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Cholangiocytes, a small population of cells within the normal liver, have been the focus of a significant
amount of research over the past two decades because of their involvement in cholangiopathies such as
primary sclerosing cholangitis and primary biliary cholangitis. This article summarizes landmark studies in
the field of cholangiocyte physiology and aims to provide an updated review of biliary pathogenesis. The
historical approach of rodent extrahepatic bile duct ligation and the relatively recent utilization of transgenic
mice have led to significant discoveries in cholangiocyte pathophysiology. Cholangiocyte physiology is a
complex system based on heterogeneity within the biliary tree and a number of signaling pathways that serve
to regulate bile composition. Studies have expanded the list of neuropeptides, neurotransmitters, and hor-
mones that have been shown to be key regulators of proliferation and biliary damage. The peptide histamine
and hormones, such as melatonin and angiotensin, angiotensin, as well as numerous sex hormones, have been
implicated in cholangiocyte proliferation during cholestasis. Numerous pathways promote cholangiocyte pro-
liferation during cholestasis, and there is growing evidence to suggest that cholangiocyte proliferation may
promote hepatic fibrosis. These pathways may represent significant therapeutic potential for a subset of chole-

static liver diseases that currently lack effective therapies.
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ANATOMY/PHYSIOLOGY

The liver is primarily composed of two types of epi-
thelial cells: hepatocytes and cholangiocytes'. The liver is
primarily responsible for the bile acid production, serum
detoxification, serum protein and cholesterol production,
coagulation cascade maintenance, and glucose storage'.
Hepatocytes make up 70% of the liver’s parenchyma and
perform the majority of these functions®. Cholangiocytes
account for 3%-5% of the endogenous liver cell popula-
tion and form the biliary tree that begins as small intra-
hepatic ductules and terminates as the larger extrahepatic
bile ducts’. Bile is secreted across the apical membrane
of hepatocytes into canaliculi formed between adjacent
cells®. Bile flows through the canaliculi and the canals
of Hering into the small biliary ductules that ultimately

results in bile secretion into the small intestine through
the ampulla of Vater’. Despite providing only a fraction
of the total liver cell population, cholangiocytes play an
important physiologic role in altering ductal bile com-
position as it travels through the biliary system®’. This
process involves the secretion and absorption of water,
electrolytes, and other organic solutes from hepato-
cellular bile®®. This process is mediated by a series of
hormone-regulated Ca**-dependent or cyclic adenosine
3’,5’-monophosphate (cAMP)-dependent resorptive and
secretory events®’*™",

Heterogeneity of the Biliary Tree

Heterogeneity in cholangiocyte structure and func-
tion has been defined throughout the biliary tree of
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rodents and humans™”". Structurally, cholangiocytes

take on the shape and size necessary to maintain the
integrity of the biliary epithelium. In humans, intrahe-
patic bile ducts range in size from small ductules (<15
um) to large hepatic ducts (>800 um)’. Cholangiocytes
in larger ducts tend to be larger and more cuboidal in
shape than cholangiocytes of small intrahepatic bile
ducts'*®, Only large cholangiocytes from rodents are
cAMP responsive and express secretin receptors (SRs),
cystic fibrosis transmembrane conductance regulator
(CFTR), and the chloride bicarbonate anion exchanger
2 (CI/HCO,” AE2)**"*'"'® Activation of AE2 leads to
changes in ductal secretion of water and electrolytes
including HCO,™ ions’. Expression of the SR is a key
factor regulating the secretory and proliferative activi-
ties of cholangiocytes and heterogeneity of the biliary
tree. Cholangiocytes proliferate in response to biliary
injury, such as extrahepatic obstruction and cholestatic
liver diseases, and in response to alcohol, toxins, or
drugs”. Using a rat model of extrahepatic cholestasis
induced by bile duct ligation (BDL), studies have shown
that cholangiocyte proliferation is limited to large bile
ducts and is closely associated with SR gene expres-
sion and secretin-stimulated cAMP levels'"'"?. Figure 1
highlights the heterogeneity within the biliary tree and
the response of small and large cholangiocytes during
cholestasis.

Electron microscopic studies have shown that small
cholangiocytes display a larger nucleus: cytosplasm ratio
compared to large cholangiocytes, suggesting that small
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cholangiocytes represent a hepatic progenitor cell popu-
lation™. Small cholangiocytes do not express the SR and
do not actively proliferate following cholestatic injury
(BDL), but they are capable of proliferating [by amplifi-
cation of inositol 1,4,5-triphosphate (IP,)/Ca**-dependent
signaling]***' and differentiating into a large cholangiocyte
phenotype under specific pathological conditions associ-
ated with damage of large cAMP-responsive bile ducts,
such as y-aminobutyric acid-induced liver injury'®*' ™,
Additionally, small cholangiocytes have been shown to
express a senescent phenotype in humans with primary
sclerosing cholangitis (PSC) and primary biliary cholan-
gitis (PBC)***. Despite this understanding of biliary het-
erogeneity, the correlation of cholangiocyte phenotype to
disease progression remains an area of investigation.

Bicarbonate Secretion

The excretion of bicarbonate into ductal bile remains
one of the most important and well-studied functions of
cholangiocytes. This process is stimulated by activation
of the SR by its ligand, secretin, a 27-amino acid gas-
trointestinal peptide hormone. SRs are expressed only
on the basolateral membrane of large cholangiocytes™®” .
The SR is a G protein-coupled receptor (GPCR) that
promotes bicarbonate excretion through a series of
events activating adenylyl cyclase 8 and protein kinase
A (PKA)™”. Activated PKA promotes the phosphoryla-
tion of CFTR, which triggers opening of the CI™ channel
and leads to secretion of the chloride ion at the apical
membrane of cholangiocytes, depolarizing the cell

Small cholangiocyte

- Do not proliferate in cholestatic liver injury
- Can differentiate into large cholangiocytes

IP,/Ca*" dependent

differentiation

Large cholangiocyte

- cAMP responsive
- Express SR, CFTR, AE2

- Proliferate in cholestatic liver injury

Figure 1. Heterogeneity within the biliary tree. Large cholangiocytes are cAMP responsive and express SR, CFTR, and AE2 that
regulate bile homeostasis. Large cholangiocytes proliferate in response to cholestatic liver injury. Small cholangiocytes do not
proliferate during cholestasis but may act as a progenitor cell population and differentiate into large cholangiocytes via the IP,/Ca**

signaling pathways.
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membrane®?'. This ion gradient promotes activation of
the CI'/HCO;" exchanger, resulting in secretin-stimulated
bicarbonate-enriched bile’. The secretion of HCO,™ cre-
ates an AE2-dependent bicarbonate-rich umbrella and
serves as a protective mechanism against the cytotoxicity
of hydrophobic bile salts*. Not only does the SR regulate
bicarbonate secretion but also is a key regulator in cho-
langiocyte proliferation.

MECHANISMS AND REGULATORS OF
CHOLANGIOCYTE PROLIFERATION

Intracellular cAMP signaling plays an important role
in cholangiocyte proliferation. Chronic administration of
forskolin (an adenylate cyclase activator) to normal rats
increased intrahepatic bile duct mass, cCAMP levels, and
secretin-induced choleresis following BDL*. Cholangiocyte
proliferation was associated with increased activity of the
PKA-Src-MEK-ERK1/2 pathway™. Ablation of this path-
way using specific inhibitors resulted in decreased cholan-
giocyte proliferation™.

Additionally, bile acid-induced activation of receptor
tyrosine kinases, specifically the epidermal growth factor
receptor (EGFR), has been shown to stimulate human cho-
langiocyte proliferation via transforming growth factor-o
(TGF-)-dependent mechanisms™. Tyrosine kinase signal-
ing via EGFR has also been demonstrated in cholangio-
carcinoma cells”, and the development of ROS kinase
fusions may contribute to cholangiocarcinoma oncogen-
esis®®. The Janus kinase/signal transducer activator of tran-
scription (JAK/STAT) pathway has also been implicated in
cholangiocarcinoma growth, and inhibition of this pathway
with sorafenib has been shown to accelerate dephosphory-
lation of STAT3".

Recent studies have expanded our knowledge of
biliary secretion and the role of cilia in this process.
Cholangiocytes possess cilia on their apical surface that
act as mechanoreceptors, chemosensors, and osmosen-
sors®. Shear stress along the apical membrane of cho-
langiocytes is detected by cilia, resulting in upregulation
of CI” currents via TMEM16A (aka anoctamin), a Ca**-
activated CI” channel®. This process is dependent on
PKC-aq, extracellular ATP, purinergic P2 receptors, and
increases in intracellular Ca** concentration®. Inhibition
of CFTR did not change flow-stimulated currents in
their studies, suggesting a different mechanism of C1”
transport when cholangiocytes are exposed to shear
forces™. The key proteins involved in mechanosensation
are polycystin-1 and polycystin-2. These proteins form
a functional complex allowing Ca** influx, influencing
secretory and proliferative functions. Cholangiocytes
also function as chemosensors, capable of detecting
changes in concentrations of molecules within the bile.
The P2Y receptors, including P2Y12, activate intra-
cellular calcium and cAMP signaling cascades when
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activated by nucleotides present in large concentrations
in the bile®™*.

Numerous animal models of biliary hyperplasia, such
as BDL, partial hepatectomy, chronic bile acid feeding
(e.g., taurocholic acid), and cirrhosis induced by carbon
tetrachloride (CCl,), have enabled researchers to greatly
expand our knowledge of biliary proliferation and the
response of cholangiocytes to biliary injury”*'™. The
use of transgenic mice, such as the Mdr2™", has also pro-
vided insight into the mechanisms of cholestatic liver
injury. These mice serve as an animal model of scleros-
ing cholangitis because their loss of Mdr2 (a flippase)
significantly reduces biliary phospholipid secretion and
increases levels of nonmicellar bile acids that subse-
quently cause biliary injury with proliferation, pericho-
langitis, and fibrosis™*. These models have contributed
to several studies demonstrating that cholangiocytes dis-
play a neuroendocrine phenotype in response to biliary
injury®. This phenotype allows cholangiocytes to secrete
and respond to a number of hormones, neuropeptides,
and neurotransmitters that regulate cholangiocyte pro-
liferation. A list of the neuroendocrine modulators that
regulate cholangiocyte proliferation is shown in Table 1.
Figure 2 highlights how these modulators interact with
cholangiocyte receptors to initiate proliferation during
cholestasis. These pathways may provide novel therapeu-
tic strategies to chronic cholestatic liver diseases, such as
PBC and PSC". In the remaining sections, we will review
the neuroendocrine properties of cholangiocytes and dis-
cuss their involvement in cholangiocyte proliferation,
cholestatic liver disease, and hepatic fibrosis.

Gastrointestinal Hormones

Secretin. As previously mentioned, the role of secretin
in response to biliary injury has been widely studied. The
SR is upregulated in cholangiocytes in response to biliary
injury; however, little was known about secretin’s role in
biliary proliferation until the development of a SR knock-
out (SR™) transgenic mouse. Glaser et al. demonstrated
that knockout of the SR significantly reduced large intra-
hepatic bile duct mass in mice following BDL*. This was
associated with increased cholangiocyte apoptosis and
decreased markers of proliferation, as well as decreased
ERK1/2 phosphorylation®®. Furthermore, chronic treat-
ment of normal rats with secretin significantly increased
bile duct mass and cholangiocyte proliferation, a process
that was inhibited with PKA and MAPK inhibitors®.
These findings suggest that the SR has an important
role in maintaining cholangiocyte growth. In a more
recent study, we have demonstrated that secretin secre-
tion from cholangiocytes and duodenal S cells is capable
of decreasing miR-125 and let-7 levels, promoting an
increase in vascular endothelial growth factor (VEGF)
and nerve growth factor (NGF) causing enhanced biliary
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Figure 2. Large cholangiocytes maintain bile homeostasis under normal conditions via the CI'/HCO," exchanger. During cholestasis,
many peptides, hormones, and neurotransmitters act on cholangiocyte receptors to modulate cell proliferation via cAMP/PKA/ERK1/2

signaling pathways.

hyperplasia'®. Additionally, we have recently presented
our data that showed treatment of Mdr2”" mice with
an SR antagonist significantly decreased biliary hyper-
plasia, bile duct mass, liver fibrosis, and expression of
profibrotic genes™. We have also shown that the SR axis
contributes to cholestatic-induced liver fibrosis through
TGF-B1 signaling”'.

Somatostatin. Other gastrointestinal hormones, such
as somatostatin and gastrin, inhibit the response of cho-
langiocytes to secretin by inhibiting secretin-induced

intracellular cAMP levels and bicarbonate excretion®**,

Somatostatin also decreases cholangiocyte prolifera-
tion via interaction with somatostatin receptor subtype 2
(SSTR2)'***. The somatostatin analog octreotide has also
been shown to decrease biliary fibrosis following extra-
hepatic biliary obstruction™. Studies with octreotide have
also been performed in a murine model of polycystic liver
disease. Administration of octreotide in these animals
decreased cAMP content, limited cyst growth, and inhib-
ited hepatic disease progression®. This parallels results of
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Table 1. Neuroendocrine Factors Affecting Cholangiocyte Proliferation
Class/Modulator Receptor Effect on Proliferation References
Gastrointestinal hormones
Secretin SR Maintains bile duct mass; promotes 48-50
large cholangiocyte proliferation
during cholestasis
Somatostatin SSTR2 Inhibits proliferation; counteracts secre- 52-56
tin during cholestasis
Gastrin CCK-B Inhibits proliferation; reverses cholangi- 53,57
ocyte response to BDL
GLP-1 GLP-1R Increases proliferation 59-61
Bile acids
Taurocholate Increased proliferation, SR expression, 43,62
and bile flow
Taurolithocholate Increased proliferation, SR expression, 43,62
and bile flow
Ursodeoxycholic acid Decreased proliferation and secretion 65,66
after BDL
Tauroursodeoxycholic acid Decreased proliferation and secretion 65,66
after BDL
Angiogenic factors
VEGF-A and VEGF-C VEGFR-2, VEGFR-3 Increase proliferation and fibrosis 69-72
following BDL
Ang-1 Tie-2 Synergic with VEGF to induce 73
proliferation
PDGF PDGFR Unknown effect on proliferation; pro- 82,83
motes stellate cell activation after BDL
Neurotransmitters
Acetylcholine M3 Increases proliferation and secretin- 86,87
induced secretion following BDL
Adrenergic stimulators (forskolin, B1 and 2 Increases proliferation 33,87,89
clenbuterol, and dobutamine)
Phenylephrine ol Increases small cholangiocyte 88
proliferation
Dopamine D2 Inhibits secretin effects after BDL 90
Serotonin 1A and 1B Inhibits proliferation, fibrogenic effects 92,93
on stellate cells
Histamine HRHI1, HRH2, HRH3,HRH4 Decreases proliferation after BDL; 95-98
small cholangiocytes proliferation with
HRH]1 agonist
oCGRP CLR, RAMPI, RCP Increases proliferation following BDL 100
Substance P NK-1R Increases proliferation 101
NGF TkrA Sustains proliferation following BDL 102
Melatonin MTI1, MT2 Decreases bile duct mass and prolifera- 103-105
tion following BDL
Sex hormones
Estrogen ER-a, ER-B Stimulates proliferation 107-109
Progesterone PRGMC1, PRGMC2, mPRo Increase bile duct mass and prolifera- 112
tion following BDL
FSH FSHR Increase bile duct mass and prolifera- 113,114
tion following BDL
GnRH GnRHR, GnRHR, Stimulates proliferation 116
Prolactin Long, short Stimulates proliferation 117
Other hormones
Todothyronine (T3) o,-, 0,-, B;-, and B,-THR Decreased proliferation after BDL 118
Angiotensin II Angiotensin receptor type 1 Increases proliferation and fibrosis 119

following BDL
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a double-blinded, randomized controlled trial in humans
with liver manifestations of autosomal dominant poly-
cystic kidney disease (ADPKD). Patients treated with
octreotide for 6 months showed significant reductions in
liver volumes after 6 months of therapy compared to pla-
cebo treatment™.

Gastrin. The primary role of gastrin is to stimulate acid
secretion from gastric parietal cells and stimulate acid-
secreting mucosal growth in the stomach; however, trophic
effects of gastrin have also been reported in the colon, duo-
denum, and pancreas”. Similar to somatostatin in the liver,
gastrin has been shown to inhibit secretin-inducted bicar-
bonate secretion and reduce secretin-induced cAMP levels
by interacting with cholecystokinin-B (CCK-B) recep-
tors™. Chronic administration of gastrin has also been
shown to inhibit cholangiocyte proliferation, and admin-
istration of gastrin following BDL resulted in a reversal
of cholangiocyte proliferation in rats™*. The conclusions
from these early studies suggest that gastrin may be ben-
eficial to cholangiocytes during cholestasis; however,
more studies are needed to determine if gastrin can limit
the ductular reaction associated with cholestasis and pro-
vide a therapeutic benefit.

Glucagon-Like Peptide 1. Glucagon-like peptide 1
(GLP-1) is a peptide hormone released from neuroen-
docrine cells that stimulate a variety of neuroendocrine
mechanisms, such as pancreatic -cell proliferation, islet
cell neurogenesis, and the neuroendocrine transdifferen-
tiation of pancreatic ductal cells™®. Studies have shown
that cholangiocytes express the GLP-1 receptor (GLP-1R),
and expression of the receptor is upregulated during the
progression of cholestasis. Cholangiocytes also synthesize
and release GLP-1 during times of proliferation, which acts
locally in the cholangiocyte microenvironment®'. Activation
of GLP-IR via GLP-1 or a selective receptor agonist,
exendin-4, stimulates biliary growth, which is mediated
through the phosphatidylinositol 3-kinase (PI3K), cAMP/
PKA, and Ca**-CamKIlow pathway®. Administration of a
GLP-1R antagonist demonstrates a marked reduction in
bile duct mass in rats following BDL®'.

Bile Acids. Bile acids accumulate during cholestasis
and are capable of producing physiologic effects in cho-
langiocytes related to proliferation, secretion, and cell
signaling. Administration of taurocholate (TC) and tauro-
lithocholate (TLC) stimulated large cholangiocyte prolif-
eration in vitro and in vivo*®. This was associated with
increased SR gene expression, secretin-induced cAMP
levels and secretin-stimulated bile flow, and bicarbon-
ate secretion®. Further studies have also shown that bile
acids stimulate expression of the Na*-dependent apical
bile acid transporter (ASBT) in small and large rat cho-
langiocytes, which was dependent on PKC activation®.
Cholangiocyte proliferation and secretion in response
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to bile acids during cholestasis are promoted through a
PI3K-dependent pathway®. Furthermore, secretin has
been shown to promote cholehepatic shunting of conju-
gated bile acids through increased expression of ASBT".
Treatment of rats with ursodeoxycholic acid (UDCA)
and tauroursodeoxycholic acid (TUDCA) following BDL
significantly reduced cholangiocyte proliferation and
secretion through activation of Ca**-dependent PKC-0.”.
Furthermore, UDCA and TUDCA were shown to be cyto-
protective in rats following BDL+vagotomy, a model that
induces cholestasis and bile duct loss through apoptosis of
cholangiocytes®. Treatment of these rats with UDCA and
TUDCA prevented cholangiocyte apoptosis by calcium-
dependent MAPK and PI3K pathways®.

Many studies have contributed to our knowledge of
bile acid physiology through other cholestatic models.
For instance, Fickert et al. showed that 24-norUrsode-
oxycholic (norUDCA), a C(23) homolog of UDCA, is
capable of ameliorating sclerosing cholangitis in Mdr2™"
mice®”. norUDCA is relatively resistant to conjugation
and participates in a cholehepatic shunting process that
sets up a bile acid-dependent, bicarbonate-rich cholere-
sis”. Randomized controlled trials are currently under-
way using norUDCA for the management of PSCY.
UDCA has remained the only approved pharmacotherapy
for PBC for nearly two decades; however, many new
therapies are currently being developed based on UDCA
combination therapies®.

Angiogenic Factors

Vascular Endothelial Growth Factor. Cholangiocytes
receive their blood supply from a complex microvascu-
lar network termed the peribiliary plexus, which stems
from branches of hepatic arteries”. A key study has
shown that this network enlarges following BDL, sug-
gesting that biliary vascular supply contributes partly to
cholangiocyte proliferation and response to biliary injury.
They further demonstrated that secretion of VEGF-A and
VEGEF-C, and expression of their corresponding recep-
tors are upregulated following BDL®”. VEGF-A and
VEGEF-C induce cholangiocyte proliferation via acti-
vation of IP,/Ca*/PKC-o. and phosphorylation of Src/
ERK1/2 pathways™. Administration of anti-VEGF-A
and/or anti-VEGF-C and hepatic artery ligation inhibited
the ductular reaction following BDL”. Administration of
r-VEGF-A to hepatic artery-ligated rats induced ductular
reaction following BDL"'. Studies have also identified a
link between bile acid signaling and VEGF expression in
cholangiocytes. Mancinelli et al. showed that TC feeding
to BDL rats prevented bile duct damage induced by caf-
feic acid, which is known to inhibit growth of many cell
types”. The protective effect of TC was associated with
increased expression of VEGF-A, VEGF-C, VEGFR-2,
and VEGFR-3".
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This work has also been replicated in other forms of
human biliary disease, such as polycystic liver disease.
Cholangiocyte epithelium from humans with polycystic
liver disease strongly expresses VEGF and their corre-
sponding receptors. VEGF not only induced cholangio-
cyte proliferation and cyst growth but also increased the
density of the portal vasculature”. Furthermore, treat-
ment of polycystic liver disease mice (WS25/-) with
a potent VEGF receptor inhibitor (MU-5416) signifi-
cantly decreased cyst growth and liver density’*. Studies
in PBC have also demonstrated strong upregulation of
VEGF-A, as well as other angiogenic factors, which
likely induce angiogenesis near injured bile ducts, con-
tributing to inflammatory cell recruitment and disease
progression””. These findings indicate that the autocrine/
paracrine mechanisms of VEGF affect a variety of bil-
iary pathologies.

Additionally, authors have demonstrated that VEGF
plays an important role in hepatic regeneration following
partial hepatectomy. Wang et al. demonstrated that liver
sinusoidal endothelial progenitor cells (LSECs) are respon-
sible for promoting liver regeneration in rats following
partial hepatectomy’®. These progenitor cells are recruited
from the bone marrow as bone marrow-derived liver sinu-
soidal endothelial cell progenitor cells (BM SPCs) via a
recruitment system that is regulated by hepatic VEGF”.
Knockout of hepatic VEGF with oligonucleotides inhib-
ited proliferation and recruitment of BM SPCs to the liver
parenchyma’’. DeLeve et al. have recently demonstrated
that VEGF acts through stromal cell-derived factor-1
(SDF-1) to mediate recruitment of bone marrow-derived
progenitor cells to the liver sinusoids following partial
hepatectomy’®. It appears that VEGF not only regulates
cholangiocyte proliferation but also is vital for liver regen-
eration and reestablishing normal endothelial architecture
following partial hepatectomy.

Angiopoietins. Another class of angiogenic factors, the
angiopoietins, also plays a role in cholestatic liver injury.
Angiopoietin-1 and -2 (Ang-1 and Ang-2) act through the
tyrosine kinase receptor Tie-2 but have opposite effects.
Ang-1 promotes tyrosine phosphorylation, and Ang-2 is a
receptor antagonist. Whereas VEGF has been implicated
in vasculogenesis, studies have demonstrated that Ang-1
is responsible for maturation of newly formed vessels by
recruitment of mural pericytes”. Similar to VEGF, the
angiopoietins are also upregulated during hepatic dis-
ease states. Cholangiocytes isolated from patients with
ADPKD express Ang-1 and Ang-2 as well as Tie-2".
Fabris et al. demonstrated that Ang-1 alone did not pro-
mote cholangiocyte proliferation but was synergic to
VEGF”. PBC patients express high levels of VEGF-1,
Ang-1, Ang-2, and Tie-2 on endothelial cells and peripor-
tal hepatocytes, which promotes angiogenesis near dam-

80

aged bile ducts™.
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Platelet-Derived Growth Factor. Platelet-derived
growth factor (PDGF) is a polypeptide growth fac-
tor involved in numerous biological processes includ-
ing the activity of mesenchymal cells to regulate matrix
metabolism, chemotactic and vasoactive properties, as
well as moderation of the inflammatory response to cel-
lular injury®'. Pinzani et al. demonstrated that PDGF and
its receptor, PDGF-R, are overexpressed in human liver
fibrogenesis®'. Using BDL rats as a model of cholestasis,
Grappone et al. further characterized PDGF expression
and demonstrated that the B-chain is synthesized by cho-
langiocytes during cholestasis, and its receptor is primarily
located on hepatic stellate cells*. These findings signified
a cross-talking mechanism between cholangiocytes and
hepatic stellate cells during cholestasis that may contribute
to liver fibrosis. Furthermore, Kinnman et al. showed that
PDGEF initiates chemotaxis of hepatic stellate cells toward
bile duct structures during cholestasis®. Another study
by Kinnman et al. showed that peribiliary cells undergo
a PDGF-mediated conversion into myofibroblasts that
contribute to cholestatic liver fibrosis*. In a more recent
study, the B-PDGFR expressed on hepatic stellate cells
has been shown to be a key regulator of hepatic injury and
fibrosis in a CCl, model of cholestatic liver injury®.

Neuropeptides and Neurotransmitters

Acetylcholine. Nearly two decades ago, Alvaro et al.
demonstrated that cholangiocytes express the M3 acetyl-
choline receptor, and acetylcholine works through this
receptor to enhance the activity of the secretin-induced
CI'/HCO,™ ion exchanger by a Ca*-dependent PKC-
insensitive pathway that potentiates the stimulation of
adenylyl cyclase®. Furthermore, vagotomy impairs cho-
langiocyte proliferation, enhances apoptosis, and limits
ductular reaction following BDL in rats®. Vagotomy
was also associated with decreased cAMP levels and
secretin-induced choleresis following BDL. Forskolin
treatment following vagotomy and BDL prevented the
decrease in cAMP levels and maintained cholangiocyte
proliferation®’.

Adrenergic Fibers. Previous studies have demon-
strated that sympathetic nerve activity is required for
liver and cholangiocyte regeneration after partial hepa-
tectomy®. Additionally, invoking adrenergic denervation
to BDL rats using 6-hydroxydopamine decreased cho-
langiocyte proliferation and secretin-dependent secretion
while increasing cholangiocyte apoptosis via decreasing
cAMP levels®”. Administration of an adenylyl cyclase
activator or 1 and B2 agonists (forskolin, clenbuterol,
and dobutamine, respectively) maintained normal cholan-
giocyte secretory and proliferative responses to BDL via
phosphorylation of Akt*. Taurocholic acid prevented the
induction of apoptosis in rats subjected to BDL plus auto-
nomic denervation by preventing Akt dephosphorylation.
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Additionally, Alpini et al. demonstrated heterogeneity
within the biliary tree in response to adrenergic stimula-
tion. Small, but not large, cholangiocytes proliferate in
response to phenylephrine via IP,/Ca**-dependent signal-
ing pathways and activation of nuclear factor of activated
T cells 2 (NFAT2) and specificity protein 1 (SP1)".

Dopamine. Cholangiocytes also express the D2 dopa-
mine receptor (but not D1 or D3) on their basolateral
surface”. Selective stimulation of this receptor increased
intracellular 1P, and Ca’* levels, inhibited secretin-
stimulated bicarbonate-rich choleresis in BDL rats, and
inhibited secretin-induced cAMP levels and PKA activ-
ity in purified cholangiocytes”. Additional studies dem-
onstrated that dopamine works through the D2 receptor
to inhibit secretin’s effects by increasing PKC-y expres-
sion®. It is reasonable to hypothesize from these studies
that dopamine may also regulate cholangiocyte prolifera-
tion in response to cholestasis; however, this has not been
reported in a cholestasis model. Studies have shown that
dopamine is secreted from cultured cholangiocarcinoma
cells, and these cells proliferate in response to D2 and D4
receptor agonists’'. More studies are needed to determine
dopamine’s role in cholestasis-induced cholangiocyte
proliferation and hepatic fibrosis.

Serotonin. Serotonin is a neuroendocrine hormone
secreted from enterochromaffin cells throughout the gas-
trointestinal tract. Marzioni et al. demonstrated that cho-
langiocytes secrete serotonin and express the serotonin 1A
and serotonin 1B receptors”. Activation of these recep-
tors significantly inhibits cholangiocyte proliferation and
choleresis in BDL rats, which is mediated by enhanced
D-myo-IP,/Ca**/PKC signaling and the consequent inhi-
bition of the cAMP/PKA/Src/ERK1/2 signaling cas-
cade”. This suggests that a serotonin-mediated autocrine
loop is capable of limiting biliary growth and subsequent
ductular reaction during cholestasis. A recent study using
tryptophan hydroxylase-2 knock-in (TPH2KI) mice dem-
onstrated that serotonin is vital for remodeling injured
bile ducts, and mice with reduced biliary serotonin levels
exhibit excessive cholangiocyte proliferation, duct accu-
mulation, and liver fibrosis following BDL”. The same
study also demonstrated that serotonin stimulates myofi-
broblast production of TGF-B1, which decreases trypto-
phan hydroxylase-2 (TPH2) expression and subsequently
decreases serotonin levels and its effects on cholangio-
cyte proliferation”. A recent review by Mann et al. high-
lights these findings and further emphasizes the point that
serotonin is involved in a complex network of pathways
between cholangiocytes, myofibroblasts, and hepatocytes
that regulates liver fibrosis through TGF-B1 signaling®.

Histamine. Histamine is an aminergic peptide and
neurotransmitter that has also been identified to regulate
cholangiocyte proliferation in response to biliary injury.
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Histamine acts through a variety of G protein-coupled
histamine receptor subtypes (HRH1, HRH2, HRH3, and
HRH4) that are all expressed in normal and BDL cho-
langiocytes®. Francis et al. demonstrated that expression
of HRH3 is significantly upregulated in proliferating
cholangiocytes following BDL and chronic stimulation
of this receptor with a selective agonist decreased bil-
iary growth following BDL, whereas a selective HRH3
antagonist treatment increased cholangiocyte hyperpla-
sia”. Activation of HRH3 was associated with increased
cAMP levels and PKA/ERK1/2/ELK-1 phosphorylation”.
Furthermore, performing BDL in histidine decarboxylase
knockout mice (HDC™") demonstrated that inhibiting
the pathway for histamine production decreased cholan-
giocyte proliferation and VEGF/HIF-1o. expression via
decreasing PKA/ERK1/2 activation®. Kennedy et al.
also demonstrated that histamine derived from mast cells
within the liver also contribute to biliary proliferation
following BDL. Cromolyn-treated BDL mice displayed
decreased bile duct mass and biliary proliferation”. Also,
exposure of cholangiocytes with supernatants from cro-
molyn-treated mast cells significantly reduced cholangi-
ocyte proliferation in vitro”.

Francis et al. also demonstrated that heterogeneity
exists between large and small cholangiocytes in relation
to histamine’s effects on cholangiocyte proliferation. This
study showed that small, but not large, cholangiocytes
proliferate in response to an HRHI1 agonist via an 1P,/
Ca’*-dependent signaling pathway”®. Treatment of small
cholangiocytes with a selective HRH1 antagonist suc-
cessfully reduced proliferation®. Furthermore, another
study demonstrated that histamine stimulates prolifera-
tion of large rat cholangiocytes, but not small cholangio-
cytes, via activation of HRH2 through a cAMP-dependent
signaling mechanism™. In another study, Kennedy et al.
demonstrated that administration of histamine following
BDL+CCl, treatment successfully restored large cho-
langiocyte proliferative capacity, further demonstrating
histamine’s effects on cholangiocyte proliferation and
homeostasis™.

o-Type Calcitonin Gene-Related Peptide. In addition
to parasympathetic and sympathetic regulators of biliary
proliferation, the sensory neuropeptide o-type calcitonin
gene-related peptide (0CGRP) has also been shown to
regulate cholangiocyte proliferation during cholestasis.
In a aCGRP knockout mouse model, Glaser et al. demon-
strated that biliary proliferation is inhibited via decreased
levels of cAMP and PKA following BDL'”. In vitro,
0.CGRP and BCGRP induced cholangiocyte proliferation
and increased cAMP/PKA levels'”.

Substance P. Substance P (SP) is a member of the
tachykinin peptide family that preferentially binds to the
neurokinin-1 receptor (NK-1R), another GPCR that is
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expressed and upregulated in cholangiocytes following
BDL'". In a NK-1R knockout mouse model (NK-1R™),
Glaser et al. demonstrated that loss of the NK-1R recep-
tor was associated with increased biliary apoptosis,
decreased serum transaminases, and decreased expres-
sion of fibrotic genes following BDL'"'. Targeting SP or
NK-1R may lead to treatment strategies for cholangiopa-
thies and other chronic inflammatory liver conditions.

Nerve Growth Factor. Similar to other hormones, NGF
has been shown to enhance biliary proliferation during
cholestatic liver disease. Gigliozzi et al. showed that NGF
is secreted from cholangiocytes, and expression of the
peptide and its receptor (TkrA) is upregulated following
BDL'”. NGF stimulated cholangiocyte proliferation in vitro
through AKT and ERK1/2 pathways, whereas neutralizing
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NGF following BDL decreased biliary proliferation™ .

Melatonin. Melatonin, primarily secreted from the
pineal gland, the synthesis of which is regulated by the
rate-limiting enzyme arylalkylamine N-acetyltransferase
(AANAT), has also been shown to regulate cholangiocyte
proliferation during cholestasis'”. Large cholangiocytes
express melatonin receptors (MT1 and MT2) as well as
circadian locomotor output cycles kaput (Clock) genes'™.
These receptors and Clock genes are upregulated fol-
lowing BDL. Administration of melatonin to BDL rats
significantly decreased bile duct mass in vivo and cholan-
giocyte proliferation in vitro by activating the MT1 recep-
tor, decreasing cAMP levels and PKA phosphorylation'*.
These effects were inhibited in the presence of a mela-
tonin receptor antagonist'”. An additional study using
BDL rats showed that melatonin decreases biliary fibro-
sis by decreasing oxidative stress during cholestasis'®.

In a more recent study, Renzi et al. further charac-
terized melatonin’s role in cholangiocyte proliferation
during cholestasis. This study demonstrated that cholan-
giocytes express AANAT and secrete melatonin, both
of which are increased following BDL'®. Inhibition of
AANAT expression using Vivo-Morpholinos increased
biliary proliferation and expression of SR, CFTR, and
CI/HCO,” AE2'™. A recent review by Glaser et al. pro-
vides a comprehensive evaluation of melatonin’s protec-
tive effects against liver injury in BDL, as well as other
models, such as acetaminophen toxicity, nonalcoholic
fatty liver disease (NAFLD), and ischemia/reperfusion
injury'®. It is clear that melatonin and the regulation of
Clock genes play significant roles in liver injury; how-
ever, more studies are needed to develop appropriate
therapeutic strategies for liver disease.

Sex Hormones

Many sex hormones, specifically estrogen and pro-
gesterone, stimulate a variety of cells to proliferate. The
effects of sex hormones and their role in cholangiocyte
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proliferation have also been studied in the biliary epi-
thelium. Many studies have evaluated the mechanisms
by which estrogen and progesterone regulate cholan-
giocyte proliferation, but more recently, other sex hor-
mones such as follicle-stimulating hormone (FSH) and
gonadotropin-releasing hormone (GnRH) have become
known for their involvement in cholangiocyte prolifera-
tion during cholestasis. The mechanisms by which these
hormones regulate cholangiocyte proliferation will be
reviewed in the following sections.

Estrogens. Alvaro et al. first demonstrated that cho-
langiocytes express the estrogen receptor (ER) o and 3
subtypes'”’. Immunoreactivity and receptor expression of
the ER-P subtypes were significantly upregulated in BDL
rats, more so than the ER-o: subtype'”’. Treatment of BDL
rats with tamoxifen inhibited cholangiocyte proliferation
and increased cholangiocyte apoptosis, which was also
replicated in vitro'”’. Treatment of cholangiocytes with
17-B-estradiol stimulates cholangiocyte proliferation by
activation of the Src/Shc/ERK pathway, a response that
is diminished by cotreatment with inhibitors of this path-
way'og. Furthermore, Alvaro et al. demonstrated that rats
that underwent bilateral oophorectomy+BDL showed
decreased cholangiocyte expression of ER-o0 and ER-3
receptors, markedly reduced cholangiocyte prolifera-
tion, and increased cholangiocyte apoptosis compared
to BDL-only rats'”. Treatment of the oophorectomy rats
with 17-B-estradiol restored normal biliary response to
BDL'”. These studies led to an interest in using tamox-
ifen for the treatment of PBC, and in a small retrospec-
tive review, patients with PBC treated with tamoxifen
for breast cancer showed improved liver enzymes com-
pared to other PBC patients'’. Cholangiocytes from PBC
patients express both ER subtypes, and their expression
becomes markedly reduced in advanced-stage PBC,
which correlates with the degree of ductopenia'®. These
findings, however, have not led to a recent advance in
PBC treatment, and research for utilizing sex hormones
for treating cholangiopathies is lacking.

Progesterone. In addition to estrogen, progesterone has
also been shown to regulate cholangiocyte proliferation
during cholestasis. Cholangiocytes express the nuclear pro-
gesterone receptor (PR-B) and several membrane recep-
tors (PRGMC1, PRGMC2, and mPRo)"". Treatment of
rats with progesterone increased the number of bile ducts,
and treatment of BDL rats with anti-progesterone antibod-
ies inhibited cholangiocyte proliferation'". The study also
demonstrated that cholangiocytes express the progester-

one biosynthetic pathway and secrete progesterone'".

Follicle-Stimulating Hormone. FSH is a sex hormone
primarily secreted from the anterior pituitary gland that
increases cAMP/adenylyl cyclase/PKA phosphorylation
through interactions with a GPCR to stimulate estrogen
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secretion from the ovaries'?. Mancinelli et al. demon-

strated that cholangiocytes express the FSH receptor
(FSHR) and secrete FSH, which stimulates cholangiocyte
growth by increasing cAMP and ERK1/2 and Elk-1 phos-
phorylation'”’. Administration of anti-FSH antibodies to
BDL rats significantly reduced bile duct mass, cholan-
giocyte proliferation, secretin-induced cAMP levels, and
ERK1/2 and EIk-1 phosphorylation'".

Gonadotropin-Releasing Hormone. Additionally, GnRH
is another sex hormone that has been shown to regulate
cholangiocyte proliferation via autocrine/paracrine mech-
anisms. Traditionally, GnRH is secreted from the hypo-
thalamus and stimulates FSH/luteinizing hormone (LH)
from the anterior pituitary gland'*. GnRH interacts with
two receptor subtypes: GnRHR, and GnRHR,""*. Ray et
al. demonstrated that these receptors are expressed by cho-
langiocytes, and GnRH is secreted from cholangiocytes,
which is increased in response to BDL'”. Disruption of
the GnRH/GnRHR interaction decreased cholangiocyte
proliferation, bile duct mass, and liver fibrosis follow-
ing BDL'". These recent findings make additional con-
tributions to the growing field of sex hormones and their
impacts on cell proliferation outside of the reproductive
system. All of these findings suggest that sex hormones are
important for cholangiocyte proliferation during cholesta-
sis; however, widespread utilization of these pathways for
cholangiopathy treatment is not established.

Prolactin. Prolactin is also a hormone secreted from
the anterior pituitary gland that promotes proliferation of
several cell types by interacting with two receptor subtypes,
a long form and a short form"®. Taffetani et al. showed
that normal cholangiocytes express both receptor subtypes,
which are upregulated following BDL'"®. Stimulation of
these receptors promotes cholangiocyte proliferation via
increased intracellular Ca®* and PKC-B1 phosphorylation
and decreased PKC-ot phosphorylation''®. Administration
of anti-prolactin antibodies decreased cholangiocyte pro-
liferation following BDL.

Other Moderators of Cholangiocyte Proliferation

Many other hormones have demonstrated effects on
cholangiocyte proliferation during cholestasis, further
expanding our knowledge about their neuroendocrine
phenotypes. Fava et al. demonstrated that cholangiocytes
express the thyroid hormone receptor (THR)'’. These
receptors were located in the cytoplasm of normal cho-
langiocytes, but only the o, and ¢, subunits were found
in the nucleus following BDL'’. Administration of
3,3’,5-L-tri-iodothyronine (T3) decreased cholangiocyte
proliferation following BDL by PLC/IP,/Ca**-dependent
decreased phosphorylation of Src/ERK1/2'". This study
indicates that THR expression and location may be impli-
cated in the pathogenesis of cholestatic liver disease.
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The renin—angiotensin system (RAS) is another neu-
roendocrine pathway that has profound effects on cholan-
giocyte proliferation and cholestatic liver injury. In a recent
study, Afroze et al. discovered that renin, angiotensin-
converting enzyme, angiotensinogen, and angiotensin
receptor type 1 are expressed by cholangiocytes and
upregulated following BDL in rats''®. Treatment of cho-
langiocytes in vitro with angiotensin II increased pro-
liferation, intracellular cAMP, and activation of PKA/
ERK/CREB signaling pathway'"®. In vivo angiotensin II
treatment following BDL also promoted expression of
genes corresponding with hepatic fibrosis [fibronectin 1,
collagen 1A1, and interleukin-6 (IL-6)]"®. Treatment of
BDL rats with losartan attenuated biliary proliferation
and expression of these fibrotic markers'®. These find-
ings indicate that cholangiocytes express a local RAS
pathway that promotes cholangiocyte proliferation and
fibrosis from cholestatic liver injury.

Furthermore, environmental exposures, such as nico-
tine, have also been implicated in cholangiocyte pro-
liferation. In a recent study, Jensen et al. demonstrated
that cholangiocytes express the o7 nicotinic acetylcho-
line receptor (0(7-nAChR)'"”. Chronic stimulation of this
receptor with nicotine in rats using osmotic minipumps
for 2 weeks stimulated ERK1/2-dependent cholangiocyte
proliferation and expression of fibrotic genes, such as
fibronectin-1 and o-smooth muscle actin'". Further studies
are needed to determine how chronic nicotine exposure
correlates with cholestatic liver injury and cholangiopa-
thies, but these results demonstrate that environmental
exposures may also contribute to cholangiocyte prolifera-
tion and fibrosis.

LINKING CHOLANGIOCYTE
PROLIFERATION WITH PORTAL FIBROSIS

Ductular reaction is a common term in literature that
refers to the classical findings of cholestatic liver injury:
increased number of biliary ductules accompanied by
polymorphonuclear leukocytes and extracellular matrix
that results in portal fibrosis and biliary cirrhosis'*.
Proliferating cholangiocytes respond to a number of local
and systemic moderators during cholestasis. Additional
studies have demonstrated that proliferating cholangi-
ocytes express many antiapoptotic genes, adhesion mol-
ecules, costimulatory molecules, cytokines, chemokines,
growth factors, and profibrogenic stimuli''. These fac-
tors have autocrine and paracrine effects on myofibro-
blast activation, migration, and proliferation'”'. Figure 3
provides a working model of the interactions between
cholangiocytes and fibroblasts during cholestasis.

Targeting the av, integrin that is secreted from pro-
liferating cholangiocytes has led to promising antifibrotic
effects during cholestasis. It has been widely described
that av[3, binds to and activates TGF-B1 during cholestasis,
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which promotes activation of myofibroblasts and ductu-
lar reaction'”. Genetically altered B6-null mice display
decreased hepatic fibrosis when subjected to cholesta-
sis'*. A recent study from Pi et al. demonstrated that av[3
is closely associated with connective tissue growth factor
(CTGF) during cholestasis and may serve as therapeutic
targets to control ductular reaction and fibrosis since they
interact with common matrix and signaling partners, such
as fibronectin and TGF-B1'*. Targeting specific growth
factors and integrins that are secreted from proliferating
cholangiocytes and promote activation of myofibroblasts
may lead to promising therapies to reduce ductular reac-
tion during cholestasis.

Proliferating

cholangiocyte

cytokines, chemokines,

growth factors
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Additional Pathways of Proliferation and Fibrosis

In addition to numerous growth factors and neuroen-
docrine molecules, recent studies have identified other
pathways that contribute to biliary proliferation and the
development of fibrosis during cholestasis. Omenetti et
al. first described that the hedgehog (Hh) pathway pro-
motes cross-talk between myofibroblastic cells and cho-
langiocytes in BDL mice. They demonstrated increased
expression of Hh ligands and target genes in hepatic stel-
late cells and cholangiocytes following BDL'**. Coculture
of these cells resulted in increased Hh ligand expression,
cell viability, and proliferation. Administration of Hh

ligand-neutralizing antibodies reversed these effects'*.

adhesion molecules,

co-stimulatory molecules

CFibroblast activation/accumulation)

@xpression of fibrogenic proteins)

Fibrosis

Figure 3. Proliferating cholangiocytes secrete cytokines, chemokines, growth factors, and costimulatory molecules that act via auto-
crine/paracrine mechanisms to interact with other cholangiocytes and activate fibroblasts, which initiates fibrogenesis.
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Furthermore, activation of the Hh pathway following
BDL-induced cholestatic liver injury promotes cholangi-
ocyte secretion of cytokines, specifically chemokine motif
ligand 16 (Cxcl16), which recruits natural killer cells to
portal tracts and further propagates the inflammatory pro-
cess'”. Additionally, the Hh pathway has been shown to
activate osteopontin, a profibrogenic extracellular matrix
protein, in a murine model of nonalcoholic steatohepa-
titis (NASH)'*®. Recent studies have also shown that
osteopontin mediates the inflammatory processes during
cholestasis by initiating neutrophil-mediated injury fol-
lowing BDL in mice'”’. All of these studies suggest that
the Hh pathway mediates the proliferative, inflammatory,
and fibrogenic response to cholestatic liver injury.
Additionally, Cheng et al. demonstrated that Wnt sig-
naling promotes activation of hepatic stellate cells and
liver fibrosis. Inhibition of Wnt signaling with Dickkopf-1,
a Wnt coreceptor antagonist, restores stellate cells to a qui-
escent state in vitro and ameliorates liver fibrosis in vivo'”.
Furthermore, Wnt signaling has been shown to regulate
proliferation of cholangiocarcinoma, a malignancy of the
biliary epithelium, and antagonizing this pathway decreases
cholangiocarcinoma proliferation and tumor growth'*'*,
More studies are needed to determine the links between
Wnt signaling, cholangiocyte proliferation, and portal
fibrosis during cholestasis; however, it does appear that
this pathway is capable of propagating liver injury.
Recently Zhang et al. has shown that Notch signal-
ing contributes to the differentiation of hepatic pro-
genitor cells into cholangiocytes following BDL in rats.
Inhibition of Notch signaling with DAPT, a y-secretase
inhibitor, blocked expression of cholangiocyte-specific
markers, cholangiocyte proliferation, and cholestatic liver
fibrosis"'. These recent insights into Hh, Wnt, and Notch
signaling pathways represent potential novel therapeutic
targets into the management of cholestatic liver disease,
but more research is needed to determine the feasibility of
targeting these pathways for future clinical trials.

Inflammation as a Contributor to Hepatic Fibrosis

Recent studies have shown that inflammatory cells
also contribute to the pathogenesis of liver fibrosis.
Osterreicher et al. characterized human and animal liver
cells positive for fibroblast-specific protein 1 (FSP1),
a marker of fibroblasts. They identified a subset of
FSP1" inflammatory macrophages that were present
in liver injury, fibrosis, and cancer'”’. These cells also
expressed COX2 and osteopontin, as well as inflam-
matory chemokines and cytokines'”’. Furthermore, the
interplay between hepatic stellate cells and macrophages
has also been linked to Notch signaling. Bansal et al.
demonstrated that inhibition of Notch signaling with
a 7y-secretase inhibitor significantly attenuated CCl,-
induced liver fibrosis by decreasing stellate cell activation,
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inhibiting M1 inflammatory macrophages, and increasing
M2-suppressive macrophages'”. Furthermore, Locatelli et
al. used a mouse model of congenital hepatic fibrosis to
demonstrate that a genetically induced biliary epithelial
dysfunction promotes the secretion of chemokines able
to recruit macrophages that generate a profibrotic tissue

response in an effort to create a reparative phenotype'**.

CONCLUSIONS AND FUTURE DIRECTIONS

In this review, we have highlighted cholangiocyte anat-
omy, physiology, and the heterogeneity that exists within
the biliary tree. Using multiple mechanisms of cholesta-
sis, researchers over the past two decades have broadly
described multiple mechanisms and pathways that stimu-
late cholangiocyte proliferation and ductular reactions dur-
ing cholestasis. These models are pivotal to understand
the pathogenesis of cholangiopathies, such as PBC and
PSC, as well as primary cilia disorders, such as polycys-
tic liver disease. There is growing evidence that proliferat-
ing cholangiocytes secrete a number of factors, including
hormones, neuropeptides, and growth factors, that act via
autocrine/paracrine mechanisms to activate fibroblasts and
promote liver fibrosis in response to cholestasis. Additional
studies are needed to target these mechanisms of cholangi-
ocyte proliferation and secretion to develop pharmacologic
therapies against these conditions. Based on the research
discussed in this review, it may be possible to antagonize
the pathways that promote cholangiocyte proliferation with
receptor-specific antagonists. Our current understanding of
cholangiocyte proliferation and fibrosis suggests that treat-
ments to decrease cholangiocyte proliferation may also
decrease the secretion of cytokines, chemokines, and other
factors that drive hepatic fibrosis in cholestatic liver injury.
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