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ABSTRACT

Cholestasis is an impairment of bile formation and bile flow, manifested by secretory defects
of hepatocytes or cholangiocytes (or both), or obstruction of bile ducts. Many adaptations occur
during cholestasis, including decreases in bile acid synthesis, induction of bile acid detoxification
systems, recruitment of alternative export pumps, and increases in urinary bile acid excretion.
These adaptive changes are mediated by specific nuclear receptors that can be activated by
accumulated bile acids, proinflammatory cytokines(including transforming growth factor (3,
TGFf), drugs and hormones. Other mechanisms involved in the pathogenesis of cholestasis can
include changes in transporter protein membrane dynamics, alteration in cell polarity, disruption
of cell junctions, and perturbations of cell membranes and cytoskeletons. Here we briefly describe
the mechanisms of bile formation and cholestatic pathogenesis followed by reviewing the effects
of TGFpB on bile formation and different hepatobiliary components altered during cholestasis.
Recent studies have shown that TGFf represses cyp7al gene expression in human hepatocytes
via Smad3-dependent inhibition of hepatocyte nuclear factor 4a (HNF4a) and histone deacetylase
(HDAC) remodeling of cyp7al chromatin. TGF/Smad3 signaling also alters phospholipid and bile
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acid metabolism following hepatic inflammation with biliary injury. In addition, TGFf31 represses
expression of multiple genes involved in bile acid Phase II detoxification. In the hepatobiliary
system, TGFB1 is an important soluble factor involved in the regulation of myofibroblast
extracellular matrix synthesis, and is overexpressed in hepatic fibrous areas in adults. TGFf also
induces the dissolution of tight junctions during epithelial-to-mesenchymal transition in other
organs. However, the effect of TGF upon the tight junction and permeability in the liver has not
been studied. Further research is also required to investigate potential effects of TGFf on the bile
acid transporter systems.
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BILE FORMATION AND CHOLESTASIS

Cholestasis is an impairment of bile formation and bile flow [1,2]. Bile acids are synthesized
and secreted by hepatocytes with highly polarized plasma membranes, which can be separated
into the basolateral (facing the sinusoid and the intercellular space) and the canalicular domains
[3]- Bile acid homeostasis is the result of coordinated feedback and feed-forward regulation of
genes involved in bile acid synthesis, detoxification and transport [4]. Bile is secreted across the
canalicular domain [3]. The canalicular lumen is incompletely sealed by tight junctions as the only
anatomical barrier between the blood and the bile. These tight junctions have some permeability
to water and inorganic ions and the paracellular pathway is a major site of electrolyte and
fluid entry into the bile. Bile formation requires the coordinationof transportoccurring at the
basolateral membrane (mostly uptake processes), within the hepatocyte (intracellar transport)
and across the canalicular membrane (secretory processes) [3].

Bile flow is an osmotic process driven by active secretion of solutes into the bile canalicular
space between adjacent hepatocytes that are sealed from blood by tight junctions, followed by
passive influx of water and electrolytes by trans- or para-cellular pathways [5]. The main portion
of the bile flow is bile salt-dependent and the remainder is bile salt-independent with glutathione
as an important contributor [6,7]. Cholangiocytes also contribute significantly to bile formation
by secretin-stimulated secretion of HCO, and CI, which accounts for up to 40% of human bile
flow [8,9].
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Most bile salts are recycled by enterohepatic circulation,a process that reabsorbs and
circulates bile salts from the intestinal lumen back to the liver via the portal system for uptake and
re-secretion into the bile [5]. Three transport events are important for this process: sinusoidal
uptake, intracellular transport and canalicular secretion. Hepatocyte bile salt uptake is mediated
via the Na*-taurocholate cotransporter (NTCP) localized at the sinusoidal membrane [10-12].
In most cases, canalicular secretion is the rate-limiting step and involves a member of the ATP-
binding cassette (ABC) transporter superfamily, bile salt export pump(BSEP/ABCB11) [13-16].
Other proteins involved in the sodium-independent hepatic uptake of bile salts are organic anion
transporting proteins OATP2 (OATP-C, LST1) and OATP8 [17-20]. Genetic cholestasis can be
caused by mutations in any of the genes encoding these bile acid transporters [5]. A reduction of
bile flow can be established without changes in serum markers, and down-regulation of bile acid
transporters may be a cause or a consequence of cholestasis [5].

In general, the expression of the key enzymes and transporters involved in cholesterol and
bile salt metabolism is under transcriptional control of nuclear hormone receptors. For example,
CYP7A1 (cholesterol 7a-hydroxylase), the rate limiting enzyme in the neutral pathway for bile
salt synthesis, and its downstream enzyme CYP8B, are under the transcriptional control of FXR
(farnesoid X receptor or NR1H4). Various bile salts and their taurine-conjugates bind and activate
FXR. FXR complexes with the retinoid X-receptor and the resulting heterodimers interact with a
highly conserved inverse repeat-1 in the promoter region of SHP-1 (small heterodimer protein-1).
SHP-1 thensuppresses the transcription of cyp7aland cyp8b by binding to a transcription factor
called liver receptor homolog 1 [21,22]. SHP-1 also suppresses NTCP expression [23]. In contrast,
FXR up-regulates the expression of bile salt export from hepatocytes via BSEP [24,25]. Bile acid-
activated FXR also induces intestinal expression of fibroblast growth factor 15 (FGF15), which
may be transported to the liver to inhibit cyp7al gene expression [26,27].

Cholestasis can result from secretory defects of hepatocyte or cholangiocytes (or both), or from
obstruction of bile ducts by lesions, stones or tumors, and may be caused by multiple mechanisms
in conditions such as primary biliary cirrhosis (PBC), primary sclerosing cholangitis (PSC), or
other cholestatic diseases [28]. Cholestasis is a frequently observed clinical condition that can
lead to nutritional problems related to malabsorption of dietary fat and fat-soluble vitamins,
and irreversible liver damage caused by accumulation of toxic compounds [5]. However, the
treatment for cholestasis is often hampered by insufficient knowledge of underlying causes and
difficulties in distinguishing the primary events from secondary consequences [5]. Cholestasis
is usually classified into “extrahepatic” and “intrahepatic” forms. Extrahepatic cholestasis refers
to the obstruction of large bile ducts outside the liver. Intrahepatic cholestasisoccurs inside the
liver, either in the parenchymal cells (hepatocellular cholestasis) or in the canaliculi/intrahepatic
bile ductules and/or portal ducts (ductular/ductal cholestasis) [5,29]. Cholestasis can also be
categorized into inflammation-induced cholestasis and genetic cholestasis according to the
inducer of cholestasis [29].
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Inflammatory cytokines produced in response to various infections and non-infectious stimuli
are potent inducers of intrahepatic cholestasis. Inflammatory cytokines inhibit the expression
and function of hepatocellular transport systems normally mediating hepatic uptake and
biliary excretion of bile salts and various non-bile salt organic anions such as bilirubin. These
cytokine effects are reversible and bile secretory function can be restored upon removal of the
inflammatory stimuli [29]. Clinically, inflammation-induced cholestasis occurs in the setting
of intra- and extra-hepatic infections, drug- and alcohol-induced liver injury, total parenteral
nutrition, non-metastatic neoplastic disorders (lymphomas or solid tumors) and postoperatively
(after major cardiothoracic or abdominal surgery). Although clinically this comprises a broad
range of etiologies, the common theme is that cholestasis generally results from systemic and/

or intrahepatic release of proinflammatory cytokines that are potent inhibitors of hepatocellular
bile secretion [29].

Conversely, high levels of bile acids during cholestasis can cause liver inflammation and
secretion of a broad array of cytokines from Kupffer cells. Bile acids induce proinflammatory
cytokines such as tumor necrosis factor a (TNFa) and interleukinelf (IL-1f), which repress
cyp7al gene expression via c-Jun/JNK pathway [30-32]. Interestingly, SHP-1 also suppresses
the TGFf pathway [33-35]. In this review, we will discuss the involvement of TGFf in bile acid
synthesis, tight junction dissolution, and fibrosis in the bile duct (Figure 1).
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Figure 1: Transforming growth factor  (TGF B)is involved in many hepatobiliary functions. All
hepatocytes have bile acid uptake, synthesis, detoxification and export systems. To simplify the
diagram, these functions are depicted in two adjacent hepatocytes. Bile acids (BA-) are taken
up by the Na+/taurocholate cotransporter (NTCP) and organic anion transporting proteins
(OATP2/0ATP1B1) at the basolateral membrane of hepatocytes. BA- is exported into the bile
by the canalicular bile salt export pump (BSEP) and the canalicular conjugate export pump
(MRP2). At the basolateral membrane of hepatocytes, MRP3, MRP4, and the heteromeric
organic solute transporter (OST) /3 provide an alternative excretion route for BA- and
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other anions (OA-), such as bilirubin, into the blood. During cholestasis, several adaptive
mechanisms and hepatocellular changes occur: (1) downregulation of transport systems
and bile acid synthesis, (2) increased Phase I (i.e., hydroxylation) and Phase II (i.e., sulfation,
glucuronidation) detoxification of bile acids, and (3) disruption of cytoskeletons, tight junctions,
and vesicle localization and transportin the hepatocytes. TGF( is involved in repression of
bile acid synthesis and Phase II detoxification, and may also play a role in reduction of Phase I
detoxification and dissolution of the tight junctions. In addition, TGFf is involved in the fibrosis
and blockage of the bile ducts. This figure is modified from [4,69].

TGF( AND BILE ACID SYNTHESIS

The TGFf signaling pathway is well delineated. It starts withTGF binding to type Il TGFf
receptor (TGFBRII), which subsequently recruits, phosphorylates and activates type [ TGFf3
receptor (TGFBRI). The activated TGFBRI in turn phosphorylates and activates downstream
transcription factors signal mother against decapentaplegic (Smad) homologs, Smad2 and Smad3
(either homodimers or heterodimers). Smad 2 and Smad3 bind with cofactor Smad4, translocate
to the nucleus, bind to DNA and other transcription factors, and regulate gene transcription
[36,37].

In primary hepatic culture and cell lines, TGF inhibits cyp7al gene expression and bile
acid synthesis via Smad3 signaling [32,38-40]. TGF and downstream Smad3 inhibited cyp7al
promoter activity and mRNA expression by inhibiting DNA-binding activity of HNF4a. Tricostatin
A, aHDAC inhibitor, partially blocked TGFB1 inhibition of cyp7al mRNA expression. TGFB1 also
decreased histone 3 acetylation in cyp7al chromatin. TGFB1 treatment and adenovirus smad3
reduced HNF4a binding, but increased the recruitment of Smad3, HDAC1, and a repressor
mSin3A to the cyp7al chromatin [39]. Therefore, TGFB represses cyp7al gene expression in
human hepatocytes via Smad3-dependent inhibition of HNF4a and HDAC remodeling of cyp7al
chromatin. TGFf1/Smad3 signaling may reduce bile acid synthesis in the liver and prevent
hepatocyte injury in cholestatic liver disease [39].

Surprisingly, some primary hepatocytes from certain donors showed no inhibition in cyp7al
expression after TGFf1 treatment [39]. It is possible that the endogenous TGFf1 levels may vary
widely among different donor livers because of certain pathological conditions such as fatty liver,
fibrosis, inflammation, and proliferation. Under these conditions, the TGFB1/Smad3 signaling
may already be activated or inactivated. In addition, activated TGFf1/Smad3 pathway can be
inhibited by a feedback mechanism. Smad3 can induce Ski and Sno oncoproteins, which then
interact with Smad3 and inhibit TGFf31/Smad3 signaling [41,42]. Furthermore, TGFf31 signaling
is blocked during liver proliferation to allow DNA synthesis [43]. It is possible that the observed
increase or lack ofeffect of cyp7al activity and mRNA expression is due to liver regeneration in
response to injury. The complex interplay of cytokines and growth factors induced during liver
injury may modulate the rate of bile acid synthesis to maintain lipid homeostasis in the liver [39].
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Effects of TGFB on cyp7al gene expression have also been observed in bile duct-ligated
(BDL) animal models. During cholestatic liver injury, hepatic nonparenchymal cells including
Kupffer cells (hepatic macrophages) and hepatic stellate cells (HSCs) release proinflammatory
cytokines (IL-18 and TNFa) and growth factors (hepatic growth factor and TGF() to hepatocytes.
These cytokines have been shown to inhibit bile acid synthesis through repression of cyp7al
transcription [32,38,39]. Inhibition of bile acid synthesis and stimulation of bile secretion are
adaptive responses to protect hepatocytes from injury. Paradoxically, CYP7A1 activity and its
mRNA expression are stimulated in bile duct-ligated rat and mouse livers [28,44,45].TGFf1 is
increased in the livers of BDL rats and mice, and in patients with liver fibrosis [28,45,46]. TGF[31-
activated Smad3 stimulates the rat cyp7al gene. Smad3 directly binds to the rat cyp7al promoter
and acts in synergy with FoxO1 and HNF4a to induce rat cyp7al promoter activity. Smad3 and
Fox01 may crosstalk and synchronize with insulin inhibition and TGFf1 activation of CYP7A1 in
diabetes and liver fibrosis. On the other hand, TNFa antagonizes TGF31 activation of cyp7al gene
transcription. Therefore, these cell-signaling pathways may crosstalk in response to extracellular

signals to regulate bile acid synthesis and maintain lipid homeostasis [40].

TGFp3-SMAD3 SIGNALING PATHWAY MEDIATES BILE ACID AND
PHOSPHOLIPID METABOLISM

In addition to affecting bile acid synthesis, TGFf also influences the metabolism of bile acids
and phospholipids.TGFf is activated as a result of cholestasis and regulates hepatic phospholipid
and bile acid homeostasis through SMAD3 activation in lithocholic acid-induced experimental
intrahepatic cholestasis. Injection of lithocholic acid induced expression of TGF31 and its receptors
TGFBRI and TGFBRII in the liver, and increased TGF3 immunoreactivity around the portal vein.
Serum metabolomics also indicated increased bile acids and decreased lysophosphatidylcholine
after lithocholic acid injection. TGF3-SMAD3 signaling appears to alter phospholipid and bile
acid metabolism following hepatic inflammation with biliary injury [47]. However, TGFf protein
levels measured by an enzyme-linked immunoassay are not e levated in the blood or bile of
patients with PSC, which is a chronic cholestatic disorder of unknown etiology characterized by

progressive fibrosis and stricturing biliary tract [48].
TGF3 AND BILE DUCT FIBROTIC BLOCKAGE

Hepatic fibrosis can be induced by TGFf and is a major complication of chronic liver diseases
such as chronic viral hepatitis or alcoholicliver diseases in adults, chronic cholestasis, or metabolic
diseases in infancy. Biliary atresia (BA)and paucity of interlobular bile ducts are the two main
causes of neonatal cholestasis leading to hepatic fibrosis [49]. TGFB1, an important soluble factor
involved in the regulation of myofibroblast extracellular matrix synthesis, was overexpressed in
hepatic fibrous areas in adults [50,51]. In a few cases, TGF1 expression was located in areas
of ductular proliferation characteristic of BA [52]. Interestingly, TGFB1 was diffusely present in
hepatocytes of children [49]. However, TGF1 was rarely found in healthy adult livers [51], but
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was found in fibrotic septae in diseased liver [50,51]. TGF1 was also highly expressed in tumor
hepatocytes [50]. In some BA patients, the TGFf1 signal was enhanced at the periphery of biliary
structures where inflammatory cells were present [49]. In chronic biliary disease, TGF1 was
mainly found in mesenchymal cells [49]. Cholangiocytes have also been found to overexpress
TGFB2 in adult cholestatic liver disease [51].

The TGFp superfamily promotes collagen synthesis by transforming HSCs into myofibroblasts,
upregulating type I collagen gene transcription and increasingits mRNA stability [48,53]. TGFB also
increases the synthesis of other extracellular matrix proteins and inhibitors of metalloproteinase,
and directly inhibits type I collagenase [53].High levels of TGFf31 are often found in cholestatic
livers. Bile acids in cholestatic levels can directly stimulate HSCs proliferation through protein
kinase C-dependent induction of the epidermal growth factor receptor [54]. Bile acids can
also induce thrombospondin-1, an activator of latent TGF31, in hepatocytes and contribute to
HSCs proliferation and transdifferentiation [55]. Thus, bile acids promote liver fibrosis through
activation of HSCs. Inhibition of bile acid is important in reducing both hepatocyte injury and
HSCs activation in the fibrogenic process [39]. Corticosteroids, potent inhibitors of TGFf, had
therapeutic benefit on the course of PSC [56-57].

TGF3 AND PHASE 1/II1 DETOXIFICATION ENZYMES AND TIGHT
JUNCTIONS

Some of the adaptive mechanisms in response to cholestasis are also regulated by TGFf.
TGFB1 represses expression of multiple genes involved in bile acid Phase II detoxification, which
is correlated with a decrease in cellular glutathione and an increase in cellular reactive oxygen
species [58]. TGFB1 also inhibits xenobiotic-induced Phase I detoxification enzymes such as CYP1
isozymes [59,60]. However, the effect of TGF[ and bile acid Phase I detoxification CYP3 isozymes
has not been studied.

Itis well known that TGFf induces the loss of tight junctions during epithelial-to-mesenchymal
transition [61]. The epithelial-to-mesenchymal transition is a striking example of cellular
plasticity that involves the dissolution of epithelial tight junctions, modulation of adherens
junctions, reorganization of the actin cytoskeleton, loss of apical-basal polarity, and induction of a
mesenchymal gene-expression program [62,63]. The mechanism appears to involve regulation of
the polarity protein Par6 [64]. TGFB1 treatment decreased tight junction proteins zona occludens
protein 1 and occludin mRNA and protein levels in human renal proximal tubular cells [65]. The
TGFB1-mediated Rho/ROCK signaling pathway plays a role in the dissolution of tight junctions
during epithelial-mesenchymal transition [65]. IL-18 and TGFf also disassembled the tight
junctions at the placental barrier [66]. TGF(3 accelerated endocytosis of tight junction proteins
for degradation and altered the permeability of the blood-testis barrier [67]. TGF3 treatment
also promoted tight junction loss, and reorganization and cleavage of the adherens junction
protein E-cadherin in mammary epithelial cells [68]. However, the effect of TGF upon the tight

junction and permeability in the liver has not been studied.
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CONCLUSION

Itis likely that TGFp involves in many aspects of hepatobiliary functions that are altered during
cholestasis such as bile acid synthesis, metabolismand detoxification.Several research areas can
be fruitful for cholestatic research such as exploring possible regulatory roles of TGFf in bile
acid transporter systems, Phase [ detoxification system, tight junction dissolution, cytoskeleton
organization, and transporter protein targeting, localization and reuptake.
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