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Abstract

Bile salts, cholesterol and phosphatidylcholine are secreted across the canalicular membrane of
hepatocytes into bile by ATP-binding cassette (ABC) transporters. Secretion of bile salts by
ABCBL11 is essential for bile flow and for absorption of lipids and fat-soluble vitamins. ABCG5
and ABCGS8 eliminate excess cholesterol and sterols from the body by secreting them into bile.
There are two mechanisms to protect the canalicular membrane from solubilization by bile salts;
ABCB4 secretes phosphatidylcholine into bile to form mixed micelles with bile salts, and
ATP8B1 maintains the canalicular membrane in a liquid-ordered state. Three different forms of
progressive familial intrahepatic cholestasis (PFIC) disorders, PFIC1, PFIC2 and PFIC3, are
caused by mutations in A7TP8B1, ABCB11and ABCB4, respectively. Sitosterolemia is caused by
mutations in ABCG5 and ABCGS. This article reviews the physiological roles of these canalicular
transporters, and the pathophysiological processes and clinical features associated with their
mutations.
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Secretion of bile by the liver

The liver produces bile, which is essential for the elimination of endogenous compounds and
xenobiotics from the body, for the emulsification of fat and for the intestinal absorption of
lipids and fat-soluble vitamins. Bile is secreted into the canaliculi, which are small channels
formed by the apical membranes of adjacent hepatocytes. Active secretion of organic solutes
into the bile canaliculi by hepatocytes creates an osmotic gradient that causes water and
electrolytes to flow from hepatocytes into the bile canaliculi. From the canaliculi, hepatic
bile flows into the bile ducts, then through the bile ducts into the gallbladder. During fasting,
bile is stored in the gallbladder, where water and electrolytes are absorbed and the organic
solutes become more concentrated in gallbladder bile. During feeding, in response to
stimulation by cholecystokinin and secretin, bile flows from the gallbladder into the small
intestine [1,2].

Transporters located at the canalicular membrane efflux endogenous compounds (bile salts,
phospholipids, cholesterol and bilirubin) and xenobiotics (drugs, carcinogens and their
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metabolites) from the liver into bile. Many canalicular transporters are members of the ATP-
binding cassette (ABC) family. Bile salts are transported by ABCB11, and phospholipids are
transported by ABCB4. ABCG5 and ABCGS8 efflux cholesterol and plant sterols while
ABCC2 transports bilirubin conjugates. ABCB1, ABCC2, ABCG2 and MATEZ1 function as
efflux pumps to eliminate xenobiotics from the liver. CNT1 transports some drugs in
addition to pyrimidines and adenosine. Lastly, ATP7B effluxes copper into bile [3].

The insertion of these transporters into the canalicular membrane is crucial for the
transporters to function. A high concentration of bile salts in the bile canaliculi, along with
their detergent nature, can damage the canalicular membrane and affect the formation of
bile. A P-type ATPase protein, ATP8B1, maintains the canalicular membrane in a liquid-
ordered state to withstand the attack by bile salts [4].

Defects in ABCB11, ABCB4 and ATP8B1 cause progressive familial intrahepatic
cholestasis (PFIC), a heterogeneous group of rare, autosomal recessive liver diseases of
childhood. The estimated incidence is between 1:50,000 and 1:100,000 births [5]. Defects in
either ABCG5 or ABCG8 cause an extremely rare autosomal recessive disease,
sitosterolemia; only 80-100 cases have been reported worldwide [6]. Defects in ABCC2
cause the autosomal recessive liver disorder called Dubin-Johnson syndrome. This is also a
rare disease, with an incidence that ranges from 1:1300 among Iranian Jews [7] to 1:300,000
in a Japanese population [8]. This review focuses on the physiological roles of six
canalicular transporters (ABCB11, ABCB4, ATP8B1, ABCG5, ACG8 and ABCC2; Figure
1) as well as the pathophysiological processes and clinical features associated with their
mutations.

of bile salts

The major organic constituents of bile are bile salts (the ionized form of bile acids). Bile
salts are exclusively synthesized from cholesterol in the liver via two biosynthetic pathways.
The classic pathway begins with 7-hydroxylation of cholesterol by the rate-limiting enzyme
cholesterol 7a-hydroxylase. The alternative pathway begins with 27-hydroxylation of
cholesterol by sterol 27-hydroxylase. Further modifications of the ring structure and side
chain of cholesterol lead to the production of two primary bile acids that differ in 12-
hydroxylation. Cholic acid is 12-hydroxylated whereas chenodeoxycholic acid is not. An
amino acid, glycine or taurine, is added to the sterol intermediates in the last step of
biosynthesis. Conjugation of bile acids increases their amphipathicity, and the conjugated
bile salts exist as anions at biliary and intestinal pH [9]. In humans, the majority of bile salts
are conjugated with glycine [10].

The metabolism of cholesterol to bile salts transforms the hydrophobic cholesterol into
amphipathic bile salts that have detergent properties. The biochemical nature of bile salts
enables them to form micelles and solubilize lipids. Mixed micelles of phospholipids and
bile salts in the canaliculi solubilize cholesterol effluxed by ABCG5 and ABCG8 to
eliminate excess cholesterol from the body to maintain cholesterol homeostasis. Bile salts
also solubilize long-chain fatty acids, fat-soluble vitamins, cholesterol and lipophilic drugs
in the intestine to facilitate the absorption of these dietary lipids and drugs [11].

Enterohepatic circulation of bile salts

The human liver has a bile salt pool of 2-3 g, and synthesizes 500-600 mg of bile salts and
secretes 20-30 g of bile salts daily. Therefore, most of the bile salts secreted at the
canalicular (apical) membrane of hepatocytes are recycled by the enterohepatic circulation.
The cycle begins with bile salts flowing from the liver into the lumen of the small intestine.
In the distal ileum, bile salts (>90%) are efficiently absorbed from the lumen by the ileal bile
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acid transporters. The reabsorbed bile salts are transported via portal blood back to the liver,
taken up from blood at the sinusoidal (basolateral) membrane of hepatocytes and resecreted
into bile to complete one cycle. Bile salts cycle six- to ten-times per day. A small amount of
bile salts is lost in each cycle, which is replaced by bile salt synthesis [2,12,13].

Canalicular transport of bile salts

Secretion of bile salts at the canalicular membrane drives the vectorial flow of bile salts
from portal blood into bile. Moving bile salts from the hepatocyte against a higher
concentration gradient into bile requires an ATP-dependent process; the concentration of
bile salts in the canalicular lumen is 100- to 1000-fold higher than that in the cytoplasm of
hepatocytes [2]. This process is mediated by ABCB11 (also known as BSEP or SPGP).

The substrates for ABCB11 are monovalent glycine- and taurine-conjugated bile salts. The
rank order of ABCB11 preference for different conjugated bile salts is
taurochenodeoxycholate > taurocholate > tauroursodeoxycholate > glycocholate [14,15].
The sulfated bile salt, taurolithocholate 3-sulfate, is transported by human ABCB11 [15].
While bile salts are the main substrates that ABCB11 transports, other compounds (e.g.,
pravastatin) have been reported to be transported by ABCB11 [16].

The human ABCB11 gene, located on chromosome 2924, was identified by positional
cloning in patients with PFIC type 2 (PFIC2) [17]. The fact that mutations in the ABCB11
gene in PFIC2 patients lead to extremely low biliary bile salt concentrations (<1% of
normal) indicates that ABCB11 is the only protein in the liver that has bile salt transport
function [18]. The protein encoded by ABCB11 comprises 1321 amino acids. The predicted
topology consists of two transmembrane domains with six transmembrane a.-helix segments
in each domain, and two cytoplasmic nucleotide-binding domains that contain the highly
conserved ABCs [17].

ABCB11 expression is regulated at the transcriptional and post-transcriptional levels. The
farnesoid X receptor (FXR) is the bile salt sensor in hepatocytes, with chenodeoxycholate
being a strong ligand for FXR [19,20]. When activated by bile salts, FXR forms a
heterodimer with the retinoid X receptor (RXR). The FXR-RXR complex enhances
transcription from the ABCB11 promoter [21,22]. This regulatory mechanism enables
ABCB11 to respond to changes in the flow of bile salts through the hepatocytes as it is the
key player in driving bile flow across the hepatocytes. When bile salt levels become elevated
in hepatocytes, upregulating ABCB11 expression increases the efflux of bile salts from
hepatocytes to normalize cellular levels of bile salts.

At the post-transcriptional level, glycosylation and phosphorylation regulate the localization
of ABCB11 to the canalicular membrane. Furthermore, an intracellular pool of ABCB11
transporters can be mobilized to the canalicular membrane to provide a transient increase in
ABCB11 expression; for instance, a fast response to a postprandial increase in bile salts
[23].

ABCB11 & liver disease

Mutations in the ABCB11 gene cause a spectrum of liver diseases that vary in severity.
ABCB11 deficiency leads to cholestasis, a liver disease characterized by reduced bile
secretion and decreased bile flow. The most severe form is PFIC2 (Table 1), a rare,
autosomal recessive liver disease. The disease manifests in infants and progresses rapidly to
cirrhosis with a need for liver transplantation within the first decade of life due to liver
damage from the accumulation of bile salts. Clinical features are jaundice, intractable
pruritus and vitamin deficiency. Patients have very low biliary bile salts but high serum bile
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salts. They have elevated serum alanine aminotransferase (ALT) activity but low or normal
serum y-glutamyltransferase (yGT) activity. Serum cholesterol is occasionally elevated.
Histological characteristics of the liver are giant cell hepatitis, bile duct proliferation and
portal fibrosis. The appearance of bile as seen by electron microscopy is amorphous or
filamentous. During the course of the disease, patients are likely to develop gallstones, and
are at risk of developing hepatocellular carcinoma or cholangiocarcinoma [24,25].

More than 100 mutations have been identified in the ABCB11 genes of PFIC2 patients:
nonsense mutations, missense mutations, small insertions and deletions, splice site mutations
and whole-gene deletions. The most common mutations are E297G and D482G [26]. The
disease progresses more slowly in patients with D482G mutations, and they develop
cirrhosis at an older age [24]. Investigation of ABCB11 expression by immunochemistry
revealed that the vast majority of biopsy specimens had little or no detectable staining,
meaning that ABCB11 expression is frequently absent in PFIC2 patients [26].

A less severe form of cholestatic liver disease is benign recurrent intrahepatic cholestasis
(BRIC). Some BRIC type 2 (BRIC2) patients have mutations in the ABCB11 gene [27].
Drug-induced cholestasis occurs when ABCB11 function is inhibited by endogenous
metabolites or drugs, which leads to intrahepatic cholestasis. Drugs such as cyclosporin A,
rifampicin and glibenclamide inhibit bile salt transport by ABCB11. The V444A
polymorphism is associated with susceptibility to drug-induced cholestasis and has been
shown to be associated with lower ABCB11 expression levels. Intrahepatic cholestasis of
pregnancy (ICP) affects women in the second or third trimester of pregnancy who otherwise
have a normal medical history, and the liver disease resolves after delivery. Nonpregnant
women who have suffered previously from ICP are susceptible to cholestasis induced by
oral contraceptives. The V444A variant is also associated with ICP type 2 patients [28].

Sources of hepatic phosphatidylcholine

The second most abundant organic solutes in bile are phospholipids, mainly
phosphatidylcholine (PC). PC is synthesized in the liver via two pathways. The Kennedy
pathway, active in all tissues, converts choline into PC in three enzymatic steps and accounts
for 70% of PC synthesis [29]. The remaining PC is synthesized by the
phosphatidylethanolamine A~methyltransferase pathway. Phosphatidylethanolamine A-
methyltransferase, expressed only in hepatocytes, catalyzes three reactions that sequentially
methylate phosphatidylethanolamine (PE) to convert it to PC [30].

The liver also acquires PC from circulating HDL and LDL that it takes up [31,32]. A study
by Portal et al. showed that 38% of PC secreted into bile was from PC on HDL delivered to
the liver [31].

Canalicular transport of PC

The presence of PC in bile prevents damage to membranes of cells in the biliary tree by high
concentrations of bile salts because mixed micelles of PC and bile salts reduce the detergent
activity of monomeric bile salts and simple bile salt micelles to solubilize the lipids in the
cell membrane. Furthermore, mixed micelles solubilize cholesterol better than simple bile
salt micelles and prevent formation of gallstones. Translocation of PC from the inner to the
outer leaflet of the canalicular membrane is mediated by the ABCBA4 transporter, also known
as MDR3 P-glycoprotein in humans, or Abch4 and Mdr2 P-glycoprotein in mice. Once in
the outer leaflet, PC is exposed and accessible for extraction by bile salts [33].

After the mouse Abcb4 gene was cloned [34], its function remained unknown for several
years, until Abcb4™'~ mice were generated. Mice that are homozygous for a disrupted Abcb4
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gene are unable to secrete PC into the bile, and the level of PC in bile of heterozygous mice
is half that of wild-type mice [35]. However, PC secretion is restored by expressing the
human ABCB4 gene in Abcb4~'~ mice, demonstrating that the human ABCB4 and mouse
Abcb4 genes play an essential role in PC secretion [36]. Studies with transfected cells
expressing ABCB4 showed that PC is secreted into medium containing taurocholate,
lending further support for the role of ABCB4 in the canalicular transport of PC [37-39].

The human ABCB4 gene consists of 28 exons and spans 74 kb on chromosome 7g21 [40].
The ABCB4 protein is expressed only in the liver, although ABCB4 transcripts are
expressed at low levels in nonhepatic tissues such as the adrenal gland, heart, muscle, spleen
and tonsil [41]. In the liver, ABCB4 mRNA expression is regulated by bile salts and FXR
[42]. Bile salts and the synthetic FXR agonist GW4064 enhance ABCB4 transcription by
activating the FXR-RXR heterodimers to bind to an FXR response element in the distal
promoter of the ABCB4 gene [42]. The fact that ABCB4and ABCB11 are both FXR target
genes suggests that secretion of PC and bile salts is regulated coordinately, such that the
canalicular membrane of hepatocytes is protected against an increase in bile salts by a
concomitant increase in PC to ensure there is sufficient PC to form mixed micelles with bile
salts.

ABCB4 & liver disease

Mutations in the ABCB4 gene that result in loss of protein expression or loss of protein
function lead to a severe recessive liver disease, PFIC type 3 (PFIC3) (Table 1). The first
symptoms of jaundice, hepatomegaly, splenomegaly and pruritus may appear in patients as
early as 1 month after birth or up to 20 years of age. In half of patients, the disease
progresses to liver failure and liver transplantation is required at a mean age of 7.5 years
[25,43]. Nonsense and frameshift mutations give rise to truncated proteins that are not
detectable by immunostaining. Missense mutations in the conserved amino acids of the
Walker A and B motifs and in the transmembrane domains disrupt the transport function of
ABCBA4. The absence of ABCB4 protein is found in patients with severe clinical
phenotypes. In cases where the mutated ABCB4 has residual transporter activity, the onset
of PFIC3 is later and progression of the disease is slower [33,43].

PFIC3 patients exhibit reduced concentrations of biliary PC (1-15% of normal) but normal
concentrations of biliary bile salts. Their serum bile salt concentrations are elevated, as are
serum ALT and -yGT activities. High serum yGT activity is an indicator that distinguishes
PFIC3 patients from those with PFIC type 1 (PFIC1) and PFIC2 diseases. Liver histology
reveals bile duct proliferation and portal fibrosis at the time of diagnosis, and biliary
cirrhosis at an advanced stage. These histologic findings are due to the impairment of biliary
secretion of PC, which allows the detergent action of bile salts to attack the bile canaliculi
and biliary epithelium (Figure 2B). The observation of hepatocellular cholestasis and bile
plugs in the ductules is due to crystallization of cholesterol because monomeric bile salts
have a lower solubility for cholesterol [25,43].

Heterozygous ABCB4 mutations or homozygous missense mutations that reduce but do not
eliminate ABCB4 activity predispose to several cholestatic diseases. Low phospholipid-
associated cholestasis is related to a high biliary cholesterol saturation index that favors
formation of gallstones. Multiple genetic defects underlie the development of abnormal
canalicular transport in ICP and one of them is a defect in ABCB11, as mentioned
previously. In patients with ICP and elevated serum yGT activity, the most likely genetic
predisposition is a heterozygous ABCB4 defect. Perinatal distress may cause children with a
genetic predisposition to develop transient neonatal cholestasis. The clinical symptoms
resolve when treated with ursodeoxycholic acid (UDCA) [33,43].
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Distribution of phospholipids in canalicular membranes
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Membranes composed of PC, PE and phosphatidylserine (PS) are loosely packed because of
the unsaturated fatty acyl chains in these phospholipids, and they are in the liquid-disordered
state. The lipids in these membranes are sensitive to solubilization by detergents. By
contrast, membranes composed of sphingolipids and cholesterol are more rigid because the
saturated fatty acyl chains of sphingolipids combine with cholesterol to pack the lipids more
tightly. These membranes are in the liquid-ordered state, and they are resistant to detergents.
Phospholipids in the inner and outer leaflets of the canalicular membrane of hepatocytes are
distributed in an asymmetric fashion so that the membrane can withstand high
concentrations of bile salts in the bile canaliculi. PC, sphingolipids and cholesterol are
localized in the outer leaflet of the membrane, whereas PE and PS are localized in the inner
leaflet [44,45].

There is a tendency for phospholipids to equilibrate between the two leaflets of the bilayers,
so proteins termed floppase and flippase are needed to maintain their asymmetric
distribution in the membrane. Translocation of phospholipids between the two leaflets of the
membrane is an ATP-dependent process. ABCB4 is a floppase that translocates PC from the
inner to the outer leaflet, whereas ATP8BL1 is a flippase that translocates PS from the outer
to the inner leaflet (Figure 2). The flopping of PC by ABCB4 is essential for secretion of PC
into bile (see above). The flipping of PS by ATP8B1 keeps the membrane in the liquid-
ordered state for secretion of bile salts into bile (see below).

of PS

Mammalian cells contain two PS synthases that produce PS using different substrates. PS is
synthesized by replacing the head group of PC with serine by PS synthase (PSS)1 or the
same serine exchange reaction using PE by PSS2 [46]. Studies in mice revealed redundancy
in these two enzymes. While mice lacking both PSS1 and PSS2 are not viable, mice lacking
either PSS1 or PSS2 appear normal. As little as 10% of normal serine exchange activity is
needed for survival [47,48].

ATP8B1 mediates inward translocation of PS

ATP8B1, also known as FIC1, is a transmembrane protein that belongs to the type 4
subfamily of P-type ATPases. The signature sequence of P-type ATPase contains an aspartic
acid residue that is phosphorylated during the transport cycle, and the name ‘P-type’ refers
to the phosphorylated intermediate. The A7P8B1 gene contains 28 exons and spans at least
77 kb on chromosome 1821 [49]. The ATP8B1 protein has ten transmembrane segments
and a large intracellular loop containing the P-type signature sequence and an ATP-binding
site [50].

ATP8BL is expressed not only in the liver, but also in other tissues, such as the pancreas,
small intestine, bladder, heart, stomach, prostate and lung [51]. Maturation, transport and
functioning of ATP8BL1 require the chaperone protein CDC50A. In the absence of
heterodimerization with CDC50A, ATP8B1 is retained in the endoplasmic reticulum and
degraded prematurely. In the presence of CDC50A, ATP8BL1 exits from the endoplasmic
reticulum and translocates to the plasma membranes where it functions as a flippase in
concert with the CDC50A subunit [52,53].

Several studies present evidence for flippase activity of ATP8B1 in the canalicular
membrane. Paulusma et a/. reported a significant increase of PS in the bile of A{p8b1-
deficient mice when hydrophobic bile salts were infused into these mice but not in wild-type
mice [54]. In another study, Paulusma et a/. reported an enhanced internalization of
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fluorescent-labeled PS analogs in mammalian cells genetically engineered to express
ATP8B1 and CDC50 proteins [52]. Using siRNA to reduce ATP8B1 expression in rat
hepatocyte sandwich cultures, Cai et a/. showed an accumulation of fluorescent-labeled PS
analogs in the bile canaliculi in the presence of chenodeoxycholic acids [55]. Furthermore,
they presented electron micrographs showing evidence of membrane damage by
chenodeoxycholic acids in Afp8b1-knock-down rat hepatocytes. Taken together, these
results demonstrate that ATP8BL is involved in the translocation of PS to the inner leaflet of
the membrane, and that the loss of flippase activity is associated with damage in the
canalicular membrane when it is exposed to hydrophobic bile salts.

In the process of forming bile salt mixed micelles, extraction of PC and cholesterol from the
outer leaflet of the canalicular membrane allows the spontaneously flopped PS to remain in
the outer leaflet of the membrane. ATP8BL1 flips PS back to the inner leaflet to ensure that
the phospholipid asymmetry is not perturbed by the accumulation of PS in the outer leaflet.

ATP8B1 & liver disease

PFIC1 is an autosomal recessive disorder caused by mutations in the A7P8B1 gene on
chromosome 18q21 [51]. It is also known as Byler disease [56] and Greenland familial
cholestasis [57]. The causative mutation in PFIC1 patients in the Amish population who are
descendants of Jacob Byler (whose name is associated with this disease) is a homozygous
G-T mutation resulting in the substitution of glycine with valine at amino acid 308 [51,58].
PFIC1 patients in Inuit families in Greenland and Canada have a G-A mutation, resulting in
the substitution of aspartate with asparagine at amino acid 554 [57]. The G308V missense
mutation in Byler disease and the D554N missense mutation in Greenland familial
cholestasis lead to an absence of canalicular expression of ATP8B1 [59]. Other A7P8B1
mutations that affect splicing or the protein structure have been identified in different
populations [49].

PFIC1 patients develop cholestasis in early infancy and it progresses to end-stage liver
disease before adulthood (Table 1). Serum bile salt and bilirubin concentrations are elevated,
as is serum ALT activity, but serum yGT activity is normal. Biliary bile salt concentrations
are low. In addition to jaundice, severe pruritus and malabsorption of fats and fat-soluble
vitamins, PFIC1 patients exhibit symptoms such as diarrhea, pancreatitis, hearing loss and
pneumonia because of extrahepatic expression of ATP8B1. PFIC1 and PFIC2 share many
clinical and pathologic features but only PFIC1 patients show extrahepatic symptoms
[24,25]. Liver histology reveals canalicular cholestasis, with little hepatocellular necrosis
and giant cell transformation. Electron microscopy reveals coarse and granular bile, and the
appearance of bile from PFIC1 patients is different from the amorphous bile of PFIC2
patients as described by Bull et al. [60].

BRIC type 1 (BRIC1) is a less severe form of liver disease caused by ATP8B1 deficiency.
While the expression or function of ATP8BL1 is severely compromised by PFIC1 mutations,
this occurs to a lesser extent with BRIC1 mutations [49,59]. The onset of BRIC1 is in
childhood or adulthood, and recurrent episodes of cholestasis resolve spontaneously without
permanent liver damage. In rare cases of ICP, heterozygous mutations in A7P8B1 have been
reported [61,62].

Loss of normal phospholipid asymmetry of the canalicular membrane is key to
understanding the pathophysiologic mechanism by which PFIC1 or BRIC1 mutations cause
cholestasis (Figure 2C). When PS that flops spontaneously to the outer leaflet is not flipped
back to the inner leaflet by ATP8BL1, PS accumulates in the outer leaflet. The outer leaflet of
the membrane is exposed to very high concentrations of bile salts in the bile canaliculi. As
the outer leaflet of the canalicular membrane becomes liquid-disordered, it is less resistant to
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attack by bile salts as evidenced by elevated levels of PS and cholesterol in bile [54].
Changes in the lipid composition of the membrane, especially a reduction in cholesterol
content, impair bile salt secretion by ABCB11 and lead to the development of cholestasis
[63].

Treatment of PFIC/BRIC disorders

PFIC/BRIC disorders are treated with UDCA, rifampicin and surgical interventions. UDCA
therapy aims to reduce the cytotoxic effects of bile acids on the canalicular membrane by
replacing the endogenous bile acids (cholic acid and chenodeoxycholic acid) with a less
hydrophobic bile acid, UDCA. UDCA is the therapy of choice for PFIC3 patients with
residual ABCB4 function. Rifampicin induces expression of the CYP450 enzyme CYP3A4,
thereby increasing 6a-hydroxylation of bile acids. The hydroxylated bile acids are
subsequently excreted in urine as 6a-hydroxylated bile acid glucuronides. Rifampicin
therapy reduces pruritus in some PFIC1 patients and aborts cholestatic episodes in BRIC1
and BRIC2 patients. Patients are monitored for side effects of rifampicin affecting liver
functions. Surgical intervention is the treatment of choice for PFIC1 and PFIC2 patients, and
should be performed as soon as possible after diagnosis to prevent liver damage. The
procedure, partial external biliary diversion, aims to decrease the bile salt pool by reducing
reabsorption of bile salts. The enterohepatic circulation of bile salts is interrupted by a
jejunal conduit from the gallbladder to the abdominal wall. An endoscopic biliary diversion,
nasobiliary drainage, is effective in aborting a cholestatic episode in BRIC patients.

When all of these treatments fail, the only option is liver transplantation. While the
canalicular defects are cured by a liver transplant, lifelong medication with
immunosuppressive drugs is needed to control tissue rejection. For PFIC1 patients, the
extrahepatic symptoms persist, and some even worsen (e.g., diarrhea) after the liver
transplant. In some cases, the transplanted liver develops steatohepatitis [64].

Sources of biliary cholesterol & plant sterols

Secretion of free cholesterol into bile eliminates excess cholesterol from the body. About 1 g
of cholesterol is secreted daily into bile, and half of it is disposed of as neutral sterol in feces
[65]. The two sources of hepatic cholesterol secreted into the bile are from de novo
synthesis, and from lipoproteins that are taken up by the liver [66]. Cholesterol derived from
HDL is preferentially utilized for biliary secretion [67,68].

The circulating levels of noncholesterol sterols (plant and shellfish sterols) are very low
compared with cholesterol; <1 mg/dl plant sterol versus 200 mg/dl cholesterol [69]. Humans
cannot synthesize plant sterols and absorb them poorly (5% plant sterols vs ~50% dietary
cholesterol) [70,71]; therefore, only a small amount of plant sterols is found in the blood.
Circulating plant sterols taken up by the liver are secreted into bile for fecal excretion.

Canalicular transport of cholesterol

Cholesterol and sterols are secreted into bile by the ABCG5 and ABCG8 proteins.
Identification of the genes in the STSL locus on chromosome 2p21 [72] that underlie the
genetic defect of sitosterolemia led to the discovery of two genes that encode the ABCG5
and ABCGS8 proteins [73-75]. Each of the two highly homologous genes has 13 exons, and
together they span 80 kb. The genes are arranged in a head-to-head configuration, separated
by 140 bases between their first exons, and are transcribed in opposite directions [74,75].
The encoded proteins are half-transporters, each containing six transmembrane a-helix
segments and one ATP-binding site at the amino terminus. ABCG5 and ABCG8 dimerize
and function as an obligate heterodimer [73,76].
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Expression of ABCG5 and ABCGS8 is restricted to the canalicular membrane of hepatocytes
and the apical membrane of enterocytes [77]. In the liver, ABCG5 and ABCGS8 transport
cholesterol and plant sterols from hepatocytes into bile for disposal from the body in feces
[6]. Exactly how ABCGS5 and ABCGS8 transport sterols is not fully understood. A study by
Kosters et al. suggested that ABCG5 and ABCGS8 flop sterols from the inner to the outer
leaflet of the plasma membrane [78], and Small suggested that the sterols are subsequently
lifted out of the membrane bilayer by ABCG5 and ABCGS8 so that they can be extracted by
bile salt micelles [79].

Pathophysiology of sitosterolemia

The disorder sitosterolemia got its name from sitosterol, the major plant sterol [80]. The
genetic defect in sitosterolemia is caused by homologous mutations in either the ABCG5 or
ABCG8 genes, which impair the function of the ABCG5-ABCG8 heterodimers [73-75].
Mutations in ABCG8are more prevalent in Caucasians, whereas mutations in ABCG5 are
more prevalent in the Japanese, reflecting mutations in different founder populations [75].

Apart from their role in biliary cholesterol and sterol excretion, ABCG5 and ABCG8 are
involved in regulating absorption of cholesterol and sterols in the intestine. Plant sterols are
preferentially transported out of the enterocytes back to the lumen by ABCG5 and ABCG8
to limit the absorption of plant sterols to less than 5%. By comparison, a smaller fraction of
cholesterol is effluxed to the lumen, and approximately 50% of dietary cholesterol is
absorbed [70,71].

Impaired intestinal function of ABCG5 and ABCGS8 increases absorption of cholesterol and
sterols, and impaired liver function of ABCG5 and ABCG8 decreases biliary excretion of
cholesterol and sterols, leading to slightly or moderately elevated blood levels of cholesterol
but highly elevated blood levels (30- to 100-fold) of plant sterols [69,75,81]. As plant sterols
accumulate in blood and tissues, patients develop tendon xanthomas and premature coronary
atherosclerosis. Other clinical symptoms are hemolysis, arthralgias, thrombocytopenia and
hypersplenism [6].

Treatment of sitosterolemia

Plasma levels of plant sterols in a sitosterolemic patient with chronic hepatitis and cirrhosis
were almost normalized after he received a liver transplant [82]. Despite the genetic defect
in the intestine, the observation that restoration of ABCG5-ABCGS activity in the liver is
able to keep plant sterols at low levels in the blood suggests that biliary elimination of plant
sterols plays a greater role in controlling plasma plant sterols than has been previously
recognized [82].

Conventional treatments for sitosterolemia include a low-plant-sterol diet, bile salt-binding
resins and partial ileal bypass surgery [83]. Conventional drug treatment in combination
with ezetimibe has been shown to be more efficacious than treatment without ezetimibe in
reducing plasma plant sterols in sitosterolemia patients, particularly in those who are not
responsive to conventional drugs [83-85]. Ezetimibe is a drug that inhibits intestinal
cholesterol and sterol absorption by the NPC1L1 protein [86-88]. NPC1L1 isa
transmembrane protein expressed in the canalicular membrane of hepatocytes and in the
apical membrane of enterocytes. In humans, expression of MNPCIL1 mRNA in the liver is
higher than that in the small intestine [89]. NPC1L1 transports cholesterol and plant sterols,
but in the opposite direction to the transport of cholesterol and sterols by ABCG5 and
ABCGS. It mediates the uptake of cholesterol and sterols from the lumen into enterocytes
and the uptake of cholesterol and sterols from the bile into hepatocytes. Ezetimibe reduces
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plasma sterol concentrations by blocking absorption of sterols in the intestine and by
inhibiting NPC1L1 activity in the liver to promote biliary sterol excretion [90].

Canalicular transport of organic anions

The ABCC2 protein (also known as MRP2) transports many organic anions that are
conjugated with glutathione, glucuronate or sulfate from hepatocytes into bile for
elimination from the body. It also plays an important role in the excretion of bilirubin
conjugates [91].

The ABCCZgene is located on chromosome 10g24 [92]. Its 32 exons encode a protein of
1545 amino acids [93,94]. The predicted topology of ABCC2 contains three transmembrane
domains with 17 transmembrane segments and two nucleotide-binding sites. Localization of
ABCC?2 in the apical membrane is determined by the transmembrane domain at the N-
terminus and a region in the C-terminus [95].

Besides being expressed in the canalicular membrane of hepatocytes, ABCC2 is also
expressed in the apical membrane of other cell types, such as kidney and intestinal cells
[96,97]. In addition, ABCC2 can be detected in some malignant tumors, where it confers
resistance to anticancer drugs by transporting them out of the tumor cells [98,99].

ABCC2 & liver disease

The hereditary form of ABCC2 deficiency is known as Dubin-Johnson syndrome. It is
characterized by an elevated concentration of bilirubin glucuronides in blood, and by a dark
pigment deposited in hepatocytes, which gives the liver a dark-blue or black appearance
[100,101]. The impairment of biliary secretion of bilirubin glucuronides upregulates the
ABCCS3 transporter in the basolateral membrane of hepatocytes [102]. The ABCC3 protein
transports bilirubin glucuronides from hepatocytes into blood, leading to an increase in
serum levels of bilirubin glucuronides in patients with Dubin-Johnson syndrome.

The disease usually manifests during adolescence. Major clinical symptoms are recurrent or
persistent jaundice without pruritus and abdominal pain. Dubin—-Johnson syndrome is a
benign disorder. No treatment is necessary and patients have a normal life expectancy [103].
The ABCCZ mutations identified in Dubin—Johnson patients include splice-site mutations,
nonsense mutations, missense mutations and small deletions, which cause an absence of
ABCC2 expression or expression of a functionally inactive protein [104].

Conclusion

The identification and characterization of the transporters in the canalicular membranes of
hepatocytes have advanced our understanding of the molecular process of bile formation.
The interplay among these transporters enables the secretion of organic solutes into bile and
protects the membranes of cells in the biliary tree from damage by bile salts so that bile
formation is not disrupted. The severe liver disorders PFIC types 1, 2 and 3 underscore the
crucial roles of ATP8B1, ABCB11 and ABCB4 in bile formation.

Future perspective

A therapeutic strategy for PFIC disorders is to ameliorate the absence or decreased
expression of mutated proteins that have transporter activity in the canalicular membrane.
One class of drugs suppresses premature termination of protein translation at stop codons
due to nonsense mutations. PTC124 (ataluren) is the first available drug of this class and its
efficacy in PFIC patients with nonsense mutations has yet to be determined in clinical trials

Clin Lipidol. Author manuscript; available in PMC 2013 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chan and VandeBerg

Page 11

[105]. Another class of drugs acts as a pharmacological chaperone to stabilize proteins
misfolded due to missense mutations so that they are not trapped in the endoplasmic
reticulum and subsequently degraded in proteasomes. The pharmacological chaperone 4-
phenylbutyrate acid was shown to be effective in increasing cell surface expression of
mutated ATP8B1 [106] and ABCB11 [107] proteins in vitro, but the drug has not been
tested in PFIC1 and 2 patients. Development of drugs with these mechanisms of action may
reduce the deficiency in hepatobiliary transport of PFIC patients.

Recent developments in genome editing technology hold promise for correcting gene
mutations of PFIC patients. Zinc finger nuclease [108] and transcription activator-like
effector nuclease [109] can be engineered to recognize a specific gene sequence and induce
a double-strand break at the targeted site. The double-strand break is then repaired with an
exogenous fragment of DNA without mutations by homologous recombination, which is an
intrinsic DNA repair mechanism of the cell [110]. Studies have shown that the efficiency of
homologous recombination is increased by zinc finger nuclease-mediated genome editing
[108]. Progress in genome editing technology may make it possible to use gene therapy to
treat PFIC disorders in the future.
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Executive summary

Canalicular transport of bile salts

L] Bile salt secretion is mediated by ABCB11. Bile salt transport across the
canalicular membrane is the major driving force for bile flow.

L] Progressive familial intrahepatic cholestasis (PFIC) type 2 is caused by
mutations in ABCB11 that lead to very low levels of bile salts in bile, but
high levels in serum.

Canalicular transport of phosphatidylcholine

L] Phosphatidylcholine (PC) secretion is mediated by ABCB4. The main
function of PC in bile is to reduce the detergent activity of bile salts by
forming mixed micelles of PC and bile salts.

L] The liver disease PFIC type 3 is caused by mutations in ABCB4 and is
characterized by low levels of PC in bile and high levels of y-
glutamyltransferase in serum.

Canalicular transport of cholesterol & plant sterols

L] ABCG5 and ABCGS8 function as obligate heterodimers to efflux cholesterol
and plant sterols from hepatocytes into bile as well as from enterocytes into
the intestinal lumen.

L] Mutations in ABCG5 or ABCGS cause sitosterolemia, which is characterized
by elevated serum levels of plant sterols.

Canalicular transport of organic anions

L] ABCC2 transports bilirubin glucuronides and many compounds conjugated
with glutathione, glucuronate and sulfate.

L] Dubin-Johnson syndrome is caused by ABCCZ mutations that lead to
hyperbilirubinemia and a darkly pigmented liver.

ATP8B1 maintainsthe canalicular membranein the liquid-ordered state

L] ATP8BL1 translocates phosphatidylserine from the outer to the inner leaflet of
the canalicular membrane.

L] PFIC type 1 is caused by mutations in A7P8B1. PFIC type 1 patients have
low levels of bile salts in bile, and they exhibit extrahepatic symptoms
because ATP8B1 expression is not restricted to the liver.
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Figure 1. Canalicular proteinsinvolved in bile formation
All of the ABC proteins transport organic solutes into the canalicular lumen. The ATP8B1

protein does not transport organic solutes into the bile but translocates phospholipids from
the outer to the inner leaflet of the canalicular membrane of hepatocytes. The NPCIL1
protein transports cholesterol from the lumen back to the liver.

ABC: ATP-binding cassette.
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Figure 2. Biliary lipid secretion at the canalicular membrane

(A) In normal individuals, ABCB11, ABCB4 and ABCG5-ABCGS secrete bile salts,
phosphatidylcholine (PC), and cholesterol, respectively, into bile. PC and cholesterol form
mixed micelles with bile salts to reduce the detergent activity of bile salts, protecting the
canalicular membrane from attack by bile salts. The asymmetry of phospholipids in the

membrane bilayer, where phosphatidylserine (PS), phosphatidylethanolamine and PC are in
the inner leaflet, and sphingolipids, cholesterol and PC are in the outer leaflet, makes the
canalicular membrane resistant to bile salts. Extraction of PC from the outer leaflet by bile

salts allows PS to flop to the outer leaflet. However, the ATP8B1 protein flips PS back to

the inner leaflet and maintains the membrane bilayer in a liquid-ordered state. (B) In
progressive familial intrahepatic cholestasis type 3 patients, ABCB4 mutations impair

biliary secretion of PC. Bile salts are present in the bile as monomeric bile salts or simple

bile salt micelles. The canalicular membrane is more vulnerable to solubilization by bile
salts because simple bile salt micelles, which lack PC, have stronger detergent activity than
mixed bile salt micelles. (C) In progressive familial intrahepatic cholestasis type 1 patients,
ATP8BI mutations lead to accumulation of PS in the outer leaflet. The membrane is in the
liquid-disordered state and is susceptible to damage by bile salts. Bile salts also extract PS

and cholesterol from the canalicular membrane. Changes in the lipid composition of the
membrane, especially a reduction in cholesterol content, impair bile flow and lead to

cholestasis.
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Table 1

Characteristics of the three types of progressive familial intrahepatic cholestasis disorders.

PFIC1

PFIC2

PFIC3

Functional defect

PS flippase activity

Bile salt secretion

PC secretion

Genes & proteins

Gene name ATP8B1 ABCB11 ABCB4
Gene location 1821 2024 7921
Protein name ATP8B1 ABCB11 ABCB4
Alternative protein name FIC1 BSEP, SPGP MDR3

Clinical symptomsJr

Onset of jaundice

Birth to 9 months

Birth to 6 months

1 month to 20 years

Progression to cirrhosis 2-7 years 6 months to 10 years 5 months to 20 years
Pruritus Severe Severe Moderate
Cholelithiasis No Yes Yes

Extrahepatic symptoms Diarrhea, hearing loss, pancreatitis, pneumonia  None None

Biochemical tests: serum!

ALT Elevated Elevated (fivefold) Elevated (fivefold)
yGT Normal/low Normal/low High

Bile salts High High High

Cholesterol Sometimes elevated Often elevated Normal
Biochemical tests: bile

Bile salts Low Very low Normal
Phospholipids Normal Normal Low

Histology™

Bile duct proliferation No Yes Yes

Portal fibrosis (at presentation)  No Yes (not always) Yes

Cirrhosis (before first year) No Yes No

Giant cell hepatitis No Yes No

Electron microscopyJr

Bile characteristics Coarse and granular Amorphous Cholesterol crystals

fData taken with permission from [25].
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ALT: Alanine aminotransferase; yGT: y-glutamyltransferase; PC: Phosphatidylcholine; PFIC: Progressive familial intrahepatic cholestasis; PS:

Phosphatidylserine.
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