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Abstract
Cholangiocytes are involved in a variety of processes essential for liver pathophysiology. To meet
their demanding metabolic and functional needs, bile ducts are nourished by an own arterial
supply, the peribiliary plexus. This capillary network originates from the hepatic artery and is
strictly arranged around the intrahepatic bile ducts. Biliary and vascular structures are linked by a
close anatomic and functional association necessary for liver development, normal organ
physiology and liver repair. This strong association is finely regulated by a range of angiogenic
signals, enabling the crosstalk between cholangiocytes and the different vascular cell types. This
review will briefly illustrate the “vascular” properties of cholangiocytes, their underlying
molecular mechanisms and the relevant pathophysiological settings.
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1. Introduction
The intrahepatic biliary tree is a network of interconnecting ducts beginning with the canal
of Hering, located at the portal-parenchyma interface, which progressively merges into a
system of interlobular, septal and major ducts embedded into the portal space that coalesces
into the extrahepatic bile ducts, finally delivering bile to the gallbladder and to the intestine.
In the liver microarchitecture, bile ducts run in parallel with a branch of the portal vein and
with one or two branches of the hepatic artery. This close anatomical association between
the biliary and either liver vascular systems gives rise to the portal triad.1 In addition to
regulating bile production through secretory and absorptive mechanisms, cholangiocytes are
involved in a variety of processes essential for liver pathophysiology, including
angiogenesis.2 To support the metabolic and functional needs of cholangiocytes, the biliary
tree is nourished by its own arterial supply, forming the peribiliary plexus (PBP). The PBP
originates from the hepatic artery and is strictly arranged around the intrahepatic bile ducts.3

Bile ducts establish an intimate anatomic and functional association with the arterial
vasculature in liver development as well as in liver repair, as summarized in Figure 1. This
association is finely regulated by signals exchanged between cholangiocytes and vascular
cell types, including endothelial and mural cells.

Correspondence: Mario Strazzabosco M.D., Ph.D, Dept. of Internal Medicine, Section of Digestive Diseases, Yale University School
of Medicine, 333 Cedar Street LMP1080, 06520 New Haven, CT USA, Phone:+1-203-785-7281, Fax:+1-203-785-7273,
Mario.strazzabosco@yale.edu.

Conflict of interest: the authors have nothing to disclose.

NIH Public Access
Author Manuscript
J Gastroenterol Hepatol. Author manuscript; available in PMC 2014 August 01.

Published in final edited form as:
J Gastroenterol Hepatol. 2013 August ; 28(0 1): 26–32. doi:10.1111/jgh.12022.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2. Liver development
The liver develops from a diverticulum of the ventral endoderm. The endodermal cells
located in the cranial portion of the liver bud specify into hepatoblasts, giving rise to both
types of liver epithelial cells, i.e. the hepatocyte and the cholangiocyte. The development of
the biliary epithelium follows the portal vein system: the hepatoblasts located in contact with
the mesenchyme containing the peripheral branches of the portal vein (portal mesenchyme),
switch their phenotype to form a single layered ring of small flat epithelial cells, called
ductal plate, the primordial structure from which the bile ducts originate. Focal areas of the
ductal plate are then duplicated by a second layer of cells. These double-layered structures
show an asymmetrical organization, lined by cells with a cholangiocyte phenotype on the
portal side and by cells with a hepatoblast phenotype on the parenchymal side.4 Once a
lumen has been formed, the nascent bile duct is entirely lined by cholangiocytes; this tubular
structure further dilates to form the immature bile duct progressively migrating into the
portal mesenchyme. As the portal space develops, biliary tubules are remodelled into
individual bile ducts, fully incorporated into the portal mesenchyme, which proliferate and
elongate to expand the biliary tree until maturation is completed.4–6 Bile duct
morphogenesis is closely coupled with the hepatic artery development, since hepatic artery
branches are formed in close proximity to the nascent ductal plates.7

The relevance of these duct-artery relationships is highlighted by ductal plate malformations
(DPM). These congenital cholangiopathies are characterized by developmental anomalies, in
which dysmorphic bile ducts are strictly associated with an abnormal ramification of
vascular structures, resembling a “polard willow” configuration.8, 9 Similar anomalies in bile
ducts and artery development can be observed in mice lacking Hnf6 or Hnf1β genes,
encoding for transcription factors critically involved in biliary development. The
inactivation of these genes leads to artery dysgenesis, in strict conjunction with bile duct
abnormalities.5, 10, 11 As detailed below, biliary morphogenesis is driven by a variety of
signaling pathways, including angiogenic factors, which are normally switched off when
maturation is completed, but that can be reactivated in a variety of disease conditions.

3. Liver repair
Cholangiocytes are able to proliferate in response to biliary damage. The expansion of the
epithelial compartment in the liver is a key step in the repair mechanisms aimed at
compensating the anatomical and functional loss of injured ducts. To successfully repair the
damage to the biliary epithelium, cholangiocytes must have the ability to proliferate and
expand the ductular mass by forming branching tubular structures.12 During this process,
hepatic progenitor cells generate “reactive” cholangiocytes; these are arranged into tubeless
structures, and their phenotype has some features reminiscent of ductal plate cell. Reactive
cholangiocytes are characterized by motile properties and active production of growth
factors and cytokines, and are usually found at the periphery of the portal tract, close to
parenchymal areas characterized by necro-inflammation and activation of the hepatic
progenitor cell compartment.13–15 Ductular reaction is particularly evident in chronic
cholestatic diseases.

Reactive ductules are able to release a vast array of paracrine signals, by which they
establish an intensive cross-talk with multiple cell types, needed to sustain the intense
remodelling activity characteristic of biliary repair. The “dark side” of these mechanisms is
the generation of an exaggerated neo-angiogenic response with production of new fibro-
vascular stroma and progressive liver fibrosis.8, 13 The close association of structural
changes of the biliary epithelium with adaptive vascular responses has been well
documented in experimental models of liver damage. For example, in bile duct ligation
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(BDL),3, 10 and αnaphthylisotiocyanate (ANIT) treatment,16 selective cholangiocyte
proliferation is associated to a marked proliferation of the PBP. Furthermore, in genetic and
neoplastic cholangiopathies cholangiocytes secrete and respond to angiogenic factors in a
way that is reminiscent of their foetal behaviour. In these conditions, bile duct growth is
paralleled by the reactivation of rich angiogenic functions, necessary to support the
vascularization of the cystic epithelium in congenital ciliary protein defects,17–20 and the
generation of the tumour reactive stroma in cholangiocarcinoma (CCA).21, 22

3.1. Chronic liver disease
Progression of chronic liver diseases (CLDs) is driven by persistent and extensive necro-
inflammatory processes associated with fibrogenesis, as observed in viral hepatitis and
alcoholic liver disease (ALD). In most cases, CLDs progression culminates in the end-point
of cirrhosis. Irrespective of the aetiology, angiogenesis is an important mechanism
underpinning the fibrogenic process, since evolution to cirrhosis is strictly associated with
abnormal vascular remodelling.23, 24

CLDs featuring septal fibrosis, chronic viral hepatitis (HCV, HBV) are a good model to
highlight the relationship between angiogenesis and the extent of fibrosis. Intense vascular
remodelling has been documented at the interface hepatitis in HCV patients, where it
strongly correlated with the degree of inflammation and fibrosis.25 Massive neo-
angiogenesis is the result of the up-regulation of several angiogenic factors released by
several cell types activated in the chronic wound healing process (ductular reactive cells,
hepatocytes, portal myofibroblasts, macrophages), as well as by the morpho-structural
modifications occurring with the development of bridging fibrosis, leading to tissue hypoxia.
In ALD, the most common form of CLD worldwide,26 chronic Et-OH consumption is an
important inducer of liver tissue hypoxia, among other pathogenic mechanisms contributing
to liver damage. In a rat model of ALD, local low levels of tissue oxygen have been
documented in periportal and centrilobular areas concurrently with peaks of blood Et-OH
levels. Angiogenic growth factors, such as the vascular endothelial growth factor (VEGF)
and the platelet-derived growth factor (PDGF), are markedly up-regulated in response to
hypoxia.27 Recent data indicate that in rats, chronic Et-OH administration is associated with
expression of angiogenic factors and consequent neoangiogenesis.28 However, the nature of
the molecular factors mediating this process is still unclear. Preliminary data from our lab
show that in ALD, ductular reactive cells express VEGFR-2 (see Figure 2 D). Et-OH
administration in mice is also associated with Sonic Hedgehog (Hh)-induced proliferation of
ductular cells, and lobular accumulation of Hh-responsive progenitors correlates with
disease severity in ALD patients.29 Notably, activation of the progenitor cell compartment
yields a strong prognostic significance in ALD, in fact it closely correlates with severity of
liver disease and with short-term mortality in acute hepatitis.30 Overall, these data support
the clinical relevance of morphogenetic signaling in mediated hepatic progenitor cells
activation in Et-OH liver damage and other CLDs (see below).31

4. Cholangiocarcinoma (CCA)
Angiogenesis is a fundamental mechanism underlying tumour growth and invasion. The
extent of neovascularization in CCA, is generally less developed than in hepatocellular
carcinoma,32 however, recent studies suggest a role for VEGF in CCA proliferation. CCA
expresses VEGF and VEGF receptors, which promote tumour growth and neoangiogenesis
by mediating the effects of estrogens on tumour cells.21, 22 In extrahepatic CCA, the high
tumour vascularization correlated with poor prognosis, but not with VEGF-A expression,33

indicating the involvement of other angiogenic pathways. Another crucial event in CCA
invasiveness is tumour lymphangiogenesis, which is responsible for the early metastatisation
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to the regional lymph nodes, a critical step limiting curative treatments. Abundance in
lymphatic vascular structures is observed in most CCA, in which the lymphatic spread is
closely related to VEGF-C expression.34 Indeed, it is tempting to speculate that VEGF-C
secreted by cancer and associated stromal cells plays a major role in lymphangiogenesis,
stimulating the growth and the dilatation of peritumoral lymphatic vessels. The role of
PDGF will be discussed below.

5. Molecular mechanisms regulating vascular functions in cholangiocytes
a) Vascular endothelial growth factors (VEGF) and Angiopoietins

Cholangiocytes produce and respond to a variety of vascular molecules enabling them to
cross-talk with endothelial cells (ECs) and pericytes, the fundamental cell components of
vascular structures. VEGF is the most important driver of vasculogenesis, the process by
which ECs proliferate and differentiate within a previously avascular tissue, giving rise to
new blood vessels. Angiogenesis, the remodelling process by which newly formed vessels
sprout to sustain the maturation and stabilization of the vascular network, is instead
regulated by the angiopoietins.35 VEGF is a member of a family of related growth factors
that includes VEGF-A, -B, -C, -D and -E and placenta growth factor. VEGF interacts with
three tyrosine-kinase receptors, VEGFR-1 (Flt-1), VEGFR-2 (Flk-1/KDR) and VEGFR-3.35

Hematopoietic stem cells, ECs and vascular smooth muscle cells express VEGF and its
receptors; their presence has also been recently documented in ductal plate cells,
cholangiocytes and even in hepatic stellate cells (HSCs).36

Angiopoietins (Ang-1 and Ang-2) bind to the tyrosine kinase receptor Tie-2 expressed by
ECs along with the VEGF receptors.37 Angiopoietins have opposite effects on their
receptor: Ang-1 activates Tie-2 by tyrosine phosphorylation, while Ang-2 antagonizes the
Ang-1/Tie-2 binding; therefore, Tie-2 activation is determined by the relative balance
between Ang-1 and Ang-2.

During development, VEGF is the signal linking bile duct morphogenesis and liver
vascularization. We have previously reported that ductal plate cells produce a VEGF
gradient that increases as bile ducts develop and cooperates with the angiopoietins system.
VEGF-A produced by cholangiocytes acts on ECs and their precursors to promote arterial
and PBP vasculogenesis, while hepatoblasts produce Ang-1 that induces the maturation of
the nascent arterial vessels by recruiting mural pericytes.11

Cholangiocytes regain the ability to produce and respond to VEGF in disease conditions
(Figure 2). In the BDL model, cholangiocytes increase the production of VEGF-A and
VEGF-C, to promote bile ducts proliferation via a paracrine/autocrine mechanism.3 Most
likely, VEGF represents a protective mechanism that drives the adaptive/reparative response
in experimental obstructive cholestasis. In an experimental model of ischemic injury
(hepatic artery ligation), the progressive disappearance of the PBP was paralleled by a
decreased cholangiocytes proliferation and VEGF-A expression, along with increased bile
duct apoptosis. These effects were counteracted by administration of VEGF, suggesting a
fundamental role of VEGF in both cholangiocyte and PBP proliferation.38 On the other
hand, VEGF is involved in the pathological angiogenesis occurring in the progression of
chronic liver diseases where it is associated with the development of septal fibrosis and
therefore, with the progression to cirrhosis.39 Activated HSCs, the main actors in fibrosis
progression, secrete Ang-1 thus favouring angiogenesis.40 In primary biliary cirrhosis (PBC)
the increased expression of VEGF-A, Ang-1, Ang-2 and Tie-2 receptor by ECs and
periportal hepatocytes is responsible for the brisk angiogenesis occurring in close proximity
to the damaged bile ducts,41 which may contribute to inflammatory cells recruitment,

Morell et al. Page 4

J Gastroenterol Hepatol. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



worsening the disease. Notably, a strong reduction in portal fibrosis and portal hypertension
was obtained in BDL rats by inhibiting VEGFR-2.42

Recent studies from our laboratory have highlighted the critical involvement of VEGF
signaling in the pathogenesis of Polycystic Liver Disease associated to Autosomal Dominant
Polycystic Kidney Disease (PLD-ADPKD). PLD-ADPKD is a genetically transmitted
disease caused by mutations in the PKD1 or PKD2 genes, encoding for polycistin-1 (PC1)
and polycystin-2 (PC2), respectively.43 PC1 and PC2 are transmembrane proteins expressed
in the primary cilium of renal tubular and bile duct epithelial cells, which regulate signaling
pathways involved in ductal morphogenesis, proliferation and differentiation. When PCs are
defective, cholangiocytes maintain an immature proliferative phenotype, responsible for the
formation of multiple, large cysts spanning the liver parenchyma. Liver cysts are extensively
surrounded by a rich vascular bed which lays in close proximity to them. The signals linking
PCs deficiency to cystogenesis and disease progression have been recently started to be
clarified.44 Our group has previously reported a marked upregulation of VEGF together with
its receptors VEGFR-1 and VEGFR-2, and of Ang-1 in conjunction with its cognate
receptor Tie-2 in the epithelium layering the liver cysts. VEGF stimulated cystic
vascularization as well as cholangiocyte proliferation with a dose-dependent effect.17

Further studies demonstrated that an overactive MEK/ERK1/2/mTOR pathway is
responsible for hypoxia-inducible factor1α-dependent VEGF production by cystic
cholangiocytes, stimulating autocrine growth of cysts via VEGFR-2.19, 20 The observation
that VEGF mediates the progressive enlargement of liver cysts, has laid the foundations to
the pharmacological interference with angiogenic signaling to inhibit disease progression
using VEGFR-2 or mTOR inhibitors.19 However, a paradoxical dose-dependent effect of
Sorafenib, an oral inhibitor of Ras-1 signaling, has been shown in a mouse model of PC2
defects,45 where it results in a further increased MEK/ERK signaling and consequently, in
the progression of cysts enlargement.

b) Platelet-derived growth factor (PDGF)
PDGF is a family of four polypeptide chains (A, B, C, D) assembling in four homodimers
(AA, BB, CC, DD) and one heterodimer (AB). PDGF ligands specifically bind to two
different tyrosine kinase receptors: PDGFRα binds PDGF-A, -B and -C, while PDGF-B and
-D act on PDGFRβ. PDGF is very important for HSCs function, and has a relevant role in
the fibrogenetic process during biliary repair. PDGF effects on HSCs range from
proliferation, to migration and transdifferentiation into myofibroblasts (MFs).46, 47 After
induction of experimental cholestasis (BDL), reactive cholangiocytes express increasing
amounts of PDGF-B,48 which in turn act on PDGFRβ-expressing HSCs, stimulating their
chemotaxis towards injured ducts,49 and their proliferation before transdifferentiation into
MFs.50 Moreover, PDGF-B regulates both HSCs,51 and cholangiocytes,52 expansion
following biliary injury by activating Hedgehog signaling in both cell types. In addition to
fibrogenesis, PDGF is actively involved in the regulation of hepatic vasculogenesis. PDGF-
B stimulates HSCs to acquire an angiogenic phenotype similar to pericytes, thus promoting
vascular tube formation and HSCs coverage of sinusoids.53 PDGF also mediates the cross-
talk between ECs and pericytes: ECs stimulate pericytes recruitment through PDGFRβ, to
stabilize the endothelium in the developing vasculature, through a PDGF-B and an ephrin-
dependent mechanism.53–55

PDGF is emerging as an important signaling pathway in CCA, where it modulates the
interactions between the epithelial and the stromal components, which is particularly
abundant in CCA. Among the different cell elements populating the tumour reactive stroma
in CCA, activated fibroblasts, also termed as cancer-associated fibroblasts (CAFs) are the
most important. CAFs provide cancer cells with a number of paracrine signals, favouring
tumour proliferation, survival and growth. Overexpression of PDGFRβ in the stromal
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compartment of CCA is related to the most significant “network connectivity” with the
tumoural compartment.56 On the other hand, CAF-derived PDGF-B protects CCA cells
from death induced by tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) in
a Hh signaling dependent-manner (see below).57

Recent data from our laboratory reveal a role for PDGF signaling also in the generation of
the stromal microenvironment, which is a crucial step in CCA cancerogenesis. The paracrine
effects of PDGF secreted by CCA cholangiocytes promote the recruitment of CAFs into the
CCA microenvironment. PDGF-D, specifically secreted by CCA cholangiocytes, binds to
PDGFRβ and recruits resident fibroblasts to the sites of neoplastic growth acting via the Rho
GTPases, critical mediators of cell migration. Pharmacological targeting of tumour/stroma
interactions using PDGF inhibitors may therefore offer a novel molecularly targeted
therapeutic approach in CCA. (Cadamuro M, submitted)

c) Morphogens
Notch is a highly conserved pathway mainly involved in cell fate determination during
organogenesis. This peculiar signaling requires cell-cell contact since both receptors
(Notch1-4) and ligands (Jagged-1 and -2, Delta-like-1, -3 and -4) are transmembrane
proteins. Notch receptors expressed on the “receiving cells” are activated by the binding
with ligands, thus leading to a downstream signaling that culminates with the activation of
RBP-Jκ transcription factor and the expression of target genes Hes-1, Hes-5 and Hey-1.58 In
the liver, the activation of Notch signaling in the hepatoblast induces the expression of the
biliary-specific transcription factors Hnf1β and Hnf6, drivers of the commitment toward the
biliary lineage. During development, Notch-2 is expressed in biliary epithelial cells adjacent
to the Jagged-1 positive mesenchymal cells.59, 60 Mutations in the genes encoding for
Jagged-1,61, 62 (and more rarely Notch2,63) cause Alagille syndrome (AGS), a cholestatic
cholangiopathy characterized by ductopenia along with defective branching of the biliary
tree and vascular malformations. Experimental models of Notch selective defects in
hepatoblasts/cholangiocytes result in bile duct paucity, resembling AGS features.64, 65

Moreover, Jagged-1 inactivation in portal vein mesenchymal cells alters bile ducts
morphogenesis and impairs the formation of both portal mesenchyme and artery
vascularization, a phenotype shown also in Hnf1β and Hnf6 KO mice.66 In addition to the
role played in liver development, Notch is a modulator of intrahepatic bile ducts regulation
also in adult liver in disease conditions. After biliary damage, Notch signaling plays a
fundamental role in the activation of hepatic progenitor cells,67 and in ductal
morphogenesis. The proper biliary repair requires the coordinated and differential action of
both Notch-1 and Notch-2. If only Notch-2 is defective, the de novo tubule formation is
defective. Using genetic models of Notch loss of function, a specific involvement of
Notch-2 in tubular morphogenesis, rather than in biliary commitment of hepatic progenitor
cells has been documented. (Fiorotto R, submitted)

Another morphogenetic pathway strongly involved in angiogenic processes is the Hh. Hh
signaling is typical of stromal and progenitor cells, whilst it is not active in mature
cholangiocytes. In disease conditions, i.e. liver fibrosis, there is an up-regulation of the Hh
system in both epithelial and stromal cells.68 In BLD animals, PDGF stimulates the release
of Hh containing microparticles by HSCs and cholangiocytes, altering gene expression in
Hh-responsive ECs thus favouring vasculogenesis in the fibrotic tissue.69 In CCA, Hh
signaling mediates cytoprotective effects of PDGF-B released from CAFs against TRAIL-
induced apoptosis.57 Therefore, inhibition of Hh signaling may provide a novel tool to
induce apoptosis in CCA cells.
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5. Conclusions
Angiogenic factors have emerged as important mediators of cell functions in the biliary
epithelium. They exert both autocrine functions and paracrine effects, orchestrating an
extensive cross-talk between cholangiocytes and multiple cell types, including ECs and
pericytes. Epithelial angiogenic signaling plays an important role in liver development as
well as in liver repair, congenital cholangiopathies and biliary carcinogenesis. Therapeutic
interference with angiogenic signals has shown promises in several liver diseases, including
developmental and neoplastic cholangiopathies and is an area that deserves further
investigation.
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Figure 1. Association between biliary and vascular cells in the liver
The intimate anatomic and functional association between bile ducts and PBP is finely
regulated by a variety of signaling pathways – including angiogenic factors. Changes in the
biliary tree architecture are closely linked to vascular proliferation in various
pathophysiological settings. During development, hepatic artery branches are formed in
close proximity to the nascent ductal plates; following a cholestatic damage, ductular
reaction is characterized by cholangiocytes proliferation, along with a massive adaptive
vascular response; angiogenic factors play a major role in neoplastic cholangiopathies such
as CCA for the generation of the tumor reactive stroma; congenital cystic cholangiopathies
are characterized by a rich vascularization, necessary to support abnormal growth of the
cystic epithelium.
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Figure 2. Immunohistochemical expression of VEGFR-2 in liver development and disease
As bile ducts develop, ductal plate cells transiently express VEGFR-2 (A), until a lumen is
formed and the nascent bile duct progressively migrates into the portal space (B). Reactive
cholangiocytes display a de novo expression of VEGFR-2 during ductular reaction, as
shown in samples of biliary atresia (C) and ALD (D), as well as neoplastic bile ducts (E –
CCA). In polycystic liver diseases (F – Caroli disease) the cystic epithelium shows a marked
upregulation of VEGFR-2 which, along with other angiogenic signals, is responsible for
cysts enlargement. (200x magnification).
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