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Bile ducts play a crucial role in the formation and secretion of
bile as well as excretion of circulating xenobiotic substances. In
addition to its secretory and excretory functions, bile duct epi-
thelium plays an important role in the formation of a barrier to
the diffusion of toxic substances from bile into the hepatic inter-
stitial tissue. Disruption of barrier function and toxic injury to
liver cells appear to be involved in the pathogenesis of a variety
of liver diseases such as primary sclerosing cholangitis, primary
biliary cirrhosis and cholangiocarcinoma. Although the investi-
gations into understanding the structure and regulation of tight
junctions in gut, renal and endothelial tissues have expanded
rapidly, very little is known about the structure and regulation
of tight junctions in the bile duct epithelium. In this article we
summarize the current understanding of physiology and patho-
physiology of bile duct epithelium, the structure and regulation
of tight junctions in canaliculi and bile duct epithelia and dif-
ferent mechanisms involved in the regulation of disruption and
protection of bile duct epithelial tight junctions. This article
will make a case for the need of future investigations toward
our understanding of molecular organization and regulation of
canalicular and bile duct epithelial tight junctions.

Liver is an essential organ with multiple functions. Secretion
of bile, that is required for normal digestive function of the
intestine, and excretion of circulating xenobiotic substances are
two major functions of liver. Hepatocytes and cholangiocytes
are two important cell types in the liver. The coordinated func-
tion of these cells is involved in the production and secretion
of bile. Primary bile is produced and secreted by hepatocytes,
which then undergoes modifications in its volume and com-
position in the ductules by epithelial cells or cholangiocytes
during its transit in the network of biliary tree. Biliary tree is
composed of interconnected ducts of increasing diameter from
liver to duodenum. It is divided into intrahepatic bile ducts
(IHBD) and extrahepatic hepatic ducts (EHBD). IHBD start
at the canaliculi continues as bile ductules, interlobular ducts,
area ducts, septal ducts and segmental bile ducts that join to
form large IHBD. These ducts exhibit heterogeneous features
based on morphological and histological analyses as well as
their embryological origin. IHBD drain into EHBD system,
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which consists of right and left hepatic ducts, common hepatic
duct, gall bladder, cystic duct and common bile duct.!

Cholangiocytes were once thought as simple columnar
epithelium, now gaining importance from physiological and
pathological viewpoints. Although they constitute 4-5% of
total liver cells, cholangiocytes contribute 40% of total daily
bile secretion.? Complex nature of their biological heterogene-
ity along the axis of biliary tree emphasizes their critical role
in a variety of fundamental processes of hepatic functions, and
therefore forms a potential target for the development of many
types of cholangiopathies.® Intrahepatic biliary epithelia vary
from extrahepatic biliary epithelia in structure, function and
embryological origin. Embryonic differentiation of EHBD
takes place from hepatic endodermal cells of caudal region of
embryonic hepatic diverticula; whereas IHBD originate from
periportal hepatoblasts forming ductal plate that originate from
cranial part of hepatic diverticula.* Likewise, pathogenesis of
these two ductal systems shows diverging trends. In IHBD,
small ducts are lined with small cholangiocytes and the larger
ducts are lined with larger columnar epithelial cells, which
allow them to meet the functional diversity, including secre-
tion, excretion and barrier function.

Cholangiocytes, primarily involved in secretion of bicarbon-
ate rich bile, are highly dynamic cells and are actively involved
in biological processes such as transport of solutes and water in
response to a variety of stimuli.> Cholangiocytes interact with
other hepatic cells as well as microbes and hence exhibit het-
erogeneity in their form and function along the proximal to
distal axis.> Therefore, liver is a target for the pathogenesis of
immune-mediated, infectious, neoplastic, genetic, developmen-

tal, drug-induced and vasculature-related diseases.®

Barrier Function of Bile Duct Epithelium

All epithelia form an interface between the external environ-
ment and the internal milieu, and assigned with the role to
protect the tissues from external environment. Therefore, an
important function of all epithelia is the formation of a selective
barrier to the diffusion of molecules across the epithelium. This
barrier, in most epithelia, is size selective and charge selective.”
In the gut, epithelial barrier function prevents the diffusion of
toxins, allergens and pathogens from the lumen into intestinal
mucosa.® In lungs, the epithelium functions to guard the tis-
sue from allergens and pathogens delivered in the inhaled air.’
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Similarly, renal tubular epithelial barrier function help prevent
reabsorption of toxic substances from the glomerular filcrate.'
Disruption of intestinal epithelial barrier function appears to
be an essential event in the onset of many gastrointestinal dis-
eases such as inflammatory bowel disease, celiac disease, entero-
colitis, colon cancer and irritable bowel syndrome. Similarly,
disruption of epithelial barrier function plays a crucial role in
the pathogenesis of many pulmonary and renal diseases.®'® The
barrier function of bile duct epithelium has been established,
but the nature of barrier function and its regulation are poorly
understood.

Similar to other organ systems, liver maintains osmotic
homeostasis.!! Obstruction of common bile duct leads to disrup-
tion of osmotic pressure in the liver. Bile duct epithelium forms
a transitional monolayer between the liver interstitial tissue and
the lumen of bile ducts. Therefore, it must maintain a perme-
ability barrier to prevent free flow of water from interstitial
tissue into the hyperosmotic bile.”? Bile duct epithelial barrier
function was first showed by Lanthanum tracing experiments.'?
Bile duct epithelium blocks the diffusion of Lanthanum across
the epithelium. Later it was shown that rat bile duct epithelium
impedes permeability to inulin.' Bile duct epithelial barrier
function was further characterized by measuring permeabil-
ity to molecules of varying size by perfusing isolated bile duct
segments in the anesthetized rats.”® The perfusate-to-plasma
concentration ratio was inversely proportional to the molecular
weight of the substance, with lowest ratio for inulin and high-
est ratio for urea. This observation was further confirmed in
guinea pigs by bile duct perfusion in vivo.'® Perfusate-to-plasma
concentration ratio was 1.02 for urea, while it was only 0.04 for
inulin. Similar permeability barrier was demonstrated also in
the EHBD."'®

Bile duct epithelial cells have been successfully grown in
vitro by cell culture and demonstrated their differentiation into
a monolayer of polarized epithelial cells.”” This cell monolayer
assembled well-developed tight junctions and formed a good
barrier for diffusion of horseradish peroxidase (HRP). A tran-
sepithelial electrical resistance of 137 Ohms.cm? was achieved
in this cell culture model of bile duct epithelium. Establishment
of cholangiocytes in culture offered a new model system for
the study of bile duct epithelium and enabled investigators not
only to analyze the barrier property of bile duct epithelium,
but also to investigate the regulation of bile duct epithelial bar-
rier function. Subsequently, a primary rat intrahepatic cholan-
giocyte cell line was cloned that formed a polarized epithelial
monolayer in culture.?” This cell monolayer developed a barrier
to the diffusion of inulin.?** Mouse cholangiocyte in culture
also showed similar barrier function.”? Two human cholangio-
cyte lines were later isolated, one non-malignant cholangiocytes
immortalized by transfection of Simian virus-40 (SV40) large
T antigen, and the second, malignant cholangiocarcinoma cell
line.?* The barrier function of the latter monolayer was found
to be weak, and the barrier function of the former monolayer
is untested. Similarly, mouse cholangiocytes immortalized by
SV40 transfection exhibit leaky epithelium with weak barrier
function.” All these cell lines will be very useful for future
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studies addressing the mechanisms involved in the regulation
of bile duct epithelial barrier function.

Tight Junctions of Bile Duct Epithelium

Tight junctions, the specialized multi-protein complexes that are
localized at the apical end of lateral membranes, seals the para-

26

cellular spaces.® Tight junctions exhibit selective permeability

to molecules, including charge selectivity and size selectivity.”*
A close examination of tight junctions by electron microscopy
has revealed a unique ultra structural morphology. Transmission
electron microscopy showed electron dense region at the apical
end of lateral membranes of epithelial cells with regularly spaced
electron dense punctates. Freeze fracture electron microscopy
revealed tight junction morphology as anastomosing strands of
beads.?® Tight junction protein complex consists of transmem-
brane proteins such as occludin, claudins, junctional adhesion
molecules, tricellulin and Marvel D3.2¢** Except the junctional
adhesion molecules, all transmembrane proteins of tight junc-
tions are tetraspanins with four transmembrane domains, and
hence form two extracellular loops and one intracellular loop.
The C-terminal domain in the cytosol forms a complex with
adaptor proteins such as ZO-1, ZO-2 and ZO-3. These adaptor
proteins interact with many other proteins and anchor themselves
to the actin cytoskeleton. Interactions between different tight
junction proteins and the cytoskeleton are essential for the nor-
mal assembly and maintenance of tight junction integrity. Tight
junctions in different epithelia are disrupted by injurious factors
3133 while

some protective factors such as growth factors, probiotics, and

such as, toxins, pathogens and inflammatory cytokines,

glutamine help preserve the tight junction integrity.***® Both dis-
ruption and assembly of tight junctions are regulated by a variety
of signaling elements, including protein kinases, protein phos-
phatases and G-proteins.”"*?

A clear barrier to the diffusion of macromolecules such as inu-
lin, Lanthanum, HRP and dextran indicated the presence of tight
junctions in the bile duct epithelium. Tight junctions are expected
to be present at the bile canaliculi formed by hepatocytes as well
as in the epithelia that line the intrahepatic biliary tree and the
extrahepatic bile ducts. Tight junctions in bile canaliculi were first
observed by electron microscopic studies. Freeze fracture electron
microscopic images revealed tight junctions as regular belt of par-
allel strands around canalicular lumen.*** Transmission electron
microscopy showed tight junctions in the bile ducts as electron
dense regularly distributed punctates.” Tight junctions between
hepatocytes form the canaliculi, while the intrahepatic bile duct
lumen is lined with a monolayer of epithelial cells or cholangio-
cytes with tight junctions sealing the paracellular spaces (Fig. 1).
The structure, molecular organization and regulation of bile duct
epithelial tight junctions are poorly understood. The information
currently available relates predominantly to the tight junctions of
bile canaliculi. Very little is known about the tight junctions of
intrahepatic and extrahepatic bile duct epithelium. Therefore, cur-
rent understanding of molecular structure of bile duct epithelial
tight junction predominantly rests on our understanding of molec-
ular structure of canalicular tight junctions.
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It was in 1989, Anderson and co-investigators first described
the distribution of ZO-1, the first tight junction protein discov-
ered, in the rat liver canaliculi.® Immunofluorescence staining
revealed that ZO-1 is distributed in a linear and continuous
manner along the margin of canalicular lumen. Later the same
group of investigators visualized the distribution of occludin,
the first discovered transmembrane protein of tight junctions, in
bile canaliculi. Occludin was also found to be distributed in lin-
ear and continuous manner, and it is co-localized with ZO-1.%
Immunolocalization of 7H6, another tight junction protein,
closely correlated with the paracellular permeability barrier.
Immunofluorescence staining of cryosections of rat liver indi-
cated a linear distribution of 7HG6 around the canalicular lumen.?
Further studies demonstrated the expression of claudin 1, 2 and
3 in rat liver.® In zebra fish, the expression of claudin 15-like b
protein was found to be essential for bile duct morphogenesis.”’
Mutation of this gene resulted in clustering of biliary epithelial
cells and formation of disorganized biliary network. Expression
of claudins 4, 5, 7 and 18 were detected in the normal or carci-
nomatous hepatocytes and cholangiocytes.”** The types of tight
junction proteins detected in the tight junctions of canaliculi and
bile ducts are listed in Table 1.

Current information on the molecular structure of ductal
epithelia has been derived from in vitro studies using cholan-
glocyte monolayers grown in culture. Monolayers of normal rat
cholangiocytes (NRCI cell line) in culture developed a good
barrier function.?> Development of barrier function was associ-
ated with a co-localization of occludin and ZO-1 at the inter-
cellular junctions.”? NRC1 cell monolayers also express claudin
1, 2, 3, 4 and 5, all found to be localized at the intercellular
junctions.?***% Occludin and ZO-1 in NRCI1 cell monolay-
ers were found to be heavily phosphorylated on threonine resi-
dues.?? Threonine phosphorylation of occludin is known to be
associated with intact tight junctions, which undergoes dephos-
phorylation during disruption by hydrogen peroxide or calcium

depletion.>**®

Regulation of Barrier Function

Damage to biliary epithelium is involved in the pathogenesis of
several chronic cholestatic disorders and cholangiopathies. A most
common event in bile duct associated liver disease is obstruction
of intrahepatic or extrahepatic bile ducts. Experimental models of
bile duct ligation for extrahepatic bile duct obstruction and estra-
diol treatment for induction of intrahepatic bile duct obstruction
have been extensively used to understand the pathogenesis of bili-
ary diseases. A major defect that mediates bile duct obstruction-
induced biliary diseases is considered to be the disruption of bile
duct epithelial barrier function.

Bile duct ligation in rats induced a 6-fold increase in inulin
permeability of canaliculi.”® Intrahepatic bile duct obstruction by
estradiol treatment increased HRP secretion into bile by 2-fold,
while extrahepatic bile duct ligation led to 6.5 fold increase in HRP
secretion.”® This indicates that the effect of extrahepatic bile duct
obstruction has a greater effect on bile duct barrier function com-
pared with estradiol-induced intrahepatic bile duct obstruction.
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Figure 1. Electron microscopic image showing the cross section of bile
duct. TJ, tight junction; N, nucleus; BDL, bile duct lumen; MV, microvilli.
The image was obtained, with permission, from Electron Microscopic
Atlas of Cells, Tissues and Organs by Dr. Holger Jastrow, University of
Maintz, Germany.

This study also showed that the size selectivity of bile duct epi-
thelium was reduced to 70-78 kDa molecular weight in estradiol-
treated rats, while it was 256 kDa in bile duct ligated rats, indicating
that the paracellular space was opened much wider in bile duct
ligated animals, compared with that in estradiol-treated animals.
The increase in paracellular permeability in bile duct ligated rats
was confirmed by Lanthanum deposition in all canaliculi.*®

Bile duct barrier function is also increased by the administra-
tion of toxins and drugs. Exposure to Mirex or chlordecone causes
a significant decrease in xenobiotic excretion, which was associ-
ated with the increased bile duct permeability.”” Administration
of a-naphthylisothiocyanate resulted in hepatobiliary dysfunction
leading to cholestasis.’® Increase in bile duct permeability appears
to be responsible for the onset of cholestasis in this injury. Evidence
indicates that physiological factors such as vasopressin and epi-
nephrine also increase bile duct permeability to sucrose in rat liver.”

Cell culture models of bile duct epithelium are excellent
tools to study regulation of bile duct epithelial barrier function.
Monolayers of intrahepatic bile duct epithelial cells develop a
good barrier function when grown in cell culture. Incubation of
these cell monolayers with tumor necrosis factor-a (TNFa) pro-
duced a significant increase in paracellular permeability to HRP
without causing any loss of cell viability.”* Most recently NRC1
cell monolayer was used as a cell culture model of the bile duct
epithelium to study the regulation of barrier function. Exposure
to E. coli lipopolysaccharide (LPS) significantly increased para-
cellular permeability.? Paracellular permeability in NRC1 cell
monolayers was also significantly increased by administration of
hydrogen peroxide.” Hydrogen peroxide-induced barrier dys-
function was attenuated by pretreatment of cell monolayers with
epidermal growth factor (EGF).*!

Regulation of Bile Duct Epithelial Tight Junctions

Electron microscopic studies examined tight junction morphol-
ogy in liver with and without bile duct ligation. Bile duct ligation
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Table 1. Different tight junction proteins in canaliculi and bile ducts

TJ protein Species Distribution
Occludin Rat Linear around canalicular lumen
Rat Linear at intercellular junctions of bile
Human ducts
Intercellular junctions of bile duct epi-
thelium
Tricellulin Human Intercellular junctions
Claudin 1 Rat Around canalicular lumen
Human Linear around canaliculi
Claudin 2 Rat Around canalicular lumen
Human Intercellular junctions
Claudin 3 Rat Around canalicular lumen
Rat Intercellular junctions of cholangiocyte
MVTERER monolayer
Intercellular junctions of canaliculi and
bile ducts
Claudin 4 Rat Linear at intercellular junctions of chol-
Ennan angiocyte monolayer or canaliculi
Intercellular junctions
Claudin 5 Human Intercellular junctions
Claudin 7 Human Intercellular junctions
Claudin 8 Human Intercellular junctions
Claudin 10 Human Intercellular junctions
Claudin 15-like b~ Zebra fish Intercellular junctions
Z0-1 Rat Linear around canalicular lumen
Rat Linear at intercellular junctions of chol-
HliRE angiocyte monolayer
Intercellular junctions of canaliculi and
bile ducts
70-2 Rat Linear around canaliculi
7H6 Rat Linear around canalicular lumen

Factors that disrupt distribution Ref.
Bile duct ligation, HCV coat protein 46, 62-65
LPS; Hydrogen peroxide 22,64
Cancer 103
Hepatocellular and cholangiocarcinoma 104
Bile duct ligation 48,64
Absence in liver and skin of patients with neonatal scleros- 105-107
ing cholangitis
Bile duct ligation 48,64
Cancer 107
Bile duct ligation 48,64
Hydrogen peroxide 21
Protection by EGF 50, 107
Hepatocellular and Cholangiocarcinoma
Disruption by hydrogen peroxide and protection by EGF 21,22,63
Bile duct ligation; LPS 52,104, 107
Hepatocellular and Cholangiocarcinoma
Hepatocellular and cholangiocarcinoma 50
Hepatocellular and Cholangiocarcinoma 102, 50, 107
Cholangiocarcinoma 107
Cholangiocarcinoma 107
Morphogenesis 49
Bile duct ligation 45,46, 62,
LPS; hydrogen peroxide 64
Cancer, PBC and PSC 21,22
66, 99
Bile duct ligation 64
Bile duct ligation 47

TJ, tight junction; LPS, lipopolysaccharide; HCV, hepatitis C virus; EGF, epidermal growth factor; PBC, primary biliary cirrhosis; PSC, primary sclerosing

cholangitis.

resulted in disruption of intercellular junctions with formation
of irregular canaliculi containing widened lumen.** Freeze frac-
ture electron microscopy showed that bile duct ligation caused
a reduction in the number of strands and appearance of discon-

tinuous strands in tight junctions.*¢

Bile duct ligation also
resulted in irregular strand network and formation of irregular
loops in strands. These findings suggest an increased paracellular
permeability and likely back flux of bile components into liver
parenchyma. Transmission electron microscopy showed irregu-
lar distribution of electron dense punctates at tight junctions,
increase in depth of tight junctions and wider distance between
punctates.” Intrahepatic obstruction induced by estradiol treat-
ment also resulted in irregular tight junction morphology with
formation of loose network around canalicular lumen.®
Immunofluorescence localization of ZO-1 indicated that bile
duct ligation resulted in numerous discontinuous strands that
were associated with irregular luminal space. This observation
suggests that molecular organization of tight junction was altered
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by bile duct ligation. Bile duct ligation caused accumulation of
Z0O-1 at the pericanalicular region as punctates, which was asso-
ciated with an increased expression of ZO-1.? Unlike increased
Z0-1 expression, occludin level was reduced by 50% at 2 d after
bile duct ligation.“® Also, unlike ZO-1, occludin distribution in
bile duct ligated rat liver was at the tight junctions in a linear
fashion. Localization of 7H6 was also altered by bile duct liga-
tion. 7HG6 was found to be discontinuously distributed outlining
the bile duct canaliculi in bile duct ligated rat liver.” Similar dis-
ruption of 7HG6 localization was seen in estradiol-treated rat liver;
however, 7H6 was distributed more diffusively throughout the
lobule. Expression of occludin was found to be increased in rat
liver by bile duct ligation, while the expression of claudin 1, 2 and
3 was unaffected.”® Oral administration of Lactobacillus planta-
rum, a probiotic, ameliorated bile duct ligation-induced disrup-
tion of tight junctions and increased the expression of occludin,
claudin 4 and ZO-1.%® Claudin-1 and ZO-2 localization was high
in periportal cells of bile duct ligated rat liver, while other tight
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junction proteins were evenly distributed.®® Bile duct ligation also
increased the expression of ZO-1, ZO-2 and occludin, but the
expression of claudins was unaffected.

Hepatitis C virus coat protein alters hepatic occludin localiza-
tion, which is likely involved in the disruption of tight junctions.®
Furthermore, expression of occludin, ZO-1 and E-cadherin were
found to be downregulated in biopsies collected from patients

with biliary tract cancer.®

Such a downregulation of tight junc-
tion proteins may be involved in the loss of cell-cell adhesion and
epithelial to mesenchymal transition.

In vitro studies using cell culture models of bile duct epithe-
lium demonstrated that inflammatory mediators affect the integ-
rity of tight junctions. Exposure of NRC1 cell monolayers to LPS
resulted in redistribution of occludin, ZO-1 and claudin-4 from
the intercellular junctions into the intracellular compartments,*
indicating that LPS disrupted tight junctions. LPS treatment did
not cause any loss of cell viability. Similarly, exposure to hydro-
gen peroxide caused redistribution of occludin, ZO-1 and clau-
din-3 from the intercellular junctions, indicating the disruption
of tight junctions in bile duct epithelium by hydrogen peroxide.?
EGEF, an epithelial protective factor, preserves the barrier func-
tion of bile duct epithelium. Hydrogen peroxide-induced disrup-
tion of tight junctions in NRC1 cell monolayers was attenuated
by pretreatment of cell monolayers with EGF.?" Therefore, it is
likely that under normal conditions, the tight junction integrity
in the bile duct epithelium is a result of balance between influ-
ences by injurious factors and protective factors.

Cellular Mechanisms of Regulation of Bile Duct
Epithelial Tight Junctions

Tight junctions in different epithelia are dynamically regulated by
multiple regulatory mechanisms. Intestinal, renal and pulmonary
epithelial tight junctions are targeted by inflammatory mediators
such as cytokines, reactive oxygen species (ROS) and pathogens.
Various injurious factors disrupt epithelial tight junctions by acti-
vating muldiple intracellular signaling pathways. Protein kinases
are a group of signaling molecules that are involved in both disrup-
tion and assembly of tight junctions. Activation of tyrosine kinases
such as ¢-Src and tyrosine phosphorylation of tight junction pro-
teins disrupts barrier function in the intestinal and renal epithe-
lia.**¢” PKC isoforms such as PKC\, PKC{ and PKCn are involved
in the assembly of tight junctions,®**% while activation of PKC3
leads to disruption of tight junctions.”® Proteins phosphatases such
as PP2A and PP1 are involved in modulation of phosphorylation
of tight junction proteins on threonine residues and regulation of
tight junction integrity.’**>”" Other protein kinases involved in
tight junction regulation include MLCK,>”* Rho kinase,” protein
kinase A,””%* and AMP kinase.** Additionally, G-proteins such as
Rho and Rab isoforms play crucial role in assembly and mainte-
nance of tight junction integrity.5-%

In vivo studies in rats showed that bile duct ligation-induced
tight junction disruption was associated with increased phos-
phorylation of ZO-2.%* This suggests that protein kinase and/
or protein phosphatase-mediated cell signaling is involved in bile
duct ligation-induced tight junction disruption. Conditional
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ablation of IKKa and IKKR sensitizes liver to in vivo LPS chal-
lenge leading to severe jaundice and fatal cholangitis.®® NFkB-
mediated cell signaling is likely to be associated with bile duct
epithelial tight junction regulation. While in vivo studies sug-
gested the potential role of cell signaling pathways in regulation
of bile duct epithelial barrier function, recent in vitro studies
demonstrated the role of certain specific signaling pathways in
regulation of bile duct epithelial tight junctions.

Disruption of tight junctions of NRCI cell monolayers by LPS
was attenuated by tyrosine kinase inhibitors such as genistein and
PP2.2? Knockdown of ¢-Src by specific siRNA attenuated LPS-
induced tight junction disruption, demonstrating that c-Src is a
signaling molecule associated with the LPS-induced tight junc-
tion disruption in the bile duct epithelium. LPS increased tyro-
sine phosphorylation of occludin and ZO-1, which was blocked
by genistein or PP2.% The role of tyrosine phosphorylation of
occludin in tight junction disruption has been established in the
intestinal epithelium. Tyrosine phosphorylation of occludin on
specific residues results in loss of its interaction with ZO-1 and
therefore disassembly of tight junctions.’*#¢# LPS in NRC1 cell
monolayers also induced dephosphorylation of occludin on threo-
nine residues.”? This occludin dephosphorylation was attenuated
by genistein and PP2, suggesting that a cross talk between tyrosine
kinases and threonine kinases may regulate tight junction integ-
rity in the bile duct epithelium. Occludin has been shown to be
heavily phosphorylated on threonine residues in intact monolay-
ers of Caco-2 and MDCK cells.’** Recent studies demonstrated
that phosphorylation of occludin on specific threonine residues
is required for its assembly into tight junctions.”” The blockade
of threonine-dephosphorylation in LPS-treated cell monolay-
ers by PP2 suggested that Src kinase activity indirectly regulates
kinase or phosphatases involved in threonine-phosphorylation
of occludin. LPS-induced tight junction disruption in NRCI
cell monolayers involved toll-like receptors-4 (TLR-4) and LPS-
binding protein (LBP).? Specific knockdown of TLR4 or LBP
significantly attenuated LPS-induced tight junction disruption.
Therefore, LPS-induced tight junction disruption involves ¢-Src-
mediated tyrosine phosphorylation of occludin and ZO-1, and
dephosphorylation of occludin on threonine residues. This LPS-
induced signaling is mediated by LBP and TLR4. Further studies
showed that LPS-induced tight junction disruption was blocked
by ML-7, an MLCK-specific inhibitor, indicating that MLCK is
also involved in the mechanism of LPS-induced tight junction dis-
ruption (Fig. 2).

Hydrogen peroxide-induced tight junction disruption in
NRCI1 cell monolayers was associated with a rapid increase in
the level of phosphorylated myosin light chain, (MLC) indicat-
ing the activation of MLCK by hydrogen peroxide.?! Inhibition
of MLCK by ML-7 attenuated hydrogen peroxide-induced tight
junction disruption. This indicates that MLCK activation is a
common mechanism involved in both LPS and hydrogen per-
oxide-induced tight junction disruption in NRCI cell mono-
layers. Similar to LPS, hydrogen peroxide also rapidly activated
¢-Src, and inhibition of Src kinase by PP2 blocked hydrogen
peroxide-induced tight junction disruption.?! This study showed
that activation of ¢-Src and MLCK are independent of each
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junctions of the bile duct epithelium
is required for the maintenance of epi-
thelial cell polarity and unidirectional
movement of bile into the lumen of bile
ducts. Loss of tight junction integrity
may lead to structural deformity of can-
aliculi and bile ducts and regurgitation
of bile components into liver interstitial
tissue. Back flux of bile components in
the interstitial tissue may cause injury
to hepatocytes and vascular endothelial
cells. Such a loss of barrier function and
bile-induced cell injury is a likely mech-

anism involved in the onset of many
biliary diseases.”
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Altered function of biliary tract is a

barrier dysfunction.

Figure 2. Mechanism of LPS-induced tight junction disruption in rat cholangiocyte monolayer. LPS
complexes with LBP and binds to TLR4 receptor. TLR4 activation leads to activation of c-Src and
MLCK. c-Src phosphorylates tight junction proteins on tyrosine residues, while induced dephosphor-
ylation of occludin on threonine residues. On the other hand MLCK activation leads to modulation
of actomyosin belt. These two mechanisms synergistically destabilize the tight junctions and induce

significant source of morbidity and graft
failure in patients with liver transplanta-
tion.” In fact, chronic hepatic allograft
rejection is associated biliary epithelial
atrophy.”® One of the mechanisms of

liver transplantation failure is ischemia-

other. Therefore, two distinct signaling pathways are activated
by hydrogen peroxide to synergistically induce tight junction
disruption. Src activation modulates phosphorylation status of
tight junction proteins, while MLCK activation modulates the
integrity of actomyosin belt. Both these mechanisms have been
previously shown to disrupt tight junctions in the intestinal epi-
thelium. In support of the role of MLCK, the study showed that
hydrogen peroxide disrupts the actin cytoskeleton mainly at the
actomyosin belt region.?!

EGF-mediated protection of tight junctions of NRCI cell
monolayers from hydrogen peroxide was associated with the pre-
vention of hydrogen peroxide-induced tyrosine-phosphorylation
of occludin, ZO-1, E-cadherin and B-catenin.”’’ EGF-mediated
protection of tight junctions from hydrogen peroxide was blocked
by the inhibition of phospholipase Cy (PLCy) and protein kinase
C (PKC). Therefore, PLCy and PKC isoforms are likely involved
in the mechanism of EGF-mediated tight junction protection
in the bile duct epithelium. PLCy and PKC isoforms have been
previously shown to be involved in EGF-mediated tight junc-
tion protection in Caco-2 cell monolayers.”® c-Src and MLCK-
mediated disruption of tight junctions by hydrogen peroxide as
well as PLCy and PKC-mediated protection of tight junctions
by EGF was also demonstrated in Mz-Chl cell monolayers, a
human cholangiocyte cell line.” Therefore, ¢-Src and MLCK
activations appear to be involved in tight junction disruption,
and PLCy and PKC isoforms are involved in the protection of
tight junctions in bile duct epithelium (Fig. 3).

Tight Junction Dysfunction in Biliary Diseases

Hepatocyte tight junction integrity is essential for the main-
tenance of structure and function of canaliculi, while tight
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reperfusion type of injury to the trans-
planted liver. Evidence indicates that
ischemia-reperfusion induces alteration in bile canalicular F-actin
microfilaments in hepatocytes.”® Ischemia-reperfusion generates
reactive oxygen species, the factors that are likely involved in tight
junction disruption and bile duct injury in the transplanted liver.
Significant evidence indicates that bile duct is damaged after cold
storage. Distribution of tight junction protein 1 and claudin-1 is
altered by cold storage and more so after reperfusion.”

A significant body of evidence indicates that pathogenesis
of cholestatic diseases such as PBC,”® PSC?” and biliary atresia
involves disruption of tight junctions and biliary dysfunction. A
tight correlation between cholestasis and leaky tight junctions was
recognized almost 2 decades ago.”® In PBC, the level of 7H6 is
diminished in bile duct epithelium, which was reversed by treat-
ment of these patients with ursodeoxy cholic acid.” On the other
hand, in PSC, 7H6 disappeared from the hepatocyte tight junc-
tions. Disruption of hepatocyte tight junctions was confirmed
in experimental models of cholestasis.'®® Claudin 1 deficiency is
actributed as one of the main defects in neonatal ichthyosis and
sclerosing cholangitis syndrome.'!

Incidence of intrahepatic, extrahepatic and gall bladder carci-
noma is increasing worldwide. Integrity of bile duct epithelial tight
junctions appears to be compromised in hepatocellular tumors
and cholangiocarcinoma. Occludin, ZO-1 and E-cadherin levels
are downregulated in both intrahepatic and extrahepatic carci-
nomas.*® Carcinogenesis has profound effect on tight junctions.
Claudin-7 isundetectablein normal hepatocytes, butitisexpressed
in bile duct epithelial cells. The level of claudin-7 is increased in
cholangiocarcinomas, but not in hepatocellular carcinomas.'?
Therefore, claudin-7 may be helpful in distinguishing cholan-
giocarcinoma from hepatocellular carcinomas. Claudin 3, 4 and
7 are undetectable in fibrolamellar hepatocellular carcinomas,
but their expression is high in cholangiocellular carcinomas.”
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Focal and diffuse expression of clau-
din-5 was detected in hepatocellular
carcinoma. Tricellulin was down-
regulated in all tumors compared
Claudin-18

is absent in normal liver, but it is

with normal tissue.
expressed in biliary neoplasms, such
as intrahepatic and extrahepatic car-
cinomas and papillary neoplasms.’
Claudin-4 is overexpressed in chol-
angiocarcinomas and knockdown of
claudin-4 reduces the expansion and
metastasis of tumors.”?> Therefore,
expression of tight junction proteins

is altered in both hepatocellular @

and cholangiocellular carcinomas.

Tight junction

\ ¥Actin
cytoskeleton

Tyr})‘nosphorylatio

i)
FR

Gl

A 4

Disruption of tight junctions may

not only be involved in the carci-
nogenic transformation of cells, but
also a likely mechanism involved
in tumor metastasis. Expression of

claudin isoforms may indeed offer

Figure 3. Mechanism of hydrogen peroxide-induced tight junction disruption and protection by
epidermal growth factor in rat cholangiocyte monolayer. Hydrogen peroxide (H,0,) activates c-Src and
MLCK. c-Src phosphorylates tight junction proteins on tyrosine residues. On the other hand, MLCK acti-
vation leads to modulation of actomyosin belt. These two mechanisms synergistically destabilize tight
junctions and induce barrier dysfunction.

a potential tool in distinguishing
hepatocellular  carcinomas  from

cholangiocellular carcinomas. Various biliary diseases that are
associated with altered tight junctions in canaliculi and bile
ducts are listed in Table 2.

In summary, it is clear that maintenance of normal tight
junction integrity in both hepatocytes that form canaliculi and
cholangiocytes that form bile duct epithelium is of extreme
importance for the normal functioning of bile ducts in bile for-
mation and preservation of homeostasis in the hepatic interstitial
tissue. Disruption of tight junction integrity in canaliculi and bile
ducts plays a crucial role in the pathogenesis of biliary diseases
such as ischemic cholangitis, cholestatic diseases such as PBC
and PSC, and hepatocellular and cholangiocarcinoma. However,
very little is understood regarding the structure and regulation of
tight junctions in liver. Current information on bile duct is pre-
dominantly based on studies on the tight junctions of canaliculi.

The information on tight junctions of bile duct epithelium is only
handful and recent. Therefore, future studies on understanding
the molecular components of bile duct epithelial tight junctions
and the regulatory mechanisms that disrupt tight junctions or
protect junctions from injurious factors are extremely important
to understand the mechanisms associated with the pathogenesis
of various biliary diseases and development of novel therapeutics
to treat these diseases.
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Table 2. Alteration of tight junction proteins in biliary diseases

Biliary disease

Ischemia-reperfusion injury after
liver transplantation

Cold storage

Ischemia reperfusion injury dur-
ing liver transplantation

Primary biliary cirrhosis

Familial hypercholanemia

Neonatal Ichthyosis-sclerosing
cholangitis (NISCH)

TJ proteins involved

Downregulation of ZO-1

Downregulation of ZO-1 and claudin-1

Decrease or disappearance of 7H6 and
Z0-1

Claudin-1 and ZO-2 gene mutations

Autosomal recessive mutation in gene
coding for claudin-1

Pathology

Bile leakage, biliary tree destruction and graft failure

Biliary complications and graft failure

Chronic cholestatic liver disease characterized by the
destruction of small and medium bile ducts.

Elevated serum bile acid, itching and fat malabsorption.

Scalp hypotrichosis, scarring alopecia, ichthyosis, and
sclerosing cholangitis.
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