat and human hepatocytes, cholangiocytes, renal tubular cells and enterocytes. At the basolateral membrane, the
Na+–taurocholate cotransporting polypeptides Ntcp (rat) and NTCP (human) mediate uptake of conjugated bile salts (BS−). In rat liver, Na+-
independent transport is mediated by the organic anion-transporting polypeptides Oatp1, Oatp2 and Oatp4, which are carriers of BS− and other
organic anions (OA−). In human liver, Na+-independent BS− uptake is predominantly mediated by OATP-C. OATP-A is of very low abundance
and may play only a minor role. The affinity of OATP8 for bile acids is uncertain. At the canalicular membrane, monovalent BS− is pumped
into bile via the bile salt export pump Bsep (rat)/BSEP (human), which is a member of the ATP-binding cassette (ABC) superfamily. Excretion
of divalent sulphated or glucuronidated bile salts into bile is mediated by the multidrug resistance protein 2, Mrp2 (rat)/MRP2 (human). Levels
of Mrp1/MRP1 and Mrp3/MRP3 are very low or undetectable at the basolateral membrane of hepatocytes, but are increased when Mrp2/MRP2
is absent or its expression is reduced to maintain ongoing organic anion (OA−) efflux from the hepatocyte. Within the bile ducts, conjugated
BS− can be absorbed by the apical sodium-dependent bile acid transporter, Asbt (rat)/ASBT (human), localized at the apical cholangiocyte
membrane. Bile salts then exit at the basolateral surface into the hepatic arterial circulation, via the ATP-dependent MRP3/ Mrp3 and possibly
through a proposed mechanism of basolateral anion exchange. A truncated Asbt carrier may mediate this efflux in the rat. BS− is reabsorbed
into renal tubular cells at the apical membrane by Asbt/ASBT. The multispecific Oatp1 is also localized to the rat apical membrane, as is the
organic anion transporter Oat-K2. It is unclear whether Oat-K2 mediates uptake or secretion of BS−. Divalent conjugated BS− can be pumped
out by Mrp2/MRP2. Other members of the Oatp/OATP family have not been definitely localized to basolateral or apical membranes. In the
enterocyte, BS− is reabsorbed by Asbt/ASBT. The multispecific Oatp3 has also been localized to the apical membrane in the rat. BS− then exits
at the basolateral surface via the ATP-dependent Mrp3/MRP3. The truncated Asbt carrier may also mediate this efflux in the rat. GS,
glutathione; GSH, reduced glutathione.



Na+/taurocholate cotransporting polypeptide (NTCP/Ntcp)

Ntcp (Slc10a1), a glycoprotein of 362 amino acid residues,
whose cDNA was isolated from rat liver (Hagenbuch et al.,

1991), was the first bile acid carrier identified at both the
molecular and functional levels. It is expressed exclusively in
hepatocytes and is localized at the basolateral membrane
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Table 1.Bile acid transporters in human and rat tissues

Accession
Cell type Localization Carriera number Function References

Hepatocyte
Human Basolateral NTCP (SLC10A1) NM_003049 Na+-dependent entry of bile acids; Hagenbuch and 

Km taurocholate=6µmol l−1 b Meier, 1994

Rat Basolateral Ntcp (Slc10a1) M77479 Km=30µmol l−1 Hagenbuch et al., 
1991

Hepatocyte 
Human Basolateral? OATP-A (SLC21A3) NM_005075 Multi-specific; Na+-independent Kullak-Ublick et 

(low expression) entry of bile acids and organic al., 1995
anions; Km=60µmol l−1

Basolateral OATP-C (SLC21A6) NM_006446 Km=14µmol l−1 Konig et al., 2000a; 
(high expression) Abe et al., 1999

Basolateral OATP8 (SLC21A8) AJ251506 Multi-specific; Na+-independent Konig et al., 2000a;
(high expression) entry of bile acids and organic Kullak-Ublick et

anions al., 2001

Rat Basolateral (even Oatp1 (Slc21a1) L19031 Multi-specific; Na+-independent Jacquemin et al., 
acinar distribution) entry of bile acids and organic 1994

anions. Km=20-50µmol l−1 b

Basolateral (perivenous Oatp2 (Slc21a5) U88036 Km=35µmol l−1 Noe et al., 1997
acinar distribution)

Basolateral Oatp4 (Slc21a10) AJ271682 Km=26µmol l−1 Cattori et al., 2000a

Hepatocyte
Human Apical (canalicular) BSEP (ABCB11) NM_003742 ATP-dependent export of bile Strautnieks et al., 

acids 1998

Rat Apical Bsep (Abcb11) U69487 Km=5µmol l−1 Gerloff et al., 1998

Human Apical MRP2 (ABCC2) NM_000392 Multi-specific, ATP-dependent Cui et al., 1999; 
export of organic anions Evers et al., 1998;
including di-anionic Paulusma et al., 
conjugated bile acids 1997

Rat Apical Mrp2 (Abcc2) L49379 Paulusma et al., 
1996; Stieger et 
al., 2000

Hepatocyte
Human Basolateral (low expression MRP3 (ABCC3) NM_003786 Multi-specific; ATP-dependent Konig et al., 1999b;

but induced in Dubin– export of organic anions and Kool et al., 1999;
Johnson syndrome and conjugated bile acids; Km Zeng et al., 2000
cholestasis) glycocholate=248µmol l−1

Rat Basolateral (low expression Mrp3 (Abcc3) AB010467 Km=16µmol l−1 Hirohashi et al., 
but induced in EHBRc and 2000b; Ogawa et 
experimental cholestasis) al., 2000

Hepatocyte 
Human Basolateral (very low MRP1 (ABCC1) NM_004996 Multi-specific; ATP-dependent Roelofsen et al., 

expression, except in export of organic anions and 1997
proliferating cells) di-anionic bile salts

Rat Basolateral (very low Mrp1 (Abcc1) AF022908 Vos et al., 1998
expression, but induced 
in endotoxaemia)

Cholangiocyte
Human Apical ASBT (SLC10A2) NM_000452 Na+-dependent uptake of Que et al., 1999

conjugated bile acids 



(Stieger et al., 1994) (Fig. 2). Its human counterpart, NTCP
(SLC10A1), a 349 amino acid residue glycoprotein, exhibits

high affinity (Km≈6µmol l−1) for taurocholate (Hagenbuch and
Meier, 1994), commensurate with fasting serum bile acid

Transport of bile acids 1677

Table 1.Continued

Accession
Cell type Localization Carriera number Function References

Rat Apical Asbt (Slc10a2) U07183 Km=46µmol l−1 Alpini et al., 
1997b; Lazaridis 
et al., 1997

Cholangiocyte
Human Basolateral MRP3 (ABCC3) NM_003786 Multi-specific; ATP-dependent Kool et al., 1999)

efflux of organic anions and 
conjugated bile acids

Rat Basolateral Mrp3 (Abcc3) AB010467 Hirohashi et al., 
2000b

Cholangiocyte
Rat Basolateral Truncated Asbt Na+-independent efflux of Lazaridis et al., 

conjugated bile acids; 2000
Km=35µmol l−1

Enterocyte 
Human Apical ASBT (SLC10A2) NM_000452 Na+-dependent uptake of bile Wong et al., 1995;

acids; Km=13µmol l−1 Craddock et al., 
1998

Rat Apical Asbt (Slc10a2) U07183 Km=50µmol l−1 Christie et al., 1996; 
Moyer et al., 
1986

Enterocyte 
Rat Apical Oatp3 (Slc21a7) AF083469 Multispecific; Na+-independent Walters et al., 2000

uptake of organic anions and 
bile acids; Km=20µmol l−1

Enterocyte 
Human Basolateral MRP3 (ABCC3) NM_003786 Multi-specific; ATP-dependent Hirohashi et al., 

export of organic anions and 2000a; Hirohashi 
conjugated bile acids et al., 2000b

Enterocyte
Rat Basolateral? Truncated Asbt Na+-independent efflux of Lazaridis et al., 

conjugated bile acids 2000
Renal tubules 

Human Apical ASBT (SLC10A2) NM_000452 Na+-dependent re-uptake of Craddock et al., 
conjugated and unconjugated 1998
bile acids 

Rat Apical Asbt (Slc10a2) U07183 Km=40–70µmol l−1 Christie et al., 1996

Human Apical MRP2 (ABCC2) NM_000392 Multi-specific; ATP-dependent Schaub et al., 1999
export of di-anionic conjugated 
bile acids

Rat Apical Mrp2 (Abcc2) L49379 Schaub et al., 1997

Rat Apical; S3 segment of Oatp1 (Slc21a1) NM_013797 Multi-specific; Na+-independent Bergwerk et al., 
the proximal straight re-uptake? of organic anions 1996
tubule and bile acids

Apical?; expression is Oat-K2 (Slc21a4) AB012662 Km=10µmol l−1 Masuda et al., 1999
kidney-specific

All specific and multi-specific carriers for bile acids are included. Where uncertainty exists in the location or function of a carrier, a question
mark is added.

aGene symbols consistent with the Human Gene Nomenclature Committee Data Base are given in parentheses.
bReported Km values for the transport of taurocholate, where available. Since data from several experimental methods are combined, a range

is given where possible.
cΕΗΒR, Eisai hyperbilirubinaemic rats with a defect in Mrp2. 



levels (range 5–20µmol l−1) in healthy subjects. The coupled
transport mediated by NTCP/Nctp is electrogenic, with a
Na+:bile acid stoichiometry of 2:1 (Weinman, 1997).

Physiological and pathophysiological stimuli, such as
pregnancy and cholestasis, modulate Ntcp. To explain these
changes, the Ntcp promoter and transcription factors were
identified (Karpen et al., 1996). In the postpartum state,
prolactin facilitates the binding of signal transducer and
activator of transcription 5 (STAT5) to consensus sites on the
promoter, leading to transcriptional activation and upregulation
of Ntcp (Ganguly et al., 1997). Decreased expression of Ntcp
occurs in rat models of experimental cholestasis such as bile
duct ligation, ethinyloestradiol and endotoxin treatment
(Gartung et al., 1996; Green et al., 1996; Kupferschmidt et al.,
1994). Endotoxin-induced downregulation was investigated by
measuring nuclear binding of several transactivators of the Ntcp
promoter (Trauner et al., 1998). A selective decrease in the
nuclear binding of HNF-1 and the Footprint-B-binding protein
was associated with a decrease in Ntcp mRNA levels. The
identification of Footprint-B-binding protein as a retinoid
receptor heterodimer led to the finding that retinoids activate
the Ntcp promoter, and this in turn is inhibited by cytokine-
mediated signalling (Denson et al., 2000).

Organic anion-transporting polypeptide (OATP/Oatp)

The OATP/Oatp carriers are members of a growing family
that mediate the Na+-independent uptake of a host of
compounds, including conjugated and unconjugated bile acids.
Other substrates include cardiac glycosides (Noe et al., 1997),
steroids (Bossuyt et al., 1996; Eckhardt et al., 1999), peptides
(Gao et al., 2000; Ziegler et al., 1991) and selected organic
cations (van Montfoort et al., 1999). Certain members are
predominantly or exclusively expressed in extra-hepatic
tissues, such as brain (Gao et al., 1999), intestine (Walters et
al., 2000), lung and retina (Abe et al., 1998).

In the rat, there are now three Oatps localized in the liver
and for which bile salts are substrates (Fig. 2, Table 1). Oatp1
(Slc21a1) is a 80 kDa protein expressed mainly at the
basolateral membrane of hepatocytes, but also in kidney and
brain (Angeletti et al., 1997; Jacquemin et al., 1994).
Conjugated and unconjugated bile acids are substrates, albeit
with lower affinities than Ntcp (Eckhardt et al., 1999). Oatp1
probably works as an exchanger, and recent studies have
proposed different physiological counter-anions such as
HCO3− (Satlin et al., 1997) or glutathione (Li et al., 1998). A
second member, Oatp2 (Slc21a5), was cloned from the rat
brain, is 77 % identical with Oatp1 and is also expressed
basolaterally in hepatocytes (Noe et al., 1997; Reichel et al.,
1999). Further comparisons of Oatp1 and Oatp2 showed
overlapping substrate specificities with respect to bile salts, but
that the acinar localization of the Oatp1 and Oatp2 proteins
along the liver sinusoid differed (Eckhardt et al., 1999; Reichel
et al., 1999). Whereas Oatp1 showed a homogeneous
distribution, Oatp2 was predominantly expressed in perivenous
hepatocytes, excluding the innermost 1–2 cell layers
surrounding the central vein (Kakyo et al., 1999; Reichel et al.,

1999). Since the major uptake of bile salts occurs in periportal
hepatocytes (Buscher et al., 1993; Groothuis et al., 1982),
Oatp1 is implicated in the Na+-independent uptake of bile salts
under normal conditions. However, in models of cholestasis
such as treatment with oestrogen, an event associated with
downregulation of both Ntcp and Oatp1 (Simon et al., 1996),
hepatocytes in zones 2 and 3 (pericentral) of the sinusoids
are recruited for bile salt transport (Buscher et al., 1993).
Therefore, Oatp2 may assume a more important role in
situations in which the expression or activity of Ntcp and/or
Oatp1 is compromised. A third family member, Oatp4
(Slc21a10), is expressed exclusively at the basolateral
membrane of rat liver (Cattori et al., 2000b) and shares
43–44 % identities with Oatp1 and Oatp2 (Cattori et al.,
2000a). Its substrates include taurocholate and amphipathic
organic anions such as oestradiol-17β-glucuronide and
dehydroepiandrosterone sulphate (DHEAS) (Cattori et al.,
1999).

Three human OATP orthologs, expressed in the liver and
whose substrates include bile salts, have now been cloned
(Fig. 2, Table 1). OATP-C (SLC21A6) is selectively expressed
at the basolateral membrane of hepatocytes (Abe et al., 1999;
Hsiang et al., 1999; Konig et al., 2000b) and exhibits the
highest (64 %) amino acid identity with rat Oatp4.
Accordingly, the substrate specificities of OATP-C and Oatp4
are comparable, although it remains uncertain whether the two
proteins represent truly orthologous gene products. OATP-C
transports taurocholate (Km≈14–34µmol l−1) with slightly
lower affinity than does NTCP and, in keeping with the nature
of Oatp carriers as multispecific organic anion carriers, its
substrates also include bilirubin monoglucuronide (Konig et
al., 2000b), conjugated steroids, eicosanoids, thyroid hormones
and peptides (Kullak-Ublick et al., 2000). The available data
suggest that OATP-C represents an important Na+-independent
bile salt uptake system in human liver.

The recently cloned OATP8 (SLC21A8) is 80 % identical
with OATP-C and shares the same basolateral expression in
human hepatocytes (Konig et al., 2000a). Substrates for this
multispecific carrier include bromosulphophthalein and
digoxin (Kullak-Ublick et al., 2000). In contrast to OATP-C,
bile salts were not transported when OATP8 was expressed in
mammalian cells (Konig et al., 2000a) but were identified as
substrates in the oocyte expression system (Kullak-Ublick et
al., 2000).

OATP-A (SLC21A3), the first human Na+-independent,
multispecific organic anion transporter cloned, was isolated
from human liver, although it is predominantly expressed in
brain and also occurs in lung and kidney (Kullak-Ublick et al.,
1995). It is 44 % identical with OATP-C, 40 % identical with
OATP8, and its closest rat ortholog is Oatp2 (73 % identity).
Although postulated, a basolateral localization for OATP-A
has not yet been definitely demonstrated in human hepatocytes.
Given its relatively low affinity for bile acids compared
with that of other Oatp/OATP family members (Km for
taurocholate=60µmol l−1) (Kullak-Ublick et al., 1995) and its
high affinity for the steroid precursor DHEAS (Km≈6µmol l−1)
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(Kullak-Ublick et al., 1998), OATP-A may play only a minor
role in bile acid transport.

Efflux of bile acids at the apical surface of hepatocytes

At the apical surface of hepatocytes, conjugated bile acids
are actively extruded into the canalicular space against a 1000-
fold concentration gradient. Transport in vitro by isolated
membrane vesicles was shown to be saturable, ATP-dependent
and to have a high affinity for conjugated bile acids (Nishida
et al., 1991; Stieger et al., 1992). This transport activity is now
ascribed to a 160 kDa protein cloned from rat liver (Gerloff et
al., 1998), which is a member of the ATP-binding cassette
(ABC) superfamily of proteins (Higgins, 1995). ABC proteins
share common structural motifs including a conserved
intracellular domain that binds ATP and couples primary
active, unidirectional export of a broad range of compounds to
ATP hydrolysis.

Bile salt export pump (BSEP/Bsep)

Originally named sister of P-glycoprotein (spgp) because of
its homology to the family of P-glycoproteins (49–50 %
identity) that confer multidrug resistance in a large number of
cell types (Childs et al., 1995; Childs et al., 1998), this ABC
protein was renamed the bile salt export pump (Bsep) (Abcb11)
to emphasize ATP-dependent bile salt transport (Gerloff et al.,
1998). The rat Bsep is a glycoprotein with an apparent
molecular mass of 160 kDa. The kinetics of taurocholate
transport, as measured in membrane vesicles from insect Sf9
cells expressing Bsep, gave a Km range of 2–5µmol l−1 for
taurine-conjugated bile salts (Gerloff et al., 1998). The human
BSEP (ABCB11) carrier is approximately 80 % identical with
its rodent ortholog (Strautnieks et al., 1998), but has yet to
be functionally expressed and characterized. The human BSEP
gene locus on chromosome 2q24 is linked to progressive
familial intra-hepatic cholestasis type 2 (PFIC2) (Strautnieks
et al., 1998), a progressive liver disease characterized by biliary
bile salt concentrations of less than 1 % of normal and an
absence of BSEP from the canalicular membrane. Mutations
in the BSEPgene have been identified in these patients (Jansen
et al., 1999).

Immunogold labelling studies of rat liver demonstrated
selective localization of Bsep at the canalicular microvilli and
at subcanalicular smooth membrane vesicles (Gerloff et al.,
1998). In rats, the maximum secretory capacity of the liver is
rapidly upregulated after a bile salt load (Boyer and Soroka,
1995). An increase in intracellular trafficking of Bsep has been
postulated as a means of acute regulation to increase the
recruitment of a subcanalicular pool of bile salt transporters
for insertion into the plasma membrane (Misra et al., 1998).
Phosphoinositide lipids phosphorylated by the enzyme
phosphatidylinositol-3-kinase appear to be directly involved in
the recruitment of Bsep to the canalicular membrane and in
modulating its transport activity (Misra et al., 1999). The
transcriptional and post-transcriptional regulation of Bsep have
also been studied in rat and mouse models. Both hypo-
osmolarity and glucocorticoids induce Bsep mRNA levels,

whereas hyperosmolarity has the opposite effect (Warskulat et
al., 1999). In rodent models of oestrogen- and endotoxin-
induced cholestasis, which are both associated with reduced
ATP-dependent canalicular bile salt secretion (Bolder et al.,
1997; Bossard et al., 1993), the mRNA of murine Bsep was
downregulated (Green et al., 2000), whereas in the rat, post-
transcriptional changes leading to a decrease in protein levels
were more important (Lee et al., 2000). The molecular
mechanisms underlying these changes have yet to be
unravelled.

Efflux of di-anionic conjugated bile acids at the apical surface
of hepatocytes

Conjugation of bile acids at the C3 position with sulphate or
glucuronide in addition to amidation at the COOH group at C24

produces 3-sulphate or 3-glucuronide di-anionic derivatives.
This is an important metabolic pathway for the secondary bile
acid lithocholic acid, a cytotoxic compound that is normally a
minor constituent of the bile acid pool and is secreted in bile
as a di-anionic, sulphated glyco- or tauro-conjugate (Cowen et
al., 1975). In cholestatic conditions, such as extra-hepatic
biliary obstruction and primary biliary cirrhosis, associated
with an impaired excretory capacity of the liver, sulphated and
glucuronidated derivatives of lithocholate and of
chenodeoxycolate accumulate in the blood (Stiehl et al., 1985).
The di-anionic conjugated bile salts are not substrates of Bsep
(Stieger et al., 2000) but rather of other ABC proteins that
belong to the multidrug resistance protein (MRP) family
(Keppler et al., 1997).

Multidrug resistance proteins (MRP/Mrp)

The first member of the MRP family, MRP1 (ABCC1), was
cloned from a multidrug-resistant human lung cancer cell line
(Cole et al., 1992). Since then, at least five further members
have been identified (Kool et al., 1997). MRP2 (ABCC2)
exhibits 50 % identity with MRP1 and is localized at the apical
domain of hepatocytes (Paulusma et al., 1997) (Fig. 2). A
mutation in the MRP2 gene is the basis for Dubin–Johnson
syndrome, a liver disorder characterized by chronic conjugated
hyperbilirubinaemia. MRP2 exports a range of organic anions,
among which are bilirubin glucuronides, glutathione-S-
conjugates and mainly di-anionic xenobiotics (Cui et al., 1999;
Konig et al., 1999a). Bile salts bearing two negative charges,
such as sulphated tauro- or glycolithocholate (Keppler et
al., 1997), are also exported by MRP2, thereby providing
hepatocytes with a mechanism for the elimination of
lithocholic acid metabolites. Despite a lack of functional
MRP2, Dubin–Johnson patients do not experience hepatoxicity
from an accumulation of lithocholic acid metabolites, so
hepatocytes must have an alternative mechanism for the export
of di-anionic bile salts.

Efflux of bile acids at the basolateral surface of hepatocytes

A third MRP member, Mrp3(Abcc3)/MRP3(ABCC3), bears
58 % and 47 % identity with MRP1 and MRP2, respectively.
Both MRP1 and MRP3 are expressed at the basolateral surface
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of normal hepatocytes, but at very low or undetectable levels
(Konig et al., 1999b; Kool et al., 1999; Mayer et al., 1995).
However, Mrp1 is upregulated in endotoxaemic rat liver when
the canalicular transporters Mrp2 and Bsep are downregulated
(Vos et al., 1998). MRP3 is induced in patients with
Dubin–Johnson syndrome and in primary biliary cirrhosis
(Konig et al., 1999b). Rat Mrp3 is similarly induced in livers
of Eisai hyperbilirubinaemic (EHBR) rats, which have an
equivalent Mrp2 defect, and in experimental cholestasis
(Ogawa et al., 2000). Like Mrp2/MRP2, Mrp1/MRP1 and
Mrp3/MRP3 are ATP-dependent pumps whose spectrum of
substrates include glucuronide and glutathione conjugates of
endogenous and exogenous compounds (Konig et al., 1999a).
Rat Mrp1 and Mrp3 and human MRP1 export di-anionic
bile salts such as sulphated taurolithocholate and
taurochenodeoxycholate. Mrp3 can also export monovalent
bile acids, such as tauro- and glycocholate (Hirohashi et al.,
2000b). Human MRP3 transports glycocholate with low
affinity (Km=248µmol l−1), but transport of taurocholate was
not detected (Zeng et al., 2000). The inducible nature of MRP1
and MRP3 and their localization at the basolateral surface of
hepatocytes may explain the shift towards renal excretion as
the major mechanism for bile acid elimination in patients with
some forms of cholestasis (Raedsch et al., 1981).

Members of the Oatp/OATP family remain candidates for
the efflux of bile salts at the basolateral membrane when
accumulation occurs in hepatobiliary disease. Studies in
Xenopus laevisoocytes show that Oatp1 and Oatp2 are able to
operate as bi-directional exchangers in this expression system
(Li et al., 2000). However, experimental data are still lacking
to show the bi-directional movement of bile acids across the
hepatocyte surface.

Intestinal reabsorption of bile acids

An efficient intestinal re-uptake of bile salts and delivery
to the portal blood for re-entry at the sinusoidal surface of
hepatocytes maintains the enterohepatic recirculation.
Reabsorption mechanisms exist in discrete portions of the
small intestine. The distal ileum expresses a Na+-dependent
carrier for the re-uptake of taurine/glycine-conjugated bile salts
(Craddock et al., 1998). In the more proximal jejunum of rat
intestine, the transport of conjugated bile salts driven by anion
exchange has been demonstrated in brush-border membrane
vesicles (Amelsberg et al., 1999). A candidate Oatp member
has since been identified (Walters et al., 2000). In man, some
degree of passive absorption may occur for certain
unconjugated bile acids in the colon (Mekhjian et al., 1979).

Apical sodium-dependent bile acid transporter (ASBT/Asbt)

ASBT/Asbt (SLC10A2/Slc10a2), also referred to as the ileal
sodium-dependent bile acid transporter (ISBT and IBAT), is
an electrogenic bile acid carrier, coupled with Na+ in a 2:1
Na+:bile acid stoichiometry (Weinman et al., 1998). It was first
cloned from hamster (Wong et al., 1994), then from human
(Wong et al., 1995) and rat (Shneider et al., 1995). Its size and
topology are comparable with those of the liver NTCP, and the

two Na+-dependent bile acid transporters share 35 % amino
acid identity (Dawson and Oelkers, 1995; Hallen et al., 1999).
Unlike NTCP, which is expressed basolaterally in hepatocytes,
ASBT is expressed at the apical surface in the ileum (Fig. 2).
An additional distinction is that bile salts are the sole substrates
for ASBT, whereas the liver NTCP can transport at least one
other organic anion, the C3OH–sulphate conjugate of oestrone
(Craddock et al., 1998). Both primary and secondary
conjugated and unconjugated bile acids are substrates for
ASBT. The highest affinities reported are for the conjugated
dihydroxy bile acids (Craddock et al., 1998). Mutations in the
cDNA of ASBT that result in a syndrome of primary bile acid
malabsorption have been identified (Oelkers et al., 1997). The
clinical phenotype includes severe diarrhoea, malabsorption of
fat and malnutrition. There is evidence for transcriptional
regulation of ASBT by bile acids, but the nature and extent
appear to be species-dependent. Negative feedback regulation
was reported in the guinea pig (Lillienau et al., 1993), positive
feedback in biliary-diverted rats (Stravitz et al., 1997) and no
regulatory changes in rats after common bile duct ligation and
intestinal sequestration of bile acids (Arrese et al., 1998). The
response in humans to perturbations of bile acid homeostasis,
such as occur during cholestasis or bile acid sequestrant
therapy, is uncertain (Hofmann, 1999).

Organic anion-transporting polypeptide-3 (Oatp3)

A fourth, multispecific member of the rat Oatp family, Oatp3
(Slc21a7), which is 80–82 % identical to Oatp1 and Oatp2, was
first cloned from a retina cDNA library and its transcripts were
then localized to the brain, liver and kidney (Abe et al., 1998).
Further work suggested a different pattern of expression: in the
brain, lung, retina and intestine (Walters et al., 2000). Oatp3
mRNA was detected along the entire length of the small
intestine, but the protein was primarily localized to the apical
surface of jejunal epithelial cells. Its transport properties are
similar to those of Oatp2, with a range of amphipathic anions
among its substrates (Cattori et al., 2000b), including bile acids
(Km for taurocholate=30µmol l−1) (Walters et al., 2000). The
localization of Oatp3 is consistent with a role in Na+-
independent uptake of bile acids from intestinal brush-border
membranes. However, the relative importance of Oatp3 in
intestinal bile acid uptake has yet to be investigated. Asbt is
expressed more abundantly than Oatp3, and Oatp3 may have
higher affinity towards certain non-bile acid substrates (Cattori
et al., 2000b), which may in turn compete with bile acid uptake.

OATP-A has been proposed as the human ortholog of Oatp3
on the basis of amino acid identity, sequence identity of the 3′-
untranslated region and chromosomal localization (Walters
et al., 2000). However, OATP-A has not been detected in
intestine, and the identity and importance of bile acid uptake
systems distinct from ASBT in man await confirmation.

Efflux of bile acids at the basolateral surface of enterocytes

The secretion of bile salts from the basolateral surface of
enterocytes into the splanchnic circulation has been attributed
to an anion-exchange protein (Weinberg et al., 1986), yet the
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carrier is unknown. Most recently, an alternatively spliced
truncated form of Asbt (t-Asbt) was isolated from a rat
cholangiocyte cDNA library, and its expression has also been
confirmed in rat ileum (Lazaridis et al., 2000). In contrast to
the full-length Asbt, functional studies in oocytes predict that
t-Asbt is an efflux carrier. It is located at the basolateral rather
than the apical membrane, at least in rat biliary epithelium. At
the mRNA level, t-Asbt is twice as abundant as full-length
Asbt (Lazaridis et al., 2000). However, the subcellular
localization of t-Asbt within enterocytes must first be
confirmed before proposing that this carrier mediates the
basolateral efflux of bile acids. There is also evidence to
support a role for MRP3 in pumping out bile acids at this
site since it is expressed in intestine and in the human
adenocarcinoma Caco-2 cell line that retains many
characteristics of normal enterocytes (Hirohashi et al., 2000a;
Kiuchi et al., 1998). Preliminary data have also located MRP3
at the basolateral surface of the human ileum (Hirohashi et al.,
2000b).

Cholehepatic circulation of bile acids

The intra-hepatic biliary epithelium consists of at least
two subpopulations of cholangiocytes that line the small and
large intra-hepatic bile ducts and participate in secretory and
absorptive processes (Alpini et al., 1997a). To some extent,
bile acids undergo cholehepatic recycling, i.e. from the lumen
of bile ductules, through the apical and basolateral surfaces
of cholangiocytes into the periductular capillary plexus and
back into the sinusoids; passive reabsorption of the un-
ionized form had been implicated as the sole mechanism
(Hofmann, 1994). It has since been demonstrated that Na+-
dependent transport of bile salts occurs in polarized rat
cholangiocytes in culture, in apical cholangiocyte vesicles
(Lazaridis et al., 1997) and in a human cholangiocyte cell line
(Que et al., 1999). The presence of Asbt, identical to that
expressed in the rat ileum, has been convincingly
demonstrated at the apical surface of large but not small
cholangiocytes (Alpini et al., 1997b).

Efflux of bile acids at the basolateral membrane of rat
cholangiocytes has been functionally characterized, and a
Na+-independent exchange mechanism was implicated
(Benedetti et al., 1997). The alternatively spliced truncated
form of Asbt (t-Asbt) has been localized to the basolateral
surface of cholangiocytes (Lazaridis et al., 2000). This
provides a mechanism for the vectorial apical-to-basolateral
transfer of bile acids in rat cholangiocytes by two isoforms
of Asbt. No driving force for this carrier has yet been
identified (Lazaridis et al., 2000). It is now evident that
additional mechanisms are in place to export bile acids from
cholangiocytes. In man, MRP3 is also present in normal liver
at the basolateral membrane of cholangiocytes (Kool et al.,
1999).

The cholehepatic circulation of bile salts is more complex
than previously thought. Its importance in bile physiology
may be linked in part to the conservation of bile acids and
the generation of a hypercholeretic bile flow (Gurantz et al.,

1991; Yeh et al., 1997). However, the relative abundance of
Asbt in rat biliary epithelia is some sevenfold lower than that
in the ileum brush border (Lazaridis et al., 1997). Moreover,
the heterogeneous distribution of Asbt in large, but not small,
cholangiocytes coincides with the stimulatory effects of
taurocholate on cell proliferation and secretory activity
within this same subpopulation of cholangiocytes (Alpini et
al., 1997a). These findings are consistent with a role for bile
acids as signalling molecules that regulate secretory and
proliferative events within the biliary tree (Alpini et al.,
1999).

Bile acid transport in renal tubular cells
Normally, low concentrations of bile acids escape into the

systemic circulation, but this can increase markedly in
cholestasis (Raedsch et al., 1981). After filtration through the
glomerulus, reabsorption of bile acids occurs from the apical
surface of the proximal tubular cells via a Na+-gradient-driven
process (Wilson et al., 1981). Expression of the ileal Na+/bile
acid cotransporter (Asbt), at both the messenger RNA and
protein levels, has been demonstrated in rat kidney (Christie
et al., 1996) and human kidney (Craddock et al., 1998).
Unconjugated as well as conjugated di- and trihydroxy bile
acids are substrates for this salvage mechanism. However, the
renal reabsorption of bile acids remains selective, since sulphate
conjugates of chenodeoxycholate and taurolithocholate, which
reach high systemic concentrations in hepatobiliary disease
(Nittono et al., 1986), are not transported by ASBT. This
promotes their urinary excretion.

At least two non-Na+-dependent transport systems for
conjugated bile salts have been identified in rodent kidney
(Fig. 2). The organic anion transporter Oat-K2 (Slc21a4),
with a high affinity for taurocholate (Km=10µmol l−1), was
cloned from rat kidney, and RNA transcripts were localized
to the proximal tubules and collecting ducts (Masuda et al.,
1999). Although the subcellular distribution of Oat-K2 was
not determined, an apical localization was inferred by
analogy with its homolog Oat-K1, which is expressed in
kidney brush-border membranes (Masuda et al., 1997).
Moreover, MDCK transfectants exhibited enhanced uptake
and efflux of taurocholate across the apical surface,
suggesting that Oat-K2 may mediate either the secretion or
the re-uptake of bile acids at the luminal surface of renal
tubular cells (Masuda et al., 1999). The Oatp family member
Oatp1 (see above) is also expressed in rat kidney, where it is
confined to the S3 segment of the proximal straight tubule
(Bergwerk et al., 1996) and, in contrast to its basolateral
localization in hepatocytes (Eckhardt et al., 1999), is
localized at the apical membrane. The multispecific organic
anion-transporting polypeptide-3 (Oatp3) (Slc21a7) was
reportedly expressed in rat kidney (Abe et al., 1998).
However, in the light of recent work that emphasizes the
degree of sequence identity among Oatp isoforms and the
cross-reactivity of antibodies, the presence of Oatp3 in the
kidney requires further study (Walters et al., 2000).
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Oatp1 and Oat-K2 are both multispecific organic anion
transporters whose substrate list includes bile acids among
other steroidal, hormonal and exogenous compounds. Given
that Asbt/ASBT is also positioned at the luminal surface of the
tubular cells, Oatp1/Oat-K2 may not play critical roles in the
re-uptake of bile acid. It is uncertain whether bile acids, which
are normally 50–90 % protein-bound (Aldini et al., 1982), are
secreted as anions by tubular cells but, to account for their
urinary excretion in hepatobiliary disease, a component of
tubular secretion is likely. An active export mechanism does
exist for the di-anionic bile salts, since Mrp2/MRP2 is located
at the apical brush border of proximal tubules in rat and
humans (Schaub et al., 1997; Schaub et al., 1999).

The human multi-specific carrier OATP-A is also expressed
in the kidney, but at low levels, and has not been further
localized (Kullak-Ublick et al., 1995). OATP-A exhibits 53 %
identity with rat Oat-K2.

The entry of bile acids into tubular cells at the basolateral
membrane has not been specifically studied. A newly defined
organic ion-transporter family (Oat), which now has three
members in the rat, operates as an anion/dicarboxylate
exchange system. Oat1, the kidney-specific isoform, is
expressed at the basolateral membrane of proximal tubular
cells (Sekine et al., 1997), and Oat2 is expressed in both liver
and kidney (Sekine et al., 1998). Neither has been specifically
implicated in bile acid transport, but cholic acid can inhibit the
Oat2-mediated uptake of salicylate. The precise mechanisms
of renal handling of bile acids are unknown.

Bile acid carriers in the placenta
Bile acids are synthesized by the foetal liver in utero

(Nakagawa and Setchell, 1990), but undergo minimal biliary
excretion because of the immature excretory capacity of the
foetal liver. Instead, they undergo vectorial translocation from
the foetal to the maternal circulation for elimination (Marin et
al., 1990). Distinct bile salt transport systems have been
localized to the basolateral membrane (foetal-facing) and
apical brush-border membrane (maternal-facing) of the
trophoblasts but have been described only on a functional
basis. Bile salt uptake into basolateral trophoblast vesicles
is Na+-independent, bi-directional and trans-stimulatable by
bicarbonate (Marin et al., 1990). Both ATP-independent
and ATP-dependent bile acid transport across the apical
membrane of human trophoblasts have also been
demonstrated (Bravo et al., 1995), with the ATP-independent
mechanism predominating (Serrano et al., 1998). Partial
transcripts of OATP-A have been identified in term placenta
(St-Pierre et al., 2000a); however, more detailed
characterization and localization of members of this family in
the placenta is needed. BSEP remains a candidate transporter
for the ATP-dependent transport at the apical surface of the
trophoblast since partial transcripts of Bsep/BSEP have been
identified in the rat and human placenta, respectively (St-
Pierre et al., 2000a). Recent studies have localized MRP3
primarily to the foetal blood endothelia of term placenta,

with some additional evidence for expression in the
syncytiotrophoblast layer (St-Pierre et al., 2000b). This
suggests that MRP3 is well placed to extrude foetal bile salts
through both the endothelial and syncytiotrophoblast cellular
barriers.

Bile acid carriers in yeast
An unexpected discovery was the transport of mammalian

C24 bile acids into organelles of lower eukaryotes. The
vacuoles and secretory vesicles of the budding yeast
Saccharomyces cerevisiaeaccumulate bile acids in a
concentrative and ATP-dependent manner (St-Pierre et al.,
1994). Subsequent isolation of the cDNA for this yeast bile
acid transporter (Bat1) identified it as a member of the MRP
family of transporters (Ortiz et al., 1997). It is one of a total of
16 ABC transporters in the yeast proteome (Goffeau, 1998).
Bat1 shares 32 % identity with the mammalian transporters
MRP1 and MRP3. Its apparent affinity for taurocholate
(Km=60µmol l−1) is lower than that of the rat Bsep (Gerloff et
al., 1998) or rat Mrp3 (Hirohashi et al., 2000b). This is not
surprising, given that C24 bile acids are not endogenous to
yeast. Decades ago, it was proposed that an acidic lipid with
physicochemical properties similar to those of bile acids could
inhibit ergosterol biosynthesis in yeast, specifically at the
reduction step of the conversion of HMG-CoA (β-hydroxy-β-
methylglutonyl-CoA) to mevalonate, a pathway common to
both yeast and man (Kawaguchi, 1970). The endogenous yeast
acids were purified and shown directly to inhibit conversion of
acetate to mevalonate (Hatanaka et al., 1972). This led to the
hypothesis that a fundamental mechanism has been conserved
throughout evolution whereby endogenous catabolic products
of sterols exert negative feedback control on the biosynthesis
of cholesterol or ergosterol (Ortiz et al., 1997).

Concluding remarks
The cloning of individual bile acid carriers has had a great

impact. There is now a greater appreciation of the elaborate
disposition of bile acids in humans, from their biosynthesis
from cholesterol to their excretion into the bile and their
reabsorption from the apical surfaces of cells in the biliary
tract, intestine and kidney. Key genetic studies have made it
possible to identify defects at the molecular level, with the
attendant recognition of diseases, clinical syndromes and new
possibilities for therapy. In view of the profound physiological
implications of abnormal bile acid disposition in man and its
inextricable link to cholesterol homeostasis, research into bile
acid transport and its regulation should continue at an
accelerated pace.
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