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The proliferation of cholangiocytes occurs during the
progression of cholestatic liver diseases and is critical
for the maintenance and/or restoration of biliary mass
during bile duct damage. The ability of cholangiocytes
to proliferate is important in many different human
pathologic conditions. Recent studies have brought to
light the concept that proliferating cholangiocytes serve
as a unique neuroendocrine compartment in the liver.
During extrahepatic cholestasis and other pathologic
conditions that trigger ductular reaction, proliferating
cholangiocytes acquire a neuroendocrine phenotype.
Cholangiocytes have the capacity to secrete and re-
spond to a variety of hormones, neuropeptides, and
neurotransmitters, regulating their surrounding cell
functions and proliferative activity. In this review, we
discuss the regulation of cholangiocyte growth by neu-
roendocrine factors in animal models of cholestasis and
liver injury, which includes a discussion of the acquisi-
tion of neuroendocrine phenotypes by proliferating
cholangiocytes and how this relates to cholangiopa-
thies. We also review what is currently known about the
neuroendocrine phenotypes of cholangiocytes in hu-
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man cholestatic liver diseases (ie, cholangiopathies)
that are characterized by ductular reaction. @Am J
Pathol 2011, 178:472—484; DOI: 10.1016/j.ajpath.2010.09.043)

The liver is formed by two types of epithelia: hepato-
cytes (which account for 70% of the nucleated liver
population) and intrahepatic bile duct epithelial cells or
cholangiocytes (which account for 3% to 5% of the
endogenous liver cells).”? Cholangiocytes line the in-
trahepatic and extrahepatic bile ducts of the liver and
participate in several cellular processes, including the
modification of the bile of canalicular origin® during
transit through the biliary system before it reaches the
duodenum and the detoxification of xenobiotics.’™*
The secretion of ductal bicarbonate is coordinately
regulated by a variety of stimulatory or inhibitory fac-
tors, including gastrointestinal hormones (eg, secretin,
somatostatin, and bombesin), neuropeptides, and neu-
rotransmitters.® Among these factors, secretin and its
basolateral receptors (SR; expressed only by cholangio-
cytes in the liver)® are the major players in the regulation
of bicarbonate secretion.® Secretin binds to SR, stimulat-
ing intracellular cAMP levels and inducing the phosphor-
ylation of protein kinase A (PKA).” Subsequently, PKA
phosphorylation induces the activation of cystic fibro-
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Table 1. Neurotransmitters and Neuromodulators That Affect Cholangiocyte Proliferation and Function
Effect on
Neurotransmitter/neuromodulator Structure Receptors proliferation/function References
Met-enkephalin Delta, mu, and kappa Increase in opioid synthesis 13
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during cholestasis limits
excessive cholangiocyte
proliferation via delta OR

Serotonin 5-hydroxytryptamine  HOQ Serotonin 1A and 1B Autocrine loop based on 14
receptors serotonin secretion that
limits the growth of the
[ biliary tree during chronic
HN NHz cholestasis
Epinephrine/norepinephrine oH B1-AR Required for cholangiocyte 15-18
N._ B2-AR proliferation in response
R to BDL
HO al-AR Regulation of secretin-
OH a2-AR stimulated ductal
secretion
Acetylcholine 0 M3-ACh Enhances the effect of 19-22
)J\ X {r secretin; required for
O/\/ N cholangiocyte
proliferation in response
to BDL; maintains biliary
mass
GABA e} GABA,, GABAg, After damage of large bile 23

HN\/\)'I\
= OH

GABA receptors

ducts by GABA, small
ducts replenish the biliary
tree by amplification of
Ca?*-dependent
signaling and de novo
acquisition of large
secretory phenotypes

Anandamide ? Cb1, VR1 Anandamide inhibits 24
Howﬁj\mk cholangiocyte during
] BDL via activation of
NL\; thioredoxin 1/redox factor
1 and AP-1 activation
Histamine H1R, H3R H3R agonist RAMH inhibits 25,26

biliary growth of BDL
rats; small mouse
cholangiocytes proliferate
in response to H1R
stimulation

AP-1, activator protein-1; AR, androgen receptor; OR, opiod receptor; RAMH, R-a-methylhistamine dihydrobromide.

sis transmembrane conductance regulator (CFTR),
leading to the secretion of CI™ at the apical membrane
of cholangiocytes, resulting in membrane depolariza-
tion.® The CI~ efflux from CFTR creates a Cl~ gradient
that induces activation of the apically located CI7/
HCOj3 anion exchanger 2 (AE2),%'° which results in
secretin-stimulated bicarbonate-enriched bile.? Signal-
ing through SR plays a key role in the regulation of
biliary growth/damage (see Secretin, Somatostatin, and
cAMP-Dependent Signaling).

Cholangiocytes are the target cells in a variety of ani-
mal models of cholestasis (see Animal Models and in Vitro
Systems) and human cholangiopathies.™'" Proliferation
of cholangiocytes is critical for maintenance of the ho-
meostasis of the biliary tree and for secretory function
during the pathogenesis of chronic cholestatic liver dis-
eases, such as primary biliary cirrhosis (PBC), and pri-
mary sclerosing cholangitis.’ Interest in understanding
the neuroendocrine nature of biliary proliferation has

increased in the past several years with the identifica-
tion of several neuroendocrine factors regulating the
homeostasis of the biliary tree by autocrine and para-
crine mechanisms in animal models of cholestasis’
and in human cholangiopathies. In addition, cholan-
giocytes display neuroendocrine phenotypes (such as
chromogranin A, glycolipid A2-B4, S-100 protein, neu-
ral cell adhesion molecule, and the addition of neu-
roendocrine granules) during the progression of hu-
man cholestatic liver diseases.’”'? The number of
factors that participate in the regulation of cholangio-
cyte proliferation has quickly expanded in the past
several years. These neuroendocrine factors affecting
the function and proliferation of cholangiocytes are
thoroughly discussed in this review, and key factors
are highlighted in Tables 1 and 2. Several previous
reviews have highlighted the role of neuroendocrine
factors in the regulation of biliary proliferation.*511.52
However, owing to the rapid expansion of the list of factors
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Table 2. Peptide Hormones and Other Neuroendocrine Factors That Affect Cholangiocyte Proliferation and Function

Hormone Receptors

Effect on proliferation References

CGRP (a/p) CLR, RAMP1, RCP

Estrogen
Gastrin

ER-o/ER-B
CCK-B/gastrin

GH/IGF-1 GH-R/IGF1R

GLP-1 (exendin-4) GLP-1R
NGF TrkA

Progesterone PR-A/B; mPR

Secretin SR
Somatostatin SSTR,

VEGF VEGR2 and 3

ET-1 ET, and ETg

Cytokines (IL-6, IL-8) gp130 CXCR2

Prolactin Prolactin receptor (short and long)

FSH FSH receptor

Stimulates an increase in biliary mass; lack of 27
CGRP reduces biliary proliferation in
response to BDL

Stimulates cholangiocyte proliferation

Counteracts the effect of secretin; inhibits
cholangiocyte proliferation during BDL

Stimulates cholangiocyte proliferation; GH 34
stimulates production and release of IGF-1
that modulates cell proliferation

GLP-1 is expressed by cholestatic
cholangiocytes; stimulates biliary
proliferation; exendin-4 protects
cholangiocytes from apoptosis

Secreted by cholestatic cholangiocytes; 37
supports the proliferative response to BDL

Stimulates proliferation in normal and 38
cholestatic cholangiocytes via autocrine/
paracrine mechanisms

Stimulates proliferation of normal and 39
cholestatic cholangiocytes; lack of SR
reduces biliary hyperplasia in response to
BDL

Counteracts the effect of secretin-stimulated
biliary secretion; inhibits proliferation

Secreted by cholangiocytes during
cholestasis and stimulates an increase in
biliary proliferation; prevents cholangiocyte
apoptosis induced by interruption of the
blood flow of the hepatic artery; VEGF
receptor inhibitor, SU-5416, blocked liver
cyst growth in Pkd2"$2%~ mice

ET-1 inhibits secretin-induced ductal 47
secretion

CXCR2 agonists in ADPKD liver cyst fluids 48
promote cholangiocyte proliferation; IL-6
and IL-8 are secreted by cholangiocytes

Stimulates the proliferation of normal female
cholangiocytes by differential regulation of
Ca?"-dependent PKC isoforms

Induces biliary hyperplasia via an autocrine 51
mechanism by the activation of CAMP-
dependent ERK1/2 and Elk-1

28-31
32,33

35,36

40-42

43-46

49,50

CLR, calcitonin receptor-like receptor; Elk-1, ets-like gene-1; GH, growth hormone; IL-6, interleukin-6; RAMP1, receptor activity-modifying protein 1;
RCP, receptor component protein; TrkA, neurotrophic tyrosine kinase receptor type 1.

that affect biliary proliferation, these reviews are not current
and comprehensive. Although a variety of studies have
emphasized the importance of proliferating cholangiocytes
in the development of fibrosis, this topic is not discussed in
this review.

Anatomic and Morphologic Features of the
Biliary Epithelium

The intrahepatic biliary epithelium is divided into extra-
hepatic and intrahepatic bile ducts.®2%2 The intrahepatic
biliary epithelium consists of the portion of the biliary tree
proximal to the confluence of the hepatic ducts, extend-
ing from the canals of Hering to the large extrahepatic
bile ducts.®#® According to Ludwig,®® the human intra-
hepatic biliary epithelium is divided into small bile
ductules (<15 um in diameter), interlobular ducts (15 to
100 um in diameter), septal ducts (>100-300 wm in
diameter), segmental ducts (>300 to 800 um in diame-

ter), and hepatic ducts (>800 wm in diameter). In ro-
dents, the intrahepatic biliary epithelium is morphologi-
cally heterogeneous and is formed by small (<15 um in
external diameter lined by small cholangiocytes, 8 um in
size) and large (>15 um in external diameter lined by
large cholangiocytes, 15 um in size) bile ducts.®>*%° We
also isolated subpopulations of small (8-um) and large
(15-um) cholangiocytes from small and large ducts, re-
spectively, and demonstrated that these cell types are
morphologically and functionally heterogeneous.3840:5°
This finding is particularly important because it allows
for mapping of the in vitro studies in isolated small and
large cholangiocytes to the different in situ portions (ie,
small and large ducts) of the intrahepatic biliary epithe-
lium.3:8:40:54-56 1n sypport of the morphologic heteroge-
neity of the biliary epithelium, other groups have recon-
structed the intrahepatic biliary system to resemble a
tree, with the common and hepatic ducts corresponding
to the trunk, the intrahepatic bile ducts corresponding to



the large branches, and the small ductules correspond-
ing to the smallest limbs of the tree 5”8

Innervation of the Biliary Epithelium

The liver is innervated by sympathetic and parasympa-
thetic nerves and by spinal afferent nerves (originating
from the dorsal root ganglia) with variations in localization
of the innervation by species.®® In rat liver, sympathetic
and parasympathetic nerve fibers are located around the
hepatic artery, portal vein, and intrahepatic and extrahe-
patic bile ducts.®® Sensory nerves also possess an efferent
function that is mediated by the release of sensory neuro-
peptides [ie, calcitonin gene-related peptide (CGRP) and
substance P] from their peripheral terminals in tissues they
innervate, regulating cellular functions independent of
sensation. In rodent liver, CGRP-positive innervation is
present as dense networks in the fibromuscular layer of
the biliary tree, surrounding the portal vein, and in the
stromal compartment of portal areas.°

Vascularization of the Biliary Epithelium

The intrahepatic and extrahepatic biliary epithelium is
nourished by a vascular network of minute vessels [the
peribiliary vascular plexus (PBVP)] that originate from
branches of the hepatic artery and flow principally into
the hepatic sinusoids, either directly (lobular branch) or
via portal vein branches (prelobular branches).’ A well-
defined monolayered PBVP is observed around large bile
ducts, whereas the PBVP is progressively reduced up to
a single capillary around small bile ducts because the
plexus gets smaller proportionally to bile duct size.®"
After bile duct ligation (BDL), the PBVP undergoes
marked proliferation around large bile ducts,®’ and this
may explain why only large cholangiocytes in large ducts
undergo mitosis in this cholestatic model.*° Because the
blood flows in an opposite direction with respect to bile
flow (from large toward small ducts), the PBVP presents a
counter current stream of biliary reabsorbed substances
to hepatocytes.®’

Animal Models and in Vitro Systems for
Studying Biliary Growth/Damage

Cholangiocytes have low mitotic activity in the normal
state.*® A variety of animal models that mimic cholestatic
liver diseases (ie, primary sclerosing cholangitis and
PBC) and liver injury have been used to expand our
current knowledge of the intracellular signaling mech-
anisms regulating cholangiocyte proliferation and bile
duct damage. These models include BDL, partial
hepatectomy, feeding of the bile salts taurocholate and
taurolithocholate, and acute carbon tetrachloride
(CCl,) administration.®9:19:3240.62 Among these mod-
els of biliary hyperplasia, the cholestatic BDL model,
which is characterized by biliary hyperplasia confined
to portal tracts, has been the most commonly used in the
literature,'~4:©:8:19:27.28.32.37240 Cholangiocytes also dis-
play a heterogeneous profile regarding the proliferative/
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apoptotic responses to liver injury/toxins.®19:40:52:56 After
BDL, large (but not small) cholangiocytes proliferate
through the activation of cAMP-dependent signaling,
leading to increased intrahepatic bile duct mass.33240:56
Regarding small cholangiocytes, studies have sug-
gested that the activation of D-myo-inositol 1,4,5-triphos-
phate (IP;)/Ca®*-dependent signaling plays an impor-
tant role in regulating the function of these cells.®® For
example, small mouse cholangiocytes proliferate in re-
sponse to H1 histamine receptor stimulation by activation
of the IP;/Ca®*~dependent calmodulin-dependent pro-
tein kinase I/cAMP-response element binding protein
pathway.?® In pathologic conditions of damage of large
cholangiocytes (eg, after treatment with CCl, or GABA),
small ducts replenish the damaged biliary tree by ampli-
fication of Ca®*-dependent signaling and de novo acqui-
sition of large cholangiocyte phenotypes.®22

An important advancement in the field came from the
isolation and characterization of pure preparations of
pooled and small (mean diameter, ~8 um) and large
(mean diameter, ~15 um) cholangiocytes (originating
from small and large bile ducts, respectively) and intra-
hepatic bile duct units from normal, hyperplastic, and
regenerating rodent livers.3:89.19.32.55.56.62.63 G5t particu-
lar importance, the isolation of small and large cholan-
giocytes and intrahepatic bile duct units (obtained from
different portions of the biliary epithelium) has allowed us
to begin to define the morphologic and functional heter-
ogeneity of intrahepatic bile ducts. A variety of polarized
cholangiocyte (from pooled, small and large) culture sys-
tems or immortalized cell lines from normal and diseased
livers have further expanded our knowledge of the patho-
biologic features of human and rodent biliary epithe-
lia.?>:%4:65 This topic is beyond the purpose of this review
and is not discussed in detail herein.

Neural Modulators of Biliary Growth

Parasympathetic System

The first evidence of the role of the sympathetic system in
the regulation of biliary functions came from an elegant
study®° that showed that acetylcholine, by acting on M3
receptor subtypes, induces a Ca®"-calcineurin-medi-
ated potentiation of secretin-stimulated CI"/HCO3 AE 2
activity, a functional index of biliary growth.2° In support
of the notion that cholinergic innervation stimulates biliary
growth, interruption of the parasympathetic system (by
total vagotomy) induces biliary apoptosis and decreases
cholangiocyte proliferation and impairs secretin-stimu-
lated cAMP levels and ductal secretion.'® Vagotomy-
induced effects on biliary apoptosis and proliferation
were reversed by the maintenance of cholangiocyte
cAMP levels by means of long-term administration of
forskolin.™ Vagotomy-induced damage of bile ducts is
also prevented by the feeding of the bile salts tauro-
cholate and ursodeoxycholate.?’22 At the clinical level,
antibodies against acetylcholine receptors have been
identified in PBC sera.®® Autonomic parasympathetic and
sensory nerve dysfunction also has been observed in
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patients with chronic liver diseases, such as alcoholic
cirrhosis and PBC.%” Taken together, the data support
the concept that up-regulation of the parasympathetic
system can be beneficial in ductopenic diseases.

Adrenergic Innervation

Adrenergic innervation regulates the proliferation of
hepatocytes and cholangiocytes during liver regenera-
tion induced by partial hepatectomy.®® In BDL rats, the
al-adrenergic receptor agonist phenylephrine potenti-
ates SR expression and secretin-stimulated cAMP levels
and bile flow (functional indices of biliary growth)?3:9:32:40
by activation of Ca®*-dependent protein kinase C (PKC)
signaling.’® In addition, the a,-adrenergic receptor ago-
nist UK-14304 inhibits secretin-stimulated ductal secre-
tion in BDL rats by down-regulation of cAMP signaling.'®
Consistent with the notion that adrenergic innervation is
key in maintaining the homeostasis of the biliary tree,
sympathetic denervation (by intraportal administration of
6-hydroxydopamine to BDL rats) induces the damage of
bile ducts (by apoptosis) and functional loss of secretin-
stimulated secretion that was prevented by activation of
the cAMP-dependent pathway by the long-term adminis-
tration of clenbuterol (a B,-adrenergic agonist) and do-
butamine (a B,-adrenergic agonist).'” 6-Hydroxydopa-
mine-induced effects on secretin-stimulated choleresis
and biliary hyperplasia were also prevented by tauro-
cholic acid feeding,'® a finding that suggests that bile
acids may interact with nerve receptors.

Dopaminergic Innervation

Limited information exists regarding the role of dopami-
nergic fibers in the modulation of biliary growth. We have
shown that cholangiocytes express D, dopaminergic re-
ceptors and that quinelorane (a D, dopamine receptor ag-
onist) inhibits secretin-stimulated choleresis by increased
PKC-vy expression and decreased PKA activity.”

Serotoninergic Innervation

There is growing evidence regarding the role of the neu-
roendocrine hormone serotonin in the regulation of
cholangiocyte proliferation/loss. A variety of studies have
suggested the role of serotonin in the origin of pruritus
and fatigue in patients with PBC.®° Recently, we showed
that i) cholangiocytes express the serotonin receptor
types 1A and 1B and ii) activation of these receptor
subtypes decreases the cholangiocyte hyperplasia typi-
cal of BDL by IP,/Ca®"-dependent down-regulation of
cAMP-dependent signaling.’ This study demonstrates
that proliferating cholangiocytes secrete serotonin and
that immunoneutralization of serotonin induces an in-
crease in cholangiocyte proliferation in vitro and in vivo.'*
The data suggest that autocrine modulation of cholangio-
cyte serotonin secretion may be important in the regula-
tion of the balance between cholangiocyte growth/apop-
tosis during the progression of cholangiopathies.™

Sensory Innervation

Sensory neuropathy has been associated with PBC.67-7°
We recently provided the first evidence that sensory in-
nervation regulates the hyperplasia of the biliary epithe-
lium in cholestatic states.?” Using a knockout mouse
model, which lacks the sensory neuropeptide a-CGRP,
BDL induced lower cholangiocyte hyperplasia compared
with that of BDL WT mice.?” The BDL-induced biliary
hyperplasia in WT mice was associated with increases in
circulating a-CGRP levels.?” In vitro, a- and B-CGRP in-
creased biliary proliferation by the activation of cAMP-
dependent PKA and cAMP-response element binding
protein DNA binding.?” Preliminary data from Dr. Gian-
franco Alpini’s laboratory (Temple, TX) have shown that
i) substance P stimulates the growth of mouse cholan-
giocytes and ii) knockout of the neurokinin-1 receptor
reduces cholangiocyte proliferation in BDL mice (S.S.
Glaser and G. Alpini, unpublished observations).

Cannabinoid System

A recent study demonstrated i) the presence of canna-
binoid receptors (Cb1, Cb2, and VR1) on normal and
BDL mouse cholangiocytes and ii) that the endogenous
cannabinoid anandamide inhibits cholangiocyte hyper-
plasia in BDL mice via a Cb2-dependent mechanism by
activation of the thioredoxin 1/redox factor 1 and activator
protein-1 pathways.?* Modulation of the endocannabi-
noid system may be important in the treatment of cholan-
giopathies. The hepatic expression of endocannabinoid
receptors and their novel polymorphisms was recently
evaluated in patients with PBC.”" The study showed that
Cb1 was heavily expressed in hepatocytes and cholan-
giocytes in PBC samples but was absent in control liver
samples.”! The Cb2 was expressed in hepatocytes and
in cholangiocytes but not in mesenchymal cells.”' The
mRNA for Cb1 and Cb2 was expressed in PBC liver
samples.”! Logistic regression analysis demonstrated
that advanced histologic stage and the lack of response
to ursodeoxycholic acid treatment were significantly cor-
related with the polymorphism of Clb1.”"

Regulation of Biliary Growth by
Gastrointestinal Hormones

Secretin, Somatostatin, and cAMP-Dependent
Signaling

The cAMP-dependent PKA/Rous sarcoma virus/MEK/ex-
tracellular signal-regulated kinase (ERK1/2) pathway has
been shown to play a key role in the regulation of large
cholangiocyte functions. For example, long-term admin-
istration of forskolin to normal rats increased intrahepatic
bile duct mass, cAMP levels, and secretin-induced bicar-
bonate-rich bicarbonate secretion of large cholangio-
cytes.®3 Recently, we showed that the Ca®*/calmodulin-
dependent adenylyl cyclase AC8 is expressed mostly in
large cholangiocytes, where it regulates secretin-stimu-
lated large biliary function because Ca®*/calmodulin in-



hibitors and AC8 gene silencing inhibited choleresis and
cAMP production stimulated by secretin.”? Also, the
cAMP-dependent mitogen-activated protein kinase iso-
form ERK1/2 is up-regulated in proliferating BDL cholan-
giocytes, where it regulates the growth of these cells.?®

Secretin and its receptors (constitutively expressed only
by cholangiocytes in humans and rodents)®®54-56.73 have
been shown to regulate biliary secretion by activation
of cAMP-dependent signaling.® 1954756 Specifically, in
normal rodents, secretin stimulates ductal secretion in
isolated large cholangiocytes and in large bile duct
units (the only cholangiocyte subpopulation that ex-
presses SR in normal rodent models)®°*%% by activa-
tion of cAMP=PKA=CFTR/CI"/HCO; AE2.5%7°°% At the
functional level, the secretin-stimulated cAMP=PKA=
CFTR/CI~/HCO3 AE2 pathway has been associated with
changes in the degree of cholangiocyte hyperplasia/
damage.?3692332 For example, in pathologic conditions
of cholangiocyte hyperplasia (eg, after BDL, taurocholate
feeding, or partial hepatectomy) there is enhanced SR
expression®93249 and secretin-stimulated cAMP=PKA=
CFTR/CI~/HCO3 AE2,3:829:23:3240.62 |aading to enhanced
bicarbonate secretion in ductal bile.®® Conversely, in
pathologic conditions of damage of large cAMP-depen-
dent bile ducts (eg, after acute administration of the toxin
CCl, or long-term administration of the neurotransmitter
GABA), there is decreased proliferation and down-regu-
lation of SR and secretin-stimulated cAMP=PKA=CFTR/
CI7/HCOg; AE2 in large cholangiocytes with decreased
bicarbonate secretion in bile.** Concomitant with dam-
age of large cholangiocytes,®23 small cholangiocytes
(whose function is not regulated by cAMP-dependent
signaling)®®2>40:54.55  gcquire  phenotypes of large
cholangiocytes, and the de novo respond to secretin with
changes in ductal secretory activity.>2% In addition to
acquiring phenotypes of large cholangiocytes, small
cholangiocytes can proliferate by activation of IP,/Ca®*-
dependent signaling, a phenomenon that may be key in
replenishing the biliary epithelium during abnormalities of
large cAMP-responsive bile ducts, such as in cystic fi-
brosis."®274 As strong support for the important role of
the cAMP=PKA=CFTR/CI"/HCO3; AE2 pathway in the
development of cholangiopathies, a recent study dem-
onstrated that AE2a,b—deficient mice develop antimito-
chondrial antibodies and other features resembling
PBC.”®

Although these findings suggested that the secre-
tin-SR axis modulates cholangiocyte growth, we have
shown direct evidence of secretin-dependent cholangio-
cyte proliferation.®® In this study,®® we demonstrated that
knockout of SR significantly decreased large cholangio-
cyte hyperplasia induced by cholestasis, which was as-
sociated with enhanced apoptosis. Reduced cAMP-de-
pendent ERK1/2 phosphorylation was also observed in
large cholangiocytes from SR™/~ BDL compared with WT
BDL mice. In vivo, long-term administration of secretin to
normal WT mice increased cholangiocyte proliferation
and biliary mass. In vitro, stable knockdown of SR expres-
sion reduced basal proliferation of large cholangiocytes.
The decreased basal proliferative rates that we observed
in large cholangiocytes with stable knockdown of SR
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suggest that the regulation of cholangiocyte growth by
secretin occurs perhaps in an autocrine mechanism. In
support of this concept, preliminary data from our group
(S.S. Glaser and G. Alpini, unpublished observations)
demonstrated that i) cholangiocytes (in addition to S cells
in the duodenum in the crypts of Lieberkiihn) express the
message for secretin and secrete this gastrointestinal
hormone and ii) knockout of the gene for secretin inhibits
large cholangiocyte hyperplasia in cholestatic mice by
means of an autocrine mechanism. Modulation of secre-
tin expression/secretion by cholangiocytes may be im-
portant as a therapy for ductopenic liver diseases and
associated changes in ductal secretory activity. In sup-
port of the importance of secretin in clinical therapy,
secretin-stimulated magnetic resonance cholangiopan-
creatography is used to detect bile duct injuries in dis-
eases of the biliary and pancreatic ducts.”® Furthermore,
Prieto et al’” demonstrated the importance of positron
emission tomography for assessing biliary function by
measuring secretin-stimulated biliary bicarbonate secre-
tion in humans. In this study, absence of response to
secretin was observed in patients with extrahepatic bili-
ary obstruction and untreated PBC. The choleretic re-
sponse to secretin was observed in patients with PBC
undergoing treatment with ursodeoxycholic acid.””

Somatostatin (growth hormone-inhibiting hormone or
somatotropin release—inhibiting factor) is a peptide hor-
mone that modulates the endocrine system and affects
neurotransmission and cell mitosis by interaction with
G-protein—coupled somatostatin  receptor subtypes
(SSTR; through SSTRg). In cholestatic BDL rats, a study
has shown that somatostatin (by selectively interacting
with SSTR,) inhibits secretin-stimulated bicarbonate-rich
choleresis in bile fistula rats and secretin-stimulated
cAMP levels and exocytosis in purified cholangiocytes.*!
In a study in BDL rats, somatostatin inhibited in vivo and
in vitro large cholangiocyte proliferation and bile duct
mass by down-regulation of cAMP-dependent signal-
ing.*° Similarly, a decrease in biliary hyperplasia and
fibrosis was observed when BDL rats were treated with
an octreotide, an analog of somatostatin known to inhibit
cAMP synthesis.*? The importance of somatostatin in
clinical practice has been evidenced by a recent elegant
study showing that octreotide inhibits hepatic cyst growth
in in vitro and in vivo rat models of autosomal recessive
polycystic kidney disease by decreasing cAMP levels.”®
For more information on the role of somatostatin on the
management of cholangiociliopathies, we refer to a re-
cent review article.”®

Gastrin

In the biliary epithelium of cholestatic BDL rats, gastrin
inhibits secretin-stimulated cAMP levels and bile secre-
tion (functional variables of biliary growth)>® by down-
regulation of cAMP signaling.®® Also, gastrin decreased
in vivo and in vitro cholangiocyte growth in cholestatic rats
by interaction with cholecystokinin B by Ca®*-dependent
membrane translocation of PKC isoform.®2 Recently, glu-
cagonlike peptide-1 (GLP-1) has been shown to regulate
the adaptive proliferative responses of cholangiocytes to
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cholestasis induced by BDL.2® These findings are partic-
ularly relevant because i) cholangiocytes undergo a neu-
roendocrine transdifferentiation during cholestasis'" and
i) GLP-1, secreted by neuroendocrine cells, sustains
B-cell survival in experimental diabetes and induces the
neuroendocrine transdifferentiation of pancreatic ductal
cells.®® Cholangiocytes express the GLP-1 receptor,
whose expression increases after BDL.8° Both GLP-1
and exendin-4 (a selective GLP-1 agonist) increase in
vivo and in vitro cholangiocyte growth.?° The GLP-1 re-
ceptor—dependent activation is mediated by activation of
the phosphatidyl-inositol-3-kinase, cAMP/PKA, and Ca®*—
calmodulin-dependent protein kinase lla pathways.®° The
GLP-1 receptor agonist exendin-4 also has been shown
to protect in vivo (after CCl, acute administration) and in
vitro (after treatment with glycochenodeoxycholic acid)
cholangiocytes from apoptosis.®® A recent study demon-
strated that ectopically expressed pancreatic and duo-
denal homeobox factor-1 in liver cells (hepatocytes and
cholangiocytes) initiates endocrine and exocrine pan-
creas differentiation.®’

Histamine

A variety of studies have recently emphasized the impor-
tance of histamine and its receptors (H1HR, H2HR,
H3HR, and H4HR) in the regulation of hyperplastic and
neoplastic growth of the biliary epithelium.?>2¢ We dem-
onstrated that cholangiocyte proliferation is regulated by
a balance between the stimulatory (by activation of H1HR
and H2HR) and inhibitory (by activation of H3HR and
H4HR) effects of endogenous histamine.?® Indeed, acti-
vation of H3HR induces inhibition of large biliary growth of
BDL rats by down-regulation of the cAMP-dependent PKA/
ERK1/2/ets-like gene-1 pathway.?® Furthermore, activation
of H1HR stimulates small cholangiocyte proliferation by ac-
tivation of the IPs/calmodulin-dependent protein kinase
l/IcAMP-response element binding protein pathway.?®

Sex Hormones

Several studies have shown that sex hormones, including
estrogen, progesterone, prolactin, and follicle-stimulating
hormone (FSH), sustain the growth of a variety of cell
types, including cholangiocytes. A large body of informa-
tion has recently flourished regarding the role of estro-
gens in the regulation of hyperplastic and neoplastic
biliary growth. Alvaro et al®® showed that i) normal and
proliferating cholangiocytes express both subtypes («
and B) of estrogen receptor (ER) ii) and in vitro 178-
estradiol increased large cholangiocyte proliferation by
activation of Rous sarcoma virus—-Shc-ERK1/2 signaling
through an interaction likely with ER-B, whose expression
increases in cholangiocytes after BDL. Conclusive sup-
port for the role of estrogens in sustaining biliary growth
came from an elegant in vivo study in which administra-
tion of the ER antagonists tamoxifen or IC1182,760 or ovari-
ectomy to BDL rats reduced cholangiocyte hyperplasia via
enhanced biliary apoptosis.?® In support of the concept that
estrogens prevent the progression of cholangiopathies to-
ward ductopenia, the administration of this sex hormone

maintains bile duct mass and reduces apoptosis after bil-
iodigestive anastomosis in cholestatic BDL rats.>° More-
over, ezrin-radixin-moesin-binding phosphoprotein, a scaf-
fold protein regulated by estrogens, has been shown to
sustain cholangiocyte proliferation in BDL rat cholangio-
cytes and human cell lines.®2 In humans, a recent study has
also shown that i) the expression of ER is decreased in the
biliary epithelium of patients at late stages of PBC3' and ii)
ER-a positivity in cholangiocytes of patients with PBC was
markedly lower than that of cholangiocytes in primary scle-
rosing cholangitis and alcoholic cirrhosis.®' The low expres-
sion of ER-a in PBC and their disappearance in the ad-
vanced histologic stages suggest that an estrogenic
deficiency may trigger the development of PBC toward duc-
topenia.®" In support of the concept that estrogens may be
beneficial in ductopenic diseases, ER modulators have
been shown to improve serum variables of cholestasis in
patients with PBC.22 The clinical importance of estrogens in
sustaining biliary growth is also supported by the fact that
in middle-aged women (mainly affected by PBC), estrogen
and progesterone levels are decreased.48°

There is limited information regarding the role of pro-
gesterone in the regulation of biliary functions. For exam-
ple, positivity for progesterone receptor (PR) of gallblad-
der specimens was demonstrated more in patients with
secondary (46.0%) compared with primary (23.5%)
hepatolithiasis.®® Recently, we demonstrated that i)
cholangiocytes express the PR-B nuclear receptor and
the membrane PR (PRGMC1, PRGMC2, and mPRa) and
ii) progesterone stimulates in vivo and in vitro the prolifer-
ation of male and female cholangiocytes via an autocrine
mechanism.®® Of particular importance, we have shown
that normal and proliferating cholangiocytes expressed
the biosynthetic pathway (ie, STAR, 3B8-HSD, p450scc)
related to the synthesis of progesterone and secreted
progesterone, findings supporting the concept that pro-
gesterone stimulates biliary proliferation via an autocrine
loop.3® In in vitro studies, supernatants containing pro-
gesterone increased cholangiocyte proliferation, which
was partially inhibited by preincubation with an antipro-
gesterone antibody.*® There are two different isoforms
(short and long forms) of the prolactin receptor, isoforms
that are encoded by a single gene by alternative splic-
ing.*® Although hepatocytes and cholangiocytes of nor-
mal and cholestatic livers express prolactin receptors,
limited information exists on the role of prolactin on the
regulation of biliary hyperplasia.8” Other studies have
shown that the long isoform of prolactin receptor is highly
expressed by cholangiocytes and further increases un-
der obstructive cholestasis, whereas the short isoform of
prolactin receptor predominates in hepatocytes.®® We
have recently shown that female cholangiocytes express
the long and short forms of prolactin receptors.*® The
administration of prolactin to normal rats increased
cholangiocyte proliferation. In vitro, prolactin increased
cholangiocyte proliferation by increased phosphorylation
of the Ca®*-dependent PKC-B, and decreased phos-
phorylation of the Ca®*-dependent PKC-a phosphoryla-
tion.*® Reduction of the circulating levels of prolactin (by the
administration of an immunoneutralizing antiprolactin anti-
body to BDL female rats) decreased cholangiocyte prolif-



eration in these animals.*® Furthermore, we have shown that
cholangiocytes express and secrete prolactin, a finding
supporting the novel concept that prolactin sustains cholan-
giocyte proliferation via an autocrine mechanism.*® Prolac-
tin may be an important therapeutic approach for the man-
agement of ductopenic diseases that affect female patients.
The evaluation of prolactin levels can be an important diag-
nostic tool for liver diseases because elevated levels of this
growth hormone are observed in patients with nonalcoholic
chronic liver disease.®®

The central hormone of mammalian reproduction, FSH,
is synthesized in the anterior pituitary gland of the brain.
Although some studies suggested a link between liver
damage and FSH, there is limited information regarding
FSH regulation of biliary growth. The derangement of
hypothalamic-pituitary function has been suggested to
play a role in sexual dysfunction in male cirrhotic pa-
tients.®® In the biliary epithelium, we provided the first
evidence that i) cholangiocytes express FSH mRNA and
secrete FSH and ii) FSH induces biliary hyperplasia via
an autocrine mechanism by the activation of cAMP-de-
pendent ERK1/2 and ets-like gene-1.%" Furthermore, the
administration of antide and anti-FSH antibody to BDL
rats decreased ductal mass and secretin-stimulated
cAMP levels.®' A recent study has also shown that estro-
gens directly or coordinately with synergizing growth fac-
tors, such as FSH, nerve growth factor (NGF), insulin-like
growth factor-1 (IGF-1), and vascular endothelial growth
factor (VEGF), regulate polycystic liver diseases.®°
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Opioid System

A recent study supports the important role of endoge-
nous opioids in the regulation of biliary growth because
the blockage of endogenous opioid peptides by nalox-
one sustains cholangiocyte growth in in vivo and in vitro
models. The increase in opioid peptide synthesis during
cholestasis seems to limit the aberrant growth of the
biliary epithelium during cholestasis by interaction with
the delta opioid receptors on cholangiocytes.'® Further-
more, the fact that delta opioid receptor-1 is expressed
by proliferating bile ductules in rats with cholestasis sug-
gests the possible role of this receptor during biliary
regeneration.®! In patients with PBC, the appearance of
liver failure symptoms is associated with Met-enkephalin
concentration increases in plasma while the Met-en-
kephalin levels decrease in the liver tissue.®? In addition,
hepatic Met-enkephalin immunoreactivity is enhanced in
patients with PBC.%3

Angiogenic Factors

A recent study provided the first evidence that VEGF
regulates biliary growth via an autocrine mechanism.*3
Specifically, the study demonstrated that cholangiocytes
i) express the message/protein for VEGF-A/C and the
VEGF receptors VEGFR2 and VEGFR3 and ii) VEGF-A/C
stimulates cholangiocyte proliferation in vivo and in vitro
via autocrine and paracrine mechanisms.*® In support of
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Figure 1. Schematic drawing of the growth factors, gastrointestinal hormones, and neuropeptides/neuromodulators that affect cholangiocyte proliferation with
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this autocrine loop, immunoneutralization of VEGF-A and
VEGF-C decreases biliary hyperplasia in the cholestatic
BDL rat model.*® The interaction between cholangiocytes
(that may mediate the adaptive changes of biliary cells
and the microvascular system in cholestatic liver dis-
eases) and vascular cells is also supported by an elegant
study by Gaudio et al,®" who demonstrated that prolifer-
ation of cholangiocytes precedes the expansion of the
PBVP in the biliary epithelium. In the normal state, where
cholangiocytes are mitotically dormant, interruption of the
hepatic artery blood flow on its own does not induce
biliary damage, suggesting that accessory arteries, col-
lateral vessels, or anastomosis between the PBVP and
the portal system overcomes the interruption of arterial
flow in the main hepatic artery.®* In support of these
observations, short-term ligation of the hepatic artery in
normal guinea pigs does not alter biliary secretory activ-
ity.°® Conversely, in cholestatic BDL rats, we demon-
strated that i) interruption of the flow of the hepatic artery
by ligation induced loss of the PBVP and a decrease in
cholangiocyte VEGF secretion, increased cholangiocyte
apoptosis, and impaired biliary growth and secretin-stim-
ulated ductal choleresis and ii) hepatic artery by ligation—
induced effects on biliary functions were prevented by
administration of recombinant VEGF-A by maintaining the
integrity of the PBVP after ischemic injury.** These find-
ings suggest that manipulation of VEGF expression/
secretion may be an important factor in the balance
between cholangiocyte proliferation/apoptosis in the

development of cholangiopathies. Several studies in
normal and diseased cholangiocytes have emphasized
the importance of angiogenic factors in the regulation of
cholangiopathies. For example, a recent study evaluated
the expression and effect of angiogenic factors in cholan-
giocytes from patients with autosomal dominant polycystic
kidney disease (ADPKD) and ADPKD mice (Pkd2"VS25-)
and the effect of angiogenic factors on cholangiocyte
growth.*® The study demonstrated that i) VEGF, VEGFRs,
angiopoietin-1, and its receptor Tie-2 are all up-regulated
in cholangiocytes from polycystic liver diseases and ii)
VEGF and angiopoietin-1 have autocrine trophic effects
on cholangiocyte growth and paracrine effects on portal
vasculature, stimulating growth of the cysts and their
vascular supply.*®

Furthermore, consistent with the key role of angiogenic
factors in the management of liver cysts in ADPKD, the
VEGFR inhibitor SU-5416 blocked liver cyst growth in
Pkd2"S25~ mice.*® Moreover, a recent study demon-
strated that i) PKA-dependent up-regulation of mamma-
lian target of rapamycin regulates the proliferative, anti-
apoptotic, and proangiogenic effects of IGF-1 and VEGF
in polycystin-2—defective mice and ii) a link between
PKA, ERK, mammalian target of rapamycin, and HIF1a-
mediated VEGF secretion.®® The study suggests that
mammalian target of rapamycin inhibitors may be used in
ADPKD and other pathologic conditions with cholangio-
cyte proliferation.®®

Quiescent
Cholangiocytes

Hlstamme
Secretin

Prolactin U \)\) \)U

f

ﬂ

Other

CGRP \) ((\\ Proliferating
#]®) \‘  Cholangiocytes
Immune Cells GLP-1 u \J Progesterone

Cytokines
(IL-6, 1L-8)

Wole o)
uuu‘Q J@ @uu

VEGF

\

\
\)\) el Endothelial Cells
Estrogen IGF- ]U 0, NGFU 9. S \--._‘_ T j
5 - =
’,’ ,t \‘f ,( I h % r-
4 P N ‘\
s . . 4
¢ # - -~ b 1
’ g o o Ay A
P d el P P L N\ \
. =7 Vg ) \ \
¥ ol 1/ N b ‘t
’a' \‘ - v
F 3 ' |
|
[
Hepatic Stellate Cell ‘ 0 | o
[
|
\
Hepatocytes

Figure 2. Illustration of the neuroendocrine factors secreted by cholangiocytes that regulate their proliferation and secretory function and their known and
postulated interactions with various cell types in the portal track microenvironment. IL-6, interleukin-6.



Another recent study has also shown that cholangio-
cytes are a major source of hepatic endothelin (ET)-1
production during the development of hepatopulmonary
syndrome in cholestasis induced by BDL.®” Also, hepa-
topulmonary syndrome develops in biliary cirrhosis and is
associated with increased plasma ET-1 and tumor necro-
sis factor-a levels.®® The ET-1 inhibits secretin-stimulated
cAMP levels and bicarbonate-rich choleresis by interac-
tion with ET, but not ETg receptors.*”

Growth Factors

A recent study showed that the receptors for NGF, neu-
rotrophic tyrosine kinase receptor type 1, were ex-
pressed by normal rat cholangiocytes and were up-reg-
ulated during cholestasis.®” In vitro, NGF stimulates
(synergistically with estrogens) cholangiocyte prolifera-
tion by activation of the ERK phosphatidylinositol 3-ki-
nase pathway.®” In vivo, immunoneutralization of NGF
decreases cholangiocyte proliferation and intrahepatic
ductal mass, findings suggesting a possible autocrine
loop for NGF in the regulation of biliary mass.?” The
expression and secretion of putative growth factors, in-
cluding NGF, may be important in the autocrine regula-
tion of liver homeostasis in clinical conditions after trans-
plantation. Recently, a study has shown that growth
hormone stimulates the synthesis and release of IGF-1
from cholangiocytes with a subsequent increase in biliary
growth by IGF-1.3* Furthermore, the same group has
demonstrated the expression of IGF-1 isoforms in rodent
hepatocytes and cholangiocytes and their role in the
protection against liver injury.®® The interaction of CD44
(a multifunctional cell adhesion molecule expressed by
cholangiocytes) and hyaluronic acid (the main compo-
nent of the periportal extracellular matrix and the primary
ligand of CD44) has been shown to sustain cholangiocyte
growth in cholestatic livers."® A recent study demon-
strated that i) CXCR2 agonists are secreted at the baso-
lateral and apical membrane of ADPKD liver cyst fluids
and ii) promote cholangiocyte proliferation. In this study,
the authors identified interleukin-8 as a potential candi-
date for the trophic effect of CXCR2 agonists.*®

Overview of Signaling Mechanisms
Regulating Growth and Remodeling
of the Biliary System

The factors that regulate biliary proliferation are numer-
ous and possess some degree of redundancy in the
signaling mechanisms on which they act. Previous stud-
ies by our group and others have highlighted the impor-
tance of understanding the heterogeneous responses of
small and large cholangiocytes (lining small and large
bile ducts, respectively)>*~5° to cholestasis and during
biliary injury.>8232555 Ag described previously herein,
large (but not small) cholangiocytes proliferate during the
BDL model of extrahepatic cholestasis.® However, small
cholangiocytes proliferate and de novo express SR in
response to the damage of large functionally active
cholangiocytes induced by CCl, and GABA administra-
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tion.®*® Numerous studies have shown that large cholan-
giocyte proliferation is predominantly regulated via the
activation of cAMP-dependent signaling.2”%® Factors
that activate cAMP signaling pathways, such as secretin,
forskolin, a-CGRP, and H3HR agonists, stimulate large
cholangiocyte proliferation.?”%® As expected, factors that
down-regulate cAMP signaling, such as gastrin, also
down-regulate large cholangiocyte proliferation, which
most often involves the negative cross talk between
Ca®*/PKC-dependent signaling mechanisms.®%:33 Differ-
ential activation of PKC isoforms seems to play a key role
in determining whether the factor is inhibitory or stimula-
tory for large cholangiocyte proliferation. For example,
gastrin inhibits cholangiocyte proliferation during BDL
through activation of the Ca®*-dependent PKC-a.2233 In
contrast, prolactin stimulates cholangiocyte proliferation via
increased phosphorylation of Ca®"-dependent PKC-B, and
decreased phosphorylation of Ca®*-dependent PKC-a.4°
The importance of cAMP signaling in the regulation of
large cholangiocyte proliferation is clearly highlighted in
instances when augmentation of intracellular cAMP levels
prevents the functional damage of large cholangiocytes.
For example, adrenergic receptor agonists prevent bile
duct injury induced by adrenergic denervation by in-
creased cAMP levels and activation of Akt."”

Although the basic understanding of the intracellular
signaling mechanisms has been developed, the mecha-
nisms that regulate the phenotypic switch between small
and large cholangiocytes remains to be completely ad-
dressed. In addition, the most interesting aspect of the
neuroendocrine regulation of biliary proliferation will be
how these factors activate, control, and regulate biliary
proliferation during cholestatic liver diseases. Information
is currently lacking in this area. Although, evidence from
several studies indicates that VEGF and its regulation of
cholangiocyte and vascular endothelial cell proliferation
play in important role in regulating biliary mass during
cholestasis.*®** Preventing expansion of the PBVP during
cholestasis limits biliary proliferation.**** However, future
studies on the interplay between cholangiocytes and other
cell types during biliary remodeling should reveal interest-
ing signaling mechanisms that may be potential therapeutic
targets for the treatment of cholestatic liver diseases.

Summary and Future Perspectives

Our understanding of the neuroendocrine phenotype of
proliferating cholangiocytes has greatly expanded, and
there is an ever-growing list of factors that are secreted
by cholangiocytes and positively and negatively regulate
their proliferative activity. A summary of the regulators of
small and large cholangiocyte proliferation is illustrated in
Figure 1. As our knowledge of the neuroendocrine nature of
cholangiocytes develops, in the future our focus will need to
be to determine how cholangiocytes interact with other liver
cell types that reside in the biliary microenvironment. Sev-
eral of the currently known and postulated interactions are
summarized in Figure 2. In particular, an understanding of
how proliferating neuroendocrine cholangiocytes contribute
to the progression of cholestatic liver diseases, especially
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biliary fibrosis, should be developed. We hope that our
thorough review of the gastrointestinal hormones, neuro-
peptides, neurotransmitters, and neuromodulators that
regulate cholangiocyte proliferation and function stimu-
lates interest in understanding how cholangiocytes con-
tribute to liver disease processes through interacting with
hepatocytes, vascular endothelial cells, hepatic stellate
cells, and immune cells in paracrine mechanisms and by
regulating their own proliferation in autocrine/paracrine
mechanisms.
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