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Abstract

Cholangiocarcinoma (CCA) is a notoriously lethal epith-
elial cancer originating from the biliary system. As
radical resection offers a poor success rate and limited
effective adjuvant modalities exist in its advanced stage,
the disease leads to a fairly poor prognosis. As the
incidence of CCA is increasing, although the mortality
rate remains stable, and few other definite etiologies
have yet to be established, renewing our knowledge of
its fundamental carcinogenesis is advisable. The latest
advances in molecular carcinogenesis have highlighted
the roles of epigenetic perturbations and cancer-re-
lated inflammation in CCA. This review focuses on the
reciprocal effects between aberrant DNA methylation
and inflammatory microenvironment in CCA.

© 2010 Baishideng. All rights reserved.
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INTRODUCTION

Cholangiocarcinoma (CCA) is the second most common
epithelial cancer originating from the biliary system,
accounting for 10% to 20% of primary liver cancer'’. As
the presentation of symptoms is delayed, an RO resection
(both gross and microscope negative margin) can be
achieved in less than 80% of those 10% ecarly-stage
patients in whom radical surgical intervention can be
applied™. Additionally, the limited adjuvant modalities
available for advanced patients have failed to show
substantial benefit”. The aforementioned factors offer
CCA a faitly poor prognosis, as overall 5-year survival
rates in the resectable cases are less than 40% in both
extrahepatic cholangiocarcinoma (ECC) and intrahepatic
cholangiocarcinoma (ICC), and the median survival
time is less than 12 mo in unresectable or metastatic
cases™”. Incidences of CCA, especially ICC, are increa-
sing worldwide, although mortality has remained
stable during the last four decades, with the exception
of the decline in gallbladder carcinoma™". To date,
though some well-documented risk factors have been
identified, the majority of CCA etiology has remained
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unknown!>?, Emerging advances in CCA molecular

research have highlighted the roles of epigenetic per-
turbations and cancer-related inflammation™*"". The
aberrant DNA methylation of CCA, which regarded
as one of the best-characterized, mitotically heritable
and reversible epigenetic modulations, has been seen to
affect multiple steps of cholangiocarcinogenesis[H2].

Epigenetic controls of gene expression orchestrate
changes of chromatin architecture tissue-specifically
and dynamically without affecting gene sequences, en-
compassing some basic mechanisms like post-translational
modification of histones, displacement of nucleosomes
and DNA methylations. Broadly, it may also include RNAi
and non-coding RNAs. Within the above epigenetic
modulations, DNA methylation is best characterized
and delineated as a post-replicative addition of a methyl
(-CH3) group to the cytosine-5-carbon position, which
is catalyzed by at least three DNA methyltransferases
(DNMTs): DNMT1, DNMT3a and DNMT3b. Me-
thylation occurs mainly at CpG dinucleotides, CpNpG
and rarely at non-CpG dinucleotides like CpA, CpT and
CpC"” ™ of the CpG islands or the CpG island shores!"
located in the promoter or encoding regions of genesm
Methylated cytosine will allow binding with methyl-CpG
binding domain (MBD) proteins (MeCP1 or MeCP2) to
remodel the chromatin architecture, a process that has
been recognized as essential and versatile for epigenetic
modification”. To date, global genome hypomethylation
and local tumor suppressor genes hypermethylation have
been noticed in tumorigenesism’zm. Furthermore, abundant
bench and bedside evidence supports the putative asso-
ciation between inflammation and cancer''”, which
potentially leads to dysregulated DNA methylation in
CCA"™, Though clinicopathological and epidemiological
differences exist between ICC and ECC, emerging evi-
dence has revealed that both of them are closely related
to chronic inflammation*"". This review aims to sum-
matize current reported aberrant DNA methylation pro-
files of CCA and outline the involving role of cancer-
related inflammation.

RECIPROCAL EFFECTS BETWEEN
INFLAMMATORY MICROENVIRONMENT
AND CCA

Briefly, there are two pathways bridging inflammation
to CCA: the extrinsic pathway (risk factors or related
environmental exposures of CCA) and the intrinsic
pathway (congenital or acquired genetic alterations,
e.g. activation of oncogenes, inactivation of tumor sup-
pressors, senescence-related perturbations, etc). The
milieu of chronic inflammation may environmentally
select the adaptive transformed cholangiocytes, thereby
initiating cholangiocarcinogenesis. For instance, inac-
tivation of 9p21 gene cluster (p76" "/ p14™" /p15"*
has been unraveled in liver fluke-related CCA”" and
primary sclerosing cholangitis-associated CCA™. Also,
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a high frequency of microsatellite instability (MSI)
and inactivation of hMLHT1 has been observed in
thorotrast-related CCA™, Although a recent study of
thyroid carcinoma has uncovered that an early gene-
tic event is necessary and sufficient for initiating a
cancerous development by promoting an inflammatory
microenvironmentml, similar instances of an intrinsic
pathway have yet to be addressed in CCA. Instead, a
mounting body of evidence of genetic alterations in
CCA has indicated these pathways indirectly, such as
mutations or deletions of K-ras, p53,p76[NK4”, P15 o
p74ARF or Smad4; loss of heterozygosity (LOH) of
adenomatons polyposis coli gene (APC) or allelic losses on
3p13-p21 and 8q22*.

INFLAMMATION-RELATED EPIGENETIC
PERTURBATIONS IN CCA

Some key intrinsic factors can mediate inflammation-
related gene regulation in CCA, including transcription
factors [signal transducer and activator of transcription
3 (STAT?3), etc], cytokines (IL.-6, TNF-q, etc), growth
factors, nitric oxide, reactive nitrogen oxide species
(RNOS) and bile acids'. Among the aforementioned
mediators, I1.-6 plays a crucial role in many cancers,
especially in epithelial cancers"'!. Upregulation of 1L-6 in
carcinogenesis is triggered by an autocrine™ or paracrine
loop™*! or even by an intrinsic somatic mutation of
epidermal growth factor receptor (EGFR)™. Tt is also well
documented that in chronic cholangiopathies or biliary
infection, the level of IL-6 is increased in bile. Briefly,
in CCA, the negative feedback of the IL-6 pathway is
deficient and replaced by an unlimited autocrine loop
owing to aberrant epigenetic silence of suppressors of
cytokine signaling 3 (SOCS-3), which is mediated by
the IL-6/STAT3 pathway to maintain hypermethylation
of the gene promoter'™. Aberrant activated IL-6 in
CCA leads to carcinogenesis promotion, through
mechanisms such as up-regulating anti-apoptotic myeloid
cell leukemia-1 (Mcl-1) mediated by phosphorylated
STAT3[33’37]; up-regulating EGFR expression through
decreasing its promoter methylation level mediated by
undefined mechanismsm]; and activating telomerase” .
In breast cancer, overloaded 11.-6 also enhances expression
of stem cell survival regulator Notch-3 and activates
the hypoxia-resistant gene carbonic anhydrase IX (CA-
IX) through the Notch-3/Jagged-1 pathway[“]. However,
effect of IL-6 such as these on cancer stem/progenitor
cells in CCA has yet to be cleatly defined. Moteovet, I1L-6
had been shown to affect microRNA profiles of CCA.
Overloaded IL-6 also increased let-7a expression via an
undetermined mechanism, resulting in suppression of
neurofibromatosis 2 (NF2) and a subsequent increase of
phosphorylated STAT3". Recently, Meng and colleagues
have revealed that overload of IL-6 in CCA can up-
regulate expressions of two DNA methyltransferases,
DNMT1 and HASJ4442, leading to hypermethylation of
the CpG island where the miR-370 encoding gene was
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embedded. Consequently, oncogenic mitogen-activated
protein kinase kinase kinase 8 (MAP3KS) suppressing
effect of miR-370 was abrogated in CCA™. (The role of
1L-6 signaling in CCA inflammation-related epigenetic
regulation is summarized in Figure 1).

Infiltrated leukocytes also fuel the inflammation-
related epigenetic perturbations in CCA. The mechanisms
of leukocyte recruitment and homing in cholangiopathies,
like primary biliary cirrhosis (PBC), primary sclerosing
cholangitis (PSC) and chronic viral hepatitis C, have long
been investigated. Briefly, chemokines CCL21, CCL28,
CX3CL1, CXCL9 and CXCIL10 mediate the recruitment
of leukocytes into the portal tract and subsequently
CX3CL1, CXCIL12, CXCL16 and CCL28 retain these
inflammatory cells in the bile duct to serve their under-
determined roles™*!. Little research has been conducted
regarding the immunosuppressive milieu of CCA-related
inflammation. Recently, the roles of PD-L1 (also termed
B7-H1 or CD274, an inhibitor of activated effector T
cells)® and Foxp3+ regulatory T cells"” in ICC have
been explored. Meanwhile, Opisthorchis viverrini
infection has been shown to upregulate inducible nitric
oxide synthase (INOS) and cyclooxygenase-2 (COX-2)
expression in rodent macrophages through the Toll-
like receptor 2/NF-kB pathway™. However, epigenetic
modulations on immunity against CCA have yet to be
unraveled. Actually, in the Foxp3+ regulatory T cells of
the mouse colitis model, the immunosuppressive effect
related to Foxp3 was mediated by its co-repressors,
Eos and C-terminal binding protein-1 (CtBP1), by

gene promoter
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Figure 1 The role IL-6 signaling in CCA inflam-
mation-related epigenetic regulation. In CCA,
the negative feedback of the IL-6 pathway is
deficient owing to aberrant epigenetic silence of
suppressors of cytokine signaling 3 (SOCS-3),
which is mediated by the IL-6/STAT3 pathway to
maintain gene promoter hypermethylated. Up-
regulation of EGFR expression through decreasing
its promoter methylation level mediated by
undefined mechanisms. Moreover, overloaded
IL-6 also increased let-7a expression via an
undetermined mechanism, resulting in suppression
of neurofibromatosis 2 (NF2) and subsequently
increasing phosphorylated STAT3. Overloaded
IL-6 in CCA can up-regulate expressions of two
DNA methyltransferases, DNMT1 and HASJ4442,
which leading to hypermethylation of the miR-370
gene promoter and abrogating suppressing effect
of miR-370 on oncogenic mitogen-activated protein
kinase kinase kinase 8 (MAP3K8).

promoting hypermethylation of IL-2 gene promoter,
trimethylation of histone 3 lysine 4 and acetylation of
histone 3 and histone 4", Furthermore, both of the
antigen-presentation molecule major histocompatibility
complex class 2 (MHC-1I) and its co-activator, class II
transactivator (CII'TA) can be epigenetically modulated
in cancer™. Briefly, in renal carcinoma and pancreatic
carcinoma, dysregulated IL-10 and Decoy receptor 3
(DcR3) can suppress CIITA expression respectively in
immune cells tl{gc:zl‘lgh epigenetic modifications on CII TA

Besides leukocytes, much research has also highlighted
the pivotal roles of other stroma constituents in the
progression of chronic cholangiopathies, encompassing
fibroblasts, hepatic stellate cells (HSC), extracellular matrix
(ECM), etc”". Recently stromal effect on parenchyma
epithelial-to-mesenchymal transition (EMT) has also been
noticed in cholangiopathies[54’58’601. However, in CCA,
less evidence involving the contribution of remodeled
stroma to the epigenetic perturbations than in other
cancers could be obtained. Briefly, cancer-associated
fibroblasts (CAFs) have been proven to exert their
epigenetic modulations on neighboring immortalized
human breast epithelial cells MCF10A by direct cell-cell
contact, simultaneously activating Aktl and suppressing
Aktl repressor, inositol polyphosphate-4-phosphatase
type II (INPP4B), subsequently leading to de novo
promoter hypermethylation of the tumor suppressor
gene Cystatin M (CSTO6) ! Furthermore, mechanical
forces of the remodeled ECM or tissue architecture
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Methylated gene (proportion rate)

Definite risk factors
Primary sclerosing p16 (25%)*

cholangitis

RUNX3 (49.1%)™; p14 (40.2%), p15

(48.9%), p16 (28.3%)™"; hMLHI (44.6%)""

Liver fluke infection
(opisthorchis viverrini, or
less frequently, clonorchis
sinensis)

Hepatolithiasis

Biliary malformation

p16 (100%™, 54.6%; TFF1 (37.5%)"
NA

(congenital choledochal cysts,

caroli’s disease, etc)

Thorotrast hMLHT (45.8%), htMSH2 (25.0%)""
Probable risk factors

Hepatitis C or hepatitis B NA

Cirrhosis NA

Toxins (dioxin, polyvinyl NA

chloride, nitrosamines, etc)

Biliary-enteric anastomosis or NA

cholangiojejunostomy

NA: Not available; RUNX3: Runt-related transcription factor 3; hMLH1:
Human mutL homolog 1; TFFI: Trefoil factor family 1; hMSH2: Human
mutS homolog 2.

may also exert potential modulated effects on epigenetic
perturbations of cholangiocarcinogenesis. In this context,
some details about dynamic biochemical pathways and
mechanotransduction, termed “mechanoreciprocity”,
have been explained in other cancers, like breast can-
cer®™. Effects of ECM on the cellular epigenome are
increasingly being decipheredmz’()“. Briefly, the ECM
exert their cis- and trans-regulations on transcription
via specific membrane receptors such as integrin, and
various intracellular molecules like focal adhension
kinase (FAK), RhoGTPases, ATP-dependent chromatin
remodeling complexes (SWI/SNEF, ISWI, CHD, INO80
and SWR1), which couple extracellular signals to the
cytoskeleton and chromatin and mainly mediate by
targeting the ECM-responsive elements (EREs) in the
genome as well as transcription factors' ™. Moreover,
it is increasingly accepted that ECM-mediated mecha-
notransduction can “prepare” chromatin structures
to receive specific biochemical signals and can control
common sets of genes in cells possessing similar mor-
phology. Subsequently, defined biochemical signaling
networks permit further tissue-specific transcription in

24 One typical example

differentiation-specific genes
of this intricate reciprocity is nuclear lamina-associated
transcriptional silencingf(’z]. The nuclear lamina is made
of intermediate filament proteins like lamins A/C and B,
which can bind smaller nesprins that belong to the inner
nuclear membrane proteins. Smaller nesprins can shuttle
between the outer and inner nuclear membrane, while
the biggest nesprins are anchored in the outer nuclear
membrane where they can extend into the cytoplasm and
bind actin microfilaments and intermediate filaments'®.
Moreover, associations of negative transcription factors
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with components of the nuclear lamina have also been
explained. For instance, the lamin B receptor can bind
histone 3 methylated lysine 9 and heterochromatin
component HP1 while lamin A/C and lamin B can
bind MOK2 and Oct-1, respectivelymésj. Recently, a
genome-wide high-resolution mapping of lamin B1-
associated DNA domains further implied this putative
association between remodeled ECM and epigenetic
control, revealing that lamin Bl-associated DNA domains
contain H3K27me3, the insulator protein CTCF or
methylated CpG islands'™.

ABERRANT DNA METHYLATION
PROFILES VARYING WITH SPECIFIC RISK
FACTORS OF CCA

As the inflammatory microenvironment may vary
with diverse cholangiopathies, disease-specific DNA
methylation profiles or epigenome can reasonably be
expected. Some of the aberrantly methylated genes
reported in currently available literature are summarized
in Table 177 according to respective specific risk factors

of CCA.

CONCLUSION

From the above Table 1, mote details about aberrant
DNA methylation profiles in CCA remain to be un-
raveled. To date, although the mechanism of deme-
thylation and the candidate enzymes exhibiting direct
demethylase activity and related cofactors are not yet
firmly established in mammalian cells, recent trends
in research about DNA demethylation have revealed
the putative role of the BER/NER pathways and the
association with DNMT17". Moteover, repair-mediated
DNA demethylation of Oc#4 gene promoter by Gadd45a
has been observed'”. Recently, Gadd45a has also been
shown to connect neuronal circuit activity with DNA
demethylation in mature neurons for extrinsic modulation
of adult neurogenesism]. Further progresses in this field
will help to facilitate our understanding about mechanisms
of aberrant DNA methylation in CCA further.

In conclusion, chronic inflammation of cholang-
iopathies predisposes individuals to CCA. Since alterations
of the cellular epigenome usually precede morphologic
changes and genetic alterations, identification of related
aberrant DNA methylation profiles according to specific
inflammation milieu may serve as a reasonable eatly dia-
gnostic marker and an intervention target for CCA.
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Abstract

Cholangiocytes are the epithelial cells that line the
biliary tree. In the adult liver, they are a mitotically
dormant cell population, unless ductular reaction
is triggered by injury. The ability of cholangiocytes
to proliferate is important in many different human
pathological liver conditions that target this cell type,
which are termed cholangiopathies (i.e. primary
biliary cirrhosis, primary sclerosing cholangitis and
biliary atresia). In our article, we provide background
information on the morphological and functional
heterogeneity of cholangiocytes, summarize what is
currently known about their proliferative processes,
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and briefly describe the diseases that target these cells.
In addition, we address recent findings that suggest
cholangiocyte involvement in epithelial-to-mesenchymal
transformation and liver fibrosis, and propose directions
for future studies.

© 2010 Baishideng. All rights reserved.
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INTRODUCTION

Cholangiocytes are epithelial cells that line the biliary
system and make up 3%-5% of the liver cell popu-
lation"”. The biliary system is a tree-like, three-di-
mensional network of ducts that range in size from
small (< 15 pum) to large bile (> 15 pm) ducts in animal
models™. These ducts are lined by cholangiocytes
that also vary in size, dependent upon the size of
the bile duct”. For example, large bile ducts are
lined by large cholangiocytes and small bile duct by
small cholangiocytesl3’4’6j. The major functions of the
biliary system are to deliver bile from the liver to the
gallbladder to the duodenum and the modification of
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bile of canalicular origin[5’7’8]. Cholangiocytes modify
bile”" through a series of re-absorptive and secretory
processes involving water, ions, and solutes, which are
heavily regulated by gastrointestinal hormones, such as
LB Secretin receptors (SR) are present only
on cholangiocytes in the liver™. Large but not small
cholangiocytes express SR and are responsive to secretin
in the normal rodent liver”. Small cholangiocytes
de novo express secretin receptor during pathological

conditions where large functionally active cholangiocytes
12,15

secretin

are damaged[ I In large cholangiocytes, secretin
increases cyclic adenosine 3’°, 5’-monophosphate
(cAMP) levels™ ™ and induces the opening of the Cl-
channel (cystic fibrosis transmembrane conductance
regulator, CFTR), which leads to the activation of the
Cl-/HCO:s- anion exchanger 2 (AE2) and the secretion
of bicarbonate in bile". In addition to their normal
biliary function, cholangiocytes have also been found to
detoxify xenobiotics”'? and they also provide one of
the first lines of defense against microbes in the biliary
system!™™). Our knowledge of the factors that control
cholangiocyte function has greatly increased in recent
years, due to an increased interest in liver diseases, such
as biliary cancer, biliary fibrosis and cholestatic liver
disease™""

Cholangiocytes are the target of many diseases,
referred to as cholangiopathies, with a high impact in
terms of morbidity and mortality in both children
and adults™'"*"?. These diseases have a diversity of
etiologies, such as genetic predisposition, e.g. Alagille's
syndrome, Cystic Fibrosis, fibropolysystic diseases;
immune-mediated diseases like PSC, PBC®"**! liver
allograft rejection, and graft-versus-host disease'**;
a variety of infections - bacterial, fungal, parasitic and
viral cholangitis; AIDS cholangiopathy; biliary atresia;
idiopathic causes such as sarcoidosis; and malignant ones,
such as cholangiocarcinomaw’zz’zﬂ. Cholangiopathies are
the leading cause of liver transplantations in pediatric
patients (50%) and the third leading cause in adults
(20%)**#). Cholangiopathies are characterized by
cholestasis, the loss of cholangiocytes through necrosis
or apoptosis, with cholangiocyte proliferation resulting
in the formation of new side branches to ducts in an
effort to regain function***" and portal/periportal
inflammation. Obstructive cholestasis contributes
to hepatic cirrhosis and portal hypertensionm]. Portal
fibroblasts and hepatic stellate cells (HSCs) are recruited
to the area, and followed by parenchyma invasion and
biliary fibrosis”™. This remodeling process involves
crosstalk between mesenchymal cells and cholangiocytes,
the latter being able to secrete chemokines [interleukin 6
(IL-6), tumor necrosis factor-alpha (TNF-q), interlukin
8 (IL-8), Monocyte chemotactic protein-1 (MCP1) and
profibrogenic factors (platelet derived growth factor-
BB (PDGF-BB), endothelin-1 (ET1), connective tissue
growth factor (CT'GF), and transforming growth factor-
beta 2 (TGF2)]**.
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CHOLANGIOCYTE PROLIFERATION

In animal models of cholestasis and biliary tract injury,
cholangiocyte proliferation is coordinately regulated by
a number of neuroendocrine factors, such as hormones,
neuropeptides and neurotransmitters, which have been
recently reviewed'”. Proliferating cholangiocytes display
neuroendocrine phenotypes, and as such, secrete and
respond to a number of hormones, neuropeptides and
neurotransmitters”. The capacity of cholangiocytes to
proliferate is evident under specific experimental con
ditions in animal models as well as in human pathologi-
cal conditions™", Four types of “ductular reaction”
have been described in animal models™*"", Cholangio
cyte proliferation is described as “ductular reaction”, a
term coined by Popper to identify the expanded popula
tion of epithelial cells at the interface of the biliary tree,
which refers to proliferation of pre-existing ductules,
progenitor cell activation, and the appearance of in-
termediate hepatocyteslS’9’3O’3“. The ability of cholangio-
cytes to proliferate is important in many different hu-
man pathological conditions. Type [ or “typical” cho
langiocyte proliferation results in an increased num-
ber of intrahepatic bile ducts (hyperplasia), which re
mains confined to portal spacesm. The proliferating cho
langiocytes form a well-differentiated three-dimen-
sional network of tubular structures with a well-defined
lumen,which originates from pre-existing bile ducts
located within portal areas”'. In humans, this type is
observed in acute obstructive cholestasis, extrahepatic
biliary atresia”’"*?, and in early phases of chronic cho-
lestatic liver diseases (in association with “atypical” pro
liferation)™. In the rat, “typical” cholangiocyte prolife-
ration occurs after bile duct ligation (BDL), partial he-
patectomy, chronic a-naphthylisothiocyanate (ANIT) fe
eding, chronic L-proline treatment and prolonged oral
administration of certain bile acids”".

Type II or “atypical” proliferation is characterized
by irregular proliferation of intrahepatic bile ducts not
only confined to portal areas, but also sprouting into
periportal and parenchymal regions”"*. This implies
that the newly formed bile ducts are functionally
ineffective. In humans, this type is observed in PSC,
PBC, after massive hepatic necrosis, focal nodular
hyperplasia, chronic cholestatic diseases, alcoholic liver
diseases, and a long-standing hepatic biliary obstruc-
tion™"*, Type I refers to ductular metaplasia of liver
cell plates, predominantly observed in chronic cho-
lestatic conditions like PBC'™". Tt is thought that the
"atypical" proliferation arises from both proliferation
of pre-existing ductules and expansion of the hepatic
progenitor cell compartment"”,

Type I ductular proliferation, sometimes called
“ductular hyperplasia” or “oval cell” in the pastm] consists
in the massive proliferation of ductular hepatocytes
(derived from oval cells) or progenitor cells in the
liver, with submassive hepatic necrosis’”'. It involves
activation and proliferation of hepatic progenitor cells,
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appearing as periportal ductular structures in the case of
submassive hepatocellular necrosis, and representing an
alternative parenchymal regeneration when hepatocellular
regeneratory capacity is insufficient, which is primarily the
case in chronic liver disease!,

Type IV ductular hyperplasia, now called “oval cell”,
occurs in early stages of carcinogenesis in rat liver and is
caused by chemicals, like ethionine, 2-acetylaminofluorene,
and furan*", This type of proliferation induces the
formation of disorganized tubular structures with a po-
orly defined duct lumen, which randomly sprout into
hepatic lobules, creating a distorted hepatic architecture’"
“Oval cells” are cell types activated to proliferate in early
stages of intoxication with carcinogens. The nature of
these cells, that is, whether they are fibroblasts, endothelial
cells, transformed hepatocytes, or biliary ductules, is a
subject of debate!”.

One of the functional characteristics of proliferating
cholangiocytes is that they acquire a neuroendocrine
phenotype, especially in “atypical” ductular reaction™>**,
Proliferating cholangiocytes, from “atypical” proliferation,
show phenotypical features of neuroendocrine cells like
chromogranin A, S-100 protein glycolipid A2-B4, and a
neural cell adhesion molecule”. During cholestatic liver
diseases, the cholangiocytes express neuroendocrine
phenotypes and respond to a number of hormones
and neuropeptides”. For example, these proliferating
cholangiocytes have increased expression and secretion
of serotonin, endogenous opioid peptides and neuro-
throphins (and their corresponding receptors)™. They
also show an enhanced response to hormones and
neuropeptides such as secretin, gastrin, somatostatin,
acetylcholine, and adrenergic and dopaminergic ago-
nists”*”. Studies suggest that the formation of a neu-
roendocrine compartment is crucially instrumental in
the progression of liver disease”. Thus, understanding
how we can manage the proliferation of cholangiocytes
is important for the development of treatments for liver
diseases.

CHOLESTATIC LIVER DISEASES AND
BILIARY FIBROSIS

In response to acute liver injury, cholangiocytes pro-
liferate in an effort to regain proper liver function.
Human chronic liver diseases are characterized by repe-
titive liver injury due to chronic infection by viral agents
(hepatitis B and C viruses), toxin/drug exposure (alcohol
consumption), and autoimmune attack (PBC/PSC)*,
Chronic liver diseases cause a continuous activation
of the wound-healing response that results in an accu-
mulation of extracellular matrix, eventually leading to
liver cirrhosis and hepatic failure®. Thus, cirrhosis can
be defined as an advanced stage of fibrosis involving
the formation of abnormal cell clusters surrounded
by excessive extra- cellular matrix, which also results
in significant changes in vascular framework?**,
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As originally described, liver fibrosis during acute and
chronic cholestasis involves the stepwise process that
includes “ductular reaction”, accompanied by poly-
morphonuclear leukocytes and an increase in matrix
deposition, leading to periportal fibrosis and eventually

biliary cirrhosis™.

APOPTOSIS IN CHOLESTATIC LIVER
DISEASES

Apoptosis is thought to play a major role in cholestatic
liver diseases such as PBC, PSC and biliary atresia™*!!
In immune-mediated liver diseases, such as PBC, PSC
and autoimmune hepatitis, recent studies have indicated
that programmed cell death ligands and circulating
apoptotic markers might serve as diagnostic markers
for these diseases"*. Apoptosis of cholangiocytes has
been observed in a number of animal models of cho-
lestasis and biliary injury“z’w’%w. A recent study has
shown that anti- death receptor 5 (DR5) monoclonal
antibody induced cholangitis that exhibited the typical
histological appearance of PSC and PBC". These
findings led them to believe the death signal mediated
by TNF-related apoptosis-inducing ligand (TRAIL)
receptor 2/DR5 may be a key regulator of cholestatic
liver injury[%].

SECRETION OF PROFIBROGENIC
FACTORS BY CHOLANGIOCYTES

Sedlaczek e a/*”" demonstrated that during the pro-
gression of biliary fibrosis, proliferating bile duct
epithelial cells are the predominant source of the pro-
fibrogenic factor CTGE. Newly formed bile ducts also
express the message for alpha 1 (IV) procollagen, indi-
cating that proliferating cholangiocytes are a potential
source of hepatic collagen during fibrosis™. TGFb2
expression has been shown to be a specific property
of proliferating bile duct epithelial cells and it has
been postulated that its expression was related to the
formation of specialized periductular connective tissue
during bile duct proliferationml. In addition, platelet-
derived growth factor is expressed in proliferating
cholangiocytes during experimental biliary fibrosis
in rats™”. Administration of pentoxifylline exerts an
antifibrogenic effect by reducing the PDGF-induced
ERK-dependent signaling and proliferation of extra-
cellular matrix- producing cells”". Other studies have
shown that during biliary injury and fibrosis, the
hedgehog pathway activation induces cholangiocyte
production of chemokines that recruit natural killer T
cells to portal tracts™”. Hedgehog ligands regulate tissue-
remodeling responses during embryogenesis and adult
. . [52,53] .

tissue repair” . Cholangiocytes produce and respond
to hedgehog ligandsﬁs’szl. Hedgehog pathway activation
promotes proliferation and enhances viability of these
cells, which unrestrained, could cause progressive fi
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brosis and hepatic architectural distortion”™. The ta-
rgeting of the profibrogenic program that is activated
in proliferating cholangiocytes and the profibrogenic
factors they secrete, might provide an unique op-
portunity for the development of treatments for biliary
fibrosis.

EPITHELIAL-TO-MESENCHYMAL
TRANSITION (EMT)

Cholangiocytes normally exist in an highly differentiated
state that allows them to modify bile of canalicular
origins by a coordinated series of hormone- regulated
secretory and absorptive processes”™. Cholangiocytes
proliferate in response cholestasis induced by bile du-
ct ligation and during other pathological conditions
such as, partial hepatectomy and CCls-induced liver
damage[‘w. Evidence suggests that proliferating cho-
langiocytes have a role in the induction of fibrosis,
either directly through epithelial-mesenchymal tran-
sition®™
stellate cells™. EMT is a complex process that involves
cross talk among several signaling pathways that
collaborate to affect global, but gradual, changes in cell
structure and function®™. In this dynamic process cells
eventually lose their typical epithelial characteristics
(proteins that mediate cell-cell, cell-matrix contacts and
cytoskeletal organization)157’5gl. These changes cause
epithelial cells to disassociate from their neighbors,
gradually acquire a motile phenotype, and eventually
migrate out of epithelial sheets and into adjacent mesen-
chyme®”**. There are three biological subtypes of
EMT, which have been previously reviewed”"™”. Type
1 is present during implantation, embryogenesis and
organ development. Type 1 also generates mesodermal
and endodermal mesenchyme that can then undergo
mesenchymal-to-epithelial transition (MET) to generate
a secondary epithelia that can undergo additional
rounds of EMT and MET to form various organs[57’59].
Although these concepts remain to be proven, it is
possible that the balance between EMT and MET
controls the outcome of chronic liver injury. Type 2 is

7 When there is injury

, or indirectly through the activation of hepatic

associated with inflammation®”
with inflammation, this type generates fibroblastic
cells that eventually cause organ destruction™™”, Type
3 is the result of genetic and epigenetic changes in
cancer cells with invasion and spread of tumor cells
that eventually form metastatic tumors apart from the
primary tumor®”

EMT is involved in tissues that are being developed
or remodeled””. The presence of EMT in embryonic
development[55’57J and cancer invasion and metastasis””
is well established, and there is some evidence for EMT
in the liver™. As a highly regenerative organ, the liver
has the ability to restore its mass even in the face of
extensive functional cell loss. However in situations
of prolonged injury, this method of repair can lead
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to fibrosis'®. Recent data suggest the classification at
cellular, molecular and tissue level, multiple mechanisms
for fibrosis as follows: (1) chronic activation of the
wound-healing reaction; (2) oxidative stress and related
reactive intermediates; and (3) profibrogenic derivatives
of EMT™. Liver fibrosis develops from a heterogeneous
population of profibrogenic hepatic myofibroblasts
(MFs) that may originate from activated hepatic stellate
cells and portal fibroblasts, bone marrow derived
cells, or possibly cholangiocytes and hepatocytes that
have undergone EMT". These myofibroblasts are
characterized by increased proliferation, migration, and
contractility, and a relative resistance to apoptosism.
TGE(s) play a major role in the induction of EMT in
development, carcinogenesis, and fibrosis, with different
1soforms mediating various effects depending the cell
type and settingm]. EMT in response to TGFB-1 and in
fibrosis is mediated predominantly ziz Smad-dependent
(mainly Smad3) pathways™. TGFB-1 has previously
been shown to play a critical role in the progression of
liver fibrosis®. In fact, a recent study demonstrated that
blockage of TGFB-1 in proliferating biliary epithelia
retards biliary fibrosis in an animal model of liver
fibrosis'™. Interestingly, a recent study demonstrated
that EMT contributes to portal tract fibrogenesis during
human chronic liver disease, which is characterized by
chronic inflaimmation'®. In fact, inflammation plays a
key role as the convergence point between EMT and the
progression of fibrosis in many otgan systems, and has
been previously reviewed ",

EMT has been implicated as a key mechanism in
the pathogenesis of liver fibrosis. In study of human
samples from several types of liver diseases, Diaz and
colleagues present convincing histological data revealing
that EMT occurs in human liver fibrosis, particularly
in disease associated with prominent bile ductular pro
liferation, such as biliary atresia and PBC™. They ob-
served significant colocalization between cytokeratin
(CK-19, a cholangiocyte- specific epithelial marker)
and other markers of EMT (i.e. vimentin, Snail, and
fibroblast-specific protein 1) in biliary atresia and PBC.
Robertson e a/*” have also demonstrated that biliary
EMT occurs during post-transplantation recurrence of
PBC. The study found that in livers affected by early
recurrent PBC, there were indications that biliary EMT
was occurring which was associated by cholangiocyte
expression of S100A4 (a key marker of eatly fibroblast
lineage), vimentin and pSMAD 2/3 with the data
indicating that this process was driven by TGF—BM.
S100A4 expression appears to occur prior to the onset
of the appearance of other features of recurrent PBC,
which suggests that EMT may be an initiating event, and
may potentially explain the loss of bile duct epithelia
during the course of the disease”. Rygiel and colleagues
have also clearly demonstrated that EMT occurs du-
ring portal tract fibrosis”. Their work shows that cho-
langiocytes forming the small and medium sized bile
ducts and responding with ductular reaction undergo
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EMT during chronic liver disease, which results in the
formation of invasive fibroblasts”™. Similar findings
have been demonstrated in liver cells from rodents,
and humans can undergo EMT'. This study found
that both hepatic stellate cells and hepatic epithelial
progenitor cells coexpress epithelial and mesenchymal
markers indicating that EMT occurs in adult livers'®.
This recent evidence indicates that EMT probably plays
a critical role in the process of portal fibrosis during
chronic liver diseases.

INTEGRINS AND BILIARY FIBROSIS

Integrins are a family of heterodimeric transmembrane
glycoproteins composed of ¢ and 3 chain protein
subunits that act as cell surface receptors® . Integrins
are a large family of 24 heterodimers formed from
eight (3 subunits and @ subunits that have been identi-
fied. Integrins play a role in communicating messages
between the cell and the environment »iz extracellular
matrix interactions” . The binding to extracellular
matrix to integrins results cytoplasmic signals in the
integrin-expressing cell contributing to cell growth,
differentiation, invasion, metastasis, and survival®’>".
Integrins also play a key role in how cells sense to
[65.72.7 Integrins
have been shown to interact with cell surface ligands,
growth factors, pathogens, soluble proteases and trans-
membrane proteinsm’%]. The loss of integrin-mediated
contacts, usually leads to apoptosis, a process called
anoikis™""

Two recent studies have demonstrated that targeting
avf36 integrin expressed by proliferating biliary epithelia
might provide a novel antifibrotic therapy[ésjg]. Patsenker
et al demonstrated that avB6 integrin is strongly upre-
gulated in proliferating biliary epithelium in rodent
(BDL, thioacetamide, Mdr2 (Abcb4)” mice) and human
models (chronic hepatitis C'*™) and that it drives fibr-
ogenesis via adhesion to fibronectin and stimulates
auto/paracrine TGF-B1 activation®. Most importantly,
they demonstrated in vivo that a single dose of a small
molecule av36 integrin inhibitor induced antifibrogenic
and profibrinolytic genes, reduced activated cholangiocyte
proliferation, and adhesion to fibronectin®”. In addition,
increased vascularization has a key role in the development
of biliary fibrosis, as supported by fibrosis that has been
limited in animal models where angiogenesis has been
inhibited"".

mechanical stimuli in the environment

REVERSAL OF BILIARY FIBROSIS

Although we have made impressive progress in our
understanding of the pathogenesis of liver fibrosis in
the past two decades, translation of this knowledge
into antifibrotic therapies has ground to a halt short
of clinical trials””. The reduction of fibrosis within
cirrhotic liver tissue would lead to a reduction of portal
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hypertension and consequent clinical complications, thus
improving overall liver function, which would extend
the complication-free patient survival time and reduce
the need for liver transplants”. Studies have suggested
the reversibility of liver fibrosis, but the mechanisms
for such a reversal are poorly understood”. In BDL
rats, Popov and colleagues introduced macrophages to
damaged biliary epithelium »ia Roux-en-Y bilio-jejunal
anastomosis. After engulfing apoptotic cholangiocytes,
macrophages upregulate matrix metalloproteinases and
become fibrolytic effector cells”. This suggests a link
between apoptotic epithelial cells, macrophages, and the
reversal of fibrosis.

FUTURE DIRECTIONS

In order to develop clinical treatments, we need to
learn more about how cholangiocytes interact with
other cell types, and the role that EMT contributes to
biliary fibrosis. The studies presented in this review raise
the important question of the relationship between
cholangiocytes and myofibroblasts as to whether cho-
langiocytes may be an additional source of fibroblasts
during chronic liver injury. Also, important will be to
determine how cholangiocytes contribute to soluble
factors and to the activation of myofibroblasts and to
the deposition of extracellular matrix. Understanding
the interactions and contributions of these cell types
to the process of biliary fibrosis will be essential for
determining whether different mechanisms of fibrosis
occur in the various cholangiopathies, which, in turn, will
aid in designing disease-specific therapies.
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Abstract

Histamine has long been known to be involved in
inflammatory events. The discovery of antihistamines
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dates back to the first half of the 20" century when
a Swiss-Italian pharmacologist, Daniel Bovet began
his work. In 1957 he was awarded a Nobel Prize for
his production of antihistamines for allergy relief.
Since that time, histamine has been found to play a
role in other events besides allergic reaction. Possibly
unbelievable to Bovet and his peers, histamine has
now been marked as playing a role in liver pathologies
including hepatobiliary diseases.

© 2010 Baishideng. All rights reserved.
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INTRODUCTION

The liver is a dynamic organ that is able to repair and
regenerate itself after injury. Numerous resident liver
cell types are involved in maintaining a homeostatic state
of the liver as well as playing a role during liver injury
and disease. Cholangiocytes play a critical role in the
regulation and overall function of the liver. These cells
are hormone-responsive and much effort has been put
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forth to delineate the mechanisms behind cholangiocyte
function in liver disease. An emerging role for histamine
and liver diseases has begun to be investigated.

In this review we will begin with a brief overview of
the intrahepatic biliary tree, cholangiocyte function, hepatic
vasculature, cholangiocarcinoma and histamine. After,
we will discuss the latest findings regarding histaminergic
activation in the liver as well as the most recent findings
in regards to cholangiocyte regulation by histamine and
histamine receptors. Finally, we will conclude with a
section on histamine and cholangiocarcinoma and our
speculation for the future of histamine in the progression
of liver diseases.

INTRAHEPATIC BILIARY TREE

The biliary tree is the common term used for the pathway
where bile is secreted from the liver that begins with
initiation of bile from the hepatocytes''. It starts with
numerous small branches that terminate in the common
bile duct, also known as the trunk of the biliary tree™.
It is here that the common duct comes together with
branches of the hepatic artery and portal vein forming the
central axis of the portal triad”. Lining the intrahepatic
biliary tree are epithelial cells known as cholangiocytes!>".
Once defined as “simple” epithelia, cholangiocytes are
now regarded as key players in liver pathophysiology[m.
Cholangiocytes are responsible for the modification
and release of bile from the liver and the transport of
bile acids®'?. These cells are hormone-responsive, and
express a multitude of hormone receptor binding sites
that enable them to interact with mediators to induce
varying effects on liver pathology“’é’l}mj. These cells,
that are cuboidal by nature, line the three-dimensional
network of interconnecting ducts'. Cholangiocytes are
a heterogeneous population of cells!" *1*2 that are
derived from small intrahepatic bile ducts (lined by small
cholangiocytes) B2021 and large intrahepatic bile ducts (lined
3,20,21]

by large cholangiocytes)"

Cholangiocyte proliferation

Heterogeneous cholangiocytes have been identified
as the target cells for a number of liver diseases (cho-
langiopathies) that include primary biliary cirrhosis
(PBC) and primary sclerosing cholangitis PSO). In
these diseases there is a destruction of the bile ducts
that leads to hyperplastic transformation, termed “ty-
pical” or “atypical” proliferation™"**. “Typical” cholan-
giocyte proliferation is characterized by an increase in
cholangiocyte proliferation that is limited to the portal
area, whereas “atypical”m] is seen in patients with
prolonged cholangiopathies (i.e. PBC and PSC) and is
noted by irregular proliferation of cholangiocytes (with
a well structured lumen) that extend into periportal
and parenchymal regions with occasional anastomosing
1422 «Oval” cell pro-

liferation is a pre-malignant stage that is seen in early

cords with adjacent hepatocytes

carcinogenesis and characterized by the presence of a
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disorganized tubular structure without any well-defined
lumen that can transform into a full-blown neoplastic

condition known as cholangiocarcinoma (CCA) (12224

Models of proliferation

Several animal models of “typical” proliferation have
rapidly become an excellent tool for the dissection of
the mechanisms behind this event. Bile duct ligation
(BDL) is commonly used to mimic “typical” prolifer-
ation!”*?", Ligation of the bile duct induces a build-
up of bile and increased biliary pressure[g’zsl that induce
an increase in cholangiocyte proliferation (mostly of
large cholangiocytes)“g] and resembles biliary hyper-
plasia seen in patients with diseases like pPBC",
Other models used to mimic “typical” proliferation
include 70% partial hepatectomy (PH), acute carbon
tetrachloride (CCls) treatment and chronic feeding of
a-naphthylisothiocyanate (ANIT) or bile sales>1 1O,
All of these models are found to be associated with an
upregulation of secretin receptor (SR) gene expression
and secretin-stimulated cAMP levels and ductal secretory
activity "~ T | Chronic treatment of normal rats
with forskolin has also been shown to increase biliary
hyperplasia (similar to BDL) and secretin-induced
responses in cAMP levels as well as downstream signa-
ling componentsm. While BDL targets mainly the large
cholangiocytesm’w, after CCls treatment, only small
cholangiocytes respond and de novo proliferatem’m.
This occurs with a parallel loss of large ductal mass!"*'".
After 70% PH, small and large cholangiocytes proliferate
during liver regeneration[14’24]. These tools are useful in
evaluating the mechanisms of cholangiocyte proliferation
during liver cholestasis and disease progression.

CHOLANGIOCYTE FUNCTION

Using the tools described above has enabled resear-

chers to uncover important information regarding cho-

langiocyte function in relation to secretion, proliferation
. . . [1,4,6.7,13,18]

and apoptosis during liver disease .

Secretory function

In BDL rats, there is increased cholangiocyte proliferation
coupled with increased bile flow and bicarbonate se-
cretion after stimulation with secretin®™*'">"****** This
is an excellent tool to use to evaluate functionality of
cholangiocytes in normal and diseased states as well as
in response to stimulation by numerous factors. Over
the years it has been shown that, in addition to secretin,
vasoactive intestinal peptide increases bicarbonate se-
cretion, whereas the hormones somatostatin, insulin and
gastrin all decrease bile flow and bicarbonate secretion” ",
Other factors have been shown to inhibit the secretin-
induced increased cholangiocyte response. These include
the alpha 2 adrenergic receptor agonist UK,14304"" and
the phenolic compound, caffeic phenethyl ester (CAPE) b,
The majority of these responses occur through a cAMP-

dependent pathway, however other studies have shown
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that Ca”* can also play a role in cholangiocyte secretion. Le
Sage, et al"™ have demonstrated that the alpha-1 adrenergic
receptor agonist, phenylephrine, increases secretin-sti-
mulated choleresis through activation of Ca™"/ protein
kinase ¢ (PKC) mechanisms, whereas the hormone gastrin
was found to decrease secretin-stimulated ductal secretion
in BDL rats za increased expression of Caz+—dependent
PKC isoforms®”.

Proliferative and apoptotic functions

Cholangiocyte proliferation and apoptosis is affected by
many hormones and peptideslm. Recently, Mancinelli
et al’" have shown that the sex hormone, follicle-
stimulating hormone (FSH) increases cholangiocyte
proliferation through cAMP/PKA-dependent phos-
phorylation of extracellular signal-regulated kinase
(ERK1/2) and Elk-1, a member of the ETS oncogene
family. The forkhead box proteins Al and Al (Foxal and
Foxa2) have been descried as “terminators” of bile duct
expansion by their ability to inhibit interleukin-6 (IL-06)
expressionm]. In BDL Foxll (-/-) knockout mice it was
found that loss of the winged helix transcription factor
Foxl1 induced a decrease in cholangiocyte proliferation
and loss of bile ductular mass by activation of the
canonical Wnt/beta-catenin pathway, suggesting that this
transcription factor plays a critical role in cholangiocyte
proliferation during cholestasis™”. After treating BDL
rats with CAPE, Mancinelli ¢ a/** demonstrated a large
decrease in cholangiocyte proliferation coupled with
increased cholangiocyte apoptosis that was reversed
after chronic feeding with the bile acid taurocholic
acid (T'C). TC feeding also led to recuperation in the
expression of VEGF proteins and receptors (R2 and
R3), implicating bile acids and angiogenic factors in
the course of cholangiocyte cholestasis™. The endo-
cannabinoid, anandamide (AEA) was found to inhibit
cholangiocyte proliferation and increase apoptosis thr-
ough activation of thioredoxin 1/redox factor 1 and
activator protein-1 (AP-1), demonstrating the potential
role for endocannabinoids in cholestasis'*!. Genetic
knockdown of the transcription factors c-Fos and c-Jun
ablated the AEA-induced cholangiocyte death™!!. Tumor
necrosis factor-alpha (TNF-q) has been shown to induce
cholangiocyte apoptosis and decrease proliferation when
coupled with a single injection of actinomycin D",
Chronic feeding with TC has been found to reverse
this ductopenic effect via a phosphatidylinositol-3-
kinase (PI3K)-dependent pathway*. These studies have
provided strong evidence that cholangiocyte function is
susceptible to inhibition and stimulation by numerous
factors.

Hepatic vasculature

It is pertinent to discuss hepatic vasculature within this
article as the microanatomy (including cholangiocytes) of
the liver is significantly influenced by blood flow. There
is a constant flow of large amounts of blood to and
from the liver that is controlled through two separate
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Figure 1 Graphic image of blood flow through the liver and the key cells
involved.

blood supplies: the portal vein (PV) and the hepatic
artery (HA)™*, There are conflicting views regarding
HA distribution and where this artery terminates in the
liver parenchyma*. Recently, a detailed study using
scanning electron microscopy of vascular corrosion
casts demonstrated that the terminal HA branches do
not end directly in the sinusoidal beds™™. The terminal
HA give rise to capillaries that form the peribiliary
plexus, periportal plexus and single capillaries of the
portal space; this implies that only venous blood at a
lowered pressure reaches the sinusoids and vena portal
branches ™,

Structurally, the sinusoids are vascular channels lined
with fenestrated endothelial cells (sinusoidal endothelial
cells or SECP™. Tt is this fenestrated structure that makes
the sinusoids very “leaky”, allowing fluid passage to
occur™, Hepatocytes are found around the sinusoids
and are responsible for the initiation, formation and
secretion of bile™. After secretion of bile by the hepa-
tocytes, bile is modified by cholangiocytes™. The hepatic
artery is the main supplier of blood to the biliary tract
and cholangiocytes within the structure termed peribiliary
vascular plexus (PBP)**. This system has been found
to be a source rich in vascular growth factors and other
vasoactive substances”™. Recent work has shown that the
PBP has a great influence on cholangiocyte proliferation
and/or loss that is mediated by VEGF expression[261
The bile acid TC has also been shown to influence
cholangiocyte growth/loss by regulating VEGF™, Please
refer to Figure 1 for a graphic representation and diagram
of the microcirculation in the liver with regards to blood
and bile flow.

Effects of blood flow on liver microanatomy

Significant findings have shown that blood flow in the
liver directly influences its microanatomy and how it
responds to stress and/or disease. In rats with BDL-
induced cholestasis, interruption of the hepatic artery
blood supply iz hepatic artery ligation (HAL) causes a
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significant loss of the PBP and increases cholangiocyte
apoptosis”. Ischemic bile duct injury can occur in
association with hepatic artery thrombosis during liver
transplantation and can induce the development of biliary
casts, bile duct death or chronic disease that mimics

PsCP,

CHOLANGIOCARCINOMA

Description of progression and treatment options
Cholangiocyte hyperplasia that becomes uncontrollable
or differentiates into a further neoplastic state can lead
to cholangiocarcinoma. Cholangiocarcinoma is defined
as a tumor from either intrahepatic or extrahepatic
origin[ss]. Prominent risk factors of CCA are chronic
inflammation, congenital abnormalities of the biliary
tree and genetic predisposition”™. Tumors of CCA
progress in a slow and undramatic manner with biliary
sepsis, malnutrition and liver failure being typical causes
of death associated with this disease””. CCA is the
second most common type of cancer in the liver after
hepatocellular carcinoma and the number of incidences
of this disease is on the rise worldwide™. Early dis-
covery of cholangiocarcinoma is difficult, resulting in
limited treatment options. Long-term survival is only
reachable by complete surgical resection of the tumor,
which is not feasible for some patients and can be highly
unsuccessful. Conventional chemotherapy and radiation
have not proven to be successful at prolonging survival
rates™>, Photodynamic therapy has recently appeared
as a possible treatment option to relieve pain and in-
crease survival, however further studies are needed”™.
A most recent review of the latest advances in CCA
diagnosis, treatment and patient care can be found in
the reference by Aljiffry, e a/*”. Given the current lack
of satisfactory treatments, understanding the cellular
mechanisms behind the development of CCA will be
critical in the development of future curative therapies.

Recent findings

Research to investigate CCA development and mecha-
nism of action has increased in the last decade. A glimpse
into the literature reveals thousands of entries including
both reviews and original articles. Highlights of some
of the latest findings from 2009 are shown here. Most
recently, Blechacz ef al™ have shown that Sorafenib, an
approved treatment for primary renal cancet, inhibits
CCA growth in vitro and 4 vivo by sensitizing tumor cells
to apoptosis. Blocking the production and secretion of
dopamine, over-produced in CCA, has also been shown
to decrease CCA growth in both cultured cells and an
in vivo model of CCAP”. In liver fluke-associated CCA,
inhibition of galectin-3 was found to stimulate apoptosis
that was increased by 10 fold by treatment with cisplatin
ot 5-fluorouracil®. Using CCA cell lines, Okada e# al®”
demonstrated that rapamycin decreased cell proliferation
that was synergistic with treatment with gemcitabine.
Suppression of the nuclear factor kappa beta (NF-kB)
pathway by treatment with CAPE was found to decrease
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cholangiocarcinoma growth both in culture and 7z vivo

by increasing apoptosislézj. Endothelin (ET-1) has been

shown in both 7# vitro and in vivo models to decrease

CCA growth by inhibiting VEGF and its receptors[63].

Coupled with decreased angiogenic factors, ET-1 also

increased apoptosis and collagen tissue deposition

Tamoxifen, the estrogen receptor antagonist, is showing
promise as a possible therapeutic agent in CCA through
calmodulin targets AKT [protein kinase B (PKB)] and

¢-FLIP (cellular-FLICE inhibitory protein)’. These

studies are just the pinnacle of the multitude of studies
that have been performed to investigate potential the-

rapies for this devastating tumor.

HISTAMINE

In 1910 the British scientist, Sir Henry Dale identified
histamine as a substance that is released and acts as a
“mediator” during an allergic responses. Today we know
that histamine is involved in many bodily processes in

addition to allergic reaction.

Histamine activation and function

This biogenic amine interacts with four G-protein cou-
pled receptors (GPCRs), HIHR, H2HR, H3HR and

H4HR that exert their actions on various G-pro-

teins®”. It has been shown that stimulation of the H1

histamine receptor (HR) activates Gog, inducing a Ca” -
p 9 g
dependent effect in various cell systems[“’m’m. In

trast, the H2ZHR appears to signal mainly through Gas,
stimulating a cAMP- dependent action in a variety of

cell types[()s’ﬂ’m. Coupling of H3 and H4 HR has been

linked to Gai, inducing a negative regulation of cAMP-

dependent signaling[(’s’m as well as Golo, mediating cellular

regulation through a phospholipase C/ Ca”'-dependent
pathway[za’m. Histamine receptors atre also able to induce

both inhibitory and stimulatory effects in different cell
types. In Leydig cells, the HIHR induces an inhibitory
effect, whereas the H2HR has a stimulatory effect on

steroidogenesis' . In cholangiocytes and cholangiopathies,

it has been shown that the HIHR stimulates growth,
65,66]

whereas the H3HR inhibits hyperplastic proliferation[ ’

Histamine and the histamine receptors have been
shown to induce a multitude of effects on various cel-
lular pathologies including the H3HR in Alzheimer’s
Disease!”; histamine and the HIHR in vascular disease'”;
and
many more. There is not yet a proven direct link between
histamine and cancer, however growing evidence suggests
that histamine and the histamine receptors may be in-
¥ Further,
dysregulation of the enzymes that are responsible for
histamine synthesis, histidine decarboxylase (HDC) and
monoamine oxidase-B (MAO-B), have been implicated
in certain cancers””. The interaction between cells
and the four histamine receptors also complicates our
understanding of the regulation of liver function in both

the H4HR in treatment of chronic pruritus disease!”

volved in tumor growth and/or clepletionm’7

normal and diseased (including cancer) states.
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Histamine and liver disease

Histamine and the histamine receptors play a role in
numerous processes including disease progtression in the
liver. Histamine, »iz H2HR activation, has been shown
to play a protective role in alcohol-induced liver injury by
lowering liver enzymes [alanine aminotransferase (ALT)
and aspartate aminotransferase (AST)] and decreasing
inflammation and necrosis in ethanol treated rats®™”. In
patients with cirrhotic-related hepatic encephalopathy,
evaluation of brain tissue showed an upregulation of
histamine and H1 receptors and decreased H3 receptor
density, highlighting the importance of histamine regu-
lation in liver pathologies[m’sz]. An H2 receptor antagonist,
rantidine™ and an H3/H4 antagonist, thioperamidel84]
have both been shown to suppress ischemic reperfusion
liver injury®™ ™. Stimulation with dimaprit, an H2 and H4
agonist showed similar results by inducing a protective
effect against ischemic reperfusion injury by decreasing
cytokine release™. The density of H2 histamine receptors
is decreased in hepatic tissues from cirrhotic patients
with portal hypertension™. Furthermore, in HIHR and
H2HR knockout mice it was found that the protective
effects of histamine on lipopolysaccharide (LPS)-induced
liver injury was partially or completely blocked, suggesting
that histamine and its receptors have a protective role
in endotoxin-induced hepatic injury[sﬂ. It has also been
found that histamine levels in plasma from patients with
both PSC and PBC are increased compared to healthy
controls™. Histamine, vz the H2HR, has been shown to
protect against fulminant hepatitislgg]

Histamine and liver cancer

There have been numerous studies involving histamine
and histamine receptors in liver cancers. In a study using
hepatocellular carcinoma cell lines, histamine stimulation
was found to induce a differential effect by decreasing
the growth of one line while increasing the growth of
another””. Histamine-induced effects were attenuated
by inhibition of either H1 or H2 HRs"". The H2HR
antagonist, cimetidine is a common drug used for tre-
atment of gastric ulcers and has also been shown to
reduce liver metastasis vz activation of selectins in liver
sinusoids”". Both gastrin and histamine H2 receptor
antagonists may play a synergistic role in helicobacter-
induced gastric cancer

HISTAMINE AND THE BILIARY TREE

The above studies have alluded to the role of histamine
in a broad range of liver pathologies from hepatitis to
hepatocellular carcinoma. Here we will reflect on the
recent studies involving histamine and the histamine
receptors in specific cholangiocyte pathologies ranging
from cholestasis to cholangiocarcinoma.

Biliary hyperplasia and histamine

To date, only a handful of articles have addressed the
direct role of histamine in biliary diseases. Though
limited, these studies have provided evidence that there
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Figure 2 Immunohistochemistry for the H3 histamine receptor in
proliferating cholangiocytes (induced by bile duct ligation). Original
magnification x 40.

is a strong link between histamine and its receptors in
the regulation of cholangiocyte function. Using a BDL-
induced model of cholestasis, we have shown that
chronic treatment of BDL rats with an H3HR agonist,
(R)-(o)-(-)-methylhistamine dihydrobromide (RAMH),
results in a significant decrease in biliary hyperplasia[ﬁsl.
Numerous techniques revealed that liver tissue and RNA
from both normal rats and BDL rats express all four of
the histamine receptors'®, Figure 2 depicts expression
of the H3 receptor in proliferating cholangiocytes (in-
duced by BDL) by immunohistochemical analysis. This
finding is in accordance with other studies showing
that cholangiocytes express a wide array of hormone
receptors' . Biliary hyperplasia was reduced # vivo and
also zn vitro in freshly isolated cholangiocytes stimulated
with RAMH zia cAMP/PKA/ERK/EIk! signaling. By
downregulating this signaling pathway, the H3HR is able
to decrease and manage biliary hyperplasia that could be
a useful therapeutic tool in cholestatic liver diseases like
PBC where cholangiocyte proliferation is prevalent.

In contrast, the HIHR agonist, HTMT dimaleate,
increases the growth of small murine mouse cholang-
iocytes, but not large™. This study has great implication
on the effects of histamine and histamine receptors in
the heterogeneous population of cholangiocytes where
cholangiopathies are likely to occur. These findings show
that the H1HR elicits its effects by activation of Gaygq,
mobilization of calcium and increased intracellular inositol
triphosphate receptor (IPs) levels. This was coupled with
increased (1) phosphorylation of calmodulin-dependent
protein kinase 1 (CaMKI) and ERK and (2) activation of
the transcription factor CREB (cAMP response element
binding protein). It was further shown that knockdown
of CaMKI resulted in the loss of CREB activation and
H1HR-induced increased proliferation in small cho-
langiocytes'™. The importance of calcium-dependent
signaling in cholangiocyte function and regulation is
demonstrated by this study and is in accordance with
other studies™ ™, Taken together, these studies implicate
histamine and the histamine receptors in cholangiocyte
regulation.
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Figure 3 Differential signaling of histamine receptors in resting and proliferating cholangiocytes. Reprinted with permission from Demorrow S, Francis H, Alpini G,
Biogenic Amine Actions on Cholangiocyte Function. Exp Biol Med (Maywood) 2007; 232: 1005-1013.

Other recent studies have demonstrated that treatment
with histamine; the HIHR agonist or the H2HR agonist
(but not the H3HR agonist) stimulates the proliferation
of cholangiocytes in normal rats”. Preliminary data
suggests that there is a differential effect induced by
the H1 and H2 HRs where the HIHR appears to signal
predominantly through calcium-dependent mechanisms,
whereas the H2HR is more prone to work through a
cAMP/PKA-dependent signaling pathway™. Histamine
is able to utilize both signaling pathways, but may have
a preference for the HIHR-mediated path™. Figure 3
illustrates the differential signaling induced by histamine
and histamine receptors in both normal and proliferating
cholangiocytes”. Tt appears that histamine receptors may
also mediate the VEGF-regulated cholangiocyte response
during liver regeneration after 70% partial hepatectomy™.
After 3 d post PH, treatment with the HIHR agonist,
HTMT, induced a 50x fold increase in cholangiocyte
proliferation that was coupled with increased VEGF
expression”. This study has huge potential to lend a
therapeutic “hand” to physicians treating patients after
liver transplantation by aiding in the acceleration of liver
regeneration and healing. Overall, it is clearly apparent
that this biogenic amine and its receptors play numerous,
critical roles in liver cholangiopathies and regeneration.
Further investigations of these events are currently
underway.

Biliary neoplasia and histamine
Little is currently known about the possible interaction
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between cholangiocarcinoma and histamine. Following
our study with the cholestatic rat model and the H3HR
agonist, RAMH, we evaluated the role and mechanisms
of action by which RAMH regulates CCA growth[zsl.
Using numerous CCA cell lines and normal cholang-
iocytes, it was found that all four of the histamine
receptors were expressed with an upregulation of H3HR
expression compared to normal tissue. Treatment with
RAMH induced a decrease in growth in all CCA cell
lines, but had no effect in normal cholangiocytes. Intere-
stingly, in this study we demonstrated that RAMH was
potentially signaling vz Gowo by inducing an increase
in intracellular IPs levels, but having no effect on
cAMP signaling, thus ruling out any interaction with
this pathway. Inhibitors for [Ca®"Js, PKC and PLC all
blocked the RAMH-induced inhibitory action in CCA
cells. Because PKC signaling has previously been shown
to be important in cholangiocarcinoma"""" the
role of this protein was investigated further. RAMH
induced phosphorylation of PKC alpha (PKCq) and
also caused translocation of PKCgq, from the cytosolic
region into the membrane of CCA cells. Knockdown
of PKCa ablated the suppressive effects induced by
RAMH as well as reversing ERK phosphorylation. In
final studies, 77 vivo examination was performed in a
nude mouse model™ %, implanted with CCA cells
and treated with RAMH over the course of several
weeks. Tumor growth was significantly inhibited by
RAMH treatment compared to tumor growth from
NaCl-treated mice. This was coupled with decreased
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proliferation and increased apoptosis. Figure 4A shows a
representative image for immunohistochemical staining
for both PCNA and caspase 3. Total PKCq expression
was also increased in RAMH-treated tumors while
VEGTF and its receptors were decreased as seen by im-
munohistochemistry images provided in Figure 4B,
This is an important finding related to the regulation of
PKCa in cholangiocarcinoma growth and also the ability
of histamine to mediate VEGF expression, that plays a
critical role in tumor development™” "™, In work that is
currently underway, we have found a role for histamine
secretion and for other histamine receptor agonists
and antagonists. Like other cancers, we have found that
HDC and MAO-B are dysregulated in CCA and that
CCA cell lines secrete an increased amount of histamine
compared to normal cholangiocytes“oa]. Further inves-
tigation has shown that acute histamine treatment has
no significant impact on CCA growth, but that long-
term stimulation (up to 2 wk) can increase growth that
is coupled with increased VEGF gene expression''"”,
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Figure 4 Immunohistochemistry images of tumors
excised from vehicle- and RAMH-treated mice
(x 40). A: Proliferating cholangiocytes (PCNA) and
apoptotic cholangiocytes (Caspase 3). RAMH induced a
decrease in PCNA-positive cholangiocytes coupled with
an increase in apoptotic cholangiocytes compared to
vehicle-treated mice; B: VEGF-A and VEGF-R2. RAMH
treatment caused a decrease in the expression of both
VEGF-A and VEGF-R2.

In vivo treatment with histamine in our nude mouse
model also increased tumor growth that was blocked by
treatment with an HDC inhibitor""”. These mechanisms
are still being worked out, but it is clear that histamine
has a trophic effect in CCA growth. We have also found
that the histamine receptors are upregulated in CCA
cell lines and have differential effects with regards to
changes in proliferation“%]. As stated above, the H3HR
agonist decreases CCA growth. However, we have seen
that blocking the H2HR with cimetidine has no effect
in either the CCA cell lines or 7z vivo (unpublished
observations, Alpini and Francis). Stimulation with
an H1HR antagonist also decreases CCA growth and
increases apoptosis iz vitro (unpublished observations,
Alpini and Francis, 2007). Most recently we have found
that clobenpropit, a highly potent H4HR agonist and
selective H3HR antagonist can decrease CCA growth
by integrin-mediated events including decreasing the
invasive capacity of CCA cells"". These findings are
complex and intricately woven together. Please refer to
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Expression level Agonist effect Antagonist effect /n vitro/in vivo model Known or potential signaling mechanism

Histidine decarboxylase (HDC) " 1| CCA growth Both Inhibits histamine synthesis
Monoamine oxidase-B (MAOB) (N Unknown Unknown In vitro Unknown
Histamine 11 secretion by 11 CCA 1| CCA growth Both 1] VEGF expression
CCA growth
H1HR " 1 CCA growth || CCA growth In vitro Ca”"-mediated signaling
H2HR " — - Both Unknown
H3HR " 1l CCA Both PKCa-dependent signaling
growth
H4HR " 1l CCA In vitro Integrin-dependent decreased invasion
growth

CCA: Cholangiocarcinoma; HDC: Histidine decarboxylase; MAOB: Monoamine oxidase-B; HR: Histamine receptor; VEGF: Vascular endothelial growth

factor.

Table 1 for a summary of the effects of histamine and
histamine receptors in CCA regulation.

FUTURE PERSPECTIVES

While the studies reviewed above are relevant and
important, it is also critical to remember that there are
numerous other factors that may be involved in histamine
regulation of liver disease. Iz vivo, the role of mast
cells must be addressed as information regarding the
interplay between hepatic mast cells and liver pathologies
is increasing. The main source for histamine release is
mast cells"” """ and therefore these cells are likely to
play some role in histamine regulation of cholangiocyte
function. Bile acids have also been shown to play a
major role in cholangiocyte proliferation, secretion and
function™' """ We know that bile acids are also able to
act on mast cells and can influence the type and amount
of a mediator (like histamine) that is being released! "',
Not all bile acids induce the same effect. Lipophilic
bile acids have been shown to activate mast cells and
induce a large amount of histamine release, whereas
ursodeoxycholate has almost no effect on histamine
secretion from mast cells"'”. Bile acids are currently
used as a treatment option for patients with etiologies
ranging from gastro-esophageal reflux disease (GERD)

119,120 . .
! . Histamine receptor

to cholestatic liver diseases
agonists and antagonists are also used to treat various
digestive diseases. The H2 antagonists, cimetidine and
rantidine have both shown promise in treating GERD"*".
Because of the involvement of mast cells in irritable
bowel syndrome (IBS), blocking mast cell interaction
through ecither second generation antihistamines or
proteinase-activated receptor antagonists could relieve
pain in suffering patients'”. How bile acids interact
with hepatic mast cells and possibly cholangiocytes is
unknown. However, understanding the interconnecting
relationship between bile acids <~ mast cells — cholangiocytes
could allow us to take our current understanding of
histamine-mediated regulation of cholangiocyte function
to a new level and thereby allow us to turn translational
science into bedside practice.
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CONCLUSION

Taking the evidence discussed in this review we can
glimpse into the future and see that histamine and
histamine receptor regulation can have a major impact on
liver diseases. However this information is only useful if
we are able to dissect the mechanisms of histaminergic
action that occur during disease progression.
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Abstract

Over the last years, cholangiocytes, the cells that line
the biliary tree, have been considered an important
object of study for their biological properties which in-
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volves bile formation, proliferation, injury repair, fibrosis
and angiogenesis. Cholangiocyte proliferation occurs
in all pathologic conditions of liver injury where it is
associated with inflammation and regeneration. During
these processes, biliary cells start to secrete different
cytokines, growth factors, neuropeptides and hormones
which represent potential mechanisms for cross talk with
other liver cells. Several studies suggest that hormones,
and in particular, sex hormones, play a fundamental role
in the modulation of the growth of this compartment
in the injured liver which functionally conditions the
progression of liver disease. Understanding the mecha-
nisms of action and the intracellular pathways of these
compounds on cholangiocyte pathophysiology will
provide new potential strategies for the management
of chronic liver diseases. The purpose of this review
is to summarize the recent findings on the role of sex
hormones in cholangiocyte proliferation and biology.

© 2010 Baishideng. All rights reserved.
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INTRODUCTION

The intrahepatic biliary tree is a complex three-dime-
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nsional network of interconnected ducts which starts at
the level of canals of Hering, continues into intrahepatic
ducts of increasing diameter and ends at the level of
the extrahepatic bile ducts". The intrahepatic biliary
tree plays a critical role in many liver functions including
bile formation, regeneration, injury repair, fibrosis,
angiogenesis and regulation of blood flow. Most of
these events are regulated by several neuropeptides,
hormones, cytokines and growth factors which target
cholangiocytes[z‘, the epithelial cells lining the biliary tree.
Cholangiocytes are the preferential target of damage
in a group of chronic cholestatic liver diseases called
cholangiopathies, with a high social and economic
impact due to their high prevalence and morbidity such
as primary biliary cirrhosis (PBC), primary sclerosing
cholangitis (PSC), polycystic liver disease (PCLD) and
cholangiocarcinoma (CCA)B’N. In laboratory animals,
“typical” cholangiocyte proliferation is achieved by a
number of experimental models including bile duct
ligation (BDL), partial hepatectomy, acute CCls feeding
and chronic feeding of a-naphthylisothiocyanate
(ANIT) or bile salts™' In these hyperplastic models,
cholangiocyte proliferation is closely associated with
increased secretin receptor gene expression and secretin-
stimulated cAMP levels"™', A variety of clinical and
epidemiological observations have shown the involve-
ment of sex hormones as inducers of growth and diffe-
rentiation of target cells expressing their receptorsm.
The molecular mechanism of these complicated events,
especially sex hormone-dependent growth enhancement,
has been studied extensively. In MCF-7 cells, an estro-
gen-induced autocrine loop has been demonstrated to
play an important role for estrogen-dependent growth.
Androgen has been also found to promote the growth
of SC-3 cell through the induction of several autocrine
growth factors' .

Sex hormones such as estrogens and androgens have
been well known to regulate the growth of normal as
well as transformed target cells™* . Generally, they have
been proposed to promote cell growth whereas so-called
anti-hormones inhibit the hormone-dependent growth.
For example, anti-androgens such as cyproterone acetate
have also been known to accelerate the growth of pros-
tate cancer in some circumstances' . Conversely, adminis-
tration of a large amount of estrogens frequently causes
the regression of estrogen-receptor-positive breast
cancer'”. Tamoxifen, the most widely used therapeutic
agent of estrogen-dependent breast cancer, exhibits
organ- and species-dependent differences in cell growth
regulation”). Even in the same cells, growth response
to tamoxifen has been observed to differ in a dose-
dependent manner. One plausible explanation is that
two pathways exist for estrogen-dependent growth in
target cells, one for the stimulatory and another for the
inhibitory signal (Figure 1).

In particular, estrogens exert a trophic action in seve-
ral target organs such as liver™ where they modulate
growth and repair, intervening in neonatal liver growth
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and regeneration after injury in adults”. Moreover, ch-
ronic administration of estrogens for pharmacological
purposes induces an enlargement of liver mass™? and
after partial hepatectomy, ERs expression in hepatocytes
increases with subsequent transcription of genes involved
in proliferation to restore a normal liver mass™?". With
this review, we aim to summarize the latest findings about
the role of sex hormones on biliary epithelium function,
their effects and alterations during cholestasis. The role
and mechanism by which sex hormones modulate cho-
langiocyte functions have been explored only over the last

few years at both experimental and clinical levels™ ™",

SEX HORMONES

Hormones are the chemical messengers of the body since
they are involved in transmission of information from
one tissue to another and from cell to cell. Hormones
circulate in the bloodstream and interact with target cells
that possess receptors that can only be activated by a
specific type of hormone. Several kinds of hormones
exist for their structure or activity in the cell. Usually
they are known as steroids and peptides (Figure 2). In
general, steroids are sex hormones, chemical substances
made from cholesterol and produced by a sex gland or
other organ that has an effect on the sexual features of
an organismm. Like many other kinds of hormones, they
may also be artificially synthesized. On the other hand,
peptides are made from long strings of amino acids to
regulate other functions and are sometimes referred to as
“protein” hormones.

Sex hormones are divided into 3 groups: (1) female
sex hormones or estrogens; (2) male sex hormones or
androgens; and (3) pregnancy hormones or progestins.

Estrogens

Estrogen is a generic term for estrus-producing com-
pounds; the female sex hormones including estradiol,
estriol and estrone (Figure 3). In humans, the estrogens
are formed in the ovary, adrenal cortex, testis and
fetoplacental unit and are responsible for female secon-
dary sex characteristic development and, during the
menstrual cycle, act on the female genitalia to produce
an environment suitable for fertilization, implantation
and nutrition of the early embryo"”. Uses for estrogens
include oral contraceptives, hormone replacement
therapy, advanced prostate or postmenopausal breast
carcinoma treatment and osteoporosis prophylaxis® .
They also antagonize the effects of the parathyroid
hormone minimizing the loss of calcium from bones
and thus helping to keep bones strong“”. Estradiol
(E2) is the main female sex hormone. Its actions are
mediated by two members of the nuclear receptor
superfamily, estrogen receptor ERa and ERf, and a
recently discovered G protein-coupled membrane rece-
ptor, GPR30"**. Mechanisms by which ERq, and ERp
bind ligand, dimerize, associate with coactivators or
corepressors and regulate gene transcription are typically
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Growth
inhibition

Growth
enhancement

Estrogen Tamoxifen

Figure 1 Two-pathway theory of estrogen-receptor-dependent growth.
Many estrogen target cells contain growth-stimulatory and -inhibitory pathways.
Both pathways are mediated through ERs. Tamoxifen may possess relatively
high affinity for the growth-inhibitory pathway whereas estrogen can mainly
activate the growth-stimulatory pathway. However, any ligand for ER can
stimulate both pathways.

Hormones

!

\ \
Steroids Peptide hormones

!

Corticoids Sex hormones
Female sex Male sex
hormones hormones
‘ \ Testosterone
Estrogens Progestins

Figure 2 Scheme of the two classes of hormones, steroids and peptide
hormones that successively can be divided in corticoids and sex hormones.

referred to as “genomic” actions""”] which ultimately
regulate both cell proliferation and survival™ . Estro-
gens play biological activities in several organs'” inclu-
ding the cardiovascular system, nervous system, digestive
system and “male” organs such as the prostate. In tar-
get tissues, estrogens may exert opposite actions and
heterogeneous effects*. In detail, overexpression of
ERa has been associated with cancer development and
progression in several organs[14]. The functions of ERf
are linked to a protective effect against uncontrolled
or neoplastic cell proliferation'™”. Tn different types
of cancer, estrogens synergize the effects of growth
factors by acting at both receptor and post-receptor
levels favouring the growth and spreading of tumour
mass™ ", The liver is a hormone-sensitive organ. Both
normal liver and hepatocellular carcinoma (HCC) tissues
from male and female mammals have been shown to
express specific ERs, stimulating both 7z vive and in vitro
hepatocyte proliferationm. Moreover, anti-estrogens
like tamoxifen have been shown to reduce levels of ERs
and to inhibit hepatocyte proliferation following partial
hepatectomy'"”. Long-term use of oral contraceptives
(OCs) and anabolic androgenic steroids (AASs) can
induce both benign and hepatocellular tumors' . Other
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Figure 3 The biosynthesis of the sex hormones starts with the oxidation of
the side chain of cholesterol, which is catalyzed by the enzyme cytochrome
P450scc to form pregnenolone. The next steps in the biosynthesis of
testosterone can proceed via two different routes. Pregnenolone can be oxidised
first by cytochrome P45017a to 17a-hydroxypregnenolone. The enzyme 33-HSD
also can convert pregnenolone first into progesterone. Both pregnenolone and
progesterone are accepted as substrate by the enzyme cytochrome P45017.. In
this way, after 3B-hydroxy-5-androstene-17-one (DHEA) synthesis, there is the
testosterone and successively the estradiol formation.

Testosterone

experimental findings suggest that estrogens have nu-
merous neuroprotective actions. This responsiveness can
diminish with age, reducing neuroprotective actions of
estrogen“s]. Hormonal treatment plays an established
role in several solid tumors, first of all in breast cancer
where, for the last decades, the antiestrogen tamoxifen
has been the most commonly used treatment for pati-
ents with estrogen receptor alpha (ER)-positive breast
cancer'"”. Tamoxifen is characterized by a favourable
toxicity profile which, together with the easy oral admi-
nistration, makes this drug an interesting candidate for
treatment of other solid tumors potentially responding
to hormonal mar]jpulation[74'77]. In addition, there is in-
creasing evidence showing that adipose tissue is a site
of steroid metabolism, including the interconversion
of estrone (E1) and E2. The presence of both estrogen
receptors (ERo and ERP) in preadipocytes and ma-
ture adipocytes strongly suggest a role for active es-
trogen in these cells. For that reason, adipose tissue
can be considered a significant source of estrogenic
compounds.

Androgens

Androgens are a special kind of fat molecule with a
four-ringed, carbon atom backbone or core™. A seties
of chemical reactions transform cholesterol first into
the steroid pregnenolone and then into testosterone and
other androgens (Figure 3). Like all steroid hormones,
androgens produce effects by docking with receptors
on the cell’s membrane surface or inside the cell in the
liquid cytoplasm[zuj. The steroid hormone/receptor
unit moves into the nucleus activating specific genes.
These genes drive the cell changes guiding androgen-
controlled growth and developmentm]. Scientists have
studied androgens since the 18th century. John Hunter
initially described androgenic actions in 1771. Almost
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Figure 4 Scheme of hypothalamic-pituitary-gonadal (HPG) axis control
exerted by both circulating and in situ locally produced estradiol in
men. This axis controls development, reproduction, and aging in animals. The
hypothalamus produces gonadotropin-releasing hormone (GnRH). The pituitary
gland produces luteinizing hormone (LH) and follicle-stimulating hormone (FSH),
and the gonads produce estrogen, progesterone and testosterone from different
kinds of cells.

two century later in 1935, Leopold Ruzicka worked out
the chemical structure of the “androgenic principle”
from the testes, calling it testosterone . Testosterone
and dihydrotestosterone (17-beta-hydroxy-5-alpha-an-
drostan-3-one) are the most potent androgens in hu-
mans and four-legged vertebrates”™. The weaker andro-
gens androstenedione and dehydroepiandrosterone
(DHEA) occur in small amounts in all vertebrates”
Testosterone is essential for the production of sperm
and is manufactured by the interstitial Leydig cells of
the testes. Its secretion increases sharply at puberty
and is responsible for the development of the so-called
secondary sexual characteristics of men during puber-
ty. Synthetic testosterone analogs are used in medicine
to promote muscle and tissue growth in patients with
muscular atrophy™. Testosterone therapy is indicated
in adult men for the treatment of hypogonadism™'.
Over the last three decades it has become apparent that
testosterone plays a significant role in the maintenance
of bone and muscle mass, in erythropoiesis and in
mental functions. Androgens are also key players in
glucose homeostasis and lipid metabolism and exert
an important role in liver. In fact, it has been observed
that androgen receptors (ARs) are present in normal
liver tissue from both males and females and that their
expression is increased in tumor tissue''. Moreover,
cross-sectional epidemiological studies have reported
a direct correlation between plasma testosterone and
insulin sensitivity and low testosterone levels are asso-
ciated with an increased risk of type 2 diabetes mellitus,
dramatically illustrated by androgen deprivation in men
with prostate carcinoma'*!. Prostate cancer is one of
the most common cancers among men and androgens
are involved in controlling the growth of androgen-
sensitive malignant prostatic cells®. The model of
LNCaP prostate cancer cell line was used to study
androgen and estrogen metabolism during the transfor-
mation process. It was discovered that substantial chan-
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ges in androgen and estrogen metabolism occur in the
cells during the processmm
androgen actions in protecting the brain against neuro-
degenerative diseases and their positive effects on age-
related testosterone loss in men and increased risk for
Alzheimer’s disease (AD)?". The successful use of
hormone therapies in aging men and women to delay,
prevent and/or treat Alzheimet’s disease will require
additional research to optimize key parameters of hor-
mone therapy™.

. Recent evidence indicates

Progestins

The term progestins is defined as the natural or synth-
etic progestational substances that mimics some or all
of the actions of progesterone, a crude hormone of
the corpus luteum from which progesterone can be
isolated in pure form™. Progesterone is responsible for
preparing the uterus for implementation of the fertilized
egg. It also has an important role as a birth control
agent[3[)]. It is a steroid hormone produced in the ovary
under the control of the pituitary gonadotropins”**
(Figure 4). It has also been recently demonstrated that
the synthetic progestogen, levonorgestrel, increases
progesterone accumulation in cultured, stable porcine
granulosa cells, the ]C—410[81’93]. Results of those studies
have been interpreted to suggest that progestins may
affect progesterone synthesis by the regulation of
steroidogenic enzymes, the cytochrome P450 side-
chain cleavage (P450sc) and 3f-hydroxysteroid dehy-
drogenase (BB—HSD)D”. The genomic action of proges-
terone is mediated by two progesterone receptor (PR)
isoforms, A and B, PR-B is a strong activator of
gene transcription, whereas PR-A can act as a ligand-
dependent trans-repressor of PR-B"?. The large majority
of PR target genes have been identified in breast cancer
cells®™™. Different evidence indicates that this hormone
also exerts neuroprotective effects on the central nervous
system (CNS). Its neuroprotective actions make it a
particularly promising therapeutic agent for neuroinjury
and neurodegenerative diseases. Progesterone appears
to exert its protective effects by protecting or rebuilding
the blood-brain barrier, decreasing the development
of cerebral edema, down-regulating the inflammatory
cascade and limiting cellular necrosis and apoptosism].
The family of anti-progestins, i.e. mifepristone, includes
pure agonists such as progesterone itself or progestins
and, at the other end of the biological spectrum, pure
progesterone receptor antagonists (PA). Selective proges-
terone receptor modulators (SPRM) have mixed agonist-
antagonist properties and occupy an intermediate po-
sition of the spectrum. Mifepristone is used to termi-
nate pregnancy*[34]. Many PA and SPRM display direct
antiproliferative effects in the endometrium although
with variable actions which seem product- and dose-
dependent. This property justifies their use in the
treatment of myomas and endometriosis. Interestingly,
clinical data show that treatment with these compounds
is not associated with hypo-estrogenism and bone
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loss. The potential clinical applications of these com-
pounds cover a broad field and are very promising
in major public health areas. Further developments
might also include hormone replacement therapy in
post-menopausal women as well as the treatment of
hormone-dependent tumors” .

Other sex hormones

Another group of substances secreted by the pituitary
gland can be defined sex hormones. They include the
follicle-stimulating hormone (FSH), the luteinizing
hormone (LH) and the prolactin (Prl). The synthesis
and secretion of estrogens is stimulated by FSH which
is in turn controlled by the hypothalamic gonadotropin
releasing hormone (GnRH) (Figure 4). High levels of
estrogens suppress the release of GnRH providing a
negative-feedback control of hormone levels™. Pro-
gesterone production is stimulated by LH which is also
stimulated by GnRH™. Elevated levels of progesterone
control themselves by the same negative feedback loop
used by estrogen™. The two gonadotropins, FSH and
LH, are key regulators of ovarian cell functions and
the potential role of gonadotropins in the pathogenesis
of ovarian cancer is suggested. The presence of gona-
dotropins in ovarian tumor fluid and their receptors
expression suggests the importance of these factors in
the transformation and progression of ovarian cancers
as well as being prognostic indicators”*”". The recent
cDNA microarray analyses and characterization in
the molecular mechanisms of gonadotropin signaling
have indicated the effects of gonadotropins on the re-
gulation of some ovarian cancer cell growth, survival
and metastasis that may involve other growth factors"™
Prl is another hormone released by the pituitary gland
that stimulates breast development and milk production
in women"”. It is secreted by so-called lactotrophs in
the anterior pituitary as a prohormone. Although the
pleiotropic actions of Prl are recognized, its role in
regulating growth and differentiation of mammary tissues
is better understood”””. Several lines of evidence have
also indicated that P1l acts as an autocrine, paracrine and
endocrine progression factor for mammary carcinoma
in vitro and in vivo in rodents and humans™". These data
include recent epidemiologic studies indicating that
postmenopausal women with ‘high-normal’ levels of
Ptl are at increased risk of breast cancer”"™. Elevated
prolactin (hyperprolactinemia) may be due to a benign
tumor in the pituitary gland called a prolactinoma. Abno-
rmally low prolactin (hypoprolactinemia) can cause
menstrual disorders and lead to inadequate lactation”"
It is concluded that the rat is a predictive model for hu-
man mammary carcinogenesis and that rat mammary
carcinogenesis induced by hyperprolactinaemic drugs may
have greater imporlg}nce in human toxicological risk than

previously thought ™.

ESTROGENS AND BILIARY EPITHELIUM

Estrogens and their metabolites have been hypothesized
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to have a pathogenic role in the diseases which pre-
ferentially affect the female sex!1”
marked alterations of estrogen hepatic metabolism oc-
curs in cholestasis which is one of the hallmarks of cho-
langiopathies, including the decreased hepatic levels of
P450-dependent microsomal enzymes with a consequent
enhanced estradiol serum level™'. Over the last years, we
have discovered that rat cholangiocytes express both ERq,
and ER subtypes while hepatocytes only express ERa™.
In addition to that, cholangiocyte proliferation after BDL
is associated with a marked increase in the expression
of ER and especially the ERf while hepatocytes which
do not proliferate after BDL display a decrease of ERa
protein expression*” (Figure 5). This important role
of estrogens in modulating cholangiocyte proliferation
during BDL is associated with enlarged bile duct mass and
enhanced estradiol serum levels™.

The role of estrogens in modulating cholangiocyte
proliferation has been confirmed by experiments show-
ing that when BDL rats were treated with tamoxifen or
the pure ER antagonist, ICI 182,780, the intrahepatic
bile duct mass was markedly decreased in comparison
with the control rats by impaired proliferation and
enhanced cholangiocyte apoptosis. In breast cancer
and hepatocellular carcinoma, tamoxifen induces cell
death by multiple mechanisms including the blocking
of the mitogenic effect of estrogens and induction of
apoptosis-related genesm]. In fact, the Fas receptor/
Fas ligand pathway plays a crucial role in tamoxifen-
induced apoptosis in hepatocellular carcinoma and cho-
langiocarcinoma cell lines"""". To support the positive
modulatory effect of estrogens on cholangiocyte prolife-
ration, in vitro experiments show that proliferation of
isolated rat cholangiocytes were significantly increased
by 17B-estradiol and that these effects were individually
blocked by ER antagonistslzg]. Regarding the role of
endogenous estrogens on modulating cholangiocyte
proliferation during experimental cholestasis, we also
evaluated the effects of ovariectomy (OVX) and estrogen
replacement treatment in BDL rats™. OVX rats were
submitted to BDL and the bile duct mass was compared
with control BDL rats submitted to sham-OVX and with
BDL-OVX rats treated with exogenous administration
of 17p estradiol. OVX induced a significant reduction
of bile duct mass in BDL rats that was associated
with a decreased expression of ERB. Administration
of 17f estradiol induced a normalization of bile duct
mass, ER expression and cholangiocyte proliferation in
comparison with untreated BDL rats. A probable cross-
talk between estrogens and growth factors including
IGF1 (insulin like growth factor) has been proposed
and later demonstrated that result in a synergistic gro-
wth stimulation™"'”. This signaling cascade, typically
activated by growth factors acting through tyrosine
kinase receptors, involves the recruitment of the steroid
receptor-coactivator (Src) and adapter protein She (Src-
homology/collagen protein) which act upstream to
the mitogen-activated protein (MAP) kinase isoforms

|, Furthermore,
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BDL rat

Figure 5 Some representative inmunohistochemistry for Era, progesterone and prolactin receptors in normal and bile duct ligation (BDL) rats. A, B: Era
receptors; C, D: progesterone receptors; E, F: prolactin receptors. The expression of all these receptors is highly increased after BDL compared with that in the biliary

epithelium of the normal animal. Original magnification x 40.

)[113,114]

ERK1/2 (extracellular signal-regulated kinase
We found that cholangiocyte proliferation induced by
BDL involves the activation of the Stc/Shc/ERK sig-
nalling cascade blocked through administration of ER
antagonists'*.

Normally, human cholangiocytes do not express
ERs but they stain positive for ERq and [ in different
pathological conditions such as primary biliary cit-
thosis (PBC)"", polycystic liver disease""™ and cholan-
giocarcinoma''**!. All these conditions are characterized
by reactive or neoplastic cholangiocyte proliferation, sug-
gesting that estrogens and their receptors may play a role
in modulating the proliferative activities of cholangiocytes
and therefore the course of these diseases.

PBC is one of the chronic cholestatic liver diseases
which represent the most frequent acquired cholangi-
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opathy. This is an autoimmune liver disease in that
the key pathology involves the attack upon the small,
microscopic bile ducts by immune system inflammatory
cells. The result is a chronic granulomatous inflammatory
infiltrate invading and progressively destroying the small
bile ducts within the portal tracts of the liver*. The
disease predominantly affects females with a typical clini-
cal presentation occurring during the peri- and post-
menopausal period””. Recent findings suggest that
estrogens may influence the course of PBC by directly
modulating the pathophysiology of cholangiocytes”".
In fact, in PBC, such as in other chronic cholestatic
conditions, estrogen serum levels are increased as a con-
sequence of impaired hepatic metabolism and biliary
excretion of estrogens and their metabolites™. How-
ever, estrogen replacement therapy as osteoporosis
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Figure 6 Immunohistochemistry for ERc., progesterone and prolactin receptors in liver sections from patients affected with polycystic liver disease.
A: Era receptors; B: progesterone recepors; C: prolactin receptors. Also in course of human cholangiopathies, these three considered receptors seem to play an

important role in cholangiocyte physiology. Original magnification x 20.

treatment has been shown to be safe in PBC patients'™’

These clinical studies allowed summarizing the concept
that administration of estrogens in PBC patients exerts
deleterious effects on the liver but they can improve
liver function. During PBC, the ER expression varies
according to different stages and correlates with mar-
kers of proliferation and apoptosis. ERa expression
increases from 1% of cholangiocytes in PBC stage
[ to 12% in stage Il while ERP is stably high in all
histological stages. Interestingly, in stages [ -1, ERa
expression co-localizes with PCNA indicating that the
expression of this receptor subtype is a typical feature
of proliferating cholangiocytes. Furthermore, in stage
IV of PBC where there is the maximal degree of duc-
topenia, cholangiocytes are negative for ERq and ex-
press the lowest proliferation/apoptosis ratio” ", We
can speculate that a relative proliferative deficiency of
cholangiocytes in the terminal ductopenic stages of PBC
is associated with the disappearance of ERqa. These
findings could have important therapeutic implication by
the modulation of ERs. To this latter regard, preliminary
clinical observations indicate that tamoxifen improves
biochemical parameters of cholestatis in PBC patients.
Interestingly, through the ERaql, estrogens can positively
modulate the GH/ IGF-1 axis™".

Autosomal dominant polycystic kidney disease
(ADPKD) is one of the most prevalent human genetic
diseases”™. Hepatic cysts are the most common extra-
renal clinical manifestation of ADPKD"". Estrogens
have a role in the development and progression of
hepatic cysts in ADPKD patients. The probability of
developing hepatic cysts is higher in women than in men.
Many studies and the clinical observations show a strict
estrogen sensitivity of cyst formation and progression
in ADPKD patients**'*!, First of all, the epithelial layer
of hepatic cysts presents the expression of ERB and
this occurs in all cysts examined, whereas the staining
for ERa was less evident (Figure 6). Estrogens act not
only directly but also by promoting the synthesis and

release of growth factors from the cyst epithelium[“S]
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These findings show how the formation and progression
of hepatic cysts is highly sensitive to changes in the
estrogen status in the bodyH’“S].

Cholangiocarcinoma is a malignant tumor arising
from cholangiocytes and characterized by a poor prog-
nosis and scarce response to current therapies'™ ",
Human intrahepatic cholangiocarcinoma and the human
intrahepatic cholangiocarcinoma cell line HuH-28 express
ERs. The use of 17f-estradiol stimulates proliferation
and inhibits apoptosis of HuH-28 cell lines, findings
comparable with the proliferative response of MCF7, a
breast cancer cell line. Proliferation of these cells induced
by 17B-estradiol is associated with enhanced protein
expression of ERa, p-ERK1/2 and pAKT but with
decreased protein expression of ERBDZ’“(’]. This further
supports the role of ERq in the estrogen-dependent
modulation of neoplastic cell growth. Estrogens appear
to act in several critical points of the IGF signal transduc-
tion pathway. ERq and IGF-1R have been shown to
co-precipitate and their state of activation as well as
the related signaling pathways have been shown to be
potentiated by their coupling[szl. Finally, this mechanism
may converge at different common transduction path-
ways modulating proliferation including ERK and phos-
phatidylinositol-3 kinase/Akt pathways[sal. Thus, the role
played by estrogens and their receptors in the growth
of ER-positive neoplasms represents the basis for the
pharmacological treatment and/or prevention of different
cancers with ER antagonists.

ANDROGENS AND BILIARY EPITHELIUM

The role of androgens on biliary epithelium has been
pootly investigated. In fact, we have only preliminary data

on the castration effects in normal and experimental rat
model of BDL in which there is a decrease in androgen
receptors expression and impairment in cholangiocyte
growth especially after bile duct ligation to support the
hypothesis that testosterone, as estrogens, may play a
key role in biliary epithelium proliferation”™. In human
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conditions, several studies exist on the use of anabolic
androgenic steroid (AAS). They are frequently utilized
at high doses by bodybuilders to achieve a rapid increase
in muscle mass although they are associated with a
number of side effects. Several liver disorders have been
reported to be associated with AAS consumption such
as cholestasis, peliosis hepatis and liver tumors”™. In
recent times, this use has also been proved to be involved
in the development of hepatic adenomas (HA)"". Al-
though more than 750 cases of oral contraceptive-
induced HA have been reported, apparently androgen-
induced HA are relatively rare. HA are not malignant
tumors but surgical intervention may be required if
sudden massive bleeding or liver failure occurs; rupture
of HA with haemoperitoneum can be a life threatening
complicationlS7J. A non-surgical approach should be
considered for androgen-induced HA given that some
tumors have regressed after AAS administration was
stoppedﬁg]. In any case, after a diagnosis of liver tumors

the administration of AAS should cease™ .

PROGESTINS AND BILIARY EPITHELIUM

As previously summarized, a number of studies have
shown that, not only estrogens and androgens but also
progestins strongly regulate cholangiocyte functions.
Glaser ¢ a/ have been found that female and male rat
cholangiocytes express nuclear and membrane receptors
that bind progesterone (PR, PGRMC1, PGRMC2,
and mPRay). Following chronic administration of pro-
gesterone to normal female and male rats, there is an
increase in biliary growth which can be partly preven-
ted by the simultaneous administration of the nuclear
progesterone receptor antagonist RU-486"" or with
administration of a neutralizing anti-progesterone anti-
body™”". Finally, this study also demonstrated for the first
time that the biliary epithelium possesses the enzymatic
pathway for the steroidogenesis of progesterone and
secrete progesterone, indicating that, in addition to a
paracrine pathway, cholangiocytes regulate their growth
(136142 (Figure 6). In humans,
the concentrations in serum of sulfated metabolites
of progesterone are known to be elevated in patients
with intrahepatic cholestasis of pregnancy (ICP)".
Some studies propose that patients with ICP have a
selective defect in this secretion into bile probably for
a genetic polymorphism of canalicular transporters for
steroid sulphates ot their regulation. Interaction with
estrogen metabolites may further enhance the process
triggering ICP in genetically predisposed individuals™.
Ursodeoxycholic acid, an important bile acid, stimulates
the biliary excretion of these metabolites, particularly
those with a 3alpha-hydroxy-5alpha (H) configuration
and disulphates. The effect appears to be independent
of the stimulation of bile acid secretion. An effect of
ursodeoxycholic acid on the reductive metabolism of
progesterone cannot be excluded™.

in an autocrine mechanism
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OTHER SEX HORMONES AND BILIARY
EPITHELIUM

Information on the role of FSH in liver pathophysiology
is limited®. A study has demonstrated that liver cirrhosis
is associated with endocrine dysfunction, notably in the
gonadal axis'”!. In males it has been recognized that
cirrhotic liver disease is associated with hypogonadism
and feminization parallel with impairments in the se-
rum level of sex hormones . The derangement of
hypothalamic-pituitary function may play a role in the
sexual dysfunction and changes in sex hormones in male
patients with cirrhosis'®. For the first time, we have
shown that the biliary epithelium expresses FSHR and
that FSH is a trophic factor for the biliary epithelium since
chronic administration of FSH to normal rats increased
cholangiocyte proliferation and intrahepatic ductal mass
by cAMP-dependent phosphorylation of ERK1/2 and
Elk-1"" In support of the findings that FSH treatment
increases cholangiocyte FSH receptor expression, it has
been demonstrated that it induces follicular growth and
ovulation together with an increase in FSH binding and
mRNA levels in ovaries' 'Y, In addition, another study
has demonstrated that treatment of these cells with
FSH increases the levels of two FSH receptor mRNA
transcriptswj. Although FSH may modulate cholan-
giocyte growth by a paracrine mechanism, our studies
support the novel concept that FSH is a key player in
the autocrine loop regulating the balance between cho-
langiocyte proliferation and loss. These findings have
important pathological implications since modulation of
cholangiocyte expression and secretion of the trophic
factor FSH may be important in the management of
chronic cholestatic liver discases' .

Regarding the other gonadotropin, it has been ob-
served that with a reduction in the plasma level of tes-
tosterone there is an elevation of the LH level in BDL
rats demonstrating a primary defect in testosterone pro-
duction by testes' .

If the BDL rats were treated with L-NAME, a NO
inhibitor, to reduce its over production during bile duct
ligation, there is an interesting effect on the LH levels™.
Prolonged L-NAME treatment could not decrease the
elevated level of LH in BDL rats while it could increase
the level of testosterone in those rats. These data suggest
that the primary effect of bile duct ligation is at the level
of Leydig cells and the increase of LH is secondary to the
decrease in circulating testosterone. One interpretation
is that L-NAME has only a partial effect on the NO
inhibited Leydig cells which can produce normal levels of
testosterone after being stimulated by an increased level
of LH. The other interpretation is based on the complex
effect of NO on gonadotropin secretion. In fact, it has
previously been clearly demonstrated that NO stimulates
LHRH secretion by activating guanylate cyclase and
supports a potential role of NO as a neuroactive agent
involved in the control of LHRH secretion and, thereby,
reproductive functions!®. It has also been suggested
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that the endogenous level of NO may determine the
sensitivity of GnRH-stimulated gonadotropin released by
the anterior pituitary" ",

In addition, P1l participates in the regulation of liver
function. Their receptors (PrlR) are expressed by rat
hepatocytes in the sinusoidal domain of cellular memb-
ranes and in perinuclear areas'”. They are also expressed
by human hepatocytes of patients with obstructive
jaundice of different etiology but prolactin receptor
expression is lower in hepatocytes compated to human
cholangiocytesm. The expression pattern and regulation
of PrIR isoforms is totally different in cholangiocytes
compared to hepatocytes. In fact, mature rat cholangio-
cytes express low levels of PrlR while it is very high
in hepatocytes; only the long isoform is detected in
cholangiocytes while the short isoform predominates
in hepatocytes; and PrlIR levels in cholangiocytes are
induced by obstructive cholestasis while it is the opposite
in hepatocytes. From these data, the actions of prolactin
on liver are anticipated to exhibit strong cell-type spe-
cificity in both normal and pathological conditions'™
(Figure 6).

Taffetani ef a/ have demonstrated that Prl regulates
the growth of female cholangiocytes, presumably
by an autocrine mechanism. In fact, cholangiocytes
from normal and BDL female and male rats express
prolactin receptors. Furthermore, Prl has a trophic effect
on the growth of normal female cholangiocytes by
phosphorylation of PKCB-1 and dephosphorylation
of PKCq. In addition, cholangiocytes express the
protein for and secrete prolactin, suggesting that
prolactin participates by an autocrine mechanism in
the modulation of cholangiocyte proliferation and that
it may be an important therapeutic approach for the
management of cholangiopathies“sz’l59].

CONCLUSION

A large body of evidence supports the therapeutic po-
tential of sex hormones in animal models and human
clinical conditions in the modulation of cholangiocyte
growth/loss. Mechanisms of action for most of them
have been studied and others are in the course of study.
Further investigations are needed to elucidate the precise
mechanism of androgens, progestins and their receptors in
regulating normal liver physiology and pathophysiology of
cholestatic diseases. All of this interestingly suggests that
sex hormones represent novel and important treatment
options that could beneficially affect the pathophysiology
of the biliary epithelium. Sex hormones clearly function
as more than reproductive compounds by exhibiting a
myriad of roles that are also essential to protect liver and
biliary functions. In particular, the main concept is that
estrogens and probably other hormones act by synergizing
the effects of growth factors. This interaction may have
more clinical implications for diseases involving the biliary
epithelium in which cholangiocyte proliferation is a typical
hallmark influencing disease progression and may also be
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relevant in the course of the neoplastic transformation. In
conclusion, sex hormones are regulators of cholangiocyte
proliferation in cholestasis and their modulation could
represent a future therapeutic strategy for the management
of cholangiopathies.
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The intrahepatic biliary tree is network of interconnected
ducts, which play a key role in determining the final
composition of the bile reaching the duodenum by
Absiract a series of secretive and absorptive events”. Cho-
langiocytes are the epithelial cells that line the biliary
tract and regulate these secretive and absorptive events.
These cells also possess marked proliferative capacity,
which is evidenced during experimental conditions

Biogenic amines, such as serotonin and dopamine,
regulate a multitude of cellular responses. A great
deal of effort has been invested into understanding
the effects of these molecules and their correspon- - - At
ding receptor systems on cholangiocyte and cholang- such as chglestams induced by bile (:luct ligation (BDL),
iocarcinoma secretion, apoptosis and growth. This ~ 2s well as in human cholangiopathies such as primary
review summarizes the results of these efforts and  biliary cirrhosis (PBC), primary sclerosing cholangitis
h|gh||ghts the importance of these regu|at0ry mo- (PSC) and extrahepatic biliary obstruction and biliary
lecules on the physio|ogy and pathophysi0|ogy of atresia“’z]. These disorders are responsible for 20% of
cholangiocytes. Specifically we have focused on the the liver transplantations among adults and close to

recent findings into the effects of serotonin and do-  50% in pediatrics in the United States”. The ductal
pamine on cholangiocyte hyperplasia and neoplastic reactions during these diseases range from hyperplastic
growth. cholangiocyte proliferation to severe ductopenia“‘“.
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What regulates cholangiocyte proliferation and death
and how these mechanisms fail is still undefined.

BIOGENIC AMINES

Serotonin, norepinephrine, epinephrine, dopamine, and
histamine are often collectively referred to as “biogenic
amines”””". These agents play key roles in neurotrans-
mission and other signaling functions””). They are
relatively small in size, can act as neurotransmitters to
elicit various physiological responses and all have various
other sites of action throughout the bodywl. Generally,
they can be synthesized at various sites throughout the
body and are released from intracellular vesicles into
the surrounding tissue where they can then bind to cell
membrane-located receptors on the neighboring cells to
elicit their responsesm. These molecules are capable of
affecting mental functions such as mood and appetite as
well as regulating blood pressure, body temperature and
other bodily processesm. This review will focus on the
effects of serotonin and dopamine on the hyperplastic
and neoplastic proliferation of cholangiocytes.

SEROTONIN

Serotonin, or 5-hydroxytryptamine (5-HT), is a neuro-
endocrine hormone that is synthesized in serotonergic

1]

neurons in the central nervous system' and in ente-

rochromaffin cells throughout the gastrointestinal
tract'”. It is synthesized by the systematic hydroxylation
and decarboxylation of the amino acid tryptophan by
the enzymes tryptophan hydroxylase (TPH1) and amino
acid decarboxylase, respectively[()]. There are 16 serotonin
receptors through which serotonin exerts its multiple
effects. With the exception of the 5-HT3 receptor, a
ligand-gated ion channel, all other 5-HT receptors are
G protein-coupled, seven transmembrane receptors that
activate intracellular secondary messenger systemsm.
Once serotonin has activated the receptor it is cleared
from the extracellular space by specific re-uptake trans-
porters whereupon it undergoes catabolism"?. Degra-
dation of serotonin is carried out primarily by the enzy
me monoamine oxidase (MAO), which occurs as two
molecular subtypes called MAO A and MAO B, which
have some differences in their tissue and cellular distri-
butions'”. MAO A is more selective for serotonin oxi-
dation (and has a higher affinity for the substrate) than
MAO B, as it is able to metabolize serotonin with a
much lower Km value'.

Serotonin in liver function

Serotonergic nerve fibers are part of the autonomic
nervous system and nerve endings have been found
on the branches of the hepatic artery, portal vein, bile
ducts and connective tissue of the interlobular septa
in humans'”, as well as in portal tracts and the fibrous
septa within rat hepatic lobules"”. The function of se-
rotonergic fibers in liver function appears to be related
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to the regulation of blood flow through the portal vein

as well as sinusoidal blood flow!".

Serotonin in cell proliferation

In the liver, inhibition of the 5-HT?2 receptors by ketan-
serin arrested liver regeneration only when administered
late (16 h) after partial hepatectomy, suggesting that
serotonin may have a role in the G1/S transition check
point through 5-HT?2 receptors“sl. Studies have shown
that liver regeneration after partial hepatectomy was
completely dependent upon platelet-derived serotonin,
as a mouse model of thrombocytopenia inhibited not-
mal liver regeneration in a 5-HT?2 receptor-dependent
manner"”,

Serotonin is involved in the pathogenesis of certain
clinical features of cholangiopathies: pruritus and fatigue
in particularpo’zﬂ. In animal models of chronic cholestasis,
this may be due to an enhanced release of serotonin in
the central nervous system and its subsequent interactions
with subtype 1 serotonin receptorsm.

Recently, it was demonstrated that cholangiocytes
have the capacity to synthesize and secrete serotonin,
both of which are increased in proliferating rat cho-
langiocytes after BDL". In addition, the 5-HT 1A and
1B receptors are found predominantly on the baso-
lateral membrane of cholangiocytes in the liver™. Tt
was postulated that this autocrine loop is integral in
limiting the growth of the biliary tree as a result of
chronic cholestasis. This was based on the observation
that chronic treatment of rats with the 5-HT 1A and 1B
receptor agonists inhibited cholangiocyte proliferation
in BDL rats™. Furthermore, this effect is more than
likely due to a direct effect of the receptor agonists
on cholangiocytes, as the treatment of cholangiocytes
with serotonin had a similar inhibitory effect. By im-
munoneutralizing the endogenous serotonin secreted
from cholangiocytes as a result of BDL, using an anti-
serotonin antibody, we were able to enhance the growth
of the biliary tree in the course of chronic cholestasis,
suggesting that the autocrine secretion of serotonin
does, indeed, play an important role in the control of
cholangiocyte growth[zz].

Certain physiological aspects of cholangiocyte func-
tion were also inhibited by 5-HT 1A and 1B receptor
agonists in proliferating cholangiocytes after BDL, but
not in mitotically dormant cholangiocytes[zz] Both sec-
retin-stimulated bile and bicarbonate secretion were
inhibited by chronic /7 vivo administration of the sero-
tonin receptor agonists[zz]. In freshly isolated cultures
of cholangiocytes, serotonin receptor agonists inhibited
both secretin-stimulated cAMP synthesis and protein
kinase A (PKA) activity™. This suggests that activation
of both 5-HT 1A and 1B receptors can modulate not
only cholangiocyte proliferation and survival, but also
physiological functions of cholangiocytes.

The intracellular signaling pathways that may be
responsible for the antiproliferative effects of serotonin
are associated with enhanced IPs levels, increased Ca”'-
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Figure 1 Schematic representation of the mechanism of the serotonin-
induced decrease in cholangiocyte proliferation. Activation of 5-HT
1A/1B receptors results in an increase in IPs/Ca®/PKC pathway, which in turn
decreases the adenylyl cyclase/cAMP/PKA/ERK1/2 pathway. This ultimately
leads to a decrease in cholangiocyte proliferation. (This figure was adapted
from DeMorrow et af and reproduced with permission from the Society for
Experimental Biology and Medicine).

dependent PKC activity and a reduction in the cAMP/
PKA pathway[zz]. Downstream of these events is a re-
duction in the activation of the Src/ERK1/2 cascade,
which directly effects cholangiocyte proliferationm]. A
schematic representation of this pathway can be seen in
Figure 1 (adapted from™).

A role for serotonin in biliary choleresis is also sup-
ported by the observation that selective serotonin reuptake
inhibitors such as citalopram and paroxetine have been
linked with cholestasis as well as severe acute and chronic
hepatitis in humans™ ™. However, the mechanisms by
which selective serotonin reuptake inhibitors contribute to

. 1
cholestasis are unknown!".

Serotonin control of neoplastic growth in the biliary
epithelium
Several opposing effects of serotonin on tumor growth
have been reported”. On one hand, serotonin is known
as a growth factor for several types of non-tumoral
cells”™* and it has been proposed to take part in the
autocrine loops of growth factors contributing to cell
proliferation in aggressive tumors such as small cell
lung carcinoma®™, prostate cancer™, breast cancer”™
and bladder cancer™. In contrast, several studies have
reported that serotonin can inhibit tumor growth, mainly
via the specific vasoconstrictive effects of serotonin on
the vessels irrigating the tumors™**. In addition, the
synthesis and secretion of serotonin have previously been
shown to be dysregulated in neuroendocrine tumors, with
these cells possessing a higher biogenic amine content
than normal cells” ™",

We have recently shown that serotonin is overpro-
duced in cholangiocarcinoma. It can be detected in the
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supernatant from cholangiocarcinoma cell lines as well
as in the bile taken from cholangiocarcinoma patients
at higher levels, compared to those with non-malignant
biliary diseases””. Further analysis revealed disequilibrium
between the synthesis and degradation pathways of
serotonin®™, Specifically, the rate-limiting synthesis enzy-
me TPHT1 is overexpressed in cholangiocarcinoma cell
lines and tumor tissue, whereas the expression of MAO
A is dramatically downregulated”. This increase in
serotonin production has growth-promoting effects on
cholangiocarcinoma and blocking serotonin synthesis by
treating animals with a specific TPH1 inhibitor effectively
reduces tumor growth"™.

Precisely why serotonin goes from having growth-
suppressing activities in non-malignant cholangiocytes
to promoting growth in neoplastic cholangiocarcinoma
cells is unknown and is a topic of ongoing research in
our laboratory.

DOPAMINE

Dopamine is synthesized mainly by nervous tissue
and adrenal glands, first by the enzymatic conversion
of tyrosine to DOPA (3,4-dihydroxyphenilalanine) by
tyrosine hydroxylase and then by the decarboxylation
of DOPA by aromatic-L-amino-acid decarboxylase.
As a member of the catecholamine family, dopamine
is also a precursor to epinephrine and norepinephrine.
The dopamine receptors are a class of metabotropic G
protein-coupled receptors and, to date, there are 5 types:
D1-D5". Activation of these receptors has differing
effects on signal transduction pathways. For example, the
D1 receptor interacts with the Gs complex to activate
adenylyl cyclase, whereas the D2 receptor interacts with
Gi to inhibit cAMP producrionm]. As with serotonin,
dopamine is rapidly cleared from the extracellular space
by a dopamine-specific re-uptake transporter whereupon
it is degraded, predominantly by MAO A™,

In the brain dopamine acts as a neurotransmitter
whete it activates dopamine receptors, but it can also act
as a neurohormone which is released by the hypothalamus
and exerts various effects on the pituitary[m. Dopamine
has been implicated in the etiology of Parkinson’s dis-
ease™ and schizophrenia and plays a major role in the
reward system of behavior!™,

Dopamine in hyperplastic cell proliferation in the liver

The studies into the effects of dopaminergic innervation
on cholangiocytes have focused on the D2 dopamine
receptor®. Expression of the other dopamine recep-
tors was absent from cholangiocytes under all condi-
tions studied (mitotically dormant and proliferating
cholangiocytes), whereas the D2 dopamine receptor
was expressed in normal cholangiocytes and markedly
upregulated after BDL™. In similar experiments to
those described above for serotonin, the effects of
D2 dopamine receptor activation on other aspects of

cholangiocyte physiology have been determined”.
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ApkC

Decreased
ductal secretion

Figure 2 Schematic representation of the mechanism of the dopamine-
induced decrease in ductal secretion. Activation of D2DR results in an
increase in IPs/Ca”/PKC pathway, which in turn decreases the ductal secretion.

Infusion of quinelorane had no effect on basal bile flow
and bicarbonate concentration and secretion. However,
co-infusion of quinelorane with secretin resulted in a
decrease in secretin-stimulated bile flow and bicarbonate
secretion, an effect that could be abolished with the D2
receptor antagonist eticlopride™. Tt has been repeatedly
demonstrated that agents that inhibit secretin-stimulated
bile flow also exhibit growth-suppressive actions on cho
langiocytes™***, This further supports a tentative role
for D2 dopamine receptor activation in the suppression
of cholangiocyte proliferation after BDL.

The mechanism by which quinelorane inhibits secre-
tin-induced ductal secretion and, by extension, cholan-
glocyte growth, is similar to that observed after serotonin
receptor activation. That is, quinelorane activates the
Ca”*"-dependent Protein kinase C (PKC)-y but not any
other PKC isoform. Once again, blocking PKC-y acti-
vity effectively inhibits the effects of D2 dopamine re-
ceptor activation on ductal secretion. This pathway is
summarized in Figure 2.

Information regarding the ability of cholangiocytes
to synthesize and secrete dopamine is lacking, so it is not
possible to say whether these dopamine-induced effects
on cholangiocytes are through an autocrine mechanism
and/or are a direct result of dopaminergic innervation
of the liver.

Dopamine control of neoplastic growth in the biliary
epithelium

Similar to serotonin, several opposing effects of dopa-
mine on tumor growth have been reported. There is
an increase in the circulating level of dopamine in lung
tumors, which seems to play a protective role by inhibiting
cytotoxic £cell proliferation, thereby preventing their
ability to mount an adequate attack on the tumor cells"**".
Furthermore, dopamine secretion is increased in some
cases of the rare malignancy pheochromocytoma[51’52] and
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in carcinoid tumors™, although the consequences of this
secretion on tumor growth or progression are unclear.
However, agents such as dexamethasone that increase
pheochromocytoma dopamine content also increase cell
proliferation™, suggesting that there may be a causal link
between increased dopamine content and cell proliferation
in these tumor cells. Conversely, in malignant colon

tissue”” and gastric cancer tissue™”

where dopamine levels
are depleted, dopamine treatment slows tumor growth,
presumably by decreasing the expression of vascular
epithelial growth factor and subsequent angiogenesism’sﬂ.
In addition, modulation of dopamine receptors is being
proposed as a possible treatment for pituitary tumors
due to the suppressive effects of dopamine on prolactin
secretion”™. Tt may also have a role in the treatment of
neuroblastoma cells, where D1DR agonists have a toxic
effect on cell proliferation, which appears to be neuronal
specific.

We have recently shown that dopamine, similar to
serotonin, is overproduced in cholangiocarcinoma and
can be detected in both the supernatant from cholang-
iocarcinoma cell lines and in the bile from cholangio-
carcinoma patients”™. The two enzymes responsible
for dopamine synthesis, tyrosine hydroxylase and dopa
decarboxylase are both overexpressed in cholangioc-
arcinoma cell lines and in cholangiocarcinoma tumor
tissue””. Once again, the increased dopamine production
increased cell proliferation and tumor growth, and inhi-
biting dopamine synthesis by using specific inhibitors of
dopa decarboxylase suppresses tumor growth 7 vitro and
in vive”™”

As is the case with serotonin, the explanation of why
dopamine has growth-inhibitory actions in cholangiocytes
but has growth-promoting effects in cholangiocarcinoma
is unclear and is the topic of ongoing research in our
laboratory.

CONCLUSIONS AND FUTURE
DIRECTIONS

Biogenic amines such as serotonin and dopamine re-
gulate a plethora of biological responses. We, and others,
have strived to dissect the precise effects of these im-
portant biological molecules on cholangiocyte growth
and physiology as well as on the malignant growth
and progression of cholangiocarcinoma. Specifically,
we suggest that both serotonin and dopamine have a
buffering role in limiting the cholangiocyte hyperplastic
proliferation seen after bile duct ligation. Conversely,
somewhere during the course of the malignant trans-
formation of cholangiocytes, serotonin and dopamine
effects become growth promoting rather than growth
suppressive and may contribute to tumor growth and
the progression of cholangiocarcinoma. Studies have
highlighted the potential importance of these molecules
and their receptors in the pathological processes asso-
ciated with chronic cholestatic liver diseases and cholan-
glocarcinoma. Further research into the molecular events
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associated with the actions of the various biogenic
amines on hyperplastic and neoplastic cholangiocyte
proliferation is ongoing in our laboratory. Regulation
of cholangiocyte growth and cell death by therapeutic
agents aimed at activating or blocking these receptor
systems may prove beneficial in the treatment of various
cholangiopathies such as primary biliary cirrhosis and
sclerosing cholangitis, as well as for blocking or slowing
the progression of cholangiocarcinoma.
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Cholestatic liver disease causes significant morbidity

and mortality in children. The diagnosis and man-

agement of these diseases can be complicated by an

inability to detect early stages of fibrosis and a lack  |[NTRODUCTION

of adequate interventional therapy. There is no single — . . —

gold standard test that accurately reflects the presence Cholestatic liver disease is a significant cause of mot-
of liver disease, or that can be used to monitor fip-  bidity and mortality in infants and children. The in-
rosis progression, particularly in conditions such as  ability to detect carly stages of fibrosis and to monitor
cystic fibrosis. This has lead to controversy over how  progressive hepatic injury hampers both the diagnosis
suspected liver disease in children is detected and and management of these diseases. Recent studies aimed
diagnosed. This review discusses the challenges in at understanding the cellular and molecular basis of
using commonly available methods to diagnose he- hepatic fibrogenesis in adult and paediatric liver disease
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have the potential to improve diagnostic capability and
may lead to improved therapeutic intervention. This
review details the difficulties associated with the use
of commonly available methods to detect liver injury,
diagnose hepatic fibrosis and monitor progression to
cirrhosis in children with cholestatic liver disease, in
particular in infants with biliary atresia and children
with liver disease associated with cystic fibrosis, and
examines the proposed mechanisms associated with the
development of hepatic fibrogenesis in these conditions.

DIAGNOSIS OF FIBROSIS AND
ASSESSMENT OF DISEASE
PROGRESSION

Common paediatric cholestatic liver diseases

The most common diagnosis in infants presenting with
clinical or biochemical evidence of liver disease is benign
Idiopathic Neonatal Hepatitis accounting for up to 40%
of cases"!, with incidence rates reported between 1 in
4800 and 1 in 9000 live births”. Bilary Atresia is a liver
disease of the newborn affecting the intra- and extra-
hepatic bile ducts, with incidence rates reported to be
between 1 in 8000 to 1 in 21000 live births (reviewed
in™). Biliary atresia is the major indication for liver trans-
plantation in children. The natural history of the disease
1s variable, with an unpredictable rate of progression
and outcome. Diagnosis is complicated as infants have
clinical symptoms which can be indistinguishable from
Neonatal Hepatitis. A confirmed diagnosis of biliary
atresia is made by operative cholangiogram, during which
a liver biopsy is performed to assess the extent of hepatic
fibrosis. If a diagnosis of biliary atresia is confirmed,
then a portoenterostomy (Kasai procedure) is usually
performed before 100 d of life. However, the successful
establishment of bile drainage with this procedure is
variable and up to 40% of children will develop significant
fibrosis and progress to liver transplantation within the
first few years of life"”. The autosomal recessive disorder
Alpha-1-antitrypsin deficiency affects 1 in 1800 live births
and is the most common genetic cause of liver disease
in children. A mutation in the ATZ protein renders the
molecule incapable of correct folding resulting in the
aggregation of misfolded protein in the endoplasmic reti-
culum, subsequently leading to liver darnagem. However,
not all patients with the ATZ mutation develop liver
disease”. The natural history of the disease is variable
suggesting that both host and genetic factors play an
important part in the pathogenesis'”.

Another relatively common paediatric cholestatic
condition is liver disease associated with cystic fibrosis
(CF). With increasing life expectancy of children born
with CFE, the prevalence of liver disease is escalating and
the progression of fibrosis to cirrhosis is contributing
increasingly to adverse outcomes in the CF population.
This review will focus on current modalities used to
diagnose fibrosis and to monitor fibrosis progression to
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cirrhosis in these children. The diagnosis of liver disease
and more importantly, fibrosing liver disease in children
with CF is difficult. There are limited biochemical and
clinical tests that give definitive diagnoses of disease
or offer an accurate, minimally invasive method of
monitoring the progression of fibrosis.

Diagnosis and monitoring CF liver disease

As the life expectancy of children and adults with CF has
increased over the past decade, there has been a steady
increase in the incidence of non-respiratory complications
of CF such as liver disease!”. The origin of the pathogenic
lesion in CF is focal hepatic biliary fibrosis! which
typically progresses slowly and unpredictably during
childhood and adolescence. Clinical presentation with
hepatomegaly and/or splenomegaly is usually around
10 years of age. Diagnosis of liver disease relies on a
combination of clinical, biochemical, radiological and
histological assessments; however, this is complicated
by inconsistent use of definitions for what constitutes a
diagnosis of liver disease””.

It is estimated that up to 17% of children with
CF will develop significant liver disease™” | with up to
10% developing cirrhosis, and prior to the advent of
transplantation, end stage liver disease was the primary
cause of death for 5% of patients with CF". It has long
been suspected that liver cirrhosis is also an important
factor in premature death from other primary causes
such as respiratory failure. However, the true prevalence
of CF liver disease (CFLD) is unknown due to the poor
sensitivity and specificity of available clinical tools used in
diagnosis and monitoring disease progression. Based on
radiological methods (ultrasound scanning), biochemical
tests, clinical methods [presence or absence of hepato (&
spleno) megaly] and histological assessment, the estimated
prevalence of hepatic fibrosis and liver disease is proposed
to be between 26%-45% in patients with CF"". How-
ever in studies undertaken at autopsy, the prevalence
of significant liver disease is suggested to be as high as
10% in children, and 72% in adults"”. Methods that are
sensitive and specific enough to detect early evidence
of cholestatic liver disease, and that can accurately
monitor hepatic fibrosis progression are lacking[gl. This is
particularly important in the setting of CF in which early
detection of hepatic injury and fibrosis alerts the clinician
to a more complicated future with further increased
energy expenditure, impaired GI function and the need
for more aggressive clinical management. It also allows
for the timely commencement of ursodeoxycholic acid
therapy which is proposed, though not demonstrated,
to have a better efficacy earlier in the natural history of
cholestatic liver diseases.

Diagnosis of liver disease using the presence of he-
patomegaly and/or splenomegaly: Clinical liver dise-
ase is defined as an increase in volume and harder con-
sistency of the liver, particularly of the right lobe with
or without splenomegalym’]sl. Studies using the pres-
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ence of hepatomegaly, alone or in combination with
splenomegaly, as indicative of liver disease report a
prevalence rate of 4%-40%""*"" The use of hepato/
splenomegaly as a method for the diagnosis of liver
disease is inconsistent and controversial.

Biochemical markers of liver disease: In children
with suspected CFLD, abnormalities in liver function
tests (LFTs) are unreliable for the detection of signi-
Bl and hence are not
useful to detect or measure the progression of fibrosis.
Abnormal LFTs in CF are likely to be from more benign
causes such as intercurrent infections, drug reactions
and steatosis, and many children with advanced fibrosis
have normal biochemistry. There is no consensus in the
literature on a definition of “biochemically indicated liver
disease” further complicating the assessment and use of
biochemical matkers of liver disease. The United States
cystic fibrosis Foundation recommend that liver disease
should be suspected if the child has any liver enzyme
elevated by more than 1.5 times the upper limit of
normal on two concurrent occasions and recommends
more frequent testing of LETs". In comparison many
clinical studies define biochemical liver disease as an

elevation of LFTSs for more than 2 years in patients who
[10]

ficant liver disease and fibrosis

are > 4 years of age

There is considerable evidence to suggest that children
can have normal LFTs but underlying fibrogenesis' ™"\
When compared with fibrosis staged by liver biopsy,
significant histological disease has been reported in up to
56% of patients with normal LFTs". Abnormal LFTs
are seen in 17%-80% of patients with CF, unrelated to
the presence of neonatal cholestatsis™ =™ , and in the
absence of overt histological involvement. Many children
who present with biochemical liver disease do not go
on to develop histological liver disease"”, but abnormal
biochemical markers have been associated with future
development of abnormal ultrasound or the presence
of clinical hepato/splenomegaly in 75% of children™,
In patients with CF, treatment with ursodeoxycholic
acid leads to improvement of biochemical markers of
liver disease (ALT/AST)*", however there is little evi-
dence that it changes the natural history of the disease,
further supporting the idea that biochemical markers
of liver disease do not accurately reflect the underlying
pathogenesis.

Ultrasound imaging: Hepatic ultrasound scanning
is a common clinical tool used to detect and diagnose
liver fibrosis in children with cholestatic liver disease,
specifically in children with suspected CFLD. Although
widely used, ultrasound has poor sensitivity and specificity
for detecting and staging fibrosis”. Between 18% and
35% of children with CF will display abnormalities
detected by ultrasound scanning by age 6, irrespective
of evidence of biochemical or histological liver disease.
Abnormal ultrasound scores do not correlate with bio-
chemical markers of liver disease or with the presence
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of hepatomegaly, with abnormal echogenicity frequently
found in the absence of biochemical, or clinical indicators
of liver disease™™

A diagnosis of fibrosis based only on ultrasound may
be erroneous because steatosis appears sonographically
similar to focal fibrosis in the liver, both lesions being
common in the setting of CFLD. A recent study exa-
mined the relationship between ultrasound scores and
fibrosis staged by dual pass liver biopsy in children with
suspected CFLD™. This study found that ultrasound
scanning had poor sensitivity and specificity in diag-
nosing the absence of fibrosis but had some utility in
confirming the presence of advanced liver fibrosis and
cirrhosis. In children with indeterminate ultrasound
scores, liver histology ranged from normal with no evi-
dence of fibrosis to advanced stages of fibrosis inclu-
ding cirrhosis.

Because of poor sensitivity for early and moderate
liver fibrosis, ultrasound is a poor predictor of the future
development of serious liver complications. Children
with normal hepatic ultrasound scores can still develop
clinically significant liver disease and display evidence
of fibrosis upon liver biopsym]. In most paediatric
cholestatic liver diseases, ultrasound is a better diagnostic
tool for detecting the presence of ascites, hepatic vein
dilation, gallstones and common bile duct stones'™.

Ling and colleagues demonstrated that over a 4 year
follow-up period, 92% of children with CF showed
some evidence of liver abnormality determined by either
biochemical tests, ultrasound or the presence of hepato/
splenomegaly. Biochemical and ultrasound abnormalities
were often intermittent suggesting a high rate of false
positivity[zﬂ. Biochemical testing, ultrasound scanning and
the presence of hepatosplenomegaly are poor diagnostic
indicators of sustained hepatic fibrosis and give a poor
indication of the underlying fibrogenesis.

Use of liver biopsy to detect fibrosis in CF liver dise-
ase: Given the lack of sensitivity and specificity in the use
of clinical, biochemical or radiological tests, liver biopsy
is considered the gold standard to detect hepatic fibrosis.
However, the use of liver biopsies to detect fibrosis in
CF is not routine, and mainly limited to tertiary paediatric
transplant centres. Liver biopsy is not without risk. Patient
discomfort, the use of a general anaesthetic in children,
and the risk of rare, but serious complications including
blood transfusion for bleeding, biliary peritonitis and
pneumothorax are noted disadvantages. Liver biopsy in
adults had an estimated morbidity of 3% and a mortality
rate of 0.03%, prior to the more recent practice of ultra-
sound guidance. The pathogenic lesion in CFLD is the
formation of focal biliary fibrosis which can ultimately
progress to multilobular cirrhosis. Thus, the focal nature
of CFLD can influence the reproducibility and reliability
of liver biopsy in demonstrating fibrosis; cirrhosis can
be difficult to diagnose given the irregularity of fibrosis
distribution and the sample size associated with needle
biopsiesps]. Studies have suggested that multiple biopsies
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will only have a concordant diagnosis of cirrhosis in 33%
of cases (reviewed inm). Contamination by stroma and
nodularity may suggest cirrhosis, however, a complete
regenerative nodule is required for an accurate diagnosis
of cirrhosis. The likelihood of significant sampling
error is not limited to cases of cirrhosis given that it is
estimated that only 1/50000th of the liver is sampled.
This is compounded even further in cholestatic disorders
such as CFLD, PSC, Alagilles where fibrogenesis is more
heterogeneous compared to primarily hepatitic liver dis-
eases such as hepatitis C virus (HCV) infection and Non-
Alcoholic Steatohepatitis (NASH).

A recent study evaluated the utility of liver biopsy to
diagnose liver disease and detect fibrosis in children with
suspected CFLD". This preliminary study illustrated
that dual pass liver biopsies improved detection of li-
ver fibrosis compared with a single pass; there was a
significant level of discordance between the first and
second pass with 35% of liver biopsy pairs found to be
non-concordant. Additionally, a diagnosis of fibrosis
would have been missed in approximately 1 in 5 cases.
However, sampling error and inter-observer error can
be reduced by using dual pass liver biopsies, and rejec-
ting biopsies that have < 5 portal tracts available for
analysism.

Given the major limitations of biochemical and radio-
logical tests to detect fibrosis and monitor the progression
of fibrosis, it must be inferred that liver biopsy is the best
currently available tool to monitor fibrosis progression.
However, there are no studies available examining fibro-
genesis in multiple liver biopsies in children with CFLD.
Preliminary results from a recent clinical study suggest
that increasing stage of fibrosis may predict the deve-
lopment of portal hypertensionm, although further con-
firmatory studies are required.

Utility of additional non-invasive methodologies
for fibrosis detection: With the aforementioned risks
associated with liver biopsy especially in children, it is
desirable to find alternative methods to accurately detect
and stage liver fibrosis and to monitor fibrosis pro-
gression in children with cholestatic liver disease.
Transient elastography: In the search for non-invasive
tools to detect fibrosis in adult liver disease, transient
elastography shows significant promise. Transient elas-
tography assesses the stiffness of the liver by measuring
the elastic shear of a vibrational wave that propagates
through the liver tissue. The harder the tissue, the faster
the shear wave is propagated[zsl. This technology offers
a non-invasive, easily reproducible, bedside method
of measuring liver stiffness and is increasingly used to
determine and monitor liver fibrosis in diseases such
as HCV and NASH™. Transient elastography can be
performed on most patients except for those who are
obese or have ascites™. A significant advantage of this
technique is the increased proportion of the liver that
is sampled and a lower intra- and inter-observer error
when compared with liver biopsy. Transient elastography
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has a sample size of approximately 3cm’, some 100
times greater than the sample size of liver biopsy™. Tran-
sient elastography has been validated for use in adults
with either Hepatitis B virus (HBV), HCV, NASH,
alcoholic liver disease or haemochromatosis. However,
this technology has not been studied extensively in adu-
Its or children with cholestatic liver disease (reviewed
in™). The utility of transient elastography in diagnosing
liver fibrosis in most patients may lie in distinguishing
cirrhotic patients from non-cirrhotic patientsm.

To date, four studies have examined the utility of tran-
sient elastography in detecting hepatic fibrosis in children,
including NASHP" CFLD"™ a mixed population of
chronic liver diseases including CFLD, HBV, HCV, bili-
ary atresia, Autoimmune Hepatitis, Wilsons disease™
and in children with the congenital heart defect resulting
in Fontan circulation™. The most extensive study was
that conducted in NASH"" where hepatic fibrosis was
assessed using both transient elastography and liver bio-
psy. This study suggested that transient elastography
was able to distinguish between no fibrosis, significant
fibrosis and advanced fibrosis. However, while there was
a significant correlation between increasing elastography
scores and the Brunt histology score, there was overlap in
the values determined by transient elastography between
fibrosis stages 0 and 1, and between fibrosis stages 1 and
2. This suggests that transient elastography has utility
in distinguishing between no fibrosis and advanced fi-
brosis, but has limited sensitivity for detecting mild or
moderate fibrosis and thus cannot be definitively used to
stage fibrosis”" (similar results were seen in children with
Fontan circulation™").

The study by De Ledinghen and colleagues compared
transient elastography results with fibrosis staged by
liver biopsy in 33 children who had chronic liver disease
due to varying different aetiologies[33]. The majority of
children had liver diseases as defined as ‘other’ by the
authors (# = 18), biliary atresia (# = 9) and Autoimmune
Hepatitis (» = 5). Overall, increased elastography scores
correlated with increasing METAVIR fibrosis stage,
however, the authors did not examine this relationship
in specific disease groups and from this paper it was not
possible to determine whether transient elastography
has any utility in the diagnosis of fibrosis in cholestatic
liver disease. Finally, Witters and colleagues used tran-
sient elastography to detect liver fibrosis in children
with CFLD"., This study did not perform liver biopsy
and instead used biochemical evidence of liver disease
(LFTs) and/or the presence of hepatomegaly + sple-
nomegaly. Hence, given all the limitations of these
clinical modalities in CFLD, as discussed above, the
value of elastography in CFLD was not confirmed. The
use of transient elastography to diagnose fibrosis in
cholestatic liver diseases is confounded by the fact that
extrahepatic cholestasis is associated with increased liver
stiffness, irrespective of the stage of liver fibrosis. High
elastography values, normally indicative of cirrhosis
in other liver diseases (HCV, alcoholic liver disease),
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were not associated with cirrhosis in adult patients with
cholestatic liver discase™. A recent study of 49 children
with biliary atresia suggested transient elastography may
be useful in identifying oesophageal or gastric varices in
children post-Kasai portoenterostomy[35], suggesting that
while transient elastography is not useful in identifying
liver fibrosis in cholestatic disease, it may help identify
other significant liver associated problems.

Poor study design, inconsistent classification of liver
disease (especially in the case of CFLD) and lack of
comparison to fibrosis staged by liver biopsy have hin-
dered studies attempting to validate transient elastography
in children with cholestatic liver disease. Importantly there
is limited data on the ability of transient elastography
to predict development of serious liver complications.
In other diseases (e.g. HCV) the 5 year mortality and
morbidity outcome detived from transient elastography
data is similar to that determined from liver biopsy data.
This suggests that in diseases where transient elastography
reflects liver fibrosis staged by liver biopsy, outcome data
generated by transient elastography may be valid. Further
investigation and validation of this technology is required,
especially in paediatric cholestatic liver diseases.

Serum markers of hepatic fibrosis: In the search for an
alternative diagnostic to liver biopsy, serum markers
show some promise. The common pathway for cirrhosis
development in CFLD is via hepatic fibrogenesis due
to an imbalance between the synthesis and degradation
of extracellular matrix by hepatic stellate cells (HSC),
resulting in increased fibrillar collagen depositionm
Evaluating the mechanisms involved in the development
of fibrogenesis may provide a method of determining
fibrogenic activity in the liver and thus assist in the diag-
nosis of hepatic fibrosis. There is considerable evidence
in adult liver diseases that serum markers of hepatic
fibrogenesis provide a good indication of current un-
derlying liver function. Serum collagen type IV (CL-IV),
prolyl hydroxylase, procollagen Il polypeptide (PIIP),
and matrix metalloproteinase-1 (MMP-1) are increased
in cirrhosis due to various different liver diseases””. In
chronic HCV infection, Walsh and colleagues demon-
strated elevated serum tissue inhibitor of metalloprotei-
nase (TIMP)-1 and TIMP-2"", whereas others have shown
increased levels of hyaluronic acid™. CL-IV and laminin
have been demonstrated to be increased in alcoholic
hepatitisw. In patients with HFE-haemochromatosis,
serum TIMP-1, hyaluronic acid, CL-IV and MMP-2 are
elevated™™, with only CL-IV and MMP-2 levels shown
to be associated with fibrosis progressionm], whereas an
elevated hyaluronic acid > 46.5 ng/mL has been shown
to accurately diagnose patients with cirrhosis with 100%
sensitivity and speciﬁcit§7[43]. These results suggest that
certain serum markers may be both disease-specific and
may better predict differing stages of fibrogenesis.

To date, the majority of serum marker analyses have
been performed in adults. It is important to note that
some serum markers such as MMPs and TIMPs, can be
influenced by childhood growth as seen in kidney and
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bone!™*, Despite this, many serum fibrosis markers are

not influenced by growth and development as reported
in a study of Indian Childhood Cirthosis, which showed
elevated levels of serum CL-IV, laminin and PIIP vs age-
matched controls™*”. In CF, the multi-systemic nature
of the disease makes it difficult to identify liver-specific
serum fibrosis markers. Many of these markers are
involved in extracellular matrix remodelling, a process
which cleatly occurs in the lung and pancreas associated
with CE

A number of groups have demonstrated increased
levels of serum collagen type—VIW], hyaluronic acid™ as
well as PIIP and prolyl hydroxylase™ in children with
CFLD. Additionally, serum TIMP-1, prolyl hydroxylase
and CL-IV levels have been shown to be significantly
clevated in children with CFLD compared with children
with CF and no liver disease (CFnolLD) and age-mat-
ched controls, suggesting that these serum markers may
have relative specificity for liver injury in CF™. Serum
hyaluronic acid levels have been reported to be signi-
ficantly increased in CFLD compared with controls, but
not when compared with CFnoL.D"" suggesting that
the extra-hepatic complications associated with CF may
have a confounding influence over the use of certain
serum markers. Serum TIMP-1, prolyl hydroxylase™
and monocyte chemotaxis protein-1 (MCP-1)" were
significantly higher in children with CFLD who had
minimal or no histological evidence of fibrosis, suggesting
a potential role for these markers in the early detection
of liver injury, and potential utility in distinguishing
between serious liver fibrosis and no fibrosis. These few
studies suggest that further investigation and development
of panels of serum markers may provide an excellent
surrogate to assess fibrosis progression and predict the
future development of serious liver complications.

In lieu of a viable, minimally invasive alternative me
thod to detect and monitor fibrosis in paediatric chole-
static liver disease, liver biopsy remains the gold standard.
Biochemical and clinical markers of disease are inadequate
in detecting fibrosis, monitoring fibrosis progression,
and predicting future development of serious liver com-
plications such as portal hypertension. It remains to be
seen whether transient elastography will be useful in
the cholestatic setting, given the presence of increased
liver stiffness in the absence of overt liver disease and
fibrosis. However, serum markers detecting the underlying
processes of hepatic fibrogenesis show significant pro-
mise and warrant further investigation.

MECHANISMS OF HEPATIC
FIBROGENESIS AND DEVELOPMENT OF
CIRRHOSIS

Despite the diverse aetiologies of paediatric cholestatic
liver diseases, bile acid accumulation, resulting in
hepatotoxicity, is common to all conditions. Bile acid
toxicity impacts all liver cells, and thus can have cither
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direct or indirect effects on the phenotype of HSC, the
principal source of fibrotic tissue in the liver. This section
of the review will discuss the potential mechanisms
associated with the cholestasis-induced transformation
of HSC into a myofibroblastic phenotype. New and
emerging concepts including the heterogeneity of HSC,
the role of HSC in eliciting portal hypertension and the
interplay between HSC and cells of the ductular reaction
and immune system will also be discussed.

Bile acid synthesis in the liver

Bile acids are generated from cholesterol metabolism
within hepatocytes, secreted into bile canaliculi with bile
subsequently hydrated by cholangiocytes as it drains into
the common bile duct and gall bladder. Bile from the
gall bladder is released into the duodenum where bile
acids aid in the solubilisation and absorption of fats and
fat soluble vitamins. Chenodeoxycholic acid (CDCA)
and cholic acid (CA) are primary bile acids produced in
the liver and subsequently modified by gut bacteria in
the small intestine to produce the secondary bile acids,
deoxycholic acid (DCA) and lithocholic acid (LCA).
All bile acids ate reabsorbed in the gut and recycled
back to the liver in the portal venous system, i.e. zia the
enterohepatic circulation. These bile acids are conjugated
with either taurine or glycine and rarely exist in an
unconjugated form in the normal human bile acid pool.

The polar nature of these bile salts, which is essential
for their function in fat digestion, makes them toxic
to cell membranes of liver and gut cells. Bile toxicity
1s determined by bile acid polarity, with hydrophobic
bile acids being more toxic that hydrophilic bile acids.
Ursodeoxycholic acid (UDCA) is a hydrophilic bile
salt that plays a role in hepatoprotection when the pro-
portion of UDCA in the bile is elevated relative to the
proportion of hydrophobic bile salts. Bile acid toxicity
is ranked as follows: LCA < DCA < CDCA < CA <
UDCAP, In the normal liver toxicity is moderated
by the formation of mixed micelles (with bilirubin,
cholesterol, phospholipids proteins), bile hydration,
conjugation, alkalinisation, the presence of mucin and
the bile flow out of the liver. If any of these factors are
perturbed, cholestasis ensues.

In patients with CFLD, there is a correlation between
serum cholic acid levels and the stage of hepatic fibrosis,
inflammation score, and limiting plate disruptionls}J. A
similar correlation has also been demonstrated when
using the cholic acid/chenodeoxycholic acid ratio. This
same study demonstrated that endogenous biliary levels
of UDCA are increased in CFnoLLD patients when
compared to patients with CFLD and controls, suggesting
a potential mechanism may exist to protect against liver
disease in a cohort of patients with CF™. 1n 2 more
recent study the hydrophobic bile acid taurine-conjugated
cholic acid (or taurocholate), was increased in the bile
of patients with CFLD and also in an animal model of
cholestatic liver injury, the bile duct ligated (BDL) rat"".
Serum taurocholate was also correlated with the stage of
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hepatic fibrosis in both CFLD and in the animal model,
suggesting a potential causal association.

Control of bile acid metabolism

Cytochrome P7A1 (CYP7A1) or cholesterol 7a-hydro-
xylase is the rate limiting step in the conversion of
cholesterol to bile acids in hepatocytes[54]. In the normal
liver this enzyme is controlled at the level of transcription
by a short heterodimer partner (SHP) which is in turn
regulated by interaction of the farnezoid-X receptor
(FxR) with bile acids”>". In patients with cholestatic
liver disease, the presence of excess bile acids results
in the concomitant upregulation of FxR. However,
there is no change in the level of SHP which suggests a
different pathway of regulation is at play. Recent work
has suggested this may involve fibroblast growth factor
19 (FGF19)"™, FGF19 is an endocrine growth factor
that is produced by enterocytes of the terminal ileum in
response to uptake of bile salts from the small intestine™”.
While FGF19 mRNA is not expressed in normal liver,
it is markedly increased in both liver and serum in early
cholestasis™. In the presence of excess bile acids, FxR
stimulates the production of FGF19 which along with its
signalling cofactor, B-Klotho, binds to fibroblast growth
factor receptor 4 (FGFR4) to downregulate CYP7A1 and
decrease de-novo bile acid synthesis®”

Since FGFs are crucial hormones in bile acid synthesis,
they are important disease-specific genes to be considered
when attempting to understand the mechanisms associated
with the development of cholestatic liver disease. While
basic FGF (bFGF) has been shown to impact on HSC
activation™ the potential role of FGF19 and FGFR4 in
HSC activation associated with cholestatic injury remains
to be investigated. Given the early induction of FGF19 in
cholestasis, this molecule along with other protein family
members may be viable targets to investigate further in
the detection of early liver injury and fibrogenesis.

Toxic effects of bile acids

The toxic effects of bile acids are varied, but include
hepatocellular apoptosis, which in turn may play a role
in the activation of HSC into myofibroblasts (Figure
1). Apoptosis (or programmed cell death) is a process
that occurs in the normal liver to remove unwanted,
senescent or damaged cells, but in cholestasis apoptosis
is increased and dysregulated. Apoptosis is histologically
characterised by cell shrinking and nuclear fragmentation
and is regulated by cither extrinsic factors such as
death receptors, including tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL)*"*] or by intrinsic
pathways such as mitochondtial release of pro-apoptotic
factors. Both result in the release of effector caspases
(intracellular proteases and endonucleases) that result in
the degradation of cellular components into apoptotic
bodies which are phagocytosed by Kupffer cells, ma-
crophages and HSC. Electron transport mechanisms
are impaired in hepatic mitochondria resulting in the
production of lipid peroxidation metabolites which are
the main reactive oxygen species (ROS) in cholestasis.
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Figure 1 Schematic representation of the activation, function and interaction of Hepatic Stellate Cells (HSC) with other cells of the liver in cholestatic
liver injury. Bile acid mediated injury is proposed to impact on HSC directly and indirectly via oxidative stress mediated pathways, resulting in the transformation
of quiescent HSC to an activated phenotype, i.e. myofibroblast. Activated HSC are proliferative and fibrogenic and are responsible for increased production and
deposition of fibrillar collagens and extracellular matrix, leading to fibrosis and cirrhosis. In response to hepatocyte and cholangiocyte-derived chemokines, motile
HSC are recruited to the site of injury along the growing margin of scar tissue, with HSC and portal myofibroblasts also demonstrated surrounding bile ducts. HSC
assume a vasoconstrictive phenotype resulting in increased portal pressure. Hepatic fibrosis is ultimately resolvable with disease treatment or cessation of injury,
as HSC produce fibrinolytic enzymes and are themselves subject to apoptosis as part of the process of fibrosis resolution. TRAIL: tumor necrosis factor-related
apoptosis-inducing ligand; PHOX: phagocytic NADPH oxidase; NOX2: non-phagocytic NADPH oxidase; TNFo.: tumor necrosis factor o; TGF[3: transforming growth
factor 3; MCP-1: monocyte chemotaxis protein-1; IL-8: interleukin-8; MIP1: macrophage inflammatory protein 1; PDGF: platelet derived growth factor; RANTES:
regulated upon activation, normal T cell expressed and secreted; CXCR3 ligand: chemokine (C-X-C) receptor 3 ligand; EGF: epidermal growth factor; bFGF: basic
fibroblast growth factor; VEGF: vascular endothelial growth factor; NO: nitric oxide; ET-1: endothelin 1; MMP-1: matrix metalloproteinase-1; TIMPS: tissue inhibitors of

metalloproteinase; HGF: hepatocyte growth factor.

Phagocytic NADPH oxidase (PHOX) is an enzyme
which catalyses the production of further ROS in
Kupffer cells. CD68" Kupffer cells have been identified
in the perisinusoidal space in close proximity to scar
tissue in the liver of patients with biliary atresia™. These
cells produce tumor necrosis factor o (T NFo)* which
can activate HSC. Bile acids also induced oxidative
stress directly in HSC and this is mediated by the non-
phagocytic NADPH oxidase (NOX2)!"!,

Bile acid-induced hepatocellular injury, whether due
to liver cell apoptosis, the generation of ROS or the
release of soluble factors such as cytokines, results in the
activation of HSC from a quiescent to a myofibroblastic
phenotype. In the normal liver HSC are responsible for
maintaining the basement membrane and are a store
for vitamin A. HSC are quiescent and are located in
the perisinusoidal Space of Dissé, with projections that
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come into close contact with hepatocytes. Upon injury
to the liver, HSC are transformed into myofibroblasts
which are proliferative, fibrogenic (as well as fibrolytic),
contractile and motile. Activated HSC have been de-
monstrated to be present in CFLD liver biopsies prior to
histological evidence of fibrosis or procollagen I mRNA
expressionm].

It is envisaged that both necrosis and apoptosis con-
tribute to HSC activation in cholestatic liver disease®”. At
high concentrations (> 100 pumol/L), hydrophobic bile
acids can have a detergent action and cell necrosis may
predominate. Necrosis is characterized by cell swelling,
disruption of intracellular and plasma membrane, ATP
depletion, ion dysregulation, mitochondrial swelling,
activation of degradative enzymes and cell lysis. However,
the exact mechanisms linking necrosis to HSC activation
are not yet well characterised.
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Activation of HSC to a myofibroblastic phenotype
Transforming growth factor § (TGF-B) is a key profi-
brogenic cytokine present in various tissues, including the
lungs, kidneys, skin (reviewed ™), and the liver™”. TGF-B1
is elevated in the liver of children with biliary atresia®”
and CFLD". In these studies, TGF-B1 was expressed
predominantly in bile duct epithelial cells, but also in
HSCs and hepatocytes at the interface between normal
liver and scar tissue. TGF-3 protein is produced as a large
latent form which is bound to liver extracellular matrix
and 1s activated by proteases, ROS and 1ntegr1ns ) The
active TGF-B signals through (serine/threonine kinase)
type I and type II receptors which in turn complex
with mothers against decapentaplegic homolog (Smad)
2, 3 and 4 proteins to translocate to the cell nucleus
and interact with DNA binding proteins to modulate
several cellular processesml. Smad 6 and 7 proteins are
inhibitory molecules'. TGF-B increases the expression
of extracellular matrix components'™ by modulating the
expression of MMPs and enzymes such as plasminogen
activator inhibitor 1 (PAI-1)"" and TIMP"™ in HSC. In
patients with CFLD, TGFP expression correlates with
the stage of hepatic fibrosis!

Factors which stimulate the proliferation of HSC

PDGTF is the major driver of HSC proliferation in
cholestatic liver disease”. HSC produce PDGF and
also express receptors for PDGF!, Four isoforms of
PDGF have been identified (A, B, C and D) and of
these PDGF D is thought to be the most potent HSC
m1togen ¥ "The downstream effectors of PDGF-mediated
HSC proliferation include the phosphatidylinositol
3-kinase (PI3K)"*! and extracellular signal-related
protein kinase 5 (ERKS5)™! signalling pathways. PI3K also
controls other aspects of HSC function such as collagen
synthesis™” and potentially plays a role in upregulation of
proinflammatory mediators of fibrosis such as ICAM-1,
RANTES and lL—lBlSZ]. Other HSC mitogens include
epidermal growth factor (EGF), bFGF™, VEGF* and
thrombin™ (Figure 1). EGF™ and thrombin®™ receptors
have also been identified on HSC.

Fibrogenesis and fibrolysis mediated by HSC
HSC are the principle source of fibrotic tissue including
collagens [, Il and J\VA glycoproteins (laminins,
SPARC, undulin, elastin, hyaluronan, tenascin)lsg’%], and
proteoglycans (biglycan, decorin, BIGH3, fibronectin
and vesican)”"™” (Figure 1). The composition of the
fibrotic matrix is thought to be similar in all forms of
liver fibrosis irrespective of aetiologyw4J which suggests
myofibroblasts, regardless of their origin, produce the
same components. However, this hypothesis needs
to be validated in light of growing evidence for the
heterogeneity of both HSC™ and the myofibroblastic
populamon , discussed in subsequent sections.

HSC are also responsible for the remodeling of
fibrotic tissue vz the production of collagenases, MMPs””
and their inhibitors, TIMPs"". Many of the components
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of the fibrolysis system including MMPs, TGF[} and
Hepatocyte Growth Factor (HGF) are secreted in an
inactive form with the plasmin protease system essential
for their activation. Plasmin is itself activated from
inactive plasminogen by tissue plasminogen activator
(tPA) and uroplasminogen activator (uPA) which are
in turn activated by IGFBP-5 and inhibited by PAI-1.
Many components of the plasmin protease system are
produced in the liver™. PAI-1 is produced by HSC!""
and its expression is decreased in cirrhotic livers™. PAI-1
is a key mediator of cholestatic liver disease in bile duct-
ligated, PAI-1 knockout mice"™>'", Insulin-like growth
factor binding protein-5 (IGFBP-5) binds to PAI-1 in
the extracellular matrix"™ and in the absence of PAI-1,
IGFBP-5 has been shown to enhance the effect of tPA
on plasrninogen“osl, suggesting that IGFBP-5 plays a role
in MMP modulation. Thus, it is postulated that decreased
PAI-1 and increased IGFBP-5 could increase MMP
activity.

Toll-like receptor expression in HSC

HSC express toll like receptors (TLR) which are usually
involved in recognising unmethylated bacterial DNA,
naturally rich in cytidine-phosphate-guanosine (CpG)
sequences' . When mammalian hepatic cells undergo
apoptosis they are subject to severe mod1ﬁcat10ns which
may include the enrichment of CpG sequences | DNA
from apoptotic hepatocytes induces the differentiation
and chemotaxis of human and mouse HSC »iz TLRY
and PDGF"", Bile duct-ligated TLR9” mice have been
demonstrated to exhibit reduced fibrosis, HSC activation
and MCP-1 expression compared to control wild type
mice, suggesting a role in cholestasis-induced injury“wj.
A single nucleotide polymorphism (SNP) in the TLR4
gene at ¢.1196C > T (rs4986791, p.T399I) is shown to
confer protection from fibrosis in patients with HCV
infection". This SNP along with another at c.896A >
G (54986790, p.D299G), was functionally linked to a
lower apoptosis threshold in the cultured HSC LX2 cell
line"", The role of TLRs in cholestasis-induced liver
disease is deserving of further investigation.

Heterogeneity of myofibroblasts

It is now recognised that fibrotic tissue is produced in
the liver by a heterogeneous population of activated
myofibroblastic cells”™. In addition to the perisinusoidal
HSC, portal (myo) fibroblasts which atre located around
bile ducts in the portal tract are thought to be important
contributors to biliary fibrosis. However, it is unclear
whether they are an extension of the differentiation
lineage of activated HSC or if they are from a different
embryological origin. In mouse embryos both HSCs
and portal myofibroblasts originate from mesenchymal
cells which express the p75 neurotrophin receptor
(p75NTR)"*?. Both HSC and portal myofibroblasts
express alpha-smooth muscle actin (aSMA) and both
perisinusoidal and periductal aSMA expression has been
demonstrated in the liver of children with CFLD and
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biliary atresia®**. Efforts to identify markers unique
to each cell type have produced conflicting data"*""".
However, recent studies suggest that Fibulin-2, Thy—l“m
and gremlin“lg] are unique to portal myofibroblasts while
laminin is expressed only by HSC". An important qu-
estion which needs to be addressed is whether the two cell
types produce fibrotic tissue of different compositions.
The temporal activation of the two cell types may also
differ. In cholestatic liver diseases, HSC may drive the
initial fibrotic response, with portal myofibroblasts
assuming a greater role later in fibrosis development; in
addition, there may also be differences in acute versus
chronic cholestatic injury™). These may be important
questions to take into consideration when designing
therapeutic targets for cholestatic liver diseases.

Bone marrow-derived cells are also recruited to the
liver and contribute to hepatic fibrosis. Mice transplanted
with green fluorescent protein (GFP)-expressing bone
marrow cells showed GFP-positive HSC in the liver"™" %,
Human patients who underwent gender-mismatched
bone marrow or liver transplants have provided further
evidence for the bone marrow as a source of HSC,
or myofibroblasts in the liver"™. However, a different
study suggested these cells are not mature HSC; rather,
that these bone marrow-derived cells are mesenchymal
precursors (or fibrocytes) which differentiate into myo-
fibroblasts after taking residence in the liver"™¥.

Further sources of myofibroblastic cells have been
identified. These include the myofibroblasts derived
121 and/or cho-
lzmgiocytes[12 , via the process of epithelial-mesenchymal
transition (EMT). Fibroblasts of the Glisson’s capsule“zﬂ
and smooth muscle cells (termed second layer cells)

from the transformation of hepatocytes
6]

around the central vein'™ also contribute to fibrotic tissue
in the liver.

Ductular reaction

In the normal liver regeneration occurs vz hepatocyte
replication. If this process is impaired or overwhelmed,
a secondary pathway involving hepatic progenitor cells
is activated. These progenitor cells give rise to small
reactive bile ducts as well as intermediate hepatocytes.
The term ductular reaction was coined by Popper and
colleagues in 1957 to describe a lesion they observed
which was characterised by the swelling and proliferation
of cholangiocytes. A strong correlation exists between
the ductular reaction and hepatic fibrosis, not only in
cholestatic liver disease such as seen in biliary atresia'™
but also in hepatocellular injury associated with IS(OAVAS
and NASH", Conversely, patients with Alagille
Syndrome, who have no reactive bile ductules™ are
slow to develop fibrosis despite severe cholestasis and
puritis[l34]. The cells of the ductular reaction appear to
play a role in the development of hepatic fibrosis but
the nature of this interaction is yet to be adequately
defined. It has been suggested that the ductular reaction
drives fibrosis; indeed a recent study has shown that
both hepatic progenitor cells and HSC express epithelial
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and mesenchymal markers!”, which suggest direct
mesenchymal-epithelial transition is possible between
progenitor cells and HSC. Alternatively, HSC activation
may be mediated by proinflammatory or profibrogenic
factors released by hepatic progenitor cells, or cells of
the ductular reaction'™ although this hypothesis remains
to be evaluated. Other theories suggest that the ductular
reaction and hepatic fibrosis are not interdependent but
rather, either occur in parallel in response to a common
stimulus (reviewed in[m]), or even that progenitor cell
expansion occurs after fibrosis is initiated by HSC™,
Clearly, controversial, this field of research warrants
further extensive investigation.

A recent study demonstrated the potential for direct
progenitor cell and HSC interaction driving chemotaxis-
associated inflammation associated with wound healing
and hepatic regeneration in a murine model of portal
fibrosis'”. This proinflammatory pathway was initiated
via lymphotoxin-f (LT-B), a cell surface-bound ligand
expressed on progenitor cells interacting with the LT-f
receptor expressed on adjacent HSC. This interaction
induced an NFkB-regulated signalling pathway which
upregulated the expression of chemotaxis-associated
factors RANTES and ICAM-1, which was proposed
to cause the recruitment of CCR5" inflammatory cells,
HSC and progenitor cells to the site of hepatic injury

aiding in wound healing and ﬁbrogenesism()l.

HSC chemotaxis in response to MCP-1
HSC are responsive to a variety of different chemokines
and chemoattractants including PDGE"" CXCR3
ligands'*’, macrophage inflammatory protein 1
MIP-1)"", CCL5/RANTES"* and 11.-8"*! (Figure 1).

One of the most potent HSC chemokines is MCP-
1117 Elevated MCP-1 expression has been demon-
strated in cholangiocytes in adult patients with pPBC",
and elevated serum MCP-1 has been observed in children
with Bilary Atresia*’. These findings were confirmed in a
well characterised cohort of children with cholestatic liver
disease (CFLD and biliary atresia) and also in the BDL
rat model of cholestatic liver injury®". In the liver, MCP-1
protein was expressed predominantly by hepatocytes at
the scar margin and also by cholangiocytes of reactive
bile ductules in close proximity to activated HSC and
myofibroblasts, respectively. Using in situ hybridisation,
MCP-1 mRNA was also seen in perisinusoidal cells™"]
suggesting HSC themselves produce MCP-1"" as de-
monstrated zz vitro. MCP-1 was localized to the apical
membrane of cholangiocytes and the pericanalicular
membrane of hepatocytes suggesting it may be actively
secreted into bile. Elevated MCP-1 was also detected
in the bile in both CFLD and in the animal model.
Importantly, MCP-1 expression was elevated in CFLD
patients and cholestatic rats with stage 0 fibrosis, i.e., prior
to the histological evidence of fibrosis, suggesting that
MCP-1 plays a crucial role in the eatly events associated
with hepatic ﬁbrogenesism’m].

In this same study, hepatocytes isolated from BDL
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rats produced increased levels of MCP-1 which caused
HSC chemotaxis, i vitrd”". This effect was inhibited in a
dose-dependent manner by up to 80% using a neutralizing
antibody to MCP-1. The bile acid taurocholate was
demonstrated to induce MCP-1 expression in normal
control hepatocytes suggesting its potential as an initiating
stimulus in cholestasis, which was verified in both CFLLD
and cholestatic rats showing a correlation between tauro-
cholate and MCP-1 in serum and bile. The primary
receptor for MCP-1 on monocytes, chemokine (C-C)
receptor 2 (CCR2), has not been demonstrated on human
HSC" or rat portal myofibroblasts"!, although a recent
study has identified CCR2 on mouse HSC"*?. Other
receptors may play a role in eliciting the chemotactic
effects on rat and human HSC, and portal myofibroblasts,
although these remain to be identified.

Role of HSC contractility in portal hypertension
associated with fibrosis

Portal hypertension is a common complication of hepatic
fibrosis. It is seen in biliary atresia patients even after
successful Kasai portoenterostom§f[153], as well as children
with CFLD with varying degrees of liver disease. Portal
hypertension is defined as a portal pressure gradient
between the portal vein and the hepatic vein of greater
than 5 mm Hg. HSC are proposed to contribute to portal
hypertension by several mechanisms including increased
contractility, the deposition of collagen, sinusoidal remo-
delling and angiogenesis[94’154].

HSC contractility is maintained in the normal liver
via a balance between vasodilators and vasoconstrictors.
HSC dilators include nitric oxide (NO), carbon monoxide,
H2S and prostaglandin, while Endothelin-1 is a potent
HSC constrictor. In the normal liver NO is produced
constitutively in sinusoidal endothelial cells by endothelial
nitric oxide synthase (eNOS)"™ or by inducible nitric
oxide synthase (INOS) in HSC'"*. In cholestasis, and
the resultant oxidative stress, eNOS-derived nitric oxide
synthesis is impaired and the negative regulation of HSC
contractility is lifted (Figure 1). Endothelin-1 expression
is also increased. Serum endothelin-1 levels are elevated
in patients with biliary atresia with portal hypertension[ 7,
Endothelin in produced by sinusoidal endothehal cells"™
with HSC expressing endothelin receptors'™”, thus HSC
are proposed to control sinusoidal blood flow by con-
stricting the perisinusoidal space surrounding endothelial
cells™",

In addition to its vasodilatory role, nitric oxide inhibits
HSC proliferation and migration. NO can elicit HSC
apoptosis through mitochondrial membrane depolarisation
in a mechanism which is caspase—independent[mo]. Thus,
the nitric oxide depletion seen in cholestasis also results
in a lifting of the negative regulation of HSC apoptosis.
Instead, HSC proliferate and collagen deposition is
increased, further contributing to portal hypertension.

Liver immunity in cholestatic liver disease
A marked inflammatory infiltrate has been documented
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in the liver of children with biliary atresia, Idiopathic
Neonatal Hepatitis, choledochal cysts, total parenteral
nutrition* " and paediatric-onset PBC"", These
studies have shown increased levels of CD4", CD3" and
CD8" T cells, CD56" Natural Killer cells and CD68"
macrophages around the bile ducts. The CD4™ T cells
express the Th-1 cytokines interferon-y and IL- 21021691
well as Th-2 cytokines, I1.-4 and IL-10 1% while CD68
macrophages express TNF-o"" and 1L-18"". The
mechanisms by which these immune cells and cytokines
interact with HSC and contribute to fibrosis are not yet
clear. As discussed eatlier, the role of chemokines and
cytokines (such as MCP-1, RANTES and TGF-f) in
stimulating HSC in cholestatic livers is well established.
However the role of these factors in recruiting lym-
phocytes to the cholestatic liver also requires further
characterisation.

While CD4"/CD25"
shown to be increased in biliary atresia
are depleted in the liver of patients with PBC
an autoimmune disease. CD25 (which is also the IL- 2
receptor alpha) is an important marker of regulatory T
cells and plays a key role in maintaining self tolerance! .
HSC are believed to contribute to the livet’s immune-
tolerance through T cell suppressionmo], an effect which
may be enhanced in PBC, although the role of these
T cells in other paediatric cholestatic liver diseases is
unknown.

T cell numbers have been

el , these cells

167 168]

Therapeutics to reverse hepatic fibrosis

The hepatic fibrosis which accompanies cholestatic li-
ver disease is reversible[171 7l and HSC are crucial in
this process' . In patients w1th HBV"™ and HCV"™
infections, even advanced fibrosis is reversible and patient
outcomes can be improved. Several studies have attempted
to reverse fibrosis by targeting various aspects of HSC
activation or function (review! ™). More recently, in a BDL
rat model of cholestatic injury, Rapamycin was shown
to target HSC function on several levels including HSC
activation and proliferation, EMT and liver progenitor
cell proliferation“m. Sorafenib" ™ has been shown to
reduce portal hypertension in BDL rats by reducing
HSC-mediated sinusoidal constriction. Nevertheless
the shortcoming of all these studies is the lack of liver
specificity as these factors target collagen deposition or
fibrosis in all organs. Therapeutic agents with a further
level of specificity in targeting HSC, but sparing other
liver cells, would be even more valuable. Some of the
most promising agents being investigated are those which
selectively induce apoptosis of HSC, but not hepatocytes.
These include gliotoxin[m], proteosome inhibitors"™ and
TRAIL"", These may be used alone or in conjunction
with agents that block hepatocyte apoptosis“gz].

As discussed earlier, UDCA is an endogenous hy-
drophilic (and therefore protective) bile acid which
normally makes up approximately 3% of the human'®!
bile acid pool. It is commonly used as a therapeutic
agent in various cholestatic liver diseases"™ since it
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is well tolerated and has few side effects. The exact
mechanisms by which it modulates HSC function are now
being clucidated. The effects of UDCA are proposed
to include hepatoprotection against oxidative stress, in-
hibition of apoptosis, stimulation of bile flow, as well
as immunomodulatory effects on cytokine suppression
(reviewed in“ss‘). In PBC, there is some evidence to
suggest that long-term use of UDCA delays fibrosis
progression (reviewed in“gﬁ]). However, there is little
evidence to suggest a direct influence of UDCA on the
regression of hepatic fibrosis in CEP1 although more
comprehensive long-term prospective follow-up studies
are required.

CONCLUSION

Detecting hepatic fibrosis and monitoring disease pro-
gression in paediatric cholestatic liver disease remains a
challenge. The development of significant liver disease
in children with CF is increasingly recognised but it is
difficult to identify those likely to progress to cirrhosis
and at risk of greater morbidity and mortality. Neonatal
Hepatitis and biliary atresia are conditions with similar
clinical presentation and thus difficult to differentially
diagnose without an invasive operative cholangiogram.
Commonly used clinical methods have poor sensitivity
and poor specificity for detecting and staging fibrosis.
While liver biopsy is the gold standard to detect fibrosis,
it is not without limitations, particularly in focal diseases
such as CFLD. New non-invasive serum marker panels
or imaging technologies may provide a minimally invasive
method to stage and monitor fibrosis progression.
However, given the congestive nature of cholestatic liver
diseases, transient elastography may not be a clinically
useful alternative in children with suspected cholestasis.
Significant advances have been made in understanding the
biology of HSC and the interaction between HSC and
cholangicytes, hepatocytes, Kupffer cells, inflammatory
cells and progenitor cells. Understanding the cellular
and molecular mechanisms associated with cholestasis-
induced hepatocellular injury and fibrogenesis may
provide novel markers to aid in better diagnosis of
liver disease, detection of fibrosis and prediction of
outcome. The role of the endocrine growth factor
intestinal FGF19 in regulating bile acid synthesis and
the taurocholate-induced HSC chemokine MCP-1 in
wound healing and fibrogenesis, have helped to identify
previously unrecognised regulatory pathways of disease
progression in paediatric cholestatic liver disease. Further
investigation into the processes associated with wound
healing will greatly assist in more accurate diagnosis
and better management of infants and children with
paediatric cholestatic liver disease, and ultimately aid in the
development of more targeted therapeutic modalities.

REFERENCES

1 Emerick KM, Whitington PF. Neonatal liver disease. Pediatr
Ann 2006; 35: 280-286

144

Jgn?s:iﬁm"* WJGP | www.wjgnet.com

79

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Shet TM, Kandalkar BM, Vora IM. Neonatal hepatitis--an
autopsy study of 14 cases. Indian | Pathol Microbiol 1998; 41:
77-84

Petersen C. Pathogenesis and treatment opportunities for
biliary atresia. Clin Liver Dis 2006; 10: 73-88, vi

Perlmutter DH, Brodsky JL, Balistreri WF, Trapnell BC.
Molecular pathogenesis of alpha-1-antitrypsin deficiency-
associated liver disease: a meeting review. Hepatology 2007;
45:1313-1323

Perlmutter DH. Liver injury in alphal-antitrypsin defi-
ciency: an aggregated protein induces mitochondrial injury.
J Clin Invest 2002; 110: 1579-1583

The Cystic Fibrosis Foundation Patient Registry 1997
Annual Data Report. 1999

Diwakar V, Pearson L, Beath S. Liver disease in children
with cystic fibrosis. Paediatr Respir Rev 2001; 2: 340-349
Sokol RJ, Durie PR. Recommendations for management
of liver and biliary tract disease in cystic fibrosis. Cystic
Fibrosis Foundation Hepatobiliary Disease Consensus
Group. | Pediatr Gastroenterol Nutr 1999; 28 Suppl 1: S1-S13
Colombo C, Crosignani A, Battezzati PM. Liver involve-
ment in cystic fibrosis. ] Hepatol 1999; 31: 946-954

Lindblad A, Glaumann H, Strandvik B. Natural history of
liver disease in cystic fibrosis. Hepatology 1999; 30: 1151-1158
Lamireau T, Monnereau S, Martin S, Marcotte JE, Winnock
M, Alvarez F. Epidemiology of liver disease in cystic fibro-
sis: a longitudinal study. | Hepatol 2004; 41: 920-925
Collardeau-Frachon S, Bouvier R, Le Gall C, Rivet C, Cabet
F, Bellon G, Lachaux A, Scoazec JY. Unexpected diagnosis
of cystic fibrosis at liver biopsy: a report of four pediatric
cases. Virchows Arch 2007; 451: 57-64

Vawter GF, Shwachman H. Cystic fibrosis in adults: an
autopsy study. Pathol Annu 1979; 14 Pt 2: 357-382

Mowat A, Apley J. Liver disorders in childhood: Butter-
worths, London, 1987

Potter CJ, Fishbein M, Hammond S, McCoy K, Qualman
S. Can the histologic changes of cystic fibrosis-associated
hepatobiliary disease be predicted by clinical criteria? |
Pediatr Gastroenterol Nutr 1997; 25: 32-36

Gaskin KJ, Waters DL, Howman-Giles R, de Silva M,
Earl JW, Martin HC, Kan AE, Brown JM, Dorney SF. Liver
disease and common-bile-duct stenosis in cystic fibrosis. N
Engl ] Med 1988; 318: 340-346

FitzSimmons SC. The changing epidemiology of cystic
fibrosis. | Pediatr 1993; 122: 1-9

Colombo C, Apostolo MG, Ferrari M, Seia M, Genoni S,
Giunta A, Sereni LP. Analysis of risk factors for the develop-
ment of liver disease associated with cystic fibrosis. | Pediatr
1994; 124: 393-399

Walsh M, Lewindon P, Shepherd R, Greer R, Williamson
R, Pereira T, Frawley K, Bell S, Smith J, Ramm G. Detection
and follow-up of liver fibrosis in cystic fibrosis: A role for
diagnostic liver biopsy and serum markers in the evaluation
of and follow up of cystic fibrosis liver disease. Hepatology
2009; 50 Suppl 4: A759

Ling SC, Wilkinson JD, Hollman AS, McColl J, Evans TJ,
Paton JY. The evolution of liver disease in cystic fibrosis.
Arch Dis Child 1999; 81: 129-132

Colombo C, Setchell KD, Podda M, Crosignani A, Roda A,
Curcio L, Ronchi M, Giunta A. Effects of ursodeoxycholic
acid therapy for liver disease associated with cystic fibrosis.
] Pediatr 1990; 117: 482-489

Mueller-Abt PR, Frawley KJ, Greer RM, Lewindon PJ.
Comparison of ultrasound and biopsy findings in children
with cystic fibrosis related liver disease. ] Cyst Fibros 2008; 7:
215-221

Lenaerts C, Lapierre C, Patriquin H, Bureau N, Lepage G,
Harel F, Marcotte J, Roy CC. Surveillance for cystic fibrosis-
associated hepatobiliary disease: early ultrasound changes
and predisposing factors. | Pediatr 2003; 143: 343-350

June 15, 2010 | Volume1 | Issue 2 |



24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

Pereira TN et a/. Fibrogenesis in paediatric cholestatic liver disease

Durieu I, Pellet O, Simonot L, Durupt S, Bellon G, Durand
DV, Minh VA. Sclerosing cholangitis in adults with cystic
fibrosis: a magnetic resonance cholangiographic prospective
study. | Hepatol 1999; 30: 1052-1056

Wanless IR, Nakashima E, Sherman M. Regression of
human cirrhosis. Morphologic features and the genesis of
incomplete septal cirrhosis. Arch Pathol Lab Med 2000; 124:
1599-1607

Czaja AJ, Carpenter HA. Optimizing diagnosis from the
medical liver biopsy. Clin Gastroenterol Hepatol 2007; 5:
898-907

Scheuer PJ. Liver biopsy size matters in chronic hepatitis:
bigger is better. Hepatology 2003; 38: 1356-1358

Sandrin L, Fourquet B, Hasquenoph JM, Yon S, Fournier C,
Mal F, Christidis C, Ziol M, Poulet B, Kazemi F, Beaugrand
M, Palau R. Transient elastography: a new noninvasive
method for assessment of hepatic fibrosis. Ultrasound Med
Biol 2003; 29: 1705-1713

Foucher J, Chanteloup E, Vergniol J, Castéra L, Le Bail B,
Adhoute X, Bertet ], Couzigou P, de Lédinghen V. Diagnosis
of cirrhosis by transient elastography (FibroScan): a pros-
pective study. Gut 2006; 55: 403-408

Friedrich-Rust M, Koch C, Rentzsch A, Sarrazin C, Schwarz
P, Herrmann E, Lindinger A, Sarrazin U, Poynard T, Schifers
HJ, Zeuzem S, Abdul-Khaliq H. Noninvasive assessment
of liver fibrosis in patients with Fontan circulation using
transient elastography and biochemical fibrosis markers. |
Thorac Cardiovasc Surg 2008; 135: 560-567

Nobili V, Vizzutti F, Arena U, Abraldes JG, Marra F, Pietro-
battista A, Fruhwirth R, Marcellini M, Pinzani M. Accuracy
and reproducibility of transient elastography for the diag-
nosis of fibrosis in pediatric nonalcoholic steatohepatitis.
Hepatology 2008; 48: 442-448

Witters P, De Boeck K, Dupont L, Proesmans M, Vermeulen
F, Servaes R, Verslype C, Laleman W, Nevens F, Hoffman
I, Cassiman D. Non-invasive liver elastography (Fibroscan)
for detection of cystic fibrosis-associated liver disease. | Cyst
Fibros 2009; 8: 392-399

de Lédinghen V, Le Bail B, Rebouissoux L, Fournier C,
Foucher J, Miette V, Castéra L, Sandrin L, Merrouche W,
Lavrand F, Lamireau T. Liver stiffness measurement in
children using FibroScan: feasibility study and comparison
with Fibrotest, aspartate transaminase to platelets ratio
index, and liver biopsy. | Pediatr Gastroenterol Nutr 2007; 45:
443-450

Millonig G, Reimann FM, Friedrich S, Fonouni H, Me-
hrabi A, Biichler MW, Seitz HK, Mueller S. Extrahepatic
cholestasis increases liver stiffness (FibroScan) irrespective
of fibrosis. Hepatology 2008; 48: 1718-1723

Chang HK, Park Y], Koh H, Kim SM, Chung KS, Oh
JT, Han S]. Hepatic fibrosis scan for liver stiffness score
measurement: a useful preendoscopic screening test for the
detection of varices in postoperative patients with biliary
atresia. | Pediatr Gastroenterol Nutr 2009; 49: 323-328
Lewindon PJ, Pereira TN, Hoskins AC, Bridle KR, Wil-
liamson RM, Shepherd RW, Ramm GA. The role of hepatic
stellate cells and transforming growth factor-beta(1) in
cystic fibrosis liver disease. Am | Pathol 2002; 160: 1705-1715
Ueno T, Tamaki S, Sugawara H, Inuzuka S, Torimura T,
Sata M, Tanikawa K. Significance of serum tissue inhibitor
of metalloproteinases-1 in various liver diseases. | Hepatol
1996; 24: 177-184

Walsh KM, Timms P, Campbell S, MacSween RN, Morris
AJ. Plasma levels of matrix metalloproteinase-2 (MMP-2)
and tissue inhibitors of metalloproteinases -1 and -2 (TIMP-1
and TIMP-2) as noninvasive markers of liver disease in
chronic hepatitis C: comparison using ROC analysis. Dig
Dis Sci 1999; 44: 624-630

Guéchot J, Laudat A, Loria A, Serfaty L, Poupon R,
Giboudeau ]. Diagnostic accuracy of hyaluronan and type
III procollagen amino-terminal peptide serum assays as

144

TR
Reishideng”

WJGP | www.wjgnet.com

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

markers of liver fibrosis in chronic viral hepatitis C evalu-
ated by ROC curve analysis. Clin Chem 1996; 42: 558-563
Castera L, Hartmann DJ, Chapel F, Guettier C, Mall F,
Lons T, Richardet JP, Grimbert S, Morassi O, Beaugrand
M, Trinchet JC. Serum laminin and type IV collagen are
accurate markers of histologically severe alcoholic hepatitis
in patients with cirrhosis. ] Hepatol 2000; 32: 412-418

George DK, Ramm GA, Powell LW, Fletcher LM, Walker
NI, Cowley LL, Crawford DH. Evidence for altered hepatic
matrix degradation in genetic haemochromatosis. Gut 1998;
42:715-720

George DK, Ramm GA, Walker NI, Powell LW, Crawford
DH. Elevated serum type IV collagen: a sensitive indicator
of the presence of cirrhosis in haemochromatosis. | Hepatol
1999; 31: 47-52

Crawford DH, Murphy TL, Ramm LE, Fletcher LM,
Clouston AD, Anderson GJ, Subramaniam VN, Powell
LW, Ramm GA. Serum hyaluronic acid with serum ferritin
accurately predicts cirrhosis and reduces the need for liver
biopsy in C282Y hemochromatosis. Hepatology 2009; 49:
418-425

Thrailkill KM, Kumar S, Rosenberg CK, Auten KJ, Fowlkes
JL. Characterization of matrix metalloproteinases in human
urine: alterations during adolescence. Pediatr Nephrol 1999;
13: 223-229

Bord S, Horner A, Beeton CA, Hembry RM, Compston JE.
Tissue inhibitor of matrix metalloproteinase-1 (TIMP-1)
distribution in normal and pathological human bone. Bone
1999; 24: 229-235

Trivedi P, Risteli J, Risteli L, Tanner MS, Bhave S, Pandit
AN, Mowat AP. Serum type III procollagen and basement
membrane proteins as noninvasive markers of hepatic
pathology in Indian childhood cirrhosis. Hepatology 1987; 7:
1249-1253

Gerling B, Becker M, Staab D, Schuppan D. Prediction of
liver fibrosis according to serum collagen VI level in children
with cystic fibrosis. N Engl | Med 1997; 336: 1611-1612

Wyatt HA, Dhawan A, Cheeseman P, Mieli-Vergani G,
Price JF. Serum hyaluronic acid concentrations are increased
in cystic fibrosis patients with liver disease. Arch Dis Child
2002; 86: 190-193

Leonardi S, Giambusso F, Sciuto C, Castiglione S, Castiglione
N, La Rosa M. Are serum type III procollagen and prolyl
hydroxylase useful as noninvasive markers of liver disease in
patients with cystic fibrosis? | Pediatr Gastroenterol Nutr 1998;
27: 603-605

Pereira TN, Lewindon PJ, Smith JL, Murphy TL, Lincoln
DJ, Shepherd RW, Ramm GA. Serum markers of hepatic
fibrogenesis in cystic fibrosis liver disease. | Hepatol 2004; 41:
576-583

Ramm GA, Shepherd RW, Hoskins AC, Greco SA, Ney
AD, Pereira TN, Bridle KR, Doecke JD, Meikle PJ, Turlin
B, Lewindon PJ. Fibrogenesis in pediatric cholestatic liver
disease: role of taurocholate and hepatocyte-derived mono-
cyte chemotaxis protein-1 in hepatic stellate cell recruitment.
Hepatology 2009; 49: 533-544

Thomas C, Pellicciari R, Pruzanski M, Auwerx ], Schoonjans
K. Targeting bile-acid signalling for metabolic diseases. Nat
Rev Drug Discov 2008; 7: 678-693

Smith JL, Lewindon PJ, Hoskins AC, Pereira TN, Setchell
KD, O'Connell NC, Shepherd RW, Ramm GA. Endogenous
ursodeoxycholic acid and cholic acid in liver disease due to
cystic fibrosis. Hepatology 2004; 39: 1673-1682

Myant NB, Mitropoulos KA. Cholesterol 7 alpha-hydro-
xylase. | Lipid Res 1977; 18: 135-153

Goodwin B, Jones SA, Price RR, Watson MA, McKee DD,
Moore LB, Galardi C, Wilson JG, Lewis MC, Roth ME,
Maloney PR, Willson TM, Kliewer SA. A regulatory cascade
of the nuclear receptors FXR, SHP-1, and LRH-1 represses
bile acid biosynthesis. Mol Cell 2000; 6: 517-526

Lu TT, Makishima M, Repa JJ, Schoonjans K, Kerr TA,

June 15, 2010 | Volume1 | Issue 2 |



57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

Pereira TN et a/. Fibrogenesis in paediatric cholestatic liver disease

Auwerx ], Mangelsdorf D]. Molecular basis for feedback
regulation of bile acid synthesis by nuclear receptors. Mol
Cell 2000; 6: 507-515

Schaap FG, van der Gaag NA, Gouma D], Jansen PL. High
expression of the bile salt-homeostatic hormone fibroblast
growth factor 19 in the liver of patients with extrahepatic
cholestasis. Hepatology 2009; 49: 1228-1235

Song KH, Li T, Owsley E, Strom S, Chiang JY. Bile acids
activate fibroblast growth factor 19 signaling in human
hepatocytes to inhibit cholesterol 7alpha-hydroxylase gene
expression. Hepatology 2009; 49: 297-305

Nishimura T, Utsunomiya Y, Hoshikawa M, Ohuchi H, Itoh
N. Structure and expression of a novel human FGF, FGF-19,
expressed in the fetal brain. Biochim Biophys Acta 1999; 1444:
148-151

Pinzani M, Gesualdo L, Sabbah GM, Abboud HE. Effects
of platelet-derived growth factor and other polypeptide
mitogens on DNA synthesis and growth of cultured rat
liver fat-storing cells. | Clin Invest 1989; 84: 1786-1793
Higuchi H, Yoon JH, Grambihler A, Werneburg N, Bronk
SF, Gores G]. Bile acids stimulate cFLIP phosphorylation
enhancing TRAIL-mediated apoptosis. | Biol Chem 2003; 278:
454-461

Faubion WA, Guicciardi ME, Miyoshi H, Bronk SF, Roberts
PJ, Svingen PA, Kaufmann SH, Gores GJ. Toxic bile salts
induce rodent hepatocyte apoptosis via direct activation of
Fas. ] Clin Invest 1999; 103: 137-145

Ramm GA, Nair VG, Bridle KR, Shepherd RW, Crawford
DH. Contribution of hepatic parenchymal and nonparen-
chymal cells to hepatic fibrogenesis in biliary atresia. Am |
Pathol 1998; 153: 527-535

Canbay A, Feldstein AE, Higuchi H, Werneburg N,
Grambihler A, Bronk SF, Gores GJ. Kupffer cell engulfment
of apoptotic bodies stimulates death ligand and cytokine
expression. Hepatology 2003; 38: 1188-1198

De Minicis S, Brenner DA. NOX in liver fibrosis. Arch
Biochem Biophys 2007; 462: 266-272

Friedman SL. Hepatic stellate cells. Prog Liver Dis 1996; 14:
101-130

Jaeschke H, Lemasters JJ. Apoptosis versus oncotic necrosis
in hepatic ischemia/reperfusion injury. Gastroenterology
2003; 125: 1246-1257

Border WA, Ruoslahti E. Transforming growth factor-beta
in disease: the dark side of tissue repair. | Clin Invest 1992;
90:1-7

Hellerbrand C, Stefanovic B, Giordano F, Burchardt ER,
Brenner DA. The role of TGFbetal in initiating hepatic
stellate cell activation in vivo. ] Hepatol 1999; 30: 77-87
Patsenker E, Popov Y, Stickel F, Jonczyk A, Goodman SL,
Schuppan D. Inhibition of integrin alphavbeta6 on cholangi-
ocytes blocks transforming growth factor-beta activation and
retards biliary fibrosis progression. Gastroenterology 2008; 135:
660-670

Nakao A, Imamura T, Souchelnytskyi S, Kawabata M,
Ishisaki A, Oeda E, Tamaki K, Hanai J, Heldin CH, Miyazono
K, ten Dijke P. TGF-beta receptor-mediated signalling
through Smad2, Smad3 and Smad4. EMBO ] 1997; 16:
5353-5362

Dooley S, Hamzavi ], Ciuclan L, Godoy P, Ilkavets I, Ehnert
S, Ueberham E, Gebhardt R, Kanzler S, Geier A, Breitkopf K,
Weng H, Mertens PR. Hepatocyte-specific Smad?7 expression
attenuates TGF-beta-mediated fibrogenesis and protects
against liver damage. Gastroenterology 2008; 135: 642-659
Dooley S, Delvoux B, Lahme B, Mangasser-Stephan K,
Gressner AM. Modulation of transforming growth factor
beta response and signaling during transdifferentiation of
rat hepatic stellate cells to myofibroblasts. Hepatology 2000;
31:1094-1106

Zhang LP, Takahara T, Yata Y, Furui K, Jin B, Kawada N,
Watanabe A. Increased expression of plasminogen activator

(44

TR
Rrishideny”

WJGP | www.wjgnet.com

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

and plasminogen activator inhibitor during liver fibrogenesis
of rats: role of stellate cells. ] Hepatol 1999; 31: 703-711

Knittel T, Mehde M, Kobold D, Saile B, Dinter C, Ramadori
G. Expression patterns of matrix metalloproteinases and their
inhibitors in parenchymal and non-parenchymal cells of rat
liver: regulation by TNF-alpha and TGF-betal. ] Hepatol 1999;
30: 48-60

Kinnman N, Goria O, Wendum D, Gendron MC, Rey C,
Poupon R, Housset C. Hepatic stellate cell proliferation is an
early platelet-derived growth factor-mediated cellular event
in rat cholestatic liver injury. Lab Invest 2001; 81: 1709-1716
Marra F, Choudhury GG, Pinzani M, Abboud HE. Regulation
of platelet-derived growth factor secretion and gene ex-
pression in human liver fat-storing cells. Gastroenterology
1994;107: 1110-1117

Borkham-Kamphorst E, van Roeyen CR, Ostendorf T, Floege
J, Gressner AM, Weiskirchen R. Pro-fibrogenic potential of
PDGE-D in liver fibrosis. ] Hepatol 2007; 46: 1064-1074
Lechuga CG, Herndndez-Nazara ZH, Herndndez E,
Bustamante M, Desierto G, Cotty A, Dharker N, Choe M,
Rojkind M. PI3K is involved in PDGF-beta receptor upregu-
lation post-PDGF-BB treatment in mouse HSC. Am | Physiol
Gastrointest Liver Physiol 2006; 291: G1051-G1061

Son G, Hines IN, Lindquist J, Schrum LW, Rippe RA.
Inhibition of phosphatidylinositol 3-kinase signaling in
hepatic stellate cells blocks the progression of hepatic fibrosis.
Hepatology 2009; 50: 1512-1523

Rovida E, Navari N, Caligiuri A, Dello Sbarba P, Marra F.
ERKS5 differentially regulates PDGF-induced proliferation
and migration of hepatic stellate cells. | Hepatol 2008; 48:
107-115

Ruddell RG, Hoang-Le D, Barwood JM, Rutherford PS,
Piva TJ, Watters DJ, Santambrogio P, Arosio P, Ramm GA.
Ferritin functions as a proinflammatory cytokine via iron-
independent protein kinase C zeta/nuclear factor kappaB-
regulated signaling in rat hepatic stellate cells. Hepatology
2009; 49: 887-900

Yoshiji H, Kuriyama S, Yoshii J, Ikenaka Y, Noguchi R,
Hicklin DJ, Wu Y, Yanase K, Namisaki T, Yamazaki M,
Tsujinoue H, Imazu H, Masaki T, Fukui H. Vascular endothe-
lial growth factor and receptor interaction is a prerequisite
for murine hepatic fibrogenesis. Gut 2003; 52: 1347-1354
Marra F, Grandaliano G, Valente AJ, Abboud HE. Thrombin
stimulates proliferation of liver fat-storing cells and expre-
ssion of monocyte chemotactic protein-1: potential role in
liver injury. Hepatology 1995; 22: 780-787

Svegliati-Baroni G, Ridolfi F, Hannivoort R, Saccomanno
S, Homan M, De Minicis S, Jansen PL, Candelaresi C,
Benedetti A, Moshage H. Bile acids induce hepatic stellate
cell proliferation via activation of the epidermal growth
factor receptor. Gastroenterology 2005; 128: 1042-1055

Marra F, DeFranco R, Grappone C, Milani S, Pinzani M,
Pellegrini G, Laffi G, Gentilini P. Expression of the thrombin
receptor in human liver: up-regulation during acute and
chronic injury. Hepatology 1998; 27: 462-471

Rojkind M, Martinez-Palomo A. Increase in type I and type
III collagens in human alcoholic liver cirrhosis. Proc Natl
Acad Sci USA 1976; 73: 539-543

Friedman SL, Roll FJ, Boyles ], Bissell DM. Hepatic lipo-
cytes: the principal collagen-producing cells of normal rat
liver. Proc Natl Acad Sci USA 1985; 82: 8681-8685

Schuppan D. Structure of the extracellular matrix in normal
and fibrotic liver: collagens and glycoproteins. Semin Liver
Dis 1990; 10: 1-10

Van Eyken P, Geerts A, De Bleser P, Lazou JM, Vrijsen
R, Sciot R, Wisse E, Desmet V]. Localization and cellular
source of the extracellular matrix protein tenascin in normal
and fibrotic rat liver. Hepatology 1992; 15: 909-916

Gallai M, Kovalszky I, Knittel T, Neubauer K, Armbrust T,
Ramadori G. Expression of extracellular matrix proteoglycans

June 15, 2010 | Volume1 | Issue 2 |



92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

Pereira TN et a/. Fibrogenesis in paediatric cholestatic liver disease

perlecan and decorin in carbon-tetrachloride-injured rat liver
and in isolated liver cells. Am | Pathol 1996; 148: 1463-1471
Meyer DH, Krull N, Dreher KL, Gressner AM. Biglycan
and decorin gene expression in normal and fibrotic rat liver:
cellular localization and regulatory factors. Hepatology 1992;
16: 204-216

Jarnagin WR, Rockey DC, Koteliansky VE, Wang SS, Bissell
DM. Expression of variant fibronectins in wound healing:
cellular source and biological activity of the EIIIA segment
in rat hepatic fibrogenesis. | Cell Biol 1994; 127: 2037-2048
Rockey DC. Hepatic fibrosis, stellate cells, and portal hy-
pertension. Clin Liver Dis 2006; 10: 459-479, vii-viii

Ramm GA, Britton RS, O'Neill R, Blaner WS, Bacon BR.
Vitamin A-poor lipocytes: a novel desmin-negative lipocyte
subpopulation, which can be activated to myofibroblasts.
Am ] Physiol 1995; 269: G532-G541

Kallis YN, Forbes SJ. The bone marrow and liver fibrosis:
friend or foe? Gastroenterology 2009; 137: 1218-1221

Arthur MJ, Stanley A, Iredale JP, Rafferty JA, Hembry RM,
Friedman SL. Secretion of 72 kDa type IV collagenase/
gelatinase by cultured human lipocytes. Analysis of gene
expression, protein synthesis and proteinase activity. Biochem
]1992; 287 ( Pt 3): 701-707

Iredale JP, Murphy G, Hembry RM, Friedman SL, Arthur
M]J. Human hepatic lipocytes synthesize tissue inhibitor of
metalloproteinases-1. Implications for regulation of matrix
degradation in liver. | Clin Invest 1992; 90: 282-287

Kruithof EK. Plasminogen activator inhibitors--a review.
Enzyme 1988; 40: 113-121

Knittel T, Fellmer P, Ramadori G. Gene expression and
regulation of plasminogen activator inhibitor type I in
hepatic stellate cells of rat liver. Gastroenterology 1996; 111:
745-754

Fitch P, Bennett B, Booth NA, Croll A, Ewen SW. Distribution
of plasminogen activator inhibitor in normal liver, cirrhotic
liver, and liver with metastases. | Clin Pathol 1994; 47: 218-221
Wang H, Vohra BP, Zhang Y, Heuckeroth RO. Transcrip-
tional profiling after bile duct ligation identifies PAI-1 as a
contributor to cholestatic injury in mice. Hepatology 2005; 42:
1099-1108

Bergheim I, Guo L, Davis MA, Duveau I, Arteel GE. Critical
role of plasminogen activator inhibitor-1 in cholestatic liver
injury and fibrosis. ] Pharmacol Exp Ther 2006; 316: 592-600
Nam TJ, Busby W Jr, Clemmons DR. Insulin-like growth
factor binding protein-5 binds to plasminogen activator
inhibitor-1. Endocrinology 1997; 138: 2972-2978

Sorrell AM, Shand JH, Tonner E, Gamberoni M, Accorsi
PA, Beattie J, Allan GJ, Flint DJ. Insulin-like growth factor-
binding protein-5 activates plasminogen by interaction with
tissue plasminogen activator, independently of its ability to
bind to plasminogen activator inhibitor-1, insulin-like growth
factor-I, or heparin. ] Biol Chem 2006; 281: 10883-10889
Vollmer J. TLRY in health and disease. Int Rev Immunol
2006; 25: 155-181

Huck S, Deveaud E, Namane A, Zouali M. Abnormal DNA
methylation and deoxycytosine-deoxyguanine content in
nucleosomes from lymphocytes undergoing apoptosis.
FASEB ]1999; 13: 1415-1422

Watanabe A, Hashmi A, Gomes DA, Town T, Badou A,
Flavell RA, Mehal WZ. Apoptotic hepatocyte DNA inhibits
hepatic stellate cell chemotaxis via toll-like receptor 9.
Hepatology 2007; 46: 1509-1518

Gibele E, Miihlbauer M, Dorn C, Weiss TS, Froh M, Schnabl
B, Wiest R, Scholmerich J, Obermeier F, Hellerbrand C.
Role of TLRY in hepatic stellate cells and experimental liver
fibrosis. Biochem Biophys Res Commun 2008; 376: 271-276
Huang H, Shiffman ML, Friedman S, Venkatesh R, Bzowej
N, Abar OT, Rowland CM, Catanese JJ, Leong DU, Sninsky
J], Layden TJ, Wright TL, White T, Cheung RC. A 7 gene
signature identifies the risk of developing cirrhosis in patients
with chronic hepatitis C. Hepatology 2007; 46: 297-306

(44

TR
Rrishideny”

WJGP | www.wjgnet.com

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

Guo J, Loke ], Zheng F, Hong F, Yea S, Fukata M, Taro-
cchi M, Abar OT, Huang H, Sninsky JJ, Friedman SL.
Functional linkage of cirrhosis-predictive single nucleotide
polymorphisms of Toll-like receptor 4 to hepatic stellate cell
responses. Hepatology 2009; 49: 960-968

Suzuki K, Tanaka M, Watanabe N, Saito S, Nonaka H,
Miyajima A. p75 Neurotrophin receptor is a marker for
precursors of stellate cells and portal fibroblasts in mouse
fetal liver. Gastroenterology 2008; 135: 270-281.e3

Tiggelman AM, Boers W, Linthorst C, Brand HS, Sala M,
Chamuleau RA. Interleukin-6 production by human liver
(myo)fibroblasts in culture. Evidence for a regulatory role of
LPS, IL-1 beta and TNF alpha. ] Hepatol 1995; 23: 295-306
Cassiman D, Libbrecht L, Desmet V, Denef C, Roskams
T. Hepatic stellate cell/ myofibroblast subpopulations in
fibrotic human and rat livers. | Hepatol 2002; 36: 200-209
Ramadori G, Saile B. Portal tract fibrogenesis in the liver.
Lab Invest 2004; 84: 153-159

Guyot C, Lepreux S, Combe C, Doudnikoff E, Bioulac-Sage
P, Balabaud C, Desmouliére A. Hepatic fibrosis and cirrhosis:
the (myo)fibroblastic cell subpopulations involved. Int |
Biochem Cell Biol 2006; 38: 135-151

Dezso K, Jelnes P, Laszl6 V, Baghy K, Bodér C, Paku S,
Tygstrup N, Bisgaard HC, Nagy P. Thy-1 is expressed
in hepatic myofibroblasts and not oval cells in stem cell-
mediated liver regeneration. Am ] Pathol 2007; 171: 1529-1537
Ogawa T, Tateno C, Asahina K, Fujii H, Kawada N, Obara M,
Yoshizato K. Identification of vitamin A-free cells in a stellate
cell-enriched fraction of normal rat liver as myofibroblasts.
Histochem Cell Biol 2007; 127: 161-174

Beaussier M, Wendum D, Schiffer E, Dumont S, Rey
C, Lienhart A, Housset C. Prominent contribution of
portal mesenchymal cells to liver fibrosis in ischemic and
obstructive cholestatic injuries. Lab Invest 2007; 87: 292-303
Piscaglia F, Dudas J, Knittel T, Di Rocco P, Kobold D, Saile
B, Zocco MA, Timpl R, Ramadori G. Expression of ECM
proteins fibulin-1 and -2 in acute and chronic liver disease
and in cultured rat liver cells. Cell Tissue Res 2009; 337:
449-462

Baba S, Fujii H, Hirose T, Yasuchika K, Azuma H, Hoppo T,
Naito M, Machimoto T, Ikai I. Commitment of bone marrow
cells to hepatic stellate cells in mouse. | Hepatol 2004; 40:
255-260

Russo FP, Alison MR, Bigger BW, Amofah E, Florou A,
Amin F, Bou-Gharios G, Jeffery R, Iredale JP, Forbes SJ.
The bone marrow functionally contributes to liver fibrosis.
Gastroenterology 2006; 130: 1807-1821

Forbes SJ, Russo FP, Rey V, Burra P, Rugge M, Wright NA,
Alison MR. A significant proportion of myofibroblasts are of
bone marrow origin in human liver fibrosis. Gastroenterology
2004; 126: 955-963

Kisseleva T, Uchinami H, Feirt N, Quintana-Bustamante O,
Segovia JC, Schwabe RF, Brenner DA. Bone marrow-derived
fibrocytes participate in pathogenesis of liver fibrosis. |
Hepatol 2006; 45: 429-438

Zeisberg M, Yang C, Martino M, Duncan MB, Rieder F,
Tanjore H, Kalluri R. Fibroblasts derive from hepatocytes in
liver fibrosis via epithelial to mesenchymal transition. ] Biol
Chem 2007; 282: 23337-23347

Rygiel KA, Robertson H, Marshall HL, Pekalski M, Zhao L,
Booth TA, Jones DE, Burt AD, Kirby JA. Epithelial-mesen-
chymal transition contributes to portal tract fibrogenesis
during human chronic liver disease. Lab Invest 2008; 88:
112-123

Bhunchet E, Wake K. Role of mesenchymal cell populations
in porcine serum-induced rat liver fibrosis. Hepatology 1992;
16: 1452-1473

Nakano M, Lieber CS. Ultrastructure of initial stages of per-
ivenular fibrosis in alcohol-fed baboons. Am | Pathol 1982;
106: 145-155

June 15, 2010 | Volume1 | Issue 2 |



129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

Pereira TN et a/. Fibrogenesis in paediatric cholestatic liver disease

Popper H, Kent G, Stein R. Ductular cell reaction in the liver
in hepatic injury. ] Mt Sinai Hosp NY 1957; 24: 551-556
Fabris L, Cadamuro M, Guido M, Spirli C, Fiorotto R,
Colledan M, Torre G, Alberti D, Sonzogni A, Okolicsanyi
L, Strazzabosco M. Analysis of liver repair mechanisms
in Alagille syndrome and biliary atresia reveals a role for
notch signaling. Am | Pathol 2007; 171: 641-653

Clouston AD, Powell EE, Walsh M]J, Richardson MM,
Demetris AJ, Jonsson JR. Fibrosis correlates with a ductular
reaction in hepatitis C: roles of impaired replication,
progenitor cells and steatosis. Hepatology 2005; 41: 809-818
Richardson MM, Jonsson JR, Powell EE, Brunt EM, Neus-
chwander-Tetri BA, Bhathal PS, Dixon JB, Weltman MD,
Tilg H, Moschen AR, Purdie DM, Demetris AJ, Clouston
AD. Progressive fibrosis in nonalcoholic steatohepatitis:
association with altered regeneration and a ductular reaction.
Gastroenterology 2007; 133: 80-90

Piccoli DA, Spinner NB. Alagille syndrome and the Jagged1
gene. Semin Liver Dis 2001; 21: 525-534

Emerick KM, Rand EB, Goldmuntz E, Krantz ID, Spinner
NB, Piccoli DA. Features of Alagille syndrome in 92 patients:
frequency and relation to prognosis. Hepatology 1999; 29:
822-829

Sicklick JK, Choi SS, Bustamante M, McCall SJ, Pérez
EH, Huang ], Li YX, Rojkind M, Diehl AM. Evidence for
epithelial-mesenchymal transitions in adult liver cells. Am |
Physiol Gastrointest Liver Physiol 2006; 291: G575-G583
Ramm GA. Chemokine (C-C motif) receptors in fibrogenesis
and hepatic regeneration following acute and chronic liver
disease. Hepatology 2009; 50: 1664-1668

Clouston AD, Jonsson JR, Powell EE. Hepatic progenitor
cell-mediated regeneration and fibrosis: chicken or egg?
Hepatology 2009; 49: 1424-1426

Van Hul NK, Abarca-Quinones J, Sempoux C, Horsmans Y,
Leclercq IA. Relation between liver progenitor cell expansion
and extracellular matrix deposition in a CDE-induced murine
model of chronic liver injury. Hepatology 2009; 49: 1625-1635
Ruddell RG, Knight B, Tirnitz-Parker JE, Akhurst B,
Summerville L, Subramaniam VN, Olynyk JK, Ramm GA.
Lymphotoxin-beta receptor signaling regulates hepatic
stellate cell function and wound healing in a murine model of
chronic liver injury. Hepatology 2009; 49: 227-239

Ikeda K, Wakahara T, Wang YQ, Kadoya H, Kawada N,
Kaneda K. In vitro migratory potential of rat quiescent
hepatic stellate cells and its augmentation by cell activation.
Hepatology 1999; 29: 1760-1767

Kinnman N, Hultcrantz R, Barbu V, Rey C, Wendum D,
Poupon R, Housset C. PDGF-mediated chemoattraction of
hepatic stellate cells by bile duct segments in cholestatic
liver injury. Lab Invest 2000; 80: 697-707

Bonacchi A, Romagnani P, Romanelli RG, Efsen E, An-
nunziato F, Lasagni L, Francalanci M, Serio M, Laffi G,
Pinzani M, Gentilini P, Marra F. Signal transduction by the
chemokine receptor CXCR3: activation of Ras/ERK, Src, and
phosphatidylinositol 3-kinase/ Akt controls cell migration
and proliferation in human vascular pericytes. | Biol Chem
2001; 276: 9945-9954

Leifeld L, Dumoulin FL, Purr I, Janberg K, Trautwein C,
Wolff M, Manns MP, Sauerbruch T, Spengler U. Early up-
regulation of chemokine expression in fulminant hepatic
failure. | Pathol 2003; 199: 335-344

Schwabe RF, Bataller R, Brenner DA. Human hepatic stellate
cells express CCR5 and RANTES to induce proliferation and
migration. Am | Physiol Gastrointest Liver Physiol 2003; 285:
G949-G958

Yamashiki M, Kosaka Y, Nishimura A, Watanabe S, Nomoto
M, Ichida F. Analysis of serum cytokine levels in primary
biliary cirrhosis patients and healthy adults. | Clin Lab Anal
1998; 12: 77-82

Marra F, Romanelli RG, Giannini C, Failli P, Pastacaldi S,
Arrighi MC, Pinzani M, Laffi G, Montalto P, Gentilini P.

144

TR
Reishideng”

WJGP | www.wjgnet.com

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

Monocyte chemotactic protein-1 as a chemoattractant for
human hepatic stellate cells. Hepatology 1999; 29: 140-148
Pinzani M, Marra F. Cytokine receptors and signaling in
hepatic stellate cells. Semin Liver Dis 2001; 21: 397-416
Tsuneyama K, Harada K, Yasoshima M, Hiramatsu K,
Mackay CR, Mackay IR, Gershwin ME, Nakanuma Y.
Monocyte chemotactic protein-1, -2, and -3 are distinctively
expressed in portal tracts and granulomata in primary biliary
cirrhosis: implications for pathogenesis. | Pathol 2001; 193:
102-109

Kobayashi H, Tamatani T, Tamura T, Kusafuka J, Koga H,
Yamataka A, Lane GJ, Miyahara K, Sueyoshi N, Miyano T.
The role of monocyte chemoattractant protein-1 in biliary
atresia. | Pediatr Surg 2006; 41: 1967-1972

Bertolani C, Sancho-Bru P, Failli P, Bataller R, Aleffi S,
DeFranco R, Mazzinghi B, Romagnani P, Milani S, Ginés
P, Colmenero J, Parola M, Gelmini S, Tarquini R, Laffi G,
Pinzani M, Marra F. Resistin as an intrahepatic cytokine:
overexpression during chronic injury and induction of proin-
flammatory actions in hepatic stellate cells. Am | Pathol 2006;
169: 2042-2053

Kruglov EA, Nathanson RA, Nguyen T, Dranoff JA. Secre-
tion of MCP-1/CCL2 by bile duct epithelia induces myo-
fibroblastic transdifferentiation of portal fibroblasts. Am |
Physiol Gastrointest Liver Physiol 2006; 290: G765-G771

Seki E, de Minicis S, Inokuchi S, Taura K, Miyai K, van
Rooijen N, Schwabe RF, Brenner DA. CCR2 promotes hepatic
fibrosis in mice. Hepatology 2009; 50: 185-197
Chongsrisawat V, Chatchatee P, Samransamruajkit R,
Vanapongtipagorn P, Chottivittayatarakorn P, Poovorawan
Y. Plasma endothelin-1 levels in patients with biliary atresia:
possible role in development of portal hypertension. Pediatr
Surg Int 2003; 19: 478-481

Rockey DC, Weisiger RA. Endothelin induced contractility
of stellate cells from normal and cirrhotic rat liver: implica-
tions for regulation of portal pressure and resistance. Hepato-
logy 1996; 24: 233-240

Rockey DC, Chung JJ. Reduced nitric oxide production by
endothelial cells in cirrhotic rat liver: endothelial dysfunction
in portal hypertension. Gastroenterology 1998; 114: 344-351
Rockey DC, Chung JJ. Inducible nitric oxide synthase in rat
hepatic lipocytes and the effect of nitric oxide on lipocyte
contractility. | Clin Invest 1995; 95: 1199-1206

Hasegawa T, Kimura T, Sasaki T, Okada A. Plasma en-
dothelin-1 level as a marker reflecting the severity of portal
hypertension in biliary atresia. | Pediatr Surg 2001; 36:
1609-1612

Cahill PA, Redmond EM, Sitzmann JV. Endothelial
dysfunction in cirrhosis and portal hypertension. Pharmacol
Ther 2001; 89: 273-293

Housset C, Rockey DC, Bissell DM. Endothelin receptors
in rat liver: lipocytes as a contractile target for endothelin 1.
Proc Natl Acad Sci USA 1993; 90: 9266-9270

Langer DA, Das A, Semela D, Kang-Decker N, Hendrickson
H, Bronk SF, Katusic ZS, Gores GJ, Shah VH. Nitric oxide
promotes caspase-independent hepatic stellate cell apo-
ptosis through the generation of reactive oxygen species.
Hepatology 2008; 47: 1983-1993

Davenport M, Gonde C, Redkar R, Koukoulis G, Tredger
M, Mieli-Vergani G, Portmann B, Howard ER. Immuno-
histochemistry of the liver and biliary tree in extrahepatic
biliary atresia. | Pediatr Surg 2001; 36: 1017-1025

Bezerra JA, Tiao G, Ryckman FC, Alonso M, Sabla GE,
Shneider B, Sokol RJ, Aronow BJ. Genetic induction of
proinflammatory immunity in children with biliary atresia.
Lancet 2002; 360: 1653-1659

Mack CL, Tucker RM, Sokol RJ, Karrer FM, Kotzin BL,
Whitington PF, Miller SD. Biliary atresia is associated with
CD4+ Th1 cell-mediated portal tract inflammation. Pediatr
Res 2004; 56: 79-87

Shinkai M, Shinkai T, Puri P, Stringer MD. Increased CXCR3

June 15, 2010 | Volume1 | Issue 2 |



Pereira TN et a/. Fibrogenesis in paediatric cholestatic liver disease

165

166

167

168

169

170

171

172

173

174

expression associated with CD3-positive lymphocytes in the
liver and biliary remnant in biliary atresia. | Pediatr Surg 2006;
41: 950-954

Dahlan Y, Smith L, Simmonds D, Jewell LD, Wanless I,
Heathcote EJ, Bain VG. Pediatric-onset primary biliary
cirrhosis. Gastroenterology 2003; 125: 1476-1479
Narayanaswamy B, Gonde C, Tredger JM, Hussain M,
Vergani D, Davenport M. Serial circulating markers of
inflammation in biliary atresia-evolution of the post-operative
inflammatory process. Hepatology 2007; 46: 180-187

Lan RY, Cheng C, Lian ZX, Tsuneyama K, Yang GX,
Moritoki Y, Chuang YH, Nakamura T, Saito S, Shimoda
S, Tanaka A, Bowlus CL, Takano Y, Ansari AA, Coppel
RL, Gershwin ME. Liver-targeted and peripheral blood
alterations of regulatory T cells in primary biliary cirrhosis.
Hepatology 2006; 43: 729-737

Aoki CA, Roifman CM, Lian ZX, Bowlus CL, Norman
GL, Shoenfeld Y, Mackay IR, Gershwin ME. IL-2 receptor
alpha deficiency and features of primary biliary cirrhosis. |
Autoimmun 2006; 27: 50-53

Wakabayashi K, Lian ZX, Moritoki Y, Lan RY, Tsuneyama
K, Chuang YH, Yang GX, Ridgway W, Ueno Y, Ansari
AA, Coppel RL, Mackay IR, Gershwin ME. IL-2 receptor
alpha(-/-) mice and the development of primary biliary
cirrhosis. Hepatology 2006; 44: 1240-1249

Chen CH, Kuo LM, Chang Y, Wu W, Goldbach C, Ross
MA, Stolz DB, Chen L, Fung JJ, Lu L, Qian S. In vivo
immune modulatory activity of hepatic stellate cells in mice.
Hepatology 2006; 44: 1171-1181

Kaplan MM, DelLellis RA, Wolfe HJ. Sustained biochemical
and histologic remission of primary biliary cirrhosis in
response to medical treatment. Ann Intern Med 1997; 126:
682-688

Hammel P, Couvelard A, O'Toole D, Ratouis A, Sauvanet
A, Fléjou JF, Degott C, Belghiti J, Bernades P, Valla D,
Ruszniewski P, Lévy P. Regression of liver fibrosis after
biliary drainage in patients with chronic pancreatitis and
stenosis of the common bile duct. N Engl | Med 2001; 344:
418-423

Issa R, Williams E, Trim N, Kendall T, Arthur MJ, Reichen
J, Benyon RC, Iredale JP. Apoptosis of hepatic stellate cells:
involvement in resolution of biliary fibrosis and regulation
by soluble growth factors. Gut 2001; 48: 548-557
Hadziyannis SJ, Tassopoulos NC, Heathcote EJ, Chang
TT, Kitis G, Rizzetto M, Marcellin P, Lim SG, Goodman
Z, Wulfsohn MS, Xiong S, Fry J, Brosgart CL. Adefovir
dipivoxil for the treatment of hepatitis B e antigen-negative
chronic hepatitis B. N Engl | Med 2003; 348: 800-807

144

TR
Reishideng”

WJGP | www.wjgnet.com

84

175

176

177

178

179

180

181

182

183

184

185

186

187

Bruno S, Stroffolini T, Colombo M, Bollani S, Benvegnut
L, Mazzella G, Ascione A, Santantonio T, Piccinino F,
Andreone P, Mangia A, Gaeta GB, Persico M, Fagiuoli S,
Almasio PL. Sustained virological response to interferon-
alpha is associated with improved outcome in HCV-related
cirrhosis: a retrospective study. Hepatology 2007; 45: 579-587
Tsukada S, Parsons CJ, Rippe RA. Mechanisms of liver
fibrosis. Clin Chim Acta 2006; 364: 33-60

Bridle KR, Popa C, Morgan ML, Sobbe AL, Clouston AD,
Fletcher LM, Crawford DH. Rapamycin inhibits hepatic
fibrosis in rats by attenuating multiple profibrogenic path-
ways. Liver Transpl 2009; 15: 1315-1324

Hennenberg M, Trebicka ], Stark C, Kohistani AZ, Heller
J, Sauerbruch T. Sorafenib targets dysregulated Rho kinase
expression and portal hypertension in rats with secondary
biliary cirrhosis. Br | Pharmacol 2009; 157: 258-270

Wright MC, Issa R, Smart DE, Trim N, Murray GI, Primrose
JN, Arthur MJ, Iredale JP, Mann DA. Gliotoxin stimulates the
apoptosis of human and rat hepatic stellate cells and enhances
the resolution of liver fibrosis in rats. Gastroenterology 2001;
121: 685-698

Anan A, Baskin-Bey ES, Bronk SF, Werneburg NW, Shah
VH, Gores GJ. Proteasome inhibition induces hepatic
stellate cell apoptosis. Hepatology 2006; 43: 335-344

Taimr P, Higuchi H, Kocova E, Rippe RA, Friedman S, Gores
GJ. Activated stellate cells express the TRAIL receptor-2/
death receptor-5 and undergo TRAIL-mediated apoptosis.
Hepatology 2003; 37: 87-95

Pockros PJ, Schiff ER, Shiffman ML, McHutchison JG, Gish
RG, Afdhal NH, Makhviladze M, Huyghe M, Hecht D,
Oltersdorf T, Shapiro DA. Oral IDN-6556, an antiapoptotic
caspase inhibitor, may lower aminotransferase activity in
patients with chronic hepatitis C. Hepatology 2007; 46: 324-329
Hofmann AF. Pharmacology of ursodeoxycholic acid, an
enterohepatic drug. Scand | Gastroenterol Suppl 1994; 204:
1-15

Paumgartner G, Beuers U. Ursodeoxycholic acid in choles-
tatic liver disease: mechanisms of action and therapeutic use
revisited. Hepatology 2002; 36: 525-531

Perez M]J, Briz O. Bile-acid-induced cell injury and protec-
tion. World | Gastroenterol 2009; 15: 1677-1689

Paumgartner G. Ursodeoxycholic acid for primary biliary
cirrhosis: treat early to slow progression. | Hepatol 2003; 39:
112-114

Cheng K, Ashby D, Smyth R. Ursodeoxycholic acid for
cystic fibrosis-related liver disease. Cochrane Database Syst
Rev 2000; CD000222

S- Editor Zhang HN L- Editor Hughes D E- Editor Liu N

June 15, 2010 | Volume1 | Issue 2 |



J G F

World Journal of
Gastrointestinal Pathophysiology

Online Submissions: http:/ /www.wjgnet.com/2150-53300ffice

wjgp@wijgnet.com
doi:10.4291/wjgp.v1.i2.85

World | Gastrointest Pathophysiol 2010 June 15; 1(2): 85-90
ISSN 2150-5330 (online)
© 2010 Baishideng. All rights reserved.

REVIEW

Pancreatic secretory trypsin inhibitor: More than a trypsin

inhibitor

Gai-Ping Wang, Cun-Shuan Xu

Gai-Ping Wang, Cun-Shuan Xu, College of Life Science,
Henan Normal University, Xinxiang 453007, Henan Province,
China

Gai-Ping Wang, Cun-Shuan Xu, Co-construction Key La-
boratory for Cell Differentiation and Regulation, Henan Normal
University, Xinxiang 453007, Henan Province, China

Author contributions: Wang GP and Xu CS contributed equally
to this work; both were responsible for manuscript writing and
revising.

Supported by the National Basic Research 973 Pre-research
Program of China, No. 2006CB708506

Correspondence to: Cun-Shuan Xu, Professor, College of
Life Science, Henan Normal University, 46 Jianshe East Road,
Xinxiang 453007, Henan Province, China. xucs@x263.net
Telephone: +86-373-3326001 Fax: +86-373-3326524
Received: February 4,2010 Revised: April 15,2010
Accepted: April 22,2010

Published online: June 15, 2010

Abstract

Kazal-type serine protease inhibitor is one of the most
important and widely distributed protease inhibitor
families. Pancreatic secretory trypsin inhibitor (PSTI),
also known as serine protease inhibitor Kazal type I
(SPINK1), binds rapidly to trypsin, inhibits its activity
and is likely to protect the pancreas from prematurely
activated trypsinogen. Therefore, it is an important
factor in the onset of pancreatitis. Recent studies found
that PSTI/SPINK1 is also involved in self-regulation of
acinar cell phagocytosis, proliferation and growth of
a variety of cell lines. In addition, it takes part in the
response to inflammatory factor or injury and is highly
related to adult type I citrullinemia.

© 2010 Baishideng. All rights reserved.

Key words: Pancreatic secretory trypsin inhibitor/serine
protease inhibitor Kazal type 1; Pancreatitis; Autoph-
agy; Cell proliferation; Inflammatory factor; Adult-Tl ci-
trullinemia.
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INTRODUCTION

Human pancreatic secretory trypsin inhibitor (PSTI) is
also known as serine protease inhibitor Kazal type I
(SPINK). It was originally isolated from the pancreasllJ
and subsequently identified in mucus producing cells
of the gastrointestinal tract and in a range of other
tissues including lung, liver, kidney, ovary, breast and in
the collecting tubules and transitional epithelium of the
renal pelvislz]. There are homologous PSTI/SPINK1
genes in mouse and rat. Serine protease inhibitor, Kazal
type 3 (Spink3), the homologous gene in mouse, was
recently discovered in the forebrain/midbrain junction
region, mesonephric tubules and other tissues during
mouse embryonic developmentm. In recent years, more
and more attention has been devoted to PSTI/SPINK1
with identification of more unexpected functions for
PSTI/SPINKI. In this review, we summarize the diverse
roles of PSTI/SPINKI in pancreatitis, embtyonic deve-
lopment, cancer occurrence and development, acute
phase response and adult-II citrullinemia.

STRUCTURE OF PSTI/SPINK1 AND ITS
HOMOLOGS

Kazal-type serine protease inhibitor, usually with a
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® KK
(b) Stimulated state
® e o0 KK

Trypsin activity > PSTI activity

signal peptide of about 20 amino acids at N-terminal,
is normally composed of one or several Kazal domains
which typically consist of 50-60 amino acid residues.
Human PSTI gene, containing about 7.5 kb and four
exons, is located on 5q32. Analysis of the PSTI gene
reveals that a 40 bp DNA fragment located between
kb -3.84 and -3.80 carries the element responsible for
both transcriptional activity and IL-6-induced gene
expressionm. The protein of 79 amino acids encoded by
human PSTI gene includes two parts. The first part of
56 amino acid residues contains three disulfide bonds
and a trypsin-specific binding site formed by Lys-1le;
the second part is a 23 amino acid signal peptide. The
mature PSTI is produced after being directed by signal
peptide into the cavity of endoplasmic reticulum. In
mouse, the homologous gene is designated Spink3. There
are two types of cDNA, PSTI-I or SPINK3 and PSTI-
II or SPINKI, which code for the two types of PSTIs
in rat. The nucleotide sequences are 91% homologous
between the two cDNAs, but 68% and 65% homologous
respectively when compared with human PSTT cDNA.
Both amino acid sequences consist of 79 amino acids
with the secretion signal peptide consisting of 18 and
23 amino acids for PSTI- I and PSTI-I respectively.
Therefore, mature PSTI- [ consists of 61 (PSTI-61) and
PSTI-TI of 56 (PSTI-56)". There may be no difference
between two PSTIs in inhibitory properties. However,
PSTI- I, also known as monitor peptide (MP), can sense
the content of proteins in the intestine, promote peptide
cholecystokinin (CCK) release and thereby contributes
to pancreatic exocrine function, while PSTI-II has no
effect on either CCK release or pancreatic secretion
function”

PSTI/SPINK1 IN THE ONSET OF
PANCREATITIS

PSTI/SPINKI is synthesized in acinar cells of the
pancreas, packaged with digestive enzymes into the
secretory granule and binds covalently with erroneously
activated trypsin to form an inactive, stable complex'"’,
Therefore, PSTT/SPINKI1 likely major tole is to prevent
premature activation of trypsinogen thereby ensuring
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Figure 1 The importance of PSTI/SPINK1 in onset of
pancreatitis (cited from Hirota et af** and revised).

% % % % % @O Trypsinogen
OO0 @ —Trypsin
OQOOOOO [X —psTI

||

the integrity of acinar cells to prevent autodigestion of
the pancreaslm. Because the SPINKI1 and trypsinogen
ratio is 1:5, SPINK1 can only inhibit up to 20% of the
trypsin activity in the pancreas. Thus a lack of SPINK1 or
decreased activity of SPINK1 may result in the premature
conversion of trypsinogen into active trypsin leading to
activation of various proteases that damage acinar cells
and then ultimately the development of pancreatitis“zw
(Figure 1).

There have been many reports of mutations of PS
TI/SPINK1 gene in patients with pancreatitis and se-
veral hypothesized roles of these mutant proteins in
pancreatitis. Pfutzer ef @/ compared the SPINK1 gene
sequences in 112 pancreatitis patients with family history
and 95 control persons and found SPINK1 mutations
were very common (2%) in the population and closely
related to pancreatitis. Drenth ef al"™ showed SPINK1
gene mutations occurred in 12.2% of adult patients
with alcohol-induced chronic pancreatitis and idiopathic
chronic pancreatitis, indicating SPINK1 was a susceptible
gene for chronic pancreatitis. In South India, SPINK1
gene mutations and environmental factors were found
to be possible reasons that lead to tropical pancreatitis'®.
Furthermore, Witt ¢/ a/'”" identified N34S missense
mutation and four other kinds of mutations in SPINK1
gene in 18 of 96 (23%) patients with chronic pancreatitis.
Bernardino pointed out the -253C allele for SPINK1
gene might represent a risk factor for the occurrence of
pancreatitis in Brazilian population”.

Interestingly, many previous studies have confirmed
that the N34S and other SPINK1 mutations are mote
common in the general population. However, the inci-
dence of pancreatitis is not very high. Lee ef a/ revealed
SPINK1 gene mutations only slightly increased the
risk of alcohol-induced chronic pancreatitis (ACP)
while the new genetic, environmental and triggering
factors must be worth exploring the relationship with
ACPs""?Y, Therefore, the pathogenesis of pancreatitis
may be more complex'” and it is hypothesized that
only the mutations that affect PSTI/SPINK1 binding
to trypsin will contribute to the onset of pancreatitis.
Recent research suggested that trypsinogen activation
and trypsin activity were regulated by calcium and the
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combination mutations of calcium-sensing receptor
(CASR) and SPINK1 gene may further increase the risk
®, In summary, SPINK1 gene mutations
may be a key factor to determine the occurrence of
pancreatitis while more attention should be paid to other
genetic and external environmental factors.

To better understand the physiological roles of PSTI/
SPINKI in pancreatitis, Ohmuraya e7 al® carried out
a study by means of Spink3 knockout mice and found
that they died after birth due to excessive autophagy and
impaired regeneration in pancreatic acinar cells, suggesting
that Spink3 is involved in the regulation of autophagy
and is essential for maintaining exocrine integrity of

of pancreatitis

the pancreas. Subsequently, Ohmuraya ez al*" further
demonstrated that autophagy is specific to pancreatic
acinar cells and involved in trypsinogen activation in
experimentally induced pancreatitis. These results suggest
that Spink3 has protective roles in pancreatitis by dual
mechanisms, one as a trypsin inhibitor and a second as a
suppressor of autophagy.

PSTI/SPINK1 IN CELL PROLIFERATION
AND GROWTH

PSTI/SPINK1 and embryonic development

In 1986, Fukayama e# a/*” first detected SPINKI1 in
developing buds of the pancreas during the 8th gesta-
tional week and found that pancreatic proteinases ap-
peared in acinar cells during the 14th wk of gestation
before trypsinogen started to be produced. Thus, the
development of the pancreas may be related to the
earlier appearance of SPINKI1 which perhaps works as
a growth factor. Wang ef al” detected the expression of
Spink3 during development of fetal mouse and observed
Spink3 in the foregut, midgut, hindgut and the forebrain/
midbrain junction region at 9.5 d post coitus (dpc), in
the pancreas, large intestine, mesonephric tubules and
urogenital ridge at 11.5 dpc, in the acinar cell, small
intestine and genital swelling at 13.5 dpc, in the the ductus
epididymis at 17.5 dpc and in the seminal vesicle at 8
wk. These data suggest that PSTI/SPINK1 may play
important roles in proliferation and/or differentiation of
various cell types during development.

PSTI/SPINK1 and cancers

Many previous studies have shown PSTT/SPINK1 were
highly expressed in the liver and serum of hepatocellular
carcinoma (HCC) patients. Ohmachi es al® early
discovered the blood level of PSTI in 27 patients with
HCC was significantly increased and positively corre-
lated with tumor size, suggesting that elevated blood
level of PSTI without inflammation indicates the
presence of HCC. Human PSTT is also known as tumor-
associated trypsin inhibitor (TATT). The results of Lee
et aF”” concluded that TATI overexpression contributed
to cell growth advantage and enhanced the metastatic
potential of tumors and suggested using TATI, AFP and
osteopontin as combined markers for molecular staging,
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the detection of HCC and for the prediction of eatly
tumor recurrence. PSTT is highly expressed not only in
HCC but also in many other tumors™. By means of
DNA microarray analysis, quantitative real-time reverse
transcription-polymerase chain reaction (RT-PCR)
and immunohistochemistry, PSTI was identified in the
cytoplasm of intrahepatic cholangiocarcinoma (ICC)
cells and had been suggested as a potential marker for
identifying ICC patients with an increased risk of eatly
recurrence after surgical resection™. Moreover, high
TATT expression was associated with liver metastasis
and was an independent predictor of poor prognosis
in cancer of the colon and the breast” ", Paju ez al™
demonstrated for the first time that TATT was expressed
in the benign and malignant prostate and androgens can
regulate TATT protein expression in high-grade tumors.
High expression of PSTT/SPINKI in cancers may
be highly related to its roles in cell proliferation and
migration. Tn addition, there are structural similarities
between SPINKI1 and epidermal growth factor (EGF)
in terms of the number of amino acid residues and
the presence of 3 intrachain disulfide bridges. Hence,
SPINK1 may bind to EGF receptor (EGFR) to activate
its downstream signaling. Recently, Ozaki first showed
that SPINK1 induced proliferation and growth of NIH
3T3 cells and pancreatic cancer cell lines and this effect
of EGF or SPINKI1 can be completely inhibited by
EGFR and MAPK/ERKK inhibitor. Taken together,
these results suggest SPINKI1 stimulates the proliferation
of pancreatic cancer cells through the EGFR/MAPK
cascade®™. Rat PSTI-61 in vitro induced the growth and
proliferation of rat intestinal epithelial cells IEC-6 in a
dose-dependent manner and can effectively enhance the
activity of ornithine decarboxylase, indicating polyamine
metabolism may be involved in the mechanism of

growth induction”.

PSTI/SPINK1 IN RESPONSE TO
INFLAMMATORY FACTOR OR INJURY

The early stages of the host response to infection, in-
flammation, tissue damage and other stressors include
a number of physiologic changes collectively known as
the acute phase response. The acute phase response is
comprised of many acute-phase reactants which rapidly
increase in the serum. PSTI has been suggested to be
an acute-phase reactant in humans in previous studies.
Yasuda reported LPS-stimulated macrophage conditioned
medium and IL-6 markedly stimulated the secretion of
PSTI by cultured hepatoblastoma cells and suggested
IL-6 induced PSTT secretion is mediated by cAMP de-
pendent protein kinase AP Jonsson also found the
median plasma level of PSTI increased significantly at the
fourth day following subtotal pancreatoduodenectomy
with no increase in pancreatic juice or trypsinogen le-
vels in pancreatic juice and plasma. Furthermore, he
detected the levels of PSTI in culture medium from
endotoxin-stimulated hepatocellular carcinoma cells and
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pancreatic cancer cells and demonstrated that the liver is
the probable source of extrapancreatic origin of plasma
PSTT during the acute-phase reaction””. There are two
PSTIs (PSTI-61 and -56) purified from rat pancreatic
juice. However, only the serum PSTI-61 had increased
approximately 17-fold over the initial level at 48 h after
the injection in the turpentine-induced acute inflammation
model and this immunoreactive PSTT-61 was detected in
the liver after induction of inflammation”. Thus, PSTI
1s highly expressed mainly in the liver after stimulation
by inflammatory cytokines or other stressors and thereby
leads to elevated levels of plasma PSTI.

In addition, SPINK3 was found highly expressed in
the pancreas and induced after pancreatic injury in mouse.
Because SPINK3 may be an important serine protease
inhibitor, its up-regulation may reflect an important
endogenous cytoprotective mechanism in preventing
further injury”™. Marchbank ¢z a/*" demonstrated that
PSTT can reduce the release of cytokine in lipopolysa-
ccharide-stimulated dendritic cells and therefore trans-
genic mice overexpressing human PSTI within the
jejunum reduced indomethacin-induced injury by 42%
and systemic recombinant hPSTI truncated injurious
effects in rat models of dextran-sodium-sulfate-induced
colitis. Human milk containing high concentration of
PSTI stimulated migration and proliferation of intestinal
HT29 cells about three fold, reduced indomethacin-
induced apoptosis by about 70%-80% and gastric damage
in rats by about 75%"*". Thus, we conclude that PSTT
may be involved in stabilizing intestinal mucosa against
noxious agents and stimulating repair after injury. We
used Rat Genome 230 2.0 array to detect the expression
of rat PSTI-61 mRNA in isolated hepatocytes, stellate
cells, dendritic cells, sinusoidal endothelial cells, Kupffer
cells and pit cells from regenerating livers and found its
expressions were significantly up-regulated in some kinds
of hepatic cells, with the highest 449-fold over the control
at 2 h after partial hepatectomy (PH) in isolated stellate
cells and 132-fold at 2 h after PH in hepatocytes, which
implies PSTI-61 may be highly related to inflammation or
injury during liver regeneration.

PSTI/SPINK1 IN ADULT-II

CITRULLINEMIA

Citrin deficiency caused by SLLC25A13 gene mutations
usually develops into adult-onset type II citrullinemia
(CTLN2). Previous studies have shown that the ex-
pression of hPSTI mRNA increased significantly and
the concentration of hPSTI protein was higher in the
liver of type II patients than controls. Furthermore, a
significant increase in serum hPSTT level with no change
in the other serum markers was found, suggesting
serum hPSTT is useful as a diagnostic marker for adult-
onset type I citrullinemia™*. Further study indicated
that CTLN2 patients may also have weight loss, hepatic
steatosis, steatohepatitis and a history of pancreatitis and
serum concentration of PSTI was higher when compared
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with non-alcoholic fatty liver disease (NAFLD) (non-
SLC25A13 gene mutations). Therefore, serum PSTT may
be a useful indicator for distinguishing CTLN2 patients
from conventional NAFLD™. However, the regulatory
mechanism and physiological role of high expression of
PSTT in the liver remain to be elucidated.

CONCLUSION

The roles of PSTT/SPINKI, especially its relationship to
the onset of pancreatitis, have been particularly described
and we have shown that activation of trypsinogen
and PSTT/SPINKI regulates the onset of pancreatitis
while other genetic and external environmental factors
should be considered more in future. We need to further
explore possible signal pathways for PSTI/SPINK1
involved in cell proliferation, growth and migration
which may contribute to a better understanding of its
roles in embryonic development or types of cancers.
Furthermore, we do not clearly know the mechanism
involved in high expression of PSTI/SPINKI in livers
when stimulated by inflammatory factors or partial
hepatectomy. In addition, the relationship between
PSTI/SPINK1 and adult type I citrullinemia remains
unclear. In short, much further work is required in order
to comprehensively understand the functions of PSTI/
SPINKI.
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GENERAL INFORMATION
World Jonrnal of Gastrointestinal Pathophysiology (World | Gastrointest
Pathophysiol, W]GP, online ISSN 2150-5330, DOI: 10.4291), is a
bimonthly, open-access (OA), peer-reviewed journal supported
by an editorial board of 154 experts in gastrointestinal patho-
physiology from 27 countries.

The biggest advantage of the OA model is that it provides
free, full-text articles in PDF and other formats for experts and
the public without registration, which eliminates the obstacle
that traditional journals possess and usually delays the speed
of the propagation and communication of scientific research
results.

The role of academic journals is to exhibit the scientific
levels of a country, a university, a center, a department, and
even a scientist, and build an important bridge for commu-
nication between scientists and the public. As we all know, the
significance of the publication of scientific articles lies not
only in disseminating and communicating innovative scientific
achievements and academic views, as well as promoting the
application of scientific achievements, but also in formally
recognizing the “priority” and “copyright” of innovative
achievements published, as well as evaluating research per-
formance and academic levels. So, to realize these desired
attributes of WJGP and create a well-recognized journal, the
following four types of personal benefits should be maximized.
The maximization of personal benefits refers to the pursuit of
the maximum personal benefits in a well-considered optimal
manner without violation of the laws, ethical rules and the
benefits of others. (1) Maximization of the benefits of editotial
board members: The primary task of editorial board members
is to give a peer teview of an unpublished scientific article via
online office system to evaluate its innovativeness, scientific and
practical values and determine whether it should be published
or not. During peer review, editorial board members can also
obtain cutting-edge information in that field at first hand. As
leaders in their field, they have priority to be invited to write
articles and publish commentary articles. We will put peer
reviewers’ names and affiliations along with the article they
reviewed in the journal to acknowledge their contribution; (2)
Maximization of the benefits of authors: Since WJGP is an
open-access journal, readers around the world can immediately
download and read, free of charge, high-quality, peer-reviewed
articles from IWJGP official website, thereby realizing the
goals and significance of the communication between authors
and peers as well as public reading; (3) Maximization of the
benefits of readers: Readers can read or use, free of charge,
high-quality peer-reviewed articles without any limits, and
cite the arguments, viewpoints, concepts, theories, methods,
results, conclusion or facts and data of pertinent literature so
as to validate the innovativeness, scientific and practical values
of their own research achievements, thus ensuring that their
articles have novel arguments or viewpoints, solid evidence and
correct conclusion; and (4) Maximization of the benefits of
employees: It is an iron law that a first-class journal is unable to
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exist without first-class editors, and only first-class editors can
create a first-class academic journal. We insist on strengthening
our team cultivation and construction so that every employee,
in an open, fair and transparent environment, could contribute
their wisdom to edit and publish high-quality articles, thereby
realizing the maximization of the personal benefits of editorial
board members, authors and readers, and yielding the greatest
social and economic benefits.

The major task of WGP is to report rapidly the most
recent results in basic and clinical research on gastrointestinal
pathophysiology, including all aspects of normal or abnormal
function of the gastrointestinal tract, hepatobiliary system, and
pancreas. WJGP specifically covers growth and development,
digestion, secretion, absorption, metabolism and motility
relative to the gastrointestinal organs, as well as immune and
inflammatory processes, and neural, endocrine and circulatory
control mechanisms that affect these organs. This journal will
also report new methods and techniques in gastrointestinal
pathophysiological research.

The columns in the issues of WJGP will include: (1) Edi-
torial: To introduce and comment on major advances and
developments in the field; (2) Frontier: To review representative
achievements, comment on the state of current research, and
propose directions for future research; (3) Topic Highlight:
This column consists of three formats, including (A) 10 invited
review articles on a hot topic, (B) a commentary on common
issues of this hot topic, and (C) a commentary on the 10
individual articles; (4) Obsetrvation: To update the development
of old and new questions, highlight unsolved problems, and
provide strategies on how to solve the questions; (5) Guidelines
for Basic Research: To provide guidelines for basic research; (6)
Guidelines for Clinical Practice: To provide guidelines for clinical
diagnosis and treatment; (7) Review: To review systemically
progress and unresolved problems in the field, comment on the
state of current research, and make suggestions for future work;
(8) Original Articles: To report innovative and original findings
in gastrointestinal pathophysiology; (9) Brief Articles: To briefly
report the novel and innovative findings in gastrointestinal
pathophysiology; (10) Case Report: To report a rare or typical
case; (11) Letters to the Editor: To discuss and make reply
to the contributions published in WGP, or to introduce and
comment on a controversial issue of general interest; (12) Book
Reviews: To introduce and comment on quality monographs
of gastrointestinal pathophysiology; and (13) Guidelines: To
introduce consensuses and guidelines reached by international
and national academic authorities worldwide on basic research
and clinical practice in gastrointestinal pathophysiology.
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Antiqua with ample margins. Number all pages consecutively,
and start each of the following sections on a new page: Title
Page, Abstract, Introduction, Materials and Methods, Results,
Discussion, Acknowledgements, References, Tables, Figures,
and Figure Legends. Neither the editors nor the publisher
are responsible for the opinions expressed by contributors.
Manuscripts formally accepted for publication become the
permanent property of Beijing Baishideng BioMed Scientific
Co., Ltd, and may not be reproduced by any means, in whole or
in part, without the written permission of both the authors and
the publisher. We reserve the right to copy-edit and put onto
our website accepted manuscripts. Authors should follow the
relevant guidelines for the care and use of laboratory animals of
their institution or national animal welfare committee. For the
sake of transparency in regard to the performance and reporting
of clinical trials, we endorse the policy of the International
Committee of Medical Journal Editors to refuse to publish
papers on clinical trial results if the trial was not recorded in a
publicly-accessible registry at its outset. The only register now
available, to our knowledge, is http://www. clinicaltrials.gov
sponsored by the United States National Library of Medicine
and we encourage all potential contributors to register with it.
However, in the case that other registers become available you
will be duly notified. A letter of recommendation from each
author’s organization should be provided with the contributed
article to ensure the privacy and secrecy of research is protected.

Authors should retain one copy of the text, tables, pho-
tographs and illustrations because rejected manuscripts will
not be returned to the author(s) and the editors will not be
responsible for loss or damage to photographs and illustrations
sustained during mailing;

Online submissions

Manuscripts should be submitted through the Online Sub
mission System at: http:/ /www.wignet.com/2150-53300ffice/.
Authors are highly recommended to consult the ONLINE
INSTRUCTIONS TO AUTHORS (http://www.wjgnet.
com/2150-5330/g_info_20100316080008.htm) before atte-
mpting to submit online. For assistance, authors encountering
problems with the Online Submission System may send an
email describing the problem to wjgp@wjgnet.com, or by
telephone: +86-10-59080038. If you submit your manuscript
online, do not make a postal contribution. Repeated online
submission for the same manuscript is strictly prohibited.

MANUSCRIPT PREPARATION

All contributions should be written in English. All articles must
be submitted using word-processing software. All submissions
must be typed in 1.5 line spacing and 12 pt. Book Antiqua with
ample margins. Style should conform to our house format.
Required information for each of the manuscript sections is as
follows:

Title page
Title: Title should be less than 12 words.

Running title: A short running title of less than 6 words
should be provided.

Authorship: Authorship credit should be in accordance
with the standard proposed by International Committee of
Medical Journal Editors, based on (1) substantial contributions
to conception and design, acquisition of data, or analysis
and interpretation of data; (2) drafting the article or revising
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it critically for important intellectual content; and (3) final
approval of the version to be published. Authors should meet
conditions 1, 2, and 3.

Institution: Author names should be given first, then the
complete name of institution, city, province and postcode.
For example, Xu-Chen Zhang, Li-Xin Mei, Department of
Pathology, Chengde Medical College, Chengde 067000, Hebei
Province, China. One author may be represented from two
institutions, for example, George Sgourakis, Department of
General, Visceral, and Transplantation Surgery, Essen 45122,
Germany; George Sgourakis, 2nd Surgical Department,
Korgialenio-Benakio Red Cross Hospital, Athens 15451, Greece

Author contributions: The format of this section should
be: Author contributions: Wang CL and Liang L. contributed
equally to this work; Wang CL, Liang L, Fu JF, Zou CC, Hong
F and Wu XM designed the research; Wang CL, Zou CC,
Hong I and Wu XM performed the research; Xue JZ and Lu
JR contributed new reagents/analytic tools; Wang CL, Liang L.
and Fu JF analyzed the data; and Wang CL, Liang L. and Fu JF
wrote the paper.

Supportive foundations: The complete name and number of
supportive foundations should be provided, e.g., Supported by
National Natural Science Foundation of China, No. 30224801

Correspondence to: Only one corresponding address sho-
uld be provided. Author names should be given first, then
author title, affiliation, the complete name of institution,
city, postcode, province, country, and email. All the letters
in the email should be in lower case. A space interval should
be inserted between country name and email address. For
example, Montgomery Bissell, MD, Professor of Medicine,
Chief, Liver Center, Gastroenterology Division, University of
California, Box 0538, San Francisco, CA 94143, United States.
montgomery.bissell@ucsf.edu

Telephone and fax: Telephone and fax should consist of +,
country number, district number and telephone or fax number,

e.g,, Telephone: +86-10-59080039 Fax: +86-10-85381893

Peer reviewers: All articles received are subject to peer
review. Normally, three experts are invited for each article.
Decision for acceptance is made only when at least two
experts recommend an article for publication. Reviewers for
accepted manuscripts are acknowledged in each manuscript,
and reviewers of articles which were not accepted will be
acknowledged at the end of each issue. To ensure the quality
of the articles published in WJGP, reviewers of accepted
manuscripts will be announced by publishing the name,
title/position and institution of the reviewer in the footnote
accompanying the printed article. For example, reviewers:
Professor Jing-Yuan Fang, Shanghai Institute of Digestive
Disease, Shanghai, Affiliated Renji Hospital, Medical Faculty,
Shanghai Jiaotong University, Shanghai, China; Professor
Xin-Wei Han, Department of Radiology, The First Affiliated
Hospital, Zhengzhou University, Zhengzhou, Henan Province,
China; and Professor Anren Kuang, Department of Nuclear
Medicine, Huaxi Hospital, Sichuan University, Chengdu,
Sichuan Province, China.

Abstract
There are unstructured abstracts (no more than 256 words)
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and structured abstracts (no more than 480). The specific
requirements for structured abstracts are as follows:

An informative, structured abstracts of no more than 480
wotds should accompany each manuscript. Abstracts for original
contributions should be structured into the following sections.
AIM (no more than 20 words): Only the purpose should be
included. Please write the aim as the form of “To investigate/
study/...; MATERIALS AND METHODS (no more than
140 words); RESULTS (no more than 294 wotds): You should
present P values where appropriate and must provide relevant
data to illustrate how they wete obtained, e.g. 6.92 + 3.86 s 3.61
+ 1.67, P < 0.001; CONCLUSION (no more than 26 wotds).

Key words
Please list 5-10 key words, selected mainly from Index Medicus,
which reflect the content of the study.

Text

For articles of these sections, original articles, rapid commu-
nication and case reports, the main text should be structured into
the following sections: INTRODUCTION, MATERIALS AND
METHODS, RESULTS and DISCUSSION, and should include
appropriate Figures and Tables. Data should be presented in
the main text or in Figures and Tables, but not in both. The
main text format of these sections, editorial, topic highlight,
case report, letters to the editors, can be found at: http://
www.wjgnet.com/2150-5330/¢g_info_20100316080000.htm.

Illustrations

Figures should be numbered as 1, 2, 3, ez, and mentioned clearly
in the main text. Provide a brief title for each figure on a separate
page. Detailed legends should not be provided under the figures.
This part should be added into the text where the figures are
applicable. Figures should be either Photoshop or Illustrator
files (in tiff, eps, jpeg formats) at high-resolution. Examples can
be found at: http://www.wjgnet.com/1007-9327/13/4520.
pdf; http://www.wjgnet.com/1007-9327/13/4554.pdf;
http://www.wjgnet.com/1007-9327/13/4891.pdf; http://
www.wignet.com/1007-9327/13/4986.pdf; http://www.
wignet.com/1007-9327/13/4498.pdf. Keeping all elements
compiled is necessary in line-art image. Scale bars should
be used rather than magnification factors, with the length
of the bar defined in the legend rather than on the bar
itself. File names should identify the figure and panel. Avoid
layering type directly over shaded or textured areas. Please use
uniform legends for the same subjects. For example: Figure 1
Pathological changes in atrophic gastritis after treatment. A: ...; B:
v Gy DL B LG Fr s Ge Lt Tt s our principle to publish
high resolution-figures for the printed and E-versions.

Tables

Three-line tables should be numbered 1, 2, 3, e#., and men-
tioned clearly in the main text. Provide a brief title for
each table. Detailed legends should not be included under
tables, but rather added into the text where applicable. The
information should complement, but not duplicate the text.
Use one horizontal line under the title, a second under column
heads, and a third below the Table, above any footnotes.
Vertical and italic lines should be omitted.

Notes in tables and illustrations

Data that are not statistically significant should not be noted.
*P < 0.05, "P < 0.01 should be noted (P > 0.05 should not be
noted). If there are other series of P values, °P < 0.05 and ‘P <
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0.01 are used. A third seties of P values can be expressed as ‘P
< 0.05 and ‘P < 0.01. Other notes in tables or under illustrations
should be expressed as 'E, °F, °F; or sometimes as other symbols
with a superscript (Arabic numerals) in the upper left corner. In
a multi-curve illustration, each curve should be labeled with e, o,
m, 0, A, /\, ¢, in a certain sequence.

Acknowledgments
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obtaining written permission to use any copyrighted text and/
or illustrations.
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Coding system
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cording to the citation order in the text. Put reference numbers
in square brackets in superscript at the end of citation content
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Statistical data

Write as mean = SD or mean * SE.

Statistical expression

Express 7 test as ¢ (in italics), F test as I (in italics), chi square
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probability as P (in italics).

Units
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pressute, p (B) = 16.2/12.3 kPa; incubation time, t (incubation)
= 96 h, blood glucose concentration, ¢ (glucose) 6.4 £ 2.1
mmol/L; blood CEA mass concentration, p (CEA) = 8.6
24.5 ug/L; CO, volume fraction, 50 mL/L CO,, not 5% CO,;
likewise for 40 g/ formaldehyde, not 10% formalin; and mass
fraction, 8 ng/g, efe. Arabic numerals such as 23, 243, 641 should
be read 23243 641.

The format for how to accurately write common units and
quantums can be found at: http://wwwwijgnet.com/2150-5330/
g info_20100107160355.htm.

Abbreviations

Standard abbreviations should be defined in the abstract and
on first mention in the text. In general, terms should not be
abbreviated unless they are used repeatedly and the abbreviation
is helpful to the reader. Permissible abbreviations are listed in
Units, Symbols and Abbreviations: A Guide for Biological and
Medical Editors and Authors (Ed. Baron DN, 1988) published
by The Royal Society of Medicine, London. Certain commonly
used abbreviations, such as DNA, RNA, HIV, LD50, PCR,
HBYV, ECG, WBC, RBC, CT, ESR, CSF, IgG, ELISA, PBS, ATP,
EDTA, mAb, can be used directly without further explanation.

Italics

Quantities: 7 time or temperature, ¢ concentration, A4 area, /
length, 7 mass, 17 volume.

Genotypes: gyrA, arg 1, ¢ mye, ¢ fos, ete.

Restriction enzymes: EcoRI, Hindl, BamHI, Kbo 1, Kpn 1, efz.
Biology: H. pylori, E coli, ete.

SUBMISSION OF THE REVISED MANUSCRIPTS AFTER
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Please revise your article according to the revision policies

June 15, 2010 | Volume1 | Issue 2 |



of WJGP. The revised version including manuscript and
high-resolution image figures (if any) should be copied on a
floppy or compact disk. The author should send the revised
manusctipt, along with printed high-resolution color or black
and white photos, copyright transfer letter, and responses to
the reviewers by courier (such as EMS/DHL).

Editorial Office

World Journal of Gastrointestinal Pathophysiology
Editorial Department: Room 903, Building D,

Ocean International Center,

No. 62 Dongsihuan Zhonglu,

Chaoyang District, Beijing 100025, China

E-mail: wigp@wignet.com

http://www.wjgnet.com

Telephone: +86-10-59080038

Fax: +86-10-85381893

Language evaluation

The language of a manuscript will be graded before it is
sent for revision. (1) Grade A: priority publishing; (2) Grade
B: minor language polishing; (3) Grade C: a great deal of
language polishing needed; and (4) Grade D: rejected. Revised
articles should reach Grade A or B.

Copyright assignment form
Please download a Copyright assignment form from http://
www.wignet.com/2150-5330/g_info_20100107155448.htm.

Responses to reviewers
Please revise your article according to the comments/suggestions
provided by the reviewers. The format for responses to the

(44

Jgn?s:iﬁm"* WJGP | www.wjgnet.com

Instructions to authors

reviewers’ comments can be found at: http://www.wjgnet.

com/2150-5330/g_info_20100107154656.htm.

Proof of financial support
For paper supported by a foundation, authors should provide
a copy of the document and serial number of the foundation.

Links to documents related to the manuscript

WJGP will be initiating a platform to promote dynamic
interactions between the editors, peer reviewers, readers and
authors. After a manuscript is published online, links to the
PDF version of the submitted manuscript, the peer-reviewers’
report and the revised manuscript will be put on-line. Readers
can make comments on the peer reviewer’s report, authors’
responses to peer reviewers, and the revised manuscript. We
hope that authors will benefit from this feedback and be able
to revise the manuscript accordingly in a timely manner.

Science news releases

Authors of accepted manuscripts are suggested to write a
science news item to promote their articles. The news will be
released rapidly at EurekAlert/AAAS (http://www.eurekalert.
org). The title for news items should be less than 90 characters;
the summary should be less than 75 words; and main body less
than 500 words. Science news items should be lawful, ethical,
and strictly based on your original content with an attractive
title and interesting pictures.

Publication fee

Authors of accepted articles must pay a publication fee.
EDITORIAL, TOPIC HIGHLIGHTS, BOOK REVIEWS and
LETTERS TO THE EDITOR are published free of charge.

June 15, 2010 | Volume1 | Issue 2 |



	WJGPv1i2-Cover.pdf
	WJGPv1i2-Editorial Board.pdf
	WJGPv1i2-Contents.pdf
	23.pdf
	30.pdf
	38.pdf
	50.pdf
	63.pdf
	69.pdf
	85.pdf
	WJGPv1i2-Acknowledgments.pdf
	WJGPv1i2-Meetings.pdf
	WJGPv1i2-Instructions to authors.pdf

