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MOLECULAR MECHANISMS OF
BILE SECRETION

Bile secretion starts with the formation of a primary secre-
tion at the bile canalicular level by both bile salt-
dependent and -independent mechanisms (‘canalicular
bile’, which accounts for 75% of daily bile production), fol-
lowed by modifications along the bile ductules and ducts
(25% of bile secretion) (1). Canalicular bile is formed by os-
motic filtration of water and electrolytes in response to os-

motic gradients generated by active transport systems located
at the basolateral and canalicular membrane of hepatocytes.
The major determinant of canalicular bile formation is the
excretion of bile salts into the canaliculus (‘bile salt-
dependent’ bile flow). In addition, other (nonbile salt) or-
ganic anions and cations, and their conjugates osmotically
influence bile flow. Canalicular excretion of glutathione and
bicarbonate constitute the major components of the ‘bile
salt-independent’ fraction of bile flow, although the contri-
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MINI-REVIEW

M Trauner, P Fickert, RE Stauber. Hepatocellular bile salt
transport: Lessons from cholestasis. Can J Gastroenterol
2000;14(Suppl D):99D-104D. Hepatic uptake and excretion of
bile salts and several nonbile salt organic anions (eg, bilirubin) are
mediated by a distinct set of polarized transport systems at the ba-
solateral and apical plasma membrane domains of hepatocytes and
bile duct epithelial cells (cholangiocytes). With the increasing
availability of molecular probes for these transporters, evidence
now exists that decreased or even absent expression of hepato-
biliary transport proteins in hepatocytes or cholangiocytes may
explain impaired transport function that results in hyperbilirubine-
mia and cholestasis. This review summarizes the molecular defects
in hepatocellular membrane transporters that are associated with
hereditary and acquired forms of cholestatic liver disease.
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Transport des sels biliaires hépatocellulaires :
Les leçons de la cholestase
RÉSUMÉ : Le métabolisme et l’excrétion hépatiques des sels biliaires et
de plusieurs anions organiques de sels non biliaires (p. ex., la bilirubine) su-
bissent l’influence d’une série distincte de systèmes de transport polarisés
dans les domaines de la membrane plasmatique basolatérale et apicale des
hépatocytes et dans les cellules épithéliales du conduit biliaire (cholangio-
cytes). Avec l’accès plus facile à des sondes moléculaires pour ces transpor-
teurs, on dispose désormais de preuves à l’effet que l’expression réduite,
voire nulle, des protéines de transport hépatobiliaires dans les hépatocytes
ou dans les cholangiocytes pourrait expliquer les perturbations de la fonc-
tion de transport responsable de l’hyperbilirubinémie et de la cholestase.
Le présent article résume les anomalies moléculaires des transporteurs
membranaires hépatocellulaires qui sont associés aux formes héréditaires
et acquises des maladies hépatiques cholestatiques.

 



bution of bicarbonate occurs mainly at the level of the bile
ductules, particularly when stimulated by hormones and neu-
ropeptides (2).

The hepatocyte is a polarized epithelial cell with distinct
features in its basolateral (sinusoidal) and apical (canalicu-
lar) plasma membrane domains (3-5). Two sinusoidal bile
salt uptake systems (located at the basolateral membrane)
have been cloned in humans (Figure 1) – a sodium
(Na+)-dependent/taurocholate cotransporter (NTCP) (6)
and a Na+-independent organic anion transporting protein
(OATP), which also transports a large variety of other
(non-bile salt) organic anions (eg, bromosulfophthalein, es-
trogen conjugates) and cations (eg, drugs such as ajmalium)
(7-9). Basolateral bile salt transport systems are essential for
bile formation because the majority (approximately 95%) of
bile salts excreted by the liver are reabsorbed on each pass
through the intestine (mainly in the terminal ileum) and
are returned to the liver (enterohepatic circulation).
Na+-dependent bile salt transport via NTCP is driven by a
Na+-potassium (K+)-ATPase, which generates an in-
wardly directed Na+gradient. Na+-K+-ATPase activity
depends in turn on the membrane potential generated by a
K+-channel.

The canalicular membrane contains both ATP-depend-
ent and ATP-independent transport systems (4,5,10) (Fig-
ure 2). At least four ATP-dependent transport systems
(termed ‘export pumps’) have been identified (Figure 2,
left): a multidrug export pump (MDR1) for hydrophobic
cationic compounds (eg, anticancer drugs, calcium channel
blockers, cyclosporin A, various other drugs) (11); a phos-
pholipid export pump (MDR3) that acts as a phospholipid
flippase/translocase (12); a conjugate export pump that is

the canalicular isoform of the multidrug-resistance-
associated protein (MRP) and was, therefore, designated as
MRP2 (13,14); and a bile salt export pump (BSEP) for
monovalent bile salts that has recently been identified as the
‘sister of P-glycoprotein’ (SPGP) (15,16). The MDR1 and
3 P-glycoproteins are products of the multidrug-resistance
(MDR) genes. MRP2 is functionally also known as the ca-
nalicular multispecific organic anion transporter (cMOAT)
because it mediates the canalicular excretion of a broad
range of organic anions, most of which are amphiphilic ani-
onic conjugates with glutathione, glucuronate and sulphate
formed by phase II conjugation in the hepatocyte (eg, biliru-
bin diglucuronide). Canalicular excretion of reduced glu-
tathione also appears to be mediated through MRP2.

In addition to these ATP-dependent transport systems,
the canalicular membrane also contains ATP-independent
transport systems (Figure 2, right). Canalicular bicarbonate
secretion is mediated via the chloride/bicarbonate anion
(Cl–/HCO3

–) exchanger belonging to a family of anion ex-
changers (AE 1 to 3). AE2 is encountered in various tissues,
including the liver and secretory epithelia, and plays a ma-
jor role in mediating hepatic Cl–/HCO3

– exchange. The
AE2 protein is localized to both bile canaliculi and bile
ducts (17). In addition to AE2, bile duct epithelial cells
(cholangiocytes) contain several other transport systems
for their secretory and absorptive functions, including a
chloride ion channel that is the cystic fibrosis transmem-
brane regulator (CFTR) (2,18,19). The ileal sodium-
dependent bile salt transporter has also been identified on
the apical domain of large, but not small, cholangiocytes,
where it may be involved in the reabsorption of bile salts
(20,21).
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Figure 1) Basolateral transport systems of hepatocytes. Two sinusoidal
bile salt (BS–) uptake systems have been cloned, a sodium (Na+)-depen-
dent/taurocholate cotransporter (NTCP) and a Na+-independent or-
ganic anion transporting protein (OATP), which also transports a large
variety of other (nonbile salt) organic anions (eg, bromosulfophthalein
[BSP], estrogen conjugates) and cations (eg, ajmalium). Na+-depen-
dent bile salt transport via NTCP is driven by a Na+-potassium
(K+)-ATPase that generates an inwardly directed Na+-gradient.
Na+-K+-ATPase activity in turn depends on the membrane potential
generated by a K+-channel

Figure 2) Canalicular transport systems of hepatocytes. Four ATP-
dependent transport systems (export pumps) have been identified (left):
a multidrug export pump (MDR1) for hydrophobic cationic compounds
(eg, anticancer drugs, calcium channel blockers, cyclosporin A, various
other drugs); a phospholipid export pump (MDR3) that acts as a ‘phos-
pholipid flippase’; a conjugate export pump (MRP2/cMOAT) that me-
diates the canalicular excretion of various amphiphilic conjugates formed
by phase II conjugation (eg, bilirubin diglucuronide); and a bile salt ex-
port pump (BSEP) that is the ‘sister of P-glycoprotein’ (SPGP). In addi-
tion, the canalicular membrane also contains ATP-independent
transport systems (right). Canalicular bicarbonate secretion is medi-
ated via the chloride/bicarbonate anion (Cl–/HCO3

–) exchanger iso-
form 2 (AE2). Cl–/HCO3

– exchange via AE2 is driven by a chloride
ion channel

 



MOLECULAR MECHANISMS
OF CHOLESTASIS

Cholestasis may result either from a functional defect in bile
formation at the level of the hepatocyte (hepatocellular cho-
lestasis) or from an impairment in bile secretion and flow at
the level of bile ductules or ducts (ductular/ductal cholesta-
sis). By using molecular probes for hepatobiliary transport
systems in experimental and clinical forms of cholestasis, de-
creased or even absent expression of transporter proteins has
been shown, which may explain the impairment of transport
functions with subsequent reduction in bile flow and the de-
velopment of cholestasis (22). Other mechanisms (not dis-
cussed here) that may also contribute to cholestasis are dis-
ruption of the cytoskeleton and vesicle transport that
normally determine the hepatocyte’s secretory polarity, im-
pairment of signal transduction pathways that normally co-
ordinates cell functions in the hepatic lobule via gap junc-
tions and stimulate bile canalicular contractions, and defects
in tight junctional structures that lead to the dissipation of
osmotic gradients via ‘leaky’ paracellular pathways (22-25).
This review focuses on molecular alterations of hepatocellu-
lar transport systems in cholestasis.

Several experimental models of cholestasis have been
used to study the mechanisms of human cholestatic liver dis-
eases, such as sepsis-induced cholestasis (endotoxin [lipo-
polysaccharide (LPS)]-treated rats), oral
contraceptive-induced cholestasis or cholestasis of preg-
nancy (ethinylestradiol [EE]-treated rats) and extrahepatic
biliary obstruction (common bile duct ligation [CBDL])
(26,27). Administration of LPS, EE or CBDL to rats results
in a marked reduction of mRNA and protein levels of the ba-
solateral NTCP and OATP, as well as MRP2 and BSEP
(28-36). Decreased expression of these transporters may ex-
plain impaired hepatocellular uptake and canalicular excre-
tion of bile salts and other (nonbile salt) organic anions (eg,
bilirubin diglucuronide) in cholestasis. In contrast, the ex-
pression of other transport systems such as the MDR1 at the
canalicular membrane and MRP-isoforms at the (baso)lat-
eral membrane (MRP1 and 3) increases following CBDL
and LPS administration (35-39). Upregulation of these
transport systems in cholestasis may be a compensatory
mechanism that prevents further accumulation of poten-
tially toxic biliary constituents within cholestatic hepato-
cytes.

Recent findings suggest that the downregulation of trans-
porter gene expression occurs primarily at the transcrip-
tional level (28,33), and that the reduction in gene tran-
scription may be due to alterations in the quantity or
function of regulatory nuclear transcription factors (33). For
example, LPS administration in vivo reduces the activity of
critical, liver-specific transcription factors (eg, hepatocyte
nuclear factor 1) that normally regulate the NTCP pro-
moter, thus providing a molecular mechanism for decreased
NTCP gene transcription in a rat model of sepsis-induced
cholestasis (33).

These experimental findings in rat models of cholestasis
are confirmed by data obtained from clinical forms of cho-

lestasis. For example, mRNA levels of the basolateral bile
salt transporter NTCP are decreased in patients with extra-
hepatic biliary atresia, which subsequently increase if com-
plete biliary drainage by portoenterostomy (Kasai proce-
dure) is performed (40). On the other hand, MDR1 and
MDR3 mRNA levels are increased in patients with obstruc-
tive cholestasis (41). Expression of the Cl–/HCO3

– anion
exchanger isoform AE2 is reduced in the livers of patients
with primary biliary cirrhosis (42,43). Because Cl–/HCO3

–

exchange activity contributes to the secretion of both canal-
icular and ductular bile, decreased hepatic expression of AE2
can lead to impaired bile flow. Upregulation of AE2 mRNA
and protein levels has been reported in primary biliary cir-
rhosis patients treated with ursodeoxycholic acid (UDCA),
indicating that the improvement of hepatobiliary excretory
function under UDCA treatment may be, in part, mediated
by the stimulation of gene expression of defective hepato-
biliary transport systems (42,43). UDCA may also increase
the number of transport proteins contained in the canalicu-
lar membrane by stimulating vesicular exocytosis and target-
ing transporters to the canalicular membrane (44,45). Fu-
ture studies need to investigate whether UDCA also
stimulates the expression of hepatobiliary transport systems
for the canalicular excretion of bile salts and conjugated bili-
rubin (eg, BSEP, MRP2).

In addition to acquired alterations of hepatobiliary trans-
port systems, hereditary mutations of transporter genes can
also result in cholestasis (5,22) (Figure 3). Progressive famil-
ial intrahepatic cholestasis (PFIC) is a severe type of choles-
tatic liver disease found in infants and children that is
inherited in an autosomal recessive fashion (46,47). Three
types (PFIC 1-3) have been identified. PFIC-1 (also known
as Byler disease) is characterized by low gamma-glutamyl
transpeptidase (γ-GT) serum levels, elevated serum bile
salts, normal serum cholesterol and low biliary bile salt lev-
els. This form of PFIC has been mapped to chromosome
18q21-22 (48). Benign recurrent intrahepatic cholestasis
(BRIC), a recurrent cholestatic disorder in adults, also
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Figure 3) Hereditary defects of hepatocellular transport systems. Muta-
tions of transporter genes can cause congenital cholestasis or hyperbiliru-
binemia. Chromosomal localizations of cholestatic or hyperbilirubinemic
syndromes are given on the right. BESP Bile salt export pump; cMOAT
Cationic multispecific organic anion transporter; GGT Gamma-
glutamyl transpeptidase; MDR Multidrug resistance; MRP MDR-
associated protein; PFIC Progressive familial intrahepatic cholestasis;
SPGP Sister of P-glycoprotein

 



known as Summerskill syndrome, has also been mapped to
chromosome 18q21-22 (49), indicating that there may be a
‘familial cholestasis gene’ that is responsible for both PFIC-1
and BRIC. Recently, a gene encoding a ‘P-type ATPase’
(FIC1) likely to be involved in the enterohepatic circulation
of bile salts and mutated in both PFIC-1 and BRIC has been
described (50). The mutations were found in different re-
gions of the FIC1 gene, possibly explaining the different
phenotypic appearances of PFIC-1 and BRIC.

PFIC-2 is similar phenotypically to PFIC-1, but is dif-
ferent genetically because the gene locus is on chromo-
some 2q24 (51). PFIC-2 is caused by mutations in the
BSEP/SPGP gene (16), resulting in the absence of the ca-
nalicular BSEP in the liver of these patients (52).

In contrast to PFIC-1 and PFIC-2, the third subtype,
PFIC-3, is characterized by high γ-GT serum levels, as well as
bile duct proliferation and inflammatory infiltrates in portal
areas. This type of cholestasis is caused by mutations of the
MDR3 gene that results in the absence of canalicular MDR3
and a marked reduction of biliary phospholipid levels
(53,54). Because phospholipids in bile normally protect bile
ductular epithelial cells from bile salt toxicity by the forma-
tion of mixed micelles, the marked reduction or even ab-
sence of biliary phospholipids may explain bile duct injury in
these patients (Figure 4). UDCA may benefit some patients
with PFIC-3 by exerting its protective effect from the biliary
lumen, presumably by counteracting the toxic effects of
other (more hydrophobic) bile salts in bile (55). PFIC-3 pro-
vides an important link between a hepatocellular (canalicu-
lar) transport defect and the developement of cholangio-
pathies. Many human neonatal and adult cholangiopathies
and cholestatic syndromes are being re-evaluated for possi-
ble MDR3 defects (56). Of note, patients with primary bili-
ary cirrhosis have normal MDR3 mRNA levels (57), sug-
gesting that decreased MDR3 gene expression is not
involved in the pathogenesis of this vanishing bile duct syn-
drome. Heterozygotes for hereditary transporter mutations
may have an increased susceptibility to exogenous choles-

tatic injuries (eg, drugs, hormones). Of interest, some moth-
ers of PFIC-3 patients had recurrent episodes of cholestasis
during pregnancy (54).

Dubin-Johnson syndrome is caused by mutations of the
human MRP2 gene that results in the absence of MRP2 in
the liver (58,59). Although patients with Dubin-Johnson
syndrome are usually hyperbilirubinemic rather than choles-
tatic, this is yet an another important example of how a mu-
tation of a hepatocellular transporter gene can impair bile
excretory function. This syndrome is characterized by abnor-
mal biliary excretion of various endogenous and exogenous
substances (eg, bilirubin diglucuronide, bromosulphophthal-
ein conjugates, oral cholecystographic agents) that are nor-
mally excreted by MRP2 (60).

Cholangiocytes are also the primary cellular target in
various cholestatic diseases. Mutations of the CFTR gene re-
sult in the impairment of ductal Cl– and water secretion.
This defect is associated with mucus obstrucion of intrahe-
patic bile ducts, and can lead to focal areas of biliary fibrosis
and cirrhosis. The molecular mechanisms of cystic fibrosis
and the pathophysiology of immune-mediated, infectious
and drug-induced cholangiopathies have recently been re-
viewed elsewhere (18,19,61,62).

SUMMARY AND CONCLUSIONS
Hereditary mutations in transporter genes or exposure to
substances that cause cholestatic injury, such as drugs, hor-
mones or proinflammatory cytokines, result in the de-
creased or even absent expression of the basolateral and
canalicular transport systems (Figure 5). These molecular
changes may explain the impaired hepatocellular uptake,
and excretion of bile salts and other organic anions in
cholestasis. The increasing information on the molecular
regulation of hepatobiliary transport systems should bring
new insights into the pathophysiology and treatment of
human cholestatic liver diseases. Since submission of this
manuscript, additional members of the OATP gene family

102D Can J Gastroenterol Vol 14 Suppl D November 2000

Trauner et al

Figure 4) Congenital MDR3 defect in a subtype of progressive familial
intrahepatic cholestasis (PFIC-3). Left Under normal conditions phos-
pholipids (PL) in bile protect bile ductular epithelial cells from bile salt
(BS–) toxicity by the formation of mixed micelles. Right Mutations of
the MDR3 gene result in decreased biliary phospholipid levels (broken
line). Bile salts are still excreted and cause bile duct injury (cholangitis)
further downstream

Figure 5) Molecular mechanisms of cholestasis. Decreased expression of
hepatobiliary transport systems may result from either hereditary mutations
in transporter genes or exposure to cholestatic injury such as drugs, hor-
mones, proinflammatory cytokines and biliary obstruction. Decreased or
even absent expression of hepatobiliary transport proteins may explain
impaired transport function causing cholestasis

 



have been cloned (for a continuous update see http//www.
med.rug.nl/mdl/tab3.htm).
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