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Abstract: The cholangipathies are a class of liver diseases that specifically affects the biliary tree.
These pathologies may have different etiologies (genetic, autoimmune, viral, or toxic) but all of them
are characterized by a stark inflammatory infiltrate, increasing overtime, accompanied by an excess
of periportal fibrosis. The cellular types that mount the regenerative/reparative hepatic response to
the damage belong to different lineages, including cholagiocytes, mesenchymal and inflammatory
cells, which dynamically interact with each other, exchanging different signals acting in autocrine and
paracrine fashion. Those messengers may be proinflammatory cytokines and profibrotic chemokines
(IL-1, and 6; CXCL1, 10 and 12, or MCP-1), morphogens (Notch, Hedgehog, and WNT/β-catenin
signal pathways) and finally growth factors (VEGF, PDGF, and TGFβ, among others). In this review
we will focus on the main molecular mechanisms mediating the establishment of a fibroinflammatory
liver response that, if perpetuated, can lead not only to organ dysfunction but also to neoplastic
transformation. Primary Sclerosing Cholangitis and Congenital Hepatic Fibrosis/Caroli’s disease, two
chronic cholangiopathies, known to be prodrome of cholangiocarcinoma, for which several murine
models are also available, were also used to further dissect the mechanisms of fibroinflammation
leading to tumor development.

Keywords: cholangiocytes; neoplastic transformation; cholangiocarcinoma; primary sclerosing
cholangitis; Caroli’s disease

1. Introduction

Cholangiopathies are a large group of diseases of various etiology affecting the biliary epithelium,
with a chronic-progressive trend and often invalidating outcome; although rare in prevalence if
considered as a single entity, however, they are fairly common diseases, as a group. Cholangiopathies
are characterized by a high morbidity and mortality together with a significant financial burden to
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health care systems and families. Cholangiopathies represent a consistent proportion in the indication
for liver transplant (OLT) in the adult population, accounting for about the 16% in US in the period
between 1998 and 2014, and are the main indication for the pediatric population, responsible for
the 80% of the OLTx; in 2011 the costs for these interventions in the US reached $400 million [1,2].
In Italy, in 2008, diseases of the biliary tree were responsible for 10% of the hospitalizations for
gastroenterological diseases (33,657 patients), and the average hospital stay was 6.5 days for a total of
more than 220,000 days. The estimated annual social cost for the absence to the workplace account
to about 890,000€ for each patient (Italian Association for the Study of the Liver, White Book, 2011.
http://www.webaisf.org/pubblicazioni/documenti-finali-commissioni.aspx).

The etiology of cholangiopathies includes genetic and hereditary variants (Autosomal Dominant
Polycystic Kidney Disease (ADPKD), Autosomal Recessive Polycystic Kidney Disease (ARPKD),
Polycystic Liver Disease (PCLD), Chongenital Hepatic Fibrosis (CHF), Caroli’s disease (CD),
and Alagille Syndrome (AGS)), immune-mediated diseases (Primary Biliary Cholangitis (PBC), Primary
Sclerosing Colangitis (PSC), and Autoimmune Hepatitis (AIH)), pathologies associated to ischemia,
infections, or toxic agents, such as drugs, alcohol, and herbal remedies, tumors (cholangiocarcinoma),
and idiopathic diseases (Table 1) [3,4]. From a pathogenic point of view, cholangiopathies share
numerous fundamental lesions including different degrees of portal inflammation, cholestasis, and the
predisposition to develop biliary cirrhosis due to the progression of peribiliary fibrosis; moreover,
some of them, namely PSC and fibropolycystic liver diseases (ARPKD, CHF, and CD), could predispose
to cholangiocarcinoma (CCA) development [5,6].

Table 1. List of cholangiopathies of different etiology characterized by fibroinflammation.

Cholangiopathies Incidence Mutations Pathogenesis Clinical Features CCA
Development

ADPKD 1:400–1000

85% to 90% PKD1
(polycystin 1), 10%

to 15% PKD2
(polycystin 2)

Ductal plate malformation,
biliary microhamartomas and
cysts, with scant fibrosis and

inflammation

Renal, hepatic and pancreatic
cysts, renal failure;

complications: Rupture,
infections and haemorrhages,
often associated with cerebral
aneurysm (20% of cases) and
cardiac valves abnormalities

Rare

ADPLD 1:100,000

PRKCSH
(hepatocystin) and

SEC63
(endoplasmic

reticulum
translocator)

Ductal plate malformation,
biliary microhamartomas and

cysts

Similar to ADPKD except for
renal implications Rare

Alagille Syndrome 1:30,000
50% to 60% JAG1

and rarely
NOTCH2

Progressive vanishing of
intrahepatic bile ducts

Biliary ductopenia, conjugated
hyperbilirubinemia, and liver

failure. Extrahepatic
manifestations may involve
heart, kidneys, skeleton and

face

Unknown

ARPKD 1:20,000–40,000
PKHD1

(fibrocystin/
polyductin)

Ductal plate malformation,
biliary microhamartomas, and
cysts; peribiliary fibrosis and

inflammation

Recurrent cholangitis, hepatic
cysts and microhamartomas,

and portal hypertension.
Renal multiple cysts, and

kidney failure

Rare

Autoimmune
Cholangitis

5% to 10% of
PBC patients

Chronic hepatic inflammation;
variant syndrome of

autoimmune hepatitis

Fatigue, pruritus, cholestasis,
bile duct injury followed by
ductopenia with little or no

portal inflammation

Unknown

Biliary Atresia

1:10,000–15,000
(50% of

pediatric liver
transplants)

80% to 90% perinatal form:
unknown etiology, probably
due to prenatal or perinatal

viral infection; bile duct injury,
inflammation, and obstructive

fibrosis.
10% to 20% prenatal (or early
severe) form: Likely genetic

Jaundice and alcoholic stools
due to fibro-obliterative

obstruction of the bile ducts.
Frequent progression in

secondary biliary cirrhosis
with splenomegaly and portal

hypertension

Unknown

http://www.webaisf.org/pubblicazioni/documenti-finali-commissioni.aspx
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Table 1. Cont.

Cholangiopathies Incidence Mutations Pathogenesis Clinical Features CCA
Development

Caroli’s disease 1:1,000,000
PKHD1

(fibrocystin/
polyductin)

Ductal plate malformation
leading to necroinflammation

of the biliary epithelia

Recurrent cholangitis, biliary
stones and cyst complications

6% to 30% of
cases

Cystic Fibrosis 1:3000
CFTR

(cAMP-dependent
Cl-channel)

Abnormal chloride
conductance on the apical
membrane of the epithelial

cells

Neonatal cholestasis, liver
steatosis, hepatomegaly, focal

biliary cirrhosis, and liver
cirrhosis with or without

portal hypertension.

Unknown

Primary Biliary
Cholangitis (PBC) 1:2500

Reduced expression of the
bicarbonate transporter
(SLC4A2) on the apical
cholangiocyte domain.

Non-suppurative
inflammation and destruction
of the interlobular bile ducts

Cholestasis, biliary cirrhosis,
serum antimitochondrial

antibodies, end-stage liver
disease

Unknown

Primary Sclerosing
Cholangitis (PSC) 0–16.2:100,000

Chronic inflammation in bile
ducts, immune-mediated

association with inflammatory
bowel disease

Chronic inflammation of
intrahepatic and extrahepatic
bile ducts, with obliterative

cholangitis and progression to
cirrhosis

10% of cases

The presence of an extensive portal inflammatory infiltrate coupled with intense peribiliary
fibrosis is one of the most significant histopathological features for the most of the cholagiopathies,
except for AGS, a genetic pathology due to mutation in Notch2 or Jagged1 genes and characterized by
the near absence of biliary tree and sinusoidal fibrosis with scant inflammation. In fibroinflammatory
diseases, bile ducts act not only as targets for the hepatic inflammatory response, for example in
immune-mediated cholangiopathies such as PBC and PSC, but also promote the recruitment and
activation of different cell types, among which are inflammatory cells and fibroblasts.

2. Cholangiocytes as Pacemakers of Fibrosis Deposition

Biliary epithelial cells (BECs), also termed cholangiocytes, can recruit and activate inflammatory
cells, thanks to their ability to secrete a range of pro-inflammatory cytokines and chemokines, which
intervene in both the Th1 (i.e., interleukin (IL)-2, and interferon (IFN)γ) [7] and Th2 (i.e., IL-4, -5,
and -6) [8] responses. Moreover, BECs have the ability to secrete growth factors, such as hepatocyte
growth factor (HGF), platelet derived growth factor (PDGF)-BB, and -DD, connective tissue growth
factor (CTGF), endothelin (ET)-1, vascular endothelial growth factor (VEGF), and transforming growth
factor (TGF)-β2, able to stimulate the activation of mesenchymal cells through paracrine signals and
therefore the production of extracellular matrix [4]. In fact, a histopathological finding characterizing
the majority of the cholangiopathies is the deposition of fibrotic tissue in the portal space, in close
proximity to reactive ductular biliary cells (RDCs), in accordance with the definition of ductular
reaction, namely the hyperplasia of biliary structures resulting from biliary damage, as the “pacemaker”
of liver fibrosis [9]. One of the most typical manifestations of cholangiopathies is the development of
cholestasis, due to the effect of different mechanisms including an altered ductal secretion induced
by the release of pro-inflammatory cytokines, as in immune-mediated cholangiopathies such as PSC
and PBC, or an altered expression or functioning of the membrane transporters of BECs, induced by
genetic defects, as occurs in cystic fibrosis, or finally the retention of hydrophobic bile acids that cause
apoptosis death of hepatocytes and the subsequent development of hepatocanalicular cholestasis.

3. Fibroinflammatory Response in Cholangiopathies

Fibrosis, as commonly accepted, is the consequence of excessive extracellular matrix (ECM)
deposition during scar tissue formation after chronic liver injury. This process is associated with
an increased and usually massive immune cells recruitment responsible for the modification of the
hepatic scaffold and an altered angiogenetic activity, ultimately resulting in organ failure. In healthy
liver, ECM normally present in the space of Disse, is composed by different Collagens (type I, III, IV,
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V, and VI), non-collagenous glycoproteins, such as laminin, and fibronectin, and proteoglycans [10].
In fibrotic liver, ECM deposition increases massively, up to tenfold, and also changes its normal
composition, increasing the presence of collage I and III [10]. Fibrosis is associated with the formation
of connective septa that interconnect the incoming vasculature (portal vein and hepatic artery branches)
and outgoing vessels (central veins) [11].

The scar tissue disrupts the integrity of the sinusoid plexus, composed by permeable vascular
spaces that are in direct contact with the hepatocytes, altering multiple metabolic functions of the
liver. The shunting of blood through major fibrotic vessels bypasses the low pressure hepatic sinusoids
causing portal hypertension, with increased risk of bleeding from esophageal or gastric varices,
accumulation of ascites in the peritoneal cavity and immunodeficiency. Although fibrosis is no longer
considered a static irreversible process in chronic diseases, the fibrotic process naturally leads to
cirrhosis and to liver tumor formation. The balance of matrix-degrading activity, determined in
turn by the balance of matrix metalloproteases (MMPs) and tissue inhibitors of MMPs (TIMPs), is
important in both progressive fibrosis and liver fibrosis regression. Exacerbation of fibrosis resulting
usually from chronic, non-resolving inflammation that triggers a wound-healing process that mitigates
inflammatory tissue destruction but also leads to scar tissue formation [12].

Once the equilibrium is perturbed and liver fibrosis progress, immune system cells and in
particular their mediators, play an active role in creating a fibrogenic milieu responsible for the
tumor initiation in liver tissue and in particular, cholangiopathies, due to the fibroinflammatory
microenvironment typical of these diseases are prone to develop neoplasias [13]. In this context,
cholangiocytes are continuously stimulated by chemokines and cytokines, growth factors, and other
soluble mediators that are responsible for damaging protoncogenes and tumor suppressor genes
involved in cell growth, apoptosis, invasiveness and angiogenesis.

In this review, we will elucidate the role of inflammation and of their mediators in the
establishment of a fibroinflammatory response leading to the worsening of the chronic cholangiopathies
and finally responsible for tumor initiation and development.

4. Cell Types Involved in Fibroinflammatory Response

4.1. Epithelial Cells

Hepatocytes and cholangiocytes, represent the two distinct liver epithelial cell types, which share
several epithelial hallmarks, but differ radically in how they organize their apical and basolateral
surface domains to fulfil different functions [14]. In cholangiopathies, BECs are the primary target of
the pathogenetic sequence, but also contribute to disease development and recovery after damage [1].
Cholangiocytes line the biliary tree, a complex network of conduits inside and outside the liver [3],
and regulate the fluidity and alkalinity of the bile secreted by the hepatocytes through a wide pool
of transmembrane channels, transporters, and exchangers [15]. In addition, they actively perceive
and respond to the inflammatory environment related to liver injury, as well as endogenous (bile
acids, lipids, nucleotides) and exogenous (microbial derived, xenobiotic, and drugs) molecules that
are able to modify cholangiocyte function and/or phenotype, affecting repair and remodeling of the
biliary epithelium [16]. To restore bile duct integrity after damage, cholangiocytes must proliferate
and then form branching tubular structures [17], a process originally termed “ductular reaction” [18].
These “reactive” cholangiocytes are characterized by motile properties and by the active production
of growth factors (e.g., VEGF, PDGF, and TGF-β) [9,19,20] cytokines/chemokines (e.g., IL-6, IL-8,
and tumor necrosis factor alpha (TNF-α)) [18,21,22], and morphogens (Hedgehog and Notch) [23],
establishing an extensive cross-talk with other cell types of mesenchymal origin [17,24]. Moreover,
liver “regeneration” can be sustained by the activation of the hepatic progenitor cells (HPCs), whose
involvement depends on the severity and nature of the injury and on the residual replicative ability of
hepatocytes and cholangiocytes [4]. HPCs are small cells, with an oval shape and scant cytoplasm,
and the ability to differentiate into the biliary or the hepatocyte lineage [25]. HPCs are thought to reside
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at the interface of the terminal ductules and the canals of Hering [26], or at the peribiliary extrahepatic
glands [27]. The differentiation of HPCs to the hepatocellular or biliary lineage depends on the type of
inflammatory reaction developing around the stem cell niche and is finely regulated by fundamental
morphogenetic signals such as Wnt/β-catenin, Hedgehog, and Notch [19,26,28,29]. While these
mechanisms are necessary during cholangiopathies to repair the biliary damage, it is worth mentioning
that they can also lead to undesired effects, such as the generation of an exaggerated neo-angiogenic
response with production of new fibro-vascular stroma and progressive liver fibrosis [30]. Increasing
evidence from murine models suggests that any type of liver epithelial cell, due to cellular plasticity,
can give rise to cholangiocarcinoma (CCA), an aggressive malignancy of the biliary epithelium,
characterized by late diagnosis and poor outcomes. In addition to the malignant transformation of
cholangiocytes and adult hepatocytes, CCA may develop from HPCs localized in the canal of Hering
or periductal glands stem niche [31] and HPC proliferation is directly related to cancer severity [32].
CCA deriving from HPCs presents phenotypic characteristics of both hepatocytes and cholangiocytes.
Examples of CCA subtypes with HPCs origin are cholangiocellular carcinoma (CLC) and combined
hepatocellular cholangiocarcinoma (CHC) [33–35]. Recently, Wu et al. [36] suggested that cell-cell and
cell-matrix interactions are essential for HPCs function and CCA progression. They demonstrated
that HPCs orchestrate the actions of myofibroblasts, immune cells, cytokines, matricellular proteins,
and inflammatory proteins in HPCs niche through the expression of specialized CCN (cysteine-rich
angiogenic protein 61 or CCN1; CTGF, or CCN2; nephroblastoma overexpressed or CCN3) proteins, in
order to promote HPCs differentiation and CCA development. This finding opens new opportunities
for future studies seeking to limit the uncontrolled activation of hepatic epithelial cells in order to
prevent both cholangiopathies and CCA.

4.2. Mesenchymal Cells

Myofibroblasts (MFs) are specialized α-smooth muscle actin (α-SMA)-positive cell types involved
in wound repair and liver fibrosis progression. In the liver there are multiple cell populations candidate
to be myofibroblast precursors, including hepatic stellate cells (HSCs), portal fibroblasts (PFs) and
fibrocytes. HSCs, constituting 5% to 15% of all hepatic cells, reside, in the normal liver, in the space
of Disse, which is the area between hepatocytes and sinusoidal endothelial cells [37]. In normal liver
HSCs, which are the major cellular store of Vitamin A and retinoid acid (RA) in the organism [38],
display a quiescent phenotype expressing several markers including glial fibrillary acidic protein
(GFAP), synaptophysin [39], desmin, and nerve growth factor (NGF) receptor p75 [40]. During
chronic liver injury, quiescent HSCs gradually lose vitamin A and RA and differentiate in activated
myofibroblast-like cells (HSC/MFs), acquiring proliferative, migratory, and contractile properties as
well as starting to produce collagen Type-I; HSC/MFs are responsible for the deposition of the majority
of ECM components [41–43] during fibrogenesis. Among HSC/MFs activation pathways, TGFβ and
PDGF are considered the major fibrogenic mediators [43]. Literature data indicate that HSC/MFs, at
least in murine models, are the predominant source of hepatic pro-fibrogenic MFs, regardless of the
aetiology [44,45], although other cells, including PFs and bone marrow-derived mesenchymal cells,
may represent additional sources of MFs. PFs are a population of resident fibroblasts, located in the
portal tract mesenchyme that surrounds bile ducts, and expressing a specific marker profile including
α-SMA, Collagen Type XV Alpha 1 (COL15A1), fibulin 2 (FBLN2), elastin (ELN), IL-6, cofilin 1
(CFL1), ecto-ATPase nucleoside triphosphate diphosphohydrolase-2 (NTPD2), and THY1 61 [43,46,47].
Moreover, similar to what was previously described for HSC/MFs, TGF-β represents the dominant
profibrogenic cytokine involved in PFs activation [43,48]. The contribution of PFs to sustain fibrosis is
considered particularly relevant in chronic cholangiopathies because PFs (i) act as “first responders”
in biliary fibrosis [49]; (ii) maintain the structure of the intrahepatic bile ducts [50]; (iii) interact
reciprocally with cholangiocytes, potentially influencing their state of activation and response to
injury [43]. Lastly, less than 5% of the hepatic MFs may derive from bone marrow-derived cells
including mesenchymal stem cells and fibrocytes. Fibrocytes, in particular, are mesenchymal cells
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arising from monocyte precursors that display both macrophages and fibroblasts features, co-express
haematopoietic and progenitor cell markers (CD45 and CD34, respectively), and are able to produce
ECM proteins. Fibrocytes have been reported to migrate into injured liver, possibly through signals
operating on C-C chemokine receptor type 1 and 2 (CCR1 and CCR2) [51–53].

4.3. Immune Cells

Liver resident macrophages (Kuppfer cells, KCs) are responsible for the surveillance on liver
homeostasis; typically, KCs can be found in both the centrilobular and periportal regions of the liver,
and their functions and structures differ depending on their location. KCs embryologically derive
from the yolk sac and, in normal conditions, represent up to 80% to 90% of all the macrophages of
the entire human body [54]. Following liver injury, KCs massively replicate and are able to recruit
monocytes from blood circulation, leading to an increase in local secretion of a bunch of peptides,
among which inflammatory mediators (TNF-α, IL-1β), that activate HSCs through the Nuclear Factor
Kappa-B (NF-κB) pathway, TGF-β and thrombospondin 1. HSCs activate MFs to secrete ECM proteins,
IL-4, IL-13, and PDGF, which in turn stimulate collagen synthesis by MFs [55]. On the other hands, KCs
are a reservoir of MMPs, in particular MMP12 and MMP13, produced in response to apoptotic cells
phagocytosis, MMP9 and TNF-related apoptosis-inducing ligand (TRAIL), involved in the promotion
of MFs apoptosis [55]. As previously discussed, macrophages could be considered a “double edge
sword”, since they can mediate fibrosis/fibrolitic processes, an effect that could be explained by the
heterogeneity of macrophages subset. In fact, the classical cataloguing M1, pro-inflammatory and
pro-fibrotic subset, and M2, restorative and anti-fibrogenic, is nowadays considered simplistic and far
from the real in vivo situation [56]. In murine models of chronic liver injury, KCs recruit from blood
numerous different monocytes, in particular Ly6Chi inflammatory cells, that once in the liver acquire
the typical CD11b+/F4/80+ Kuppfer phenotype. These cells are responsible for massive release of
pro-inflammatory cytokine, mainly IL-1β, TNF-α, IL-6, IL13, and TGF-β, which trigger HSCs and MFs
toward fibrosis activation [11]. Once the ECM is deposed and scar tissue formed, another subset of
immune cells, the LyC6lo macrophages, can be activated, and originate by the switch of LY6Chi due to
the phagocytosis of apoptotic cells. This mechanism is responsible for high expression and secretion
of MMPs and other anti-fibrogenic peptides, such as arginase 1 and chemokines receptor CX3CR1
in the local microenvironment [57]. In humans, similar heterogeneity is observed; in particular, in
cirrhotic livers human KCs are characterized by CD14lo and CD16−, while hepatic monocytes-derived
macrophages as CD14hi, CD16−, CD14+ and CD16+ [55]. Neutrophils are the first defense line for the
human body, as well as in the liver, but a clear role for this cell type in fibrotic/fibrolitic processes
is still debated. Natural killer (NK) cells have an active role in anti-fibrotic mechanisms, mainly
mediated by their expression of IFN-γ and of death receptors or ligands, such as Natural killer group
2-member D (NKG2D), TRAIL or Fas ligand (FasL), that modulate the activation of HSCs and MFs [55].
Moreover, NK cells are responsible for clearance of senescent HSCs, thus their deregulation may
directly have affected the fibrotic/fibrolitic balance [58]. Furthermore, fibrotic livers are infiltrated by
CD4+ T cells that actively participate to fibrosis progression. In particular, Th2 cells increase fibrosis
deposition by secreting IL-13 and leading to the hyper-expression of TGF-β1 by HSCs, ultimately
resulting in MMP9 expression and secretion, which, in turn, cleaves more pro-TGF, to further sustain
fibrogenesis [11]. On the other side, IFN-γ released by Th1 CD+ cells alters the MMPs/TIMPs balance
towards MMPs production, and activates fibrolisis. Another subset of T cells likely actively involved
in fibrosis progression are the Th17, that release IL-17, which activates its cognate receptor expressed
on HSCs surface, to stimulate the signal transducer and activator of transcription (STAT)3-dependent
synthesis of collagen I [13]. Tregs cells are putatively the counterpart of Th17 because this cell type
secretes IL-10 that, through the phosphorylation of STAT5, contributes to ameliorate fibrosis in rodent
models of BDL and parasitic infestation [10].
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5. Epithelial-Mesenchymal Cross-talk

In cholangiopathies, to restore the normal liver architecture, cell types involved in the
reparative/regenerative hepatic response, i.e., BECs (RDCs, and HPCs), cells of mesenchymal origin
(PFs, and HSCs), and inflammatory infiltrate (macrophages and neutrophils) interact each other
exchanging numerous peptides and sharing several ligands and receptors [17,59] (Figure 1). If this
finely tuned response is incorrect, this could lead to the establishment of a chronic cholangiopathy,
accompanied by the deposition of fibrosis, eventually leading to cirrhosis, and by a massive hepatic
inflammation. The interactions among these cell milieus are mediated by three different categories of
peptides that could be grouped as growth factors, proinflammatory and profibrotic cyto/chemokines,
and morphogens.
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Figure 1. Autocrine and paracrine signaling characterizing the cross-talk among the different cell
types involved in the development of cholangiopathies. Following a bile duct insult, cholangiocytes
start to secrete several mediators involved in the recruitment and activation of mesenchymal, as well
as inflammatory cells. Under the continuous stimulus induced by the chronic damage, fibroblasts
could accumulate in the portal tract and, together with hepatic stellate cells, could transdifferentiate to
myofibroblasts, directly responsible for the accumulation of periportal fibrosis. Similarly, damaged bile
ducts could recruit different types of inflammatory cells, among which T lymphocytes, neutrophils,
and macrophages (both M1 and M2), that further sustain the development of the disease.

Here, we briefly describe the functions of the main mediators involved in this cross-talk.

5.1. Growth Factors

The most studied and known growth factor involved in hepatic fibrogenesis is TGFβ. Once liver
insult is received, several cell types, among which cholangiocytes, MFs, HSCs, and KCs start to actively
secrete TGFβ, in particular the isoforms β1 and β2 [60]; this growth factor stimulates its receptors
TGFβRI and RII to activate a profibrogenic response through the activation of the Smad2/3-mediated
signaling [61]. Once phosphorylated, Smad2/3 create a multicomplex with Smad4 that migrates to
the nucleus to exert its transcriptional activity leading to the transcription of target genes, among
which collagens (I and IV), α-SMA, and MMPs [62]. Notably, TGFβ ligands are secreted mainly by
HSCs, endothelial cells (ECs) and KCs, that, by an autocrine-paracrine loop, are responsible for the
proliferation, activation and secretion of ECM proteins by HSCs. Despite the fact that cholangiocytes
are responsible, only in a minimal part, for the secretion of this growth factor, in cholangiopathies the
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presence of RDCs is fundamental for the activation of the latent TGFβ. In chronic cholangiopaties,
in fact, RDCs aberrantly express de novo αVβ6 integrin [63,64] that, together with its function as
a mediator of the cell-matrix interaction, is necessary for the modification of the so called “Small
Latent Complex”, composed by the latent form of TGFβ interacting with Latency Associated Peptide
(LAP) [65]. αVβ6 integrin cleaves the TGFβ/LAP complex and, once TGFβ is released as a monomer,
it can dimerize thus acquiring the ability to bind its specific receptor TGFβR [65]. VEGF and receptors
are a family of peptides composed of six ligands, VEGF-A to -E and by placental growth factor,
that bind their specific receptors VEGFR1, R2 and R3. Despite the initial belief that they exert their
proliferative effects on ECs only, mounting data demonstrate that VEGF ligands could be secreted
by several cell milieu and could activate cellular responses on cholangiocytes [66,67], HSCs [68],
and macrophages [69]. In ADPKD, the proliferation of liver cysts both in human and in animal
models of PC2 conditional KO mice, VEGF-A is hyper-secreted by BECs and stimulates liver cyst
enlargement in an autocrine fashion through a VEGFR2/(Mitogen-Activated Protein Kinase Kinase 1)
MEK/(Extracellular Signal-Regulated Kinase) ERK1/2/(Mammalian Target Of Rapamycin) mTor
axis [66,70,71]. Similarly, in the bile duct ligated (BDL) mouse model of chronic liver insult, VEGF
secreted by RDCs sustained the expansion of both RDC and HPC compartments [72]. VEGF secretion
could exert chemotactic and proliferative response in HSCs and also fuel their collagen secretion in the
liver microenvironment, thus contributing to the development of portal fibrosis and to the worsening
of the disease [73]. One of the most relevant family of growth factors involved in the establishment and
development of portal fibrosis is the Platelet derived growth factor (PDGF). PDGF family is composed
by five ligands (four homodimers PDGF-AA, -BB, -CC, and -DD, and one heterodimer PDGF-AB) and
by three cognate receptors, PDGFRα, PDGFRβ, and PDGFRαβ [74]. PDGF signaling supervises several
physiological mechanisms, both in normal and diseased conditions. In particular, the secretion of
PDGF-B by RDCs of BDL mice stimulates the proliferation and collagen secretion of HSCs; moreover,
PDGF-B induces the chemotactic recruitment of mesenchymal cells and the transformation and
activation of PFs to MFs, which are stimulated to proliferate and to actively produce ECM components
through the activation of the (Phosphatidylinositol-4,5-Bisphosphate 3-Kinase) PI3K signaling [75].
Another PDGF ligand reaching even more importance is PDGF-D that in CCA, once secreted by
neoplastic cholangiocytes, is responsible for the recruitment of cancer associated fibroblasts (CAFs)
by the concomitant activation of (C-Jun N-Terminal Kinase) JNK signaling and Rho GTPases Rac1
and Cdc42 [76]. A profibrotic growth factor secreted in chronic liver diseases by a vast number of
cells, such as cholangiocytes, PFs, MFs, HSCs, and mast cells, is connective tissue growth factor (CTGF,
or CNN2). One of the factors involved in CTGF upregulation is TGFβ, that upregulates its expression
and secretion by HSCs mainly through (Activin Receptor-Like Kinase) ALK5/JAK1/Stat3 [77] and
ERK1/2 signaling [78]. Furthermore, CTGF has a potent chemotactic and trophic effect on HSCs and
induces their collagen secretion [79]. Chronic cholangiopathies characterized by an intense ductular
reaction and fibrosis deposition, such as biliary atresia and PSC, are characterized by a strong secretion
of CTGF [80,81] thus implying a potential pathogenic role of this growth factor in the worsening of
these diseases.

5.2. Morphogens

Different morphogenetic programs are deregulated in the onset and development of liver
diseases; here, we briefly cast an eye on the main signal pathways involved in the pathogenesis of
fibroinflammatory cholangiopathies. For instance, in normal conditions β-catenin acts as a structural
protein of the adherent junctions being a bridge between E-cadherin at the cell surface and α-catenin
and f-actin [82]. Usually β-catenin is maintained in an inert state into the cytoplasm by a so called
“destruction complex” composed by several proteins that stabilize it. In cholangiopathies, β-catenin
is phosphorylated and, if not ubiquitinated and destroyed, could reach the nucleus to activate the
WNT/β-catenin signaling. In the nucleus, β-catenin binds its specific transcription factor T-cell
factor/lymphoid enhancer factor (TCF/LEF). This mechanism is responsible for the transcription
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of several peptides, among which fibroinflammatory cyto and chemokines, such as chemokine
(C-X-C motif) ligands (CXCL)1, 10, and 12, and CTGF [64,83]; β-catenin nuclear entry represent
a fundamental step for the initiation of the proliferation and enlargement of RDC plexus [84] and is a
key regulator of the proliferation of HPC in adults suffering for different chronic liver diseases [85].
Furthermore, the activation of this signaling is involved in HSC-MF transdifferentiation and activation,
and in BDL mice, the inactivation of this signal pathway using an adenovirus carrying Dickkopf-1,
a WNT antagonist, is able to significantly reduce the extent of fibrosis [86]. Moreover, its aberrant
phosphorylation at the Ser675 of β-catenin in a mouse model of CHF/CD, act as protein stabilizer,
impeding its phosphorylation and degradation [87] thus stimulating the secretion of profibrotic and
proinflammatory mediators by cystic epithelia [64]. Another fundamental pathway involved in RDC
proliferation is Notch [88], a signal mechanism requiring the cell-cell contact and particularly important
in biliary differentiation and elongation along bile duct fetal development [28,89]; Notch (1 to 4) is
a family of receptors for different ligands (Jagged, and Delta) that, once docked, allow the cleavage
by γ-secretases of the notch internal cellular domain (NICD), that translocate to the nucleus to act as
the transcription factor binding the recombinant signal binding protein for immunoglobulin kappa J
(RBP-Jk) [17]. Notably, mutations of Notch2 or of its ligand Jagged1 are responsible for the development
of Alagille syndrome, a recessive genetic disease characterized by a lack of biliary structures that
fail to elongate from the hilum [89] and characterized by an accumulation of cells of intermediate
hepato-biliary morphology [90]. Recent papers outlined the importance also in the activation of
HPC niche in liver disease, and in the elongation of RDC as a fundamental inducer of the hepatic
reparative/regenerative response to liver injury [19,91]. Moreover, Notch signaling is involved in
inflammatory responses, acting concomitantly with TLR4, to stimulate the secretion of IFNγ, and of
chemokines, among which CXCL10 that is able to recruit infiltrating macrophages and to stimulate
their M1 polarization [92]. A third fundamental morphogenic signaling involved in the pathogenesis
of cholangiopathies is Hedgehog (Hh). Hh deregulation could act at a different level in hepatic
regenerative mechanisms responsible for fibrosis deposition and inflammation. During liver fetal
development it stimulates the proliferation of hepatoblasts [93] and maturation of fetal biliary epithelia
by controlling the expression of (Yes Associated Protein 1) YAP and Sox9, both transcription factors
necessary for biliary specification [94]. Notably, in liver diseases such as PBC [95], MFs, and RDCs
express high levels of Hh that could act in an autocrine/paracrine manner on surrounding cells and
MFs itself further stimulating the proliferation of BECs, through the upregulation of PDGF-B signaling
in an (Protein Kinase B Alpha) Akt-dependent fashion [96].

5.3. Proinflammatory Cyto and Chemokines

Another group of peptides deeply involved in the cross-talk among the different hepatic
cell types are the prionflammatory and profibrotic cytokines and chemokines. The diseased liver
microenvironment is usually full of such mediators that regulate the different pathways activated
during liver regeneration, among which Interleukins (IL-1, -6, -8, -13, and -33), monocyte chemotactic
protein (MCP)-1, IFNγ, and chemokine (C-X-C motif) ligands (CXCL1, 10, and 12). One of the
most important cytokines involved in liver regeneration is IL-6, the founder member of a large
family of peptides primarily involved in cell proliferation. It could be secreted by several cell types,
such as HSCs, KCs, and cholangiocytes, and, interacting with its receptor IL6R, it heterodimerizes
with the co-receptor gp130, leading to epithelial cells proliferation following phosphorylation of
Janus kinase (JAK) and STAT3 [97]. Other fundamental groups of ILs in the pathogenesis of chronic
cholangiopathies, in particular of biliary atresia, are IL-13 and IL-33. Following RRV infection, in fact,
RDCs start to secrete IL-33, which primes innate lymphoid cells type 2 (ILC2) to secrete a wide range
of ILs and growth factors, such as IL-13, Osteopontin, and TGFβ. IL-13, in turn, further stimulates
the proliferation of RDCs through a paracrine loop, sustaining the reactive ductular response typical
of this disease [98]. MCP-1 is a crucial chemokine responsible for the recruitment of monocytes at
the site of inflammation [99]. MCP-1 released by inflamed cholangiocytes interacts with its receptor
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CCR2 expressed by a subclass of circulating monocytes (CCR2+/CD14+/CD16−) that are actively
recruited and once transdifferentiated to macrophages are likely mainly responsible for the activation
of HSCs at the site of damage [100]. Moreover, MCP-1 is known to stimulate PFs proliferation,
transdifferentiation to MFs and the transcription of procollagen-1 precursors [101]. Fibroinflammatory
response in cholangiopathies is driven also by members of the CXCL family; the most studied is
CXCL12, also known as SDF-1, a chemokine with a prominent chemotactic on inflammatory cells, in
particular monocytes, lymphocytes, hematopoietic stem cells, and B cell precursors. PBC and PSC are
characterized by BECs hyperexpression of CXCL12, responsible for the recruitment of T cells carrying
its specific receptor C-X-C chemokine receptor type (CXCR) 4, the cognate receptor of CXCL12, and
sustaining the long-standing inflammatory state of these immune mediated diseases [102]; moreover,
HSCs are also responsive to CXCL12, that excites their proliferation and ability to secrete collagen [103].
Biliary cysts of CHF are characterized not only by the aberrant secretion of CXCL12, but also of other
cytokines, in particular CXCL1 (or KC), and CXCL10 (or IP-10) [64]. CXCL1 is a chemokine secreted
by numerous cell types, including epithelial cells, HSCs, macrophages, and neutrophils. It is mainly
involved in chemoattraction and proliferation of neutrophils [104], but several papers demonstrate
that its effect is not limited to this inflammatory cell type; CXCL1 could, in fact, stimulate proliferation
of HSCs in an autocrine loop, and inhibition of the PI3K/Akt pathway is able to slow cell proliferation
and, in vivo, to reduce development of fibrosis in a mouse model of carbon tetrachloride (CCl4)
intoxication [105]. Moreover, stimulation of TLR4 increases NF-kB-mediated secretion of CXCL1 in
a CFLD mouse model, likely responsible for the accumulation of neutrophils in CFTR-related liver
diseases [106]. CXCL10, through its receptor CXCR3, is involved in several pathophysiologic responses,
in primis recruitment of inflammatory cells, such as monocyte and macrophages, and NK and T cells,
and also in angiogenesis, cell adhesion and fibrogenesis. CXCL10 is upregulated in response not only
to IFNγ [107], but also by the activation of the β-catenin signaling [64]. Hypersecretion of CXCL10
in FPC-KO mice is responsible for the pericystic accumulation of macrophages and their M1-M2
transformation [64]. Moreover, the inhibition of its receptor with AMG-487, in vivo, leads to a reduced
fibrosis deposition accompanied by reduction in cystic area [83]. Furthermore, CXCL10 is considered
an independent biomarker of fibrotic development in HCV-transplanted patients [108] and correlates
with apoptosis in HCV patients [109]. It is worthy to highlight that secretion of inflammatory mediators
is involved not only in the recruitment and activation of inflammatory cells and fibroblasts, but that
their accumulation could lead to the persistent establishment of a chronic phlogistic response and in
the hyper activation of enzymes directly involved in the neoplastic degeneration of epithelial cells to
originate cholangiocarcinoma.

6. Mechanisms of Neoplastic Transformation

Cholangiocarcinoma (CCA) is a relatively rare and highly aggressive malignancy originating
from the neoplastic transformation of the intra or extrahepatic biliary tract epithelia. The incidence of
CCAs shows a marked variation worldwide, with intrahepatic CCAs being influenced by racial and
gender differences (CCA incidence is slightly higher in men) which is not significant in the case of
extrahepatic CCAs [110]. Although the aetiology of most CCAs remains undetermined [111] and risk
factors may vary geographically [110], several studies have identified a close relationship between
CCA development and chronic biliary tract infection and inflammation and, in particular, with the
pre-existence of chronic fibroinflammatory liver diseases, such as PSC and CD. Moreover, it is well
established that the oxidative stress and DNA lesions, as consequences of long-lasting inflammatory
processes, as in chronic cholangiopathies, play a key role in CCA development (Figure 2). In particular,
the persistent portal inflammation results in a sustained generation of endogenous compounds,
such as reactive oxygen species (ROS) and inducible nitroc oxide synthase (iNOS), that activate
several pro-inflammatory cytokines including TNF-α, IFNγ, TGFβ, and different ILs, thus causing
accumulation of nitric oxide (NO) in cholangiocytes, leading to nitrosative stress [112,113], finally
enhancing CCA progression. Oxidative and nitrosative stress can induce malignant transformation of
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epithelial cells directly, by inducing oxidative DNA lesions, characterized by multiple DNA single or
double-strand breaks and genetic instability, as also described for other cancers, or by inhibiting DNA
repair enzymes, as well as, indirectly, by affecting the cell proliferation/apoptosis ratio [113–116].
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Figure 2. Chronic inflammation is responsible for the neoplastic transformation of the biliary epithelial
cells. Alterations are due to the presence in the hepatic microenvironment of several molecules, such as
peroxinitrites and oxygen free radicals that could induce the accumulation of DNA damage. Nitric
oxide (NO) is able to stimulate cell proliferation and escape from apoptosis through the activation
of COX2 that stimulates the p38 MAPK/JNK axis to secrete PGE2, that further transactivates the
epidermal growth factor receptor (EGFR); this latter receptor also activates the PI3K/AKT pathway
responsible for the proliferation and resistance to apoptosis in cholangiocarcinoma (CCA).

In particular, nitric oxide (NO) and peroxynitrites are responsible for the formation of
8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG), and 8-Nitro guanine, two mutagenic compounds able
to inhibit DNA base repair and cause G→ T transversions. More relevantly, a study from Thanan and
colleagues [117] demonstrated that high levels of 8-oxodG was observed in the urine and leukocytes
of Opisthorchis Viverrini-infected patients also presenting CCA, thus suggesting the use of urinary
8-oxodG as biomarker to monitor not only infestation but also carcinogenesis. NO and peroxynitrites
may also favor the progressive accumulation of DNA damage in CCA by inhibiting the activity of DNA
damage reparative systems, as well as through the inactivation of 8-oxo-deoxiguanine DNA glycosylase
1 (hOGG1, the most important DNA repairing enzyme) [113,118]. Thanan and collaborators [111]
also hypothesized that CCA could derive from the neoplastic transformation and persistence of
liver stem/progenitor cells stimulated by the condition of chronic and inflammatory liver injury. In
particular, they observed a significant correlation between increased levels of 8-oxodG and CD133-
and/or Oct3/4-positive cells compared to those in negative tissues [111]. Enhanced proliferative
signaling and evasion of apoptosis may constitute additional steps for the development of CCAs.
Concerning the effects of nitrosative and oxidative stress on the regulation of the balance between
epithelial cell proliferation and apoptosis, in conditions of persistent inflammation, accumulation of
NO and its derivatives are supposed to be responsible for the increased cell proliferation as well as for
the inhibition of pro-apoptotic mechanisms.

Furthermore, the iNOS-dependent COX-2 activation through the p38 MAPK/JNK axis, leads,
in CCA, to the generation of high amounts of prostaglandin E2 (PGE2), which in turn, by binding its
specific receptor EP1, can induce a tumorigenic effect by enhancing neoplastic cell proliferation and
invasiveness. In addition, PGE2 is able to transactivate the epidermal growth factor receptor (EGFR),
through a Src binding protein-mediated mechanism, resulting in the activation of PI3K/AKT signaling
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pathway, known to be responsible for proliferative and anti-apoptotic responses in CCA cells [119,120].
In particular, the activation of the PI3K/AKT pathway inhibits the Bad-Bclxl binding [121] and
the consequent mitochondrial Bax translocation, a critical step for activating the caspase cascade.
This anti-apoptotic effect induced by EGFR activation is counteracted by the treatment with celecoxib,
a selective COX-2 inhibitor [122]. On the other hand, NO can directly inhibit the activation of
caspases 3, 8, and 9, through nitrosilation of the cysteine residues present in the active site of
these caspases [123]. Neoplastic transformation could be also stimulated by xenobiotics that could
act as carcinogens, inducing directly inflammatory damage responsible for genetic alterations or
co-carcinogens, namely, substances, usually non-cancerogenetic, that act in concert with carcinogens
in promoting the onset of tumors. A known pro-neoplastic stimulus is the chronic administration
of thioacetamide (TAA), that induces liver injury followed by cirrhosis and cholangiocarcinoma
development after 30 weeks in rats [124]. Notably, the accumulation of bile acids following bile duct
ligation could burst the neoplastic development induced by TAA-treatment in rats by generating a more
sustained inflammatory environment and inducing RDCs proliferation respect to the TAA-treatment
only [125].

Recent data have also highlighted a critical role for Notch signaling in the formation of biliary
tract cancers [126] as well as an enhanced Notch expression in PSC patients and in those carrying
CCAs. In particular, NO-dependent activation of iNOS may also promote antiapoptotic mechanisms
by interfering with Notch signaling. Ishimura and colleagues [127] showed that in mouse CCA cell
lines, NO is able to induce the cleavage of the NICD1, which translocates into the nucleus to form a
transcriptional complex with recombination signal-binding protein 1 for J-kappa (RBPj), up-regulating
several target genes, among which hairy and enhancer of split-1 (Hes-1). This mechanism, mediated by
the activation of the JNK1/2 signaling, is believed to be responsible for increased cell survival and
reduced apoptosis of CCA cells [127].

7. Fibroinflammatory Cholangiopathies Heralding CCA

As previously described, some chronic fibroinflammatory biliary diseases could lead to the
development of CCA. The best known and studied nosologic conditions prodromal to neoplastic
transformation are PSC, and CD (Table 1); here, we briefly describe the main features of these two
diseases, the molecular mechanisms postulated to be involved in their tumoral degeneration, and the
main mouse models available for their study.

7.1. Primary Sclerosing Cholangitis (PSC)

PSC is a rare chronic cholangiopathy of autoimmune origin that affects about 250,000 individuals
in the EU and 200,000 people in the US. PSC is characterized by a strong peribiliary fibrosis and
inflammation, which can affect bile ducts of any size, from the smallest branches of the intrahepatic
ducts, to the extrahepatic major ducts. Its incidence in Western countries varies from 0.2% to 20% per
year, with higher percentage in the Scandinavian population, and a mild prevalence (60% to 65%) in
men; PSC often affects the young adult population (30–40 years), and is accompanied, in 70% of cases,
by chronic intestinal inflammatory diseases (IBD), in particular ulcerative colitis [128]. Histologically,
its pathognomonic lesion is the development of a thick concentric fibrotic hose around the biliary tree
leading to the development of cholangitis with fibro-obliterative evolution (onion-skin like fibrosis),
which determines the progressive vanishing of the bile ducts. The inflammatory infiltrate contains
mainly T lymphocytes and natural killer cells, which, through the secretion of IL-21, exert a potent
effect on fibroblasts proliferation and activation [129]. The prognosis of PSC is very variable, but not
infrequently the natural history of the disease is burdened by the high risk of developing malignant
tumors, not only at the biliary (cholangiocarcinoma), but also at the intestinal (colorectal carcinoma)
level. Unlike other cholangiopathies, such as PBC, the effectiveness of ursodeoxycholic acid (UDCA) is
not well recognized, and the only curative option remains the OLT, with a risk of recurrence in 30% of
cases [130].
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Different animal models for PSC are currently available for research purposes [131,132].
For example, Mdr2 knockout (Mdr2−/−) mice were obtained by genetically disrupting the Mdr2 (Abcb4)
gene, which is a mouse orthologue of human MDR3 (ABCB4), encoding for a canalicular flippase
expressed by hepatocytes, mediating the transport of biliary phospholipids into the outer leaflet of
the canalicular cell membrane, which enables their subsequent secretion into the bile. Inactivation
of the Mdr2 gene in mice produces periductular onion-skin type fibrotic lesions and pronounced
ductular reaction, liver fibrosis, early-onset severe portal hypertension, and increased transcripts of
Col1a1. In addition, Mdr2−/− mice present clinically relevant cirrhosis complications, such as primary
liver cancers [133]. Another genetically induced PSC-like model is the cystic fibrosis transmembrane
conductance regulator knockout (Cftr−/−) mouse, which harbors a mutation of exon 10 of the Cftr gene.
Cftr−/− mice develop focal cholangitis with thickened bile and bile duct proliferation, finally resulting
in biliary cirrhosis [134].

Regarding the association of PSC with the development of CCA, PSC is responsible for 10% of the
diagnosis for biliary neoplasia [135], in particular for young adults; the annual risk of developing this
neoplasia for patients suffering for PSC ranges from 0.6% to 1.5% and up to the 50% of the diagnoses
for PSC are followed by CCA development in the first 2.5 years [136–138]. Since PSC affects all the
districts of the intra and extrahepatic biliary network, CCA development could be associated with the
entire course of the biliary tree and often is proceeded by preneoplastic lesions such as intraepithelial
biliary or intraductal papillary neoplasias, but PSC patients usually develop mucinous or infiltrating
desmoplasic CCA [139,140]. The mechanisms leading to the neoplastic transformation of PSC to CCA
are actually unclear, but are associated with the persistence of a chronic inflammatory state of the
biliary tree. It was proposed that, in PSC, neoplastic transformation was associated to mutations of the
tumor suppressor p53, and of the oncogene KRAS [141,142]. Furthermore, recent studies outlined the
impact of NO production by iNOS as a stimulator of neoplastic transformation. NO in fact, not only
stimulates the expression of NOTCH, a signaling known to be involved in cholangiocarcinogenesis,
but can directly induce nicks in dsDNA [118], hamper the activity of enzymes involved in DNA
proofreading and repair [115], and impair the expression of oncosuppressors, such as p16 [143].

7.2. Caroli’s Disease (CD)

CD is a genetic cholangiopathy caused by mutations in polycystic kidney and hepatic
disease 1 (PKHD1), the gene coding for fibrocystin/polyductin (FPC), a large protein with a single
transmembrane domain expressed by cilia and centromers of cholangiocytes and renal epithelial
cells [144]. The FPC role remains unknown, but is thought to be involved in different cellular functions,
including regulation of cell proliferation, differentiation, secretion, tubulogenesis, and cell-matrix
interaction [145]. Due to FPC deficiency, CD is characterized by cystic dysgenesia of the intrahepatic
bile ducts, which preserve an immature phenotype (ductal plate malformations) and by portal
fibrosis, resulting in clinically relevant portal hypertension and related complications [3,17,146].
The mechanisms responsible for portal fibrosis in CD are still unclear, but recent studies have
shown that FPC-defective cells present several modifications in signaling mechanisms, including
Ca2+ homeostasis [147], 3′–5′-cyclic adenosine monophosphate (cAMP) [148] and mTOR [149]
pathways. In FPC-defective cholangiocytes, the increased cAMP/PKA signaling, which results in the
stimulation of cell proliferation and cyst expansion [148], is accompanied by PKA-dependent β-catenin
activation [150]. Indeed, PKA is able to phosphorylate β-catenin at Ser-552 and Ser-675, different from
those classically phosphorylated by Casein Kinase 1 Alpha 1 (CK1) and Glycogen Synthase Kinase
3 Beta (GSK3), preventing β-catenin degradation and resulting in its transcriptional activity [151].
Notably, recent findings suggest that the aberrant activation of β-catenin in FPC-defective epithelial
cells causes a chronic, low-grade inflammatory response [64] named “parainflammation”, a process
of adaptation to an unresolving cell dysfunction or noxious conditions [152]. When cell dysfunction
is persistent, the inflammatory response, unable to restore the normal tissue homeostasis, becomes
pathologic and can ultimately lead to scarring [152,153]. Thus, the development of fibrosis in CD
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depends on a complex interplay between epithelial and inflammatory cells, and exploring the factors
and the mechanisms that take part in this relationship may help in discovering new therapies against
cholangiopathies. This goal could be achieved by means of the Pkhd1del4/del4 mouse, a well-established
model of CD obtained with a targeting construct designed to inactivate Pkhd1 gene by disrupting exon
4 in mice with a C57BL6/129 mixed background. Pkhd1del4/del4 mice are characterized by intrahepatic
bile duct proliferation, progressive cyst formation, periportal fibrosis, and extrahepatic manifestations,
including pancreatic cysts, splenomegaly, and common bile duct dilation [154]. Another important
model is the Pkhd1del2/del2 mouse, obtained deleting Exon 2 of the Pkhd1 gene and replacing it with a
neomycin resistance cassette flanked by loxP sites, which could be subsequently removed by Cre-lox
recombinase. Phenotypically, the Pkhd1del2/del2 mouse is similar to the Pkhd1del4/del4 mouse, developing
altered bile ducts and enlarged portal triads, with portal fibrosis and cystogenesis [155]. Finally, the
polycystic kidney (PCK) rat has been suggested as a useful and promising animal model to study CD.
The PCK rat is a spontaneous mutant derived from a colony of Crj:CD rats, and was found to show
multiple segmental and saccular dilatations of the intrahepatic bile ducts, ductal plate malformation,
hepatic fibrosis and gross enlargement of kidney and liver [156].

CD is also considered a risk factor for CCA development, increasing the risk for
cholangiocarcinogensis by 30-fold [135]. In CD patients, and generally in patients with bile duct
cystic disorders, CCA is typically diagnosed at a mean age of 32 years, with lifetime incidence ranging
from 6% to 30% [157]. As for others risk factors, the malignant transformation of cholangiocyte in CD
conditions arises in a background of chronic inflammation, in which the high amount of cytokines
and factors secreted as a result of the aberrant activation of β-catenin in FPC-defective cholangiocytes,
triggers and maintains the process of cholangiocarcinogenesis [158]. Molecules participating in
this process promote neoplastic transformation by altering protooncogenes, DNA mismatch repair
genes or proteins, and tumor suppressor genes involved in cell growth, apoptosis, invasiveness, and
neoangiogenesis, inducing uncontrolled cell proliferation and invasion [159]. Therefore, reducing or
regulating the complex interplay between epithelial and inflammatory cells in CD patients could help
in monitoring not only the disease but also side effects, such as CCA development.

8. Conclusions

Most of the cholangiopathies share several pathological features, such as the peribiliary
accumulation of different cell types, among which fibroblasts and macrophages, whose intense
cross-talk is responsible for the initiation and persistence of the phlogistic processes and of
fibrosis deposition that accompanies these pathologies. Alongside these manifestations, cytokines,
chemokines, and growth factors released by the different cell populations, lead to the generation
and hyper-expression of reactive oxygen and nitrogen species that can cause damage to the genetic
heritage of the biliary cells that can predispose to the development of CCA. However, currently,
research is limited by the fact that, despite the existence of many well-established animal models
of cholangiopathies and of CCA, the investigators are still lacking animal models of neoplastic
transformation arising from cholangiopathies, useful for following the different steps of CCA
development, from the establishment of chronic inflammatory state, to the formation of dysplastic
nodules and then progressing to frank CCA. Thus, the above described rodent models of fibropolycystic
liver disease (Pkhd1del2/del2, Pkhd1del4/del4, and PCK,) or PSC (Mdr2−/−, and Cftr−/−), could be
successfully employed to evaluate if their mutations enable CCA carcinogenesis after toxic insults,
for example following chronic oral administration of TAA. Unravelling the molecular mechanisms
at the basis of fibroinflammatory responses in chronic cholangiopathies and the routes leading to
neoplastic transformation of the biliary epithelia, is a key step for the development of new strategies to
closely follow patients to prevent neoplasia development; furthermore, advances in the knowledge
of intimate molecular pathogenesis of cholangiopaties could lead to new therapeutic approaches,
actually lacking.



Int. J. Mol. Sci. 2018, 19, 3875 15 of 22

Acknowledgments: The authors acknowledge Fondazione Cariplo, Grant No. 2014-1099, to S.C., C.M. and M.C.

Conflicts of Interest: The authors declare no conflicts of interest

References

1. Lazaridis, K.N.; LaRusso, N.F. The cholangiopathies. Mayo Clin. Proc. 2015, 90, 791–800. [CrossRef] [PubMed]
2. Peery, A.F.; Crockett, S.D.; Barritt, A.S.; Dellon, E.S.; Eluri, S.; Gangarosa, L.M.; Jensen, E.T.; Lund, J.L.;

Pasricha, S.; Runge, T.; et al. Burden of gastrointestinal, liver, and pancreatic diseases in the united states.
Gastroenterology 2015, 149, 1731–1741. [CrossRef] [PubMed]

3. Lazaridis, K.N.; Strazzabosco, M.; Larusso, N.F. The cholangiopathies: Disorders of biliary epithelia.
Gastroenterology 2004, 127, 1565–1577. [CrossRef] [PubMed]

4. Fabris, L.; Spirli, C.; Cadamuro, M.; Fiorotto, R.; Strazzabosco, M. Emerging concepts in biliary repair and
fibrosis. Am. J. Physiol. Gastrointest. Liver Physiol. 2017, 313, G102–G116. [CrossRef] [PubMed]

5. Banales, J.M.; Cardinale, V.; Carpino, G.; Marzioni, M.; Andersen, J.B.; Invernizzi, P.; Lind, G.E.; Folseraas, T.;
Forbes, S.J.; Fouassier, L.; et al. Expert consensus document: Cholangiocarcinoma: Current knowledge and
future perspectives consensus statement from the european network for the study of cholangiocarcinoma
(ENS-CCA). Nat. Rev. Gastroenterol. Hepatol. 2016, 13, 261–280. [CrossRef] [PubMed]

6. Chung, B.K.; Karlsen, T.H.; Folseraas, T. Cholangiocytes in the pathogenesis of primary sclerosing cholangitis
and development of cholangiocarcinoma. Biochim. Biophys. Acta Mol. Basis Dis. 2018, 1864, 1390–1400.
[CrossRef] [PubMed]

7. Yang, C.Y.; Ma, X.; Tsuneyama, K.; Huang, S.; Takahashi, T.; Chalasani, N.P.; Bowlus, C.L.; Yang, G.X.;
Leung, P.S.; Ansari, A.A.; et al. IL-12/Th1 and IL-23/Th17 biliary microenvironment in primary biliary
cirrhosis: Implications for therapy. Hepatology 2014, 59, 1944–1953. [CrossRef]

8. Gieseck, R.L., 3rd; Ramalingam, T.R.; Hart, K.M.; Vannella, K.M.; Cantu, D.A.; Lu, W.Y.; Ferreira-Gonzalez, S.;
Forbes, S.J.; Vallier, L.; Wynn, T.A. Interleukin-13 activates distinct cellular pathways leading to ductular
reaction, steatosis, and fibrosis. Immunity 2016, 45, 145–158. [CrossRef]

9. Desmet, V.J. Ductal plates in hepatic ductular reactions. Hypothesis and implications. I. Types of ductular
reaction reconsidered. Virchows Arch. 2011, 458, 251–259. [CrossRef]

10. Campana, L.; Iredale, J.P. Regression of liver fibrosis. Semin. Liver Dis. 2017, 37, 1–10.
11. Schuppan, D.; Kim, Y.O. Evolving therapies for liver fibrosis. J. Clin. Investig. 2013, 123, 1887–1901. [CrossRef]

[PubMed]
12. Williams, M.J.; Clouston, A.D.; Forbes, S.J. Links between hepatic fibrosis, ductular reaction, and progenitor

cell expansion. Gastroenterology 2014, 146, 349–356. [CrossRef] [PubMed]
13. Pinto, C.; Giordano, D.M.; Maroni, L.; Marzioni, M. Role of inflammation and proinflammatory cytokines

in cholangiocyte pathophysiology. Biochim. Biophys. Acta Mol. Basis Dis. 2018, 1864, 1270–1278. [CrossRef]
[PubMed]

14. Musch, A. From a common progenitor to distinct liver epithelial phenotypes. Curr. Opin. Cell Biol. 2018, 54,
18–23. [CrossRef] [PubMed]

15. Bogert, P.T.; LaRusso, N.F. Cholangiocyte biology. Curr. Opin. Gastroenterol. 2007, 23, 299–305. [CrossRef]
[PubMed]

16. O’Hara, S.P.; Tabibian, J.H.; Splinter, P.L.; LaRusso, N.F. The dynamic biliary epithelia: Molecules, pathways,
and disease. J. Hepatol. 2013, 58, 575–582. [CrossRef] [PubMed]

17. Strazzabosco, M.; Fabris, L. Development of the bile ducts: Essentials for the clinical hepatologist. J. Hepatol.
2012, 56, 1159–1170. [CrossRef]

18. Popper, H.; Kent, G.; Stein, R. Ductular cell reaction in the liver in hepatic injury. J. Mt. Sinai Hosp. N. Y. 1957,
24, 551–556.

19. Boulter, L.; Govaere, O.; Bird, T.G.; Radulescu, S.; Ramachandran, P.; Pellicoro, A.; Ridgway, R.A.; Seo, S.S.;
Spee, B.; Van Rooijen, N.; et al. Macrophage-derived wnt opposes notch signaling to specify hepatic
progenitor cell fate in chronic liver disease. Nat. Med. 2012, 18, 572–579. [CrossRef]

20. Omenetti, A.; Diehl, A.M. Hedgehog signaling in cholangiocytes. Curr. Opin. Gastroenterol. 2011, 27, 268–275.
[CrossRef]

21. Desmet, V.J. Ductal plates in hepatic ductular reactions. Hypothesis and implications. Iii. Implications for
liver pathology. Virchows Arch. 2011, 458, 271–279. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.mayocp.2015.03.017
http://www.ncbi.nlm.nih.gov/pubmed/25957621
http://dx.doi.org/10.1053/j.gastro.2015.08.045
http://www.ncbi.nlm.nih.gov/pubmed/26327134
http://dx.doi.org/10.1053/j.gastro.2004.08.006
http://www.ncbi.nlm.nih.gov/pubmed/15521023
http://dx.doi.org/10.1152/ajpgi.00452.2016
http://www.ncbi.nlm.nih.gov/pubmed/28526690
http://dx.doi.org/10.1038/nrgastro.2016.51
http://www.ncbi.nlm.nih.gov/pubmed/27095655
http://dx.doi.org/10.1016/j.bbadis.2017.08.020
http://www.ncbi.nlm.nih.gov/pubmed/28844951
http://dx.doi.org/10.1002/hep.26979
http://dx.doi.org/10.1016/j.immuni.2016.06.009
http://dx.doi.org/10.1007/s00428-011-1048-3
http://dx.doi.org/10.1172/JCI66028
http://www.ncbi.nlm.nih.gov/pubmed/23635787
http://dx.doi.org/10.1053/j.gastro.2013.11.034
http://www.ncbi.nlm.nih.gov/pubmed/24315991
http://dx.doi.org/10.1016/j.bbadis.2017.07.024
http://www.ncbi.nlm.nih.gov/pubmed/28754451
http://dx.doi.org/10.1016/j.ceb.2018.02.008
http://www.ncbi.nlm.nih.gov/pubmed/29505983
http://dx.doi.org/10.1097/MOG.0b013e3280b079fb
http://www.ncbi.nlm.nih.gov/pubmed/17414846
http://dx.doi.org/10.1016/j.jhep.2012.10.011
http://www.ncbi.nlm.nih.gov/pubmed/23085249
http://dx.doi.org/10.1016/j.jhep.2011.09.022
http://dx.doi.org/10.1038/nm.2667
http://dx.doi.org/10.1097/MOG.0b013e32834550b4
http://dx.doi.org/10.1007/s00428-011-1050-9
http://www.ncbi.nlm.nih.gov/pubmed/21301864


Int. J. Mol. Sci. 2018, 19, 3875 16 of 22

22. Priester, S.; Wise, C.; Glaser, S.S. Involvement of cholangiocyte proliferation in biliary fibrosis. World J.
Gastrointest. Pathophysiol. 2010, 1, 30–37. [CrossRef] [PubMed]

23. Omenetti, A.; Yang, L.; Li, Y.X.; McCall, S.J.; Jung, Y.; Sicklick, J.K.; Huang, J.; Choi, S.; Suzuki, A.; Diehl, A.M.
Hedgehog-mediated mesenchymal-epithelial interactions modulate hepatic response to bile duct ligation.
Lab Investig. 2007, 87, 499–514. [CrossRef] [PubMed]

24. Strazzabosco, M.; Fabris, L.; Albano, E. Osteopontin: A new player in regulating hepatic ductular reaction
and hepatic progenitor cell responses during chronic liver injury. Gut 2014, 63, 1693–1694. [CrossRef]

25. Roskams, T.A.; Libbrecht, L.; Desmet, V.J. Progenitor cells in diseased human liver. Semin. Liver Dis. 2003, 23,
385–396.

26. Clevers, H.; Nusse, R. Wnt/β-catenin signaling and disease. Cell 2012, 149, 1192–1205. [CrossRef]
27. Cardinale, V.; Wang, Y.; Carpino, G.; Reid, L.M.; Gaudio, E.; Alvaro, D. Mucin-producing cholangiocarcinoma

might derive from biliary tree stem/progenitor cells located in peribiliary glands. Hepatology 2012, 55,
2041–2042. [CrossRef]

28. Fiorotto, R.; Raizner, A.; Morell, C.M.; Torsello, B.; Scirpo, R.; Fabris, L.; Spirli, C.; Strazzabosco, M. Notch
signaling regulates tubular morphogenesis during repair from biliary damage in mice. J. Hepatol. 2013, 59,
124–130. [CrossRef]

29. Tanimizu, N.; Miyajima, A. Notch signaling controls hepatoblast differentiation by altering the expression of
liver-enriched transcription factors. J. Cell Sci. 2004, 117, 3165–3174. [CrossRef]

30. Spirli, C.; Strazzabosco, M. Vascular endothelial growth factors in progenitor cells mediated liver repair.
Hepatobiliary Surg. Nutr. 2013, 2, 65–67.

31. Vijgen, S.; Terris, B.; Rubbia-Brandt, L. Pathology of intrahepatic cholangiocarcinoma. Hepatobiliary Surg.
Nutr. 2017, 6, 22–34. [CrossRef] [PubMed]

32. Clouston, A.D.; Powell, E.E.; Walsh, M.J.; Richardson, M.M.; Demetris, A.J.; Jonsson, J.R. Fibrosis correlates
with a ductular reaction in hepatitis C: Roles of impaired replication, progenitor cells and steatosis. Hepatology
2005, 41, 809–818. [CrossRef] [PubMed]

33. Komuta, M.; Spee, B.; Vander Borght, S.; De Vos, R.; Verslype, C.; Aerts, R.; Yano, H.; Suzuki, T.; Matsuda, M.;
Fujii, H.; et al. Clinicopathological study on cholangiolocellular carcinoma suggesting hepatic progenitor
cell origin. Hepatology 2008, 47, 1544–1556. [CrossRef] [PubMed]

34. Lee, J.S.; Heo, J.; Libbrecht, L.; Chu, I.S.; Kaposi-Novak, P.; Calvisi, D.F.; Mikaelyan, A.; Roberts, L.R.;
Demetris, A.J.; Sun, Z.; et al. A novel prognostic subtype of human hepatocellular carcinoma derived from
hepatic progenitor cells. Nat. Med. 2006, 12, 410–416. [CrossRef]

35. Nomoto, K.; Tsuneyama, K.; Cheng, C.; Takahashi, H.; Hori, R.; Murai, Y.; Takano, Y. Intrahepatic
cholangiocarcinoma arising in cirrhotic liver frequently expressed p63-positive basal/stem-cell phenotype.
Pathol. Res. Pract. 2006, 202, 71–76. [CrossRef] [PubMed]

36. Wu, Q.; Jorgensen, M.; Song, J.; Zhou, J.; Liu, C.; Pi, L. Members of the cyr61/ctgf/nov protein family:
Emerging players in hepatic progenitor cell activation and intrahepatic cholangiocarcinoma. Gastroenterol.
Res. Pract. 2016, 2016, 2313850. [CrossRef] [PubMed]

37. Lepreux, S.; Desmouliere, A. Human liver myofibroblasts during development and diseases with a focus on
portal (myo)fibroblasts. Front. Physiol. 2015, 6, 173. [CrossRef] [PubMed]

38. Iredale, J.P. Models of liver fibrosis: Exploring the dynamic nature of inflammation and repair in a solid
organ. J. Clin. Investig. 2007, 117, 539–548. [CrossRef]

39. Bataller, R.; Brenner, D.A. Liver fibrosis. J. Clin. Investig. 2005, 115, 209–218. [CrossRef]
40. Kendall, T.J.; Hennedige, S.; Aucott, R.L.; Hartland, S.N.; Vernon, M.A.; Benyon, R.C.; Iredale, J.P. P75

neurotrophin receptor signaling regulates hepatic myofibroblast proliferation and apoptosis in recovery
from rodent liver fibrosis. Hepatology 2009, 49, 901–910. [CrossRef]

41. Friedman, S.L. Hepatic stellate cells: Protean, multifunctional, and enigmatic cells of the liver. Physiol. Rev.
2008, 88, 125–172. [CrossRef] [PubMed]

42. Higashi, T.; Friedman, S.L.; Hoshida, Y. Hepatic stellate cells as key target in liver fibrosis. Adv. Drug
Deliv. Rev. 2017, 121, 27–42. [CrossRef] [PubMed]

43. Wells, R.G.; Schwabe, R.F. Origin and function of myofibroblasts in the liver. Semin. Liver Dis. 2015, 35,
97–106. [CrossRef] [PubMed]

http://dx.doi.org/10.4291/wjgp.v1.i2.30
http://www.ncbi.nlm.nih.gov/pubmed/21607140
http://dx.doi.org/10.1038/labinvest.3700537
http://www.ncbi.nlm.nih.gov/pubmed/17334411
http://dx.doi.org/10.1136/gutjnl-2014-307712
http://dx.doi.org/10.1016/j.cell.2012.05.012
http://dx.doi.org/10.1002/hep.25587
http://dx.doi.org/10.1016/j.jhep.2013.02.025
http://dx.doi.org/10.1242/jcs.01169
http://dx.doi.org/10.21037/hbsn.2016.11.04
http://www.ncbi.nlm.nih.gov/pubmed/28261592
http://dx.doi.org/10.1002/hep.20650
http://www.ncbi.nlm.nih.gov/pubmed/15793848
http://dx.doi.org/10.1002/hep.22238
http://www.ncbi.nlm.nih.gov/pubmed/18393293
http://dx.doi.org/10.1038/nm1377
http://dx.doi.org/10.1016/j.prp.2005.10.011
http://www.ncbi.nlm.nih.gov/pubmed/16377099
http://dx.doi.org/10.1155/2016/2313850
http://www.ncbi.nlm.nih.gov/pubmed/27829832
http://dx.doi.org/10.3389/fphys.2015.00173
http://www.ncbi.nlm.nih.gov/pubmed/26157391
http://dx.doi.org/10.1172/JCI30542
http://dx.doi.org/10.1172/JCI24282
http://dx.doi.org/10.1002/hep.22701
http://dx.doi.org/10.1152/physrev.00013.2007
http://www.ncbi.nlm.nih.gov/pubmed/18195085
http://dx.doi.org/10.1016/j.addr.2017.05.007
http://www.ncbi.nlm.nih.gov/pubmed/28506744
http://dx.doi.org/10.1055/s-0035-1554915
http://www.ncbi.nlm.nih.gov/pubmed/26008640


Int. J. Mol. Sci. 2018, 19, 3875 17 of 22

44. Mederacke, I.; Hsu, C.C.; Troeger, J.S.; Huebener, P.; Mu, X.; Dapito, D.H.; Pradere, J.P.; Schwabe, R.F. Fate
tracing reveals hepatic stellate cells as dominant contributors to liver fibrosis independent of its aetiology.
Nat. Commun. 2013, 4, 2823. [CrossRef] [PubMed]

45. Osterreicher, C.H.; Trauner, M. Animal models of biliary tract injury. Curr. Opin. Gastroenterol. 2012, 28,
239–243. [CrossRef] [PubMed]

46. Cannito, S.; Novo, E.; Parola, M. Therapeutic pro-fibrogenic signaling pathways in fibroblasts. Adv. Drug
Deliv. Rev. 2017, 121, 57–84. [CrossRef] [PubMed]

47. Lua, I.; Li, Y.; Pappoe, L.S.; Asahina, K. Myofibroblastic conversion and regeneration of mesothelial cells in
peritoneal and liver fibrosis. Am. J. Pathol. 2015, 185, 3258–3273. [CrossRef]

48. Li, Z.; Dranoff, J.A.; Chan, E.P.; Uemura, M.; Sevigny, J.; Wells, R.G. Transforming growth factor-β and
substrate stiffness regulate portal fibroblast activation in culture. Hepatology 2007, 46, 1246–1256. [CrossRef]

49. Kinnman, N.; Housset, C. Peribiliary myofibroblasts in biliary type liver fibrosis. Front. Biosci. 2002, 7,
d496–d503. [CrossRef]

50. Perepelyuk, M.; Terajima, M.; Wang, A.Y.; Georges, P.C.; Janmey, P.A.; Yamauchi, M.; Wells, R.G. Hepatic
stellate cells and portal fibroblasts are the major cellular sources of collagens and lysyl oxidases in normal
liver and early after injury. Am. J. Physiol. Gastrointest. Liver Physiol. 2013, 304, G605–G614. [CrossRef]

51. Kisseleva, T.; Uchinami, H.; Feirt, N.; Quintana-Bustamante, O.; Segovia, J.C.; Schwabe, R.F.; Brenner, D.A.
Bone marrow-derived fibrocytes participate in pathogenesis of liver fibrosis. J. Hepatol. 2006, 45, 429–438.
[CrossRef] [PubMed]

52. Scholten, D.; Reichart, D.; Paik, Y.H.; Lindert, J.; Bhattacharya, J.; Glass, C.K.; Brenner, D.A.; Kisseleva, T.
Migration of fibrocytes in fibrogenic liver injury. Am. J. Pathol. 2011, 179, 189–198. [CrossRef] [PubMed]

53. Reilkoff, R.A.; Bucala, R.; Herzog, E.L. Fibrocytes: Emerging effector cells in chronic inflammation. Nat. Rev.
Immunol. 2011, 11, 427–435. [CrossRef] [PubMed]

54. Tan, M.L.; Webster, D.R. Histology, kupffer cell. In Statpearls; Treasure: Island, FL, USA, 2018.
55. Ramachandran, P.; Iredale, J.P.; Fallowfield, J.A. Resolution of liver fibrosis: Basic mechanisms and clinical

relevance. Semin. Liver Dis. 2015, 35, 119–131. [CrossRef] [PubMed]
56. Atri, C.; Guerfali, F.Z.; Laouini, D. Role of human macrophage polarization in inflammation during infectious

diseases. Int. J. Mol. Sci. 2018, 19, 1801. [CrossRef]
57. Aoyama, T.; Inokuchi, S.; Brenner, D.A.; Seki, E. Cx3cl1-Cx3cr1 interaction prevents carbon tetrachloride-

induced liver inflammation and fibrosis in mice. Hepatology 2010, 52, 1390–1400. [CrossRef] [PubMed]
58. Shi, J.; Zhao, J.; Zhang, X.; Cheng, Y.; Hu, J.; Li, Y.; Zhao, X.; Shang, Q.; Sun, Y.; Tu, B.; et al. Activated

hepatic stellate cells impair NK cell anti-fibrosis capacity through a TGF-β-dependent emperipolesis in HBV
cirrhotic patients. Sci. Rep. 2017, 7, 44544. [CrossRef] [PubMed]

59. Strazzabosco, M. Foxa1 and foxa2 regulate bile duct development in mice. J. Hepatol. 2010, 52, 765–767.
[CrossRef]

60. Mangasser-Stephan, K.; Gartung, C.; Lahme, B.; Gressner, A.M. Expression of isoforms and splice variants
of the latent transforming growth factor β binding protein (LTBP) in cultured human liver myofibroblasts.
Liver 2001, 21, 105–113. [CrossRef]

61. Dooley, S.; Delvoux, B.; Streckert, M.; Bonzel, L.; Stopa, M.; ten Dijke, P.; Gressner, A.M. Transforming
growth factor β signal transduction in hepatic stellate cells via SMAD2/3 phosphorylation, a pathway
that is abrogated during in vitro progression to myofibroblasts. TGFβ signal transduction during
transdifferentiation of hepatic stellate cells. FEBS Lett. 2001, 502, 4–10.

62. Lee, S.J.; Kim, K.H.; Park, K.K. Mechanisms of fibrogenesis in liver cirrhosis: The molecular aspects of
epithelial-mesenchymal transition. World J. Hepatol. 2014, 6, 207–216. [CrossRef] [PubMed]

63. Peng, Z.W.; Ikenaga, N.; Liu, S.B.; Sverdlov, D.Y.; Vaid, K.A.; Dixit, R.; Weinreb, P.H.; Violette, S.; Sheppard, D.;
Schuppan, D.; et al. Integrin αvβ6 critically regulates hepatic progenitor cell function and promotes ductular
reaction, fibrosis, and tumorigenesis. Hepatology 2016, 63, 217–232. [CrossRef] [PubMed]

64. Locatelli, L.; Cadamuro, M.; Spirli, C.; Fiorotto, R.; Lecchi, S.; Morell, C.M.; Popov, Y.; Scirpo, R.; De
Matteis, M.; Amenduni, M.; et al. Macrophage recruitment by fibrocystin-defective biliary epithelial cells
promotes portal fibrosis in congenital hepatic fibrosis. Hepatology 2016, 63, 965–982. [CrossRef]

65. Munger, J.S.; Huang, X.; Kawakatsu, H.; Griffiths, M.J.; Dalton, S.L.; Wu, J.; Pittet, J.F.; Kaminski, N.; Garat, C.;
Matthay, M.A.; et al. The integrin αvβ6 binds and activates latent TGF β1: A mechanism for regulating
pulmonary inflammation and fibrosis. Cell 1999, 96, 319–328. [CrossRef]

http://dx.doi.org/10.1038/ncomms3823
http://www.ncbi.nlm.nih.gov/pubmed/24264436
http://dx.doi.org/10.1097/MOG.0b013e32835264d9
http://www.ncbi.nlm.nih.gov/pubmed/22450892
http://dx.doi.org/10.1016/j.addr.2017.05.017
http://www.ncbi.nlm.nih.gov/pubmed/28578015
http://dx.doi.org/10.1016/j.ajpath.2015.08.009
http://dx.doi.org/10.1002/hep.21792
http://dx.doi.org/10.2741/A790
http://dx.doi.org/10.1152/ajpgi.00222.2012
http://dx.doi.org/10.1016/j.jhep.2006.04.014
http://www.ncbi.nlm.nih.gov/pubmed/16846660
http://dx.doi.org/10.1016/j.ajpath.2011.03.049
http://www.ncbi.nlm.nih.gov/pubmed/21703401
http://dx.doi.org/10.1038/nri2990
http://www.ncbi.nlm.nih.gov/pubmed/21597472
http://dx.doi.org/10.1055/s-0035-1550057
http://www.ncbi.nlm.nih.gov/pubmed/25974898
http://dx.doi.org/10.3390/ijms19061801
http://dx.doi.org/10.1002/hep.23795
http://www.ncbi.nlm.nih.gov/pubmed/20683935
http://dx.doi.org/10.1038/srep44544
http://www.ncbi.nlm.nih.gov/pubmed/28291251
http://dx.doi.org/10.1016/j.jhep.2009.12.022
http://dx.doi.org/10.1034/j.1600-0676.2001.021002105.x
http://dx.doi.org/10.4254/wjh.v6.i4.207
http://www.ncbi.nlm.nih.gov/pubmed/24799989
http://dx.doi.org/10.1002/hep.28274
http://www.ncbi.nlm.nih.gov/pubmed/26448099
http://dx.doi.org/10.1002/hep.28382
http://dx.doi.org/10.1016/S0092-8674(00)80545-0


Int. J. Mol. Sci. 2018, 19, 3875 18 of 22

66. Fabris, L.; Cadamuro, M.; Fiorotto, R.; Roskams, T.; Spirli, C.; Melero, S.; Sonzogni, A.; Joplin, R.E.;
Okolicsanyi, L.; Strazzabosco, M. Effects of angiogenic factor overexpression by human and rodent
cholangiocytes in polycystic liver diseases. Hepatology 2006, 43, 1001–1012. [CrossRef] [PubMed]

67. Fabris, L.; Cadamuro, M.; Libbrecht, L.; Raynaud, P.; Spirli, C.; Fiorotto, R.; Okolicsanyi, L.; Lemaigre, F.;
Strazzabosco, M.; Roskams, T. Epithelial expression of angiogenic growth factors modulate arterial
vasculogenesis in human liver development. Hepatology 2008, 47, 719–728. [CrossRef] [PubMed]

68. Lu, Y.; Lin, N.; Chen, Z.; Xu, R. Hypoxia-induced secretion of platelet-derived growth factor-BB by
hepatocellular carcinoma cells increases activated hepatic stellate cell proliferation, migration and expression
of vascular endothelial growth factor-A. Mol. Med. Rep. 2015, 11, 691–697. [CrossRef]

69. Berse, B.; Brown, L.F.; Van de Water, L.; Dvorak, H.F.; Senger, D.R. Vascular permeability factor (vascular
endothelial growth factor) gene is expressed differentially in normal tissues, macrophages, and tumors. Mol.
Biol. Cell 1992, 3, 211–220. [CrossRef]

70. Spirli, C.; Okolicsanyi, S.; Fiorotto, R.; Fabris, L.; Cadamuro, M.; Lecchi, S.; Tian, X.; Somlo, S.; Strazzabosco, M.
Mammalian target of rapamycin regulates vascular endothelial growth factor-dependent liver cyst growth
in polycystin-2-defective mice. Hepatology 2010, 51, 1778–1788. [CrossRef]

71. Spirli, C.; Okolicsanyi, S.; Fiorotto, R.; Fabris, L.; Cadamuro, M.; Lecchi, S.; Tian, X.; Somlo, S.; Strazzabosco, M.
ERK1/2-dependent vascular endothelial growth factor signaling sustains cyst growth in polycystin-2
defective mice. Gastroenterology 2010, 138, 360.e7–371.e7. [CrossRef]

72. Franchitto, A.; Onori, P.; Renzi, A.; Carpino, G.; Mancinelli, R.; Alvaro, D.; Gaudio, E. Expression of
vascular endothelial growth factors and their receptors by hepatic progenitor cells in human liver diseases.
Hepatobiliary Surg. Nutr. 2013, 2, 68–77. [PubMed]

73. Takahashi, M.; Matsui, A.; Inao, M.; Mochida, S.; Fujiwara, K. ERK/MAPK-dependent pi3k/AKT
phosphorylation through VEGFR-1 after VEGF stimulation in activated hepatic stellate cells. Hepatol. Res.
2003, 26, 232–236. [CrossRef]

74. Borkham-Kamphorst, E.; Weiskirchen, R. The PDGF system and its antagonists in liver fibrosis. Cytokine
Growth Factor Rev. 2016, 28, 53–61. [CrossRef] [PubMed]

75. Fan, H.; Ma, L.; Fan, B.; Wu, J.; Yang, Z.; Wang, L. Role of PDGFR-β/pi3k/AKT signaling pathway in
PDGF-BB induced myocardial fibrosis in rats. Am. J. Transl. Res. 2014, 6, 714–723.

76. Cadamuro, M.; Nardo, G.; Indraccolo, S.; Dall’olmo, L.; Sambado, L.; Moserle, L.; Franceschet, I.; Colledan, M.;
Massani, M.; Stecca, T.; et al. Platelet-derived growth factor-D and rho gtpases regulate recruitment of
cancer-associated fibroblasts in cholangiocarcinoma. Hepatology 2013, 58, 1042–1053. [CrossRef]

77. Liu, Y.; Liu, H.; Meyer, C.; Li, J.; Nadalin, S.; Konigsrainer, A.; Weng, H.; Dooley, S.; ten Dijke, P. Transforming
growth factor-β (TGF-β)-mediated connective tissue growth factor (CTGF) expression in hepatic stellate
cells requires STAT3 signaling activation. J. Biol. Chem. 2013, 288, 30708–30719. [CrossRef]

78. Gao, R.; Ball, D.K.; Perbal, B.; Brigstock, D.R. Connective tissue growth factor induces c-fos gene activation
and cell proliferation through p44/42 map kinase in primary rat hepatic stellate cells. J. Hepatol. 2004, 40,
431–438. [CrossRef]

79. Paradis, V.; Dargere, D.; Bonvoust, F.; Vidaud, M.; Segarini, P.; Bedossa, P. Effects and regulation of connective
tissue growth factor on hepatic stellate cells. Lab Investig. 2002, 82, 767–774. [CrossRef]

80. Kobayashi, H.; Yamataka, A.; Koga, H.; Okazaki, T.; Tamura, T.; Urao, M.; Yanai, T.; Lane, G.J.; Miyano, T.
Optimum prednisolone usage in patients with biliary atresia postportoenterostomy. J. Pediatr. Surg. 2005, 40,
327–330. [CrossRef]

81. Narkewicz, M.R.; Kasaragod, A.; Lucia, M.S.; Pflummer, S.; Sokol, R.J.; Stenmark, K.R. Connective tissue
growth factor expression is increased in biliary epithelial cells in biliary atresia. J. Pediatr. Surg. 2005, 40,
1721–1725. [CrossRef]

82. Weis, W.I.; Nelson, W.J. Re-solving the cadherin-catenin-actin conundrum. J. Biol. Chem. 2006, 281,
35593–35597. [CrossRef] [PubMed]

83. Kaffe, E.; Fiorotto, R.; Pellegrino, F.; Mariotti, V.; Amenduni, M.; Cadamuro, M.; Fabris, L.; Strazzabosco, M.;
Spirli, C. β-catenin and interleukin-1β-dependent chemokine (C-X-C motif) ligand 10 production drives
progression of disease in a mouse model of congenital hepatic fibrosis. Hepatology 2018, 67, 1903–1919.
[CrossRef] [PubMed]

http://dx.doi.org/10.1002/hep.21143
http://www.ncbi.nlm.nih.gov/pubmed/16628643
http://dx.doi.org/10.1002/hep.22015
http://www.ncbi.nlm.nih.gov/pubmed/18157837
http://dx.doi.org/10.3892/mmr.2014.2689
http://dx.doi.org/10.1091/mbc.3.2.211
http://dx.doi.org/10.1002/hep.23511
http://dx.doi.org/10.1053/j.gastro.2009.09.005
http://www.ncbi.nlm.nih.gov/pubmed/24570919
http://dx.doi.org/10.1016/S1386-6346(03)00112-8
http://dx.doi.org/10.1016/j.cytogfr.2015.10.002
http://www.ncbi.nlm.nih.gov/pubmed/26547628
http://dx.doi.org/10.1002/hep.26384
http://dx.doi.org/10.1074/jbc.M113.478685
http://dx.doi.org/10.1016/j.jhep.2003.11.012
http://dx.doi.org/10.1097/01.LAB.0000017365.18894.D3
http://dx.doi.org/10.1016/j.jpedsurg.2004.10.017
http://dx.doi.org/10.1016/j.jpedsurg.2005.07.056
http://dx.doi.org/10.1074/jbc.R600027200
http://www.ncbi.nlm.nih.gov/pubmed/17005550
http://dx.doi.org/10.1002/hep.29652
http://www.ncbi.nlm.nih.gov/pubmed/29140564


Int. J. Mol. Sci. 2018, 19, 3875 19 of 22

84. Okabe, H.; Yang, J.; Sylakowski, K.; Yovchev, M.; Miyagawa, Y.; Nagarajan, S.; Chikina, M.; Thompson, M.;
Oertel, M.; Baba, H.; et al. Wnt signaling regulates hepatobiliary repair following cholestatic liver injury in
mice. Hepatology 2016, 64, 1652–1666. [CrossRef] [PubMed]

85. Spee, B.; Carpino, G.; Schotanus, B.A.; Katoonizadeh, A.; Vander Borght, S.; Gaudio, E.; Roskams, T.
Characterisation of the liver progenitor cell niche in liver diseases: Potential involvement of wnt and notch
signalling. Gut 2010, 59, 247–257. [CrossRef] [PubMed]

86. Cheng, J.H.; She, H.; Han, Y.P.; Wang, J.; Xiong, S.; Asahina, K.; Tsukamoto, H. Wnt antagonism inhibits
hepatic stellate cell activation and liver fibrosis. Am. J. Physiol. Gastrointest. Liver Physiol. 2008, 294, G39–G49.
[CrossRef] [PubMed]

87. Spirli, C.; Villani, A.; Mariotti, V.; Fabris, L.; Fiorotto, R.; Strazzabosco, M. Posttranslational regulation of
polycystin-2 protein expression as a novel mechanism of cholangiocyte reaction and repair from biliary
damage. Hepatology 2015, 62, 1828–1839. [CrossRef] [PubMed]

88. Just, P.A.; Poncy, A.; Charawi, S.; Dahmani, R.; Traore, M.; Dumontet, T.; Drouet, V.; Dumont, F.;
Gilgenkrantz, H.; Colnot, S.; et al. LKB1 and notch pathways interact and control biliary morphogenesis.
PLoS ONE 2015, 10, e0145400. [CrossRef] [PubMed]

89. Libbrecht, L.; Spinner, N.B.; Moore, E.C.; Cassiman, D.; Van Damme-Lombaerts, R.; Roskams, T. Peripheral
bile duct paucity and cholestasis in the liver of a patient with alagille syndrome: Further evidence supporting
a lack of postnatal bile duct branching and elongation. Am. J. Surg. Pathol. 2005, 29, 820–826. [CrossRef]
[PubMed]

90. Fabris, L.; Cadamuro, M.; Guido, M.; Spirli, C.; Fiorotto, R.; Colledan, M.; Torre, G.; Alberti, D.; Sonzogni, A.;
Okolicsanyi, L.; et al. Analysis of liver repair mechanisms in alagille syndrome and biliary atresia reveals a
role for notch signaling. Am. J. Pathol. 2007, 171, 641–653. [CrossRef] [PubMed]

91. Morell, C.M.; Fiorotto, R.; Meroni, M.; Raizner, A.; Torsello, B.; Cadamuro, M.; Spagnuolo, G.; Kaffe, E.;
Sutti, S.; Albano, E.; et al. Notch signaling and progenitor/ductular reaction in steatohepatitis. PLoS ONE
2017, 12, e0187384. [CrossRef]

92. Xu, H.; Zhu, J.; Smith, S.; Foldi, J.; Zhao, B.; Chung, A.Y.; Outtz, H.; Kitajewski, J.; Shi, C.; Weber, S.;
et al. Notch-RBP-J signaling regulates the transcription factor IRF8 to promote inflammatory macrophage
polarization. Nat. Immunol. 2012, 13, 642–650. [CrossRef] [PubMed]

93. Hirose, Y.; Itoh, T.; Miyajima, A. Hedgehog signal activation coordinates proliferation and differentiation of
fetal liver progenitor cells. Exp. Cell Res. 2009, 315, 2648–2657. [CrossRef]

94. Yi, J.; Lu, L.; Yanger, K.; Wang, W.; Sohn, B.H.; Stanger, B.Z.; Zhang, M.; Martin, J.F.; Ajani, J.A.; Chen, J.; et al.
Large tumor suppressor homologs 1 and 2 regulate mouse liver progenitor cell proliferation and maturation
through antagonism of the coactivators yap and taz. Hepatology 2016, 64, 1757–1772. [CrossRef] [PubMed]

95. Jung, Y.; McCall, S.J.; Li, Y.X.; Diehl, A.M. Bile ductules and stromal cells express hedgehog ligands and/or
hedgehog target genes in primary biliary cirrhosis. Hepatology 2007, 45, 1091–1096. [CrossRef] [PubMed]

96. Yang, L.; Wang, Y.; Mao, H.; Fleig, S.; Omenetti, A.; Brown, K.D.; Sicklick, J.K.; Li, Y.X.; Diehl, A.M. Sonic
hedgehog is an autocrine viability factor for myofibroblastic hepatic stellate cells. J. Hepatol. 2008, 48, 98–106.
[CrossRef]

97. Kagan, P.; Sultan, M.; Tachlytski, I.; Safran, M.; Ben-Ari, Z. Both mapk and stat3 signal transduction pathways
are necessary for IL-6-dependent hepatic stellate cells activation. PLoS ONE 2017, 12, e0176173. [CrossRef]

98. Li, J.; Razumilava, N.; Gores, G.J.; Walters, S.; Mizuochi, T.; Mourya, R.; Bessho, K.; Wang, Y.H.; Glaser, S.S.;
Shivakumar, P.; et al. Biliary repair and carcinogenesis are mediated by il-33-dependent cholangiocyte
proliferation. J. Clin. Investig. 2014, 124, 3241–3251. [CrossRef]

99. Deshmane, S.L.; Kremlev, S.; Amini, S.; Sawaya, B.E. Monocyte chemoattractant protein-1 (mcp-1): An
overview. J. Interferon Cytokine Res. 2009, 29, 313–326. [CrossRef]

100. Zimmermann, H.W.; Seidler, S.; Nattermann, J.; Gassler, N.; Hellerbrand, C.; Zernecke, A.; Tischendorf, J.J.;
Luedde, T.; Weiskirchen, R.; Trautwein, C.; et al. Functional contribution of elevated circulating and hepatic
non-classical CD14CD16 monocytes to inflammation and human liver fibrosis. PLoS ONE 2010, 5, e11049.
[CrossRef]

101. Kruglov, E.A.; Nathanson, R.A.; Nguyen, T.; Dranoff, J.A. Secretion of MCP-1/CCL2 by bile duct epithelia
induces myofibroblastic transdifferentiation of portal fibroblasts. Am. J. Physiol. Gastrointest. Liver Physiol.
2006, 290, G765–G771. [CrossRef]

http://dx.doi.org/10.1002/hep.28774
http://www.ncbi.nlm.nih.gov/pubmed/27533619
http://dx.doi.org/10.1136/gut.2009.188367
http://www.ncbi.nlm.nih.gov/pubmed/19880964
http://dx.doi.org/10.1152/ajpgi.00263.2007
http://www.ncbi.nlm.nih.gov/pubmed/18006602
http://dx.doi.org/10.1002/hep.28138
http://www.ncbi.nlm.nih.gov/pubmed/26313562
http://dx.doi.org/10.1371/journal.pone.0145400
http://www.ncbi.nlm.nih.gov/pubmed/26689699
http://dx.doi.org/10.1097/01.pas.0000161325.36348.25
http://www.ncbi.nlm.nih.gov/pubmed/15897750
http://dx.doi.org/10.2353/ajpath.2007.070073
http://www.ncbi.nlm.nih.gov/pubmed/17600123
http://dx.doi.org/10.1371/journal.pone.0187384
http://dx.doi.org/10.1038/ni.2304
http://www.ncbi.nlm.nih.gov/pubmed/22610140
http://dx.doi.org/10.1016/j.yexcr.2009.06.018
http://dx.doi.org/10.1002/hep.28768
http://www.ncbi.nlm.nih.gov/pubmed/27531557
http://dx.doi.org/10.1002/hep.21660
http://www.ncbi.nlm.nih.gov/pubmed/17464985
http://dx.doi.org/10.1016/j.jhep.2007.07.032
http://dx.doi.org/10.1371/journal.pone.0176173
http://dx.doi.org/10.1172/JCI73742
http://dx.doi.org/10.1089/jir.2008.0027
http://dx.doi.org/10.1371/journal.pone.0011049
http://dx.doi.org/10.1152/ajpgi.00308.2005


Int. J. Mol. Sci. 2018, 19, 3875 20 of 22

102. Borchers, A.T.; Shimoda, S.; Bowlus, C.; Keen, C.L.; Gershwin, M.E. Lymphocyte recruitment and homing
to the liver in primary biliary cirrhosis and primary sclerosing cholangitis. Semin. Immunopathol. 2009, 31,
309–322. [CrossRef] [PubMed]

103. Hong, F.; Tuyama, A.; Lee, T.F.; Loke, J.; Agarwal, R.; Cheng, X.; Garg, A.; Fiel, M.I.; Schwartz, M.; Walewski, J.;
et al. Hepatic stellate cells express functional CXCR4: Role in stromal cell-derived factor-1α-mediated stellate
cell activation. Hepatology 2009, 49, 2055–2067. [CrossRef] [PubMed]

104. Saijou, E.; Enomoto, Y.; Matsuda, M.; Yuet-Yin Kok, C.; Akira, S.; Tanaka, M.; Miyajima, A. Neutrophils
alleviate fibrosis in the CCL4-induced mouse chronic liver injury model. Hepatol. Commun. 2018, 2, 703–717.
[CrossRef] [PubMed]

105. Shi, W.P.; Ju, D.; Li, H.; Yuan, L.; Cui, J.; Luo, D.; Chen, Z.N.; Bian, H. CD147 promotes CXCL1 expression
and modulates liver fibrogenesis. Int. J. Mol. Sci. 2018, 19, 1145. [CrossRef]

106. Fiorotto, R.; Villani, A.; Kourtidis, A.; Scirpo, R.; Amenduni, M.; Geibel, P.J.; Cadamuro, M.; Spirli, C.;
Anastasiadis, P.Z.; Strazzabosco, M. The cystic fibrosis transmembrane conductance regulator controls biliary
epithelial inflammation and permeability by regulating src tyrosine kinase activity. Hepatology 2016, 64,
2118–2134. [CrossRef]

107. Basset, L.; Chevalier, S.; Danger, Y.; Arshad, M.I.; Piquet-Pellorce, C.; Gascan, H.; Samson, M. Interleukin-27
and IFNγ regulate the expression of CXCL9, CXCL10, and CXCL11 in hepatitis. J. Mol. Med. 2015, 93,
1355–1367. [CrossRef]

108. Marra, F.; Tacke, F. Roles for chemokines in liver disease. Gastroenterology 2014, 147, 577.e1–594.e1. [CrossRef]
109. Sahin, H.; Borkham-Kamphorst, E.; do, O.N.; Berres, M.L.; Kaldenbach, M.; Schmitz, P.; Weiskirchen, R.;

Liedtke, C.; Streetz, K.L.; Maedler, K.; et al. Proapoptotic effects of the chemokine, cxcl 10 are mediated by
the noncognate receptor tlr4 in hepatocytes. Hepatology 2013, 57, 797–805. [CrossRef]

110. Braconi, C.; Patel, T. Cholangiocarcinoma: New insights into disease pathogenesis and biology. Infect. Dis.
Clin. N. Am. 2010, 24, 871–884. [CrossRef]

111. Thanan, R.; Pairojkul, C.; Pinlaor, S.; Khuntikeo, N.; Wongkham, C.; Sripa, B.; Ma, N.; Vaeteewoottacharn, K.;
Furukawa, A.; Kobayashi, H.; et al. Inflammation-related DNA damage and expression of CD133 and Oct3/4
in cholangiocarcinoma patients with poor prognosis. Free Radic. Biol. Med. 2013, 65, 1464–1472. [CrossRef]

112. Rizvi, S.; Gores, G.J. Molecular pathogenesis of cholangiocarcinoma. Dig. Dis. 2014, 32, 564–569. [CrossRef]
[PubMed]

113. Brivio, S.; Cadamuro, M.; Fabris, L.; Strazzabosco, M. Epithelial-to-mesenchymal transition and cancer
invasiveness: What can we learn from cholangiocarcinoma? J. Clin. Med. 2015, 4, 2028–2041. [CrossRef]
[PubMed]

114. Thanan, R.; Oikawa, S.; Yongvanit, P.; Hiraku, Y.; Ma, N.; Pinlaor, S.; Pairojkul, C.; Wongkham, C.; Sripa, B.;
Khuntikeo, N.; et al. Inflammation-induced protein carbonylation contributes to poor prognosis for
cholangiocarcinoma. Free Radic. Biol. Med. 2012, 52, 1465–1472. [CrossRef] [PubMed]

115. Kawanishi, S.; Ohnishi, S.; Ma, N.; Hiraku, Y.; Oikawa, S.; Murata, M. Nitrative and oxidative DNA damage
in infection-related carcinogenesis in relation to cancer stem cells. Genes Environ. 2016, 38, 26. [CrossRef]
[PubMed]

116. Murata, M. Inflammation and cancer. Environ. Health Prev. Med. 2018, 23, 50. [CrossRef] [PubMed]
117. Thanan, R.; Murata, M.; Pinlaor, S.; Sithithaworn, P.; Khuntikeo, N.; Tangkanakul, W.; Hiraku, Y.; Oikawa, S.;

Yongvanit, P.; Kawanishi, S. Urinary 8-oxo-7,8-dihydro-2′-deoxyguanosine in patients with parasite infection
and effect of antiparasitic drug in relation to cholangiocarcinogenesis. Cancer Epidemiol. Biomark. Prev. 2008,
17, 518–524. [CrossRef] [PubMed]

118. Jaiswal, M.; LaRusso, N.F.; Nishioka, N.; Nakabeppu, Y.; Gores, G.J. Human ogg1, a protein involved in the
repair of 8-oxoguanine, is inhibited by nitric oxide. Cancer Res. 2001, 61, 6388–6393. [PubMed]

119. Yoon, J.H.; Gwak, G.Y.; Lee, H.S.; Bronk, S.F.; Werneburg, N.W.; Gores, G.J. Enhanced epidermal growth
factor receptor activation in human cholangiocarcinoma cells. J. Hepatol. 2004, 41, 808–814. [CrossRef]
[PubMed]

120. Ishimura, N.; Bronk, S.F.; Gores, G.J. Inducible nitric oxide synthase upregulates cyclooxygenase-2 in mouse
cholangiocytes promoting cell growth. Am. J. Physiol. Gastrointest. Liver Physiol. 2004, 287, G88–G95.
[CrossRef]

121. Wu, T.; Leng, J.; Han, C.; Demetris, A.J. The cyclooxygenase-2 inhibitor celecoxib blocks phosphorylation of
akt and induces apoptosis in human cholangiocarcinoma cells. Mol. Cancer Ther. 2004, 3, 299–307.

http://dx.doi.org/10.1007/s00281-009-0167-2
http://www.ncbi.nlm.nih.gov/pubmed/19533132
http://dx.doi.org/10.1002/hep.22890
http://www.ncbi.nlm.nih.gov/pubmed/19434726
http://dx.doi.org/10.1002/hep4.1178
http://www.ncbi.nlm.nih.gov/pubmed/29881822
http://dx.doi.org/10.3390/ijms19041145
http://dx.doi.org/10.1002/hep.28817
http://dx.doi.org/10.1007/s00109-015-1319-6
http://dx.doi.org/10.1053/j.gastro.2014.06.043
http://dx.doi.org/10.1002/hep.26069
http://dx.doi.org/10.1016/j.idc.2010.07.006
http://dx.doi.org/10.1016/j.freeradbiomed.2013.07.034
http://dx.doi.org/10.1159/000360502
http://www.ncbi.nlm.nih.gov/pubmed/25034289
http://dx.doi.org/10.3390/jcm4121958
http://www.ncbi.nlm.nih.gov/pubmed/26703747
http://dx.doi.org/10.1016/j.freeradbiomed.2012.01.018
http://www.ncbi.nlm.nih.gov/pubmed/22377619
http://dx.doi.org/10.1186/s41021-016-0055-7
http://www.ncbi.nlm.nih.gov/pubmed/28050219
http://dx.doi.org/10.1186/s12199-018-0740-1
http://www.ncbi.nlm.nih.gov/pubmed/30340457
http://dx.doi.org/10.1158/1055-9965.EPI-07-2717
http://www.ncbi.nlm.nih.gov/pubmed/18349269
http://www.ncbi.nlm.nih.gov/pubmed/11522631
http://dx.doi.org/10.1016/j.jhep.2004.07.016
http://www.ncbi.nlm.nih.gov/pubmed/15519654
http://dx.doi.org/10.1152/ajpgi.00539.2003


Int. J. Mol. Sci. 2018, 19, 3875 21 of 22

122. Zhang, Z.; Lai, G.H.; Sirica, A.E. Celecoxib-induced apoptosis in rat cholangiocarcinoma cells mediated by
akt inactivation and bax translocation. Hepatology 2004, 39, 1028–1037. [CrossRef] [PubMed]

123. Jaiswal, M.; LaRusso, N.F.; Shapiro, R.A.; Billiar, T.R.; Gores, G.J. Nitric oxide-mediated inhibition of DNA
repair potentiates oxidative DNA damage in cholangiocytes. Gastroenterology 2001, 120, 190–199. [CrossRef]
[PubMed]

124. Boulter, L.; Guest, R.V.; Kendall, T.J.; Wilson, D.H.; Wojtacha, D.; Robson, A.J.; Ridgway, R.A.; Samuel, K.; Van
Rooijen, N.; Barry, S.T.; et al. Wnt signaling drives cholangiocarcinoma growth and can be pharmacologically
inhibited. J. Clin. Investig. 2015, 125, 1269–1285. [CrossRef] [PubMed]

125. Lozano, E.; Sanchez-Vicente, L.; Monte, M.J.; Herraez, E.; Briz, O.; Banales, J.M.; Marin, J.J.; Macias, R.I.
Cocarcinogenic effects of intrahepatic bile acid accumulation in cholangiocarcinoma development.
Mol. Cancer Res. 2014, 12, 91–100. [CrossRef] [PubMed]

126. Zender, S.; Nickeleit, I.; Wuestefeld, T.; Sorensen, I.; Dauch, D.; Bozko, P.; El-Khatib, M.; Geffers, R.; Bektas, H.;
Manns, M.P.; et al. A critical role for notch signaling in the formation of cholangiocellular carcinomas. Cancer
Cell 2013, 23, 784–795. [CrossRef] [PubMed]

127. Ishimura, N.; Bronk, S.F.; Gores, G.J. Inducible nitric oxide synthase up-regulates notch-1 in mouse
cholangiocytes: Implications for carcinogenesis. Gastroenterology 2005, 128, 1354–1368. [CrossRef] [PubMed]

128. Trivedi, P.J.; Chapman, R.W. PSC, AIH and overlap syndrome in inflammatory bowel disease. Clin. Res.
Hepatol. Gastroenterol. 2012, 36, 420–436. [CrossRef]

129. Naess, S.; Shiryaev, A.; Hov, J.R.; Franke, A.; Karlsen, T.H. Genetics in primary sclerosing cholangitis.
Clin. Res. Hepatol. Gastroenterol. 2012, 36, 325–333. [CrossRef]

130. Ponsioen, C.Y. Recent insights in primary sclerosing cholangitis. J. Dig. Dis. 2012, 13, 337–341. [CrossRef]
131. Pollheimer, M.J.; Fickert, P. Animal models in primary biliary cirrhosis and primary sclerosing cholangitis.

Clin. Rev. Allergy Immunol. 2015, 48, 207–217. [CrossRef]
132. Mariotti, V.; Strazzabosco, M.; Fabris, L.; Calvisi, D.F. Animal models of biliary injury and altered bile acid

metabolism. Biochim. Biophys. Acta Mol. Basis Dis. 2018, 1864, 1254–1261. [CrossRef] [PubMed]
133. Ikenaga, N.; Liu, S.B.; Sverdlov, D.Y.; Yoshida, S.; Nasser, I.; Ke, Q.; Kang, P.M.; Popov, Y. A new MDR2−/−

mouse model of sclerosing cholangitis with rapid fibrosis progression, early-onset portal hypertension, and
liver cancer. Am. J. Pathol. 2015, 185, 325–334. [CrossRef] [PubMed]

134. Fiorotto, R.; Amenduni, M.; Mariotti, V.; Cadamuro, M.; Fabris, L.; Spirli, C.; Strazzabosco, M. Animal models
for cystic fibrosis liver disease (CFLD). Biochim. Biophys. Acta Mol. Basis Dis. 2018. [CrossRef] [PubMed]

135. Tyson, G.L.; El-Serag, H.B. Risk factors for cholangiocarcinoma. Hepatology 2011, 54, 173–184. [CrossRef]
136. Burak, K.; Angulo, P.; Pasha, T.M.; Egan, K.; Petz, J.; Lindor, K.D. Incidence and risk factors for

cholangiocarcinoma in primary sclerosing cholangitis. Am. J. Gastroenterol. 2004, 99, 523–526. [CrossRef]
137. Bergquist, A.; Ekbom, A.; Olsson, R.; Kornfeldt, D.; Loof, L.; Danielsson, A.; Hultcrantz, R.; Lindgren, S.;

Prytz, H.; Sandberg-Gertzen, H.; et al. Hepatic and extrahepatic malignancies in primary sclerosing
cholangitis. J. Hepatol. 2002, 36, 321–327. [CrossRef]

138. Razumilava, N.; Gores, G.J. Classification, diagnosis, and management of cholangiocarcinoma.
Clin. Gastroenterol. Hepatol. 2013, 11, 13–21 e11; quiz e13-14. [CrossRef]

139. Nakanuma, Y.; Sato, Y.; Harada, K.; Sasaki, M.; Xu, J.; Ikeda, H. Pathological classification of intrahepatic
cholangiocarcinoma based on a new concept. World J. Hepatol. 2010, 2, 419–427. [CrossRef]

140. Nakanuma, Y.; Xu, J.; Harada, K.; Sato, Y.; Sasaki, M.; Ikeda, H.; Kim, J.; Yu, E. Pathological spectrum of
intrahepatic cholangiocarcinoma arising in non-biliary chronic advanced liver diseases. Pathol. Int. 2011, 61,
298–305. [CrossRef]

141. Rizzi, P.M.; Ryder, S.D.; Portmann, B.; Ramage, J.K.; Naoumov, N.V.; Williams, R. P53 protein overexpression
in cholangiocarcinoma arising in primary sclerosing cholangitis. Gut 1996, 38, 265–268. [CrossRef]

142. Kubicka, S.; Kuhnel, F.; Flemming, P.; Hain, B.; Kezmic, N.; Rudolph, K.L.; Manns, M.; Meier, P.N. K-ras
mutations in the bile of patients with primary sclerosing cholangitis. Gut 2001, 48, 403–408. [CrossRef]
[PubMed]

143. Taniai, M.; Higuchi, H.; Burgart, L.J.; Gores, G.J. P16ink4a promoter mutations are frequent in primary
sclerosing cholangitis (PSC) and psc-associated cholangiocarcinoma. Gastroenterology 2002, 123, 1090–1098.
[CrossRef] [PubMed]

http://dx.doi.org/10.1002/hep.20143
http://www.ncbi.nlm.nih.gov/pubmed/15057907
http://dx.doi.org/10.1053/gast.2001.20875
http://www.ncbi.nlm.nih.gov/pubmed/11208728
http://dx.doi.org/10.1172/JCI76452
http://www.ncbi.nlm.nih.gov/pubmed/25689248
http://dx.doi.org/10.1158/1541-7786.MCR-13-0503
http://www.ncbi.nlm.nih.gov/pubmed/24255171
http://dx.doi.org/10.1016/j.ccr.2013.04.019
http://www.ncbi.nlm.nih.gov/pubmed/23727022
http://dx.doi.org/10.1053/j.gastro.2005.01.055
http://www.ncbi.nlm.nih.gov/pubmed/15887117
http://dx.doi.org/10.1016/j.clinre.2011.10.007
http://dx.doi.org/10.1016/j.clinre.2012.02.003
http://dx.doi.org/10.1111/j.1751-2980.2012.00605.x
http://dx.doi.org/10.1007/s12016-014-8442-y
http://dx.doi.org/10.1016/j.bbadis.2017.06.027
http://www.ncbi.nlm.nih.gov/pubmed/28709963
http://dx.doi.org/10.1016/j.ajpath.2014.10.013
http://www.ncbi.nlm.nih.gov/pubmed/25478810
http://dx.doi.org/10.1016/j.bbadis.2018.07.026
http://www.ncbi.nlm.nih.gov/pubmed/30071276
http://dx.doi.org/10.1002/hep.24351
http://dx.doi.org/10.1111/j.1572-0241.2004.04067.x
http://dx.doi.org/10.1016/S0168-8278(01)00288-4
http://dx.doi.org/10.1016/j.cgh.2012.09.009
http://dx.doi.org/10.4254/wjh.v2.i12.419
http://dx.doi.org/10.1111/j.1440-1827.2011.02665.x
http://dx.doi.org/10.1136/gut.38.2.265
http://dx.doi.org/10.1136/gut.48.3.403
http://www.ncbi.nlm.nih.gov/pubmed/11171833
http://dx.doi.org/10.1053/gast.2002.36021
http://www.ncbi.nlm.nih.gov/pubmed/12360471


Int. J. Mol. Sci. 2018, 19, 3875 22 of 22

144. Ward, C.J.; Yuan, D.; Masyuk, T.V.; Wang, X.; Punyashthiti, R.; Whelan, S.; Bacallao, R.; Torra, R.;
LaRusso, N.F.; Torres, V.E.; et al. Cellular and subcellular localization of the arpkd protein; fibrocystin
is expressed on primary cilia. Hum. Mol. Genet. 2003, 12, 2703–2710. [CrossRef] [PubMed]

145. Ward, C.J.; Hogan, M.C.; Rossetti, S.; Walker, D.; Sneddon, T.; Wang, X.; Kubly, V.; Cunningham, J.M.;
Bacallao, R.; Ishibashi, M.; et al. The gene mutated in autosomal recessive polycystic kidney disease encodes
a large, receptor-like protein. Nat. Genet. 2002, 30, 259–269. [CrossRef] [PubMed]

146. Strazzabosco, M.; Somlo, S. Polycystic liver diseases: Congenital disorders of cholangiocyte signaling.
Gastroenterology 2011, 140, 1855–1859. [CrossRef] [PubMed]

147. Rohatgi, R.; Battini, L.; Kim, P.; Israeli, S.; Wilson, P.D.; Gusella, G.L.; Satlin, L.M. Mechanoregulation of
intracellular Ca2+ in human autosomal recessive polycystic kidney disease cyst-lining renal epithelial cells.
Am. J. Physiol. Ren. Physiol. 2008, 294, F890–F899. [CrossRef] [PubMed]

148. Banales, J.M.; Masyuk, T.V.; Gradilone, S.A.; Masyuk, A.I.; Medina, J.F.; LaRusso, N.F. The camp effectors
epac and protein kinase a (PKA) are involved in the hepatic cystogenesis of an animal model of autosomal
recessive polycystic kidney disease (ARPKD). Hepatology 2009, 49, 160–174. [CrossRef] [PubMed]

149. Fischer, D.C.; Jacoby, U.; Pape, L.; Ward, C.J.; Kuwertz-Broeking, E.; Renken, C.; Nizze, H.; Querfeld, U.;
Rudolph, B.; Mueller-Wiefel, D.E.; et al. Activation of the Akt/mtor pathway in autosomal recessive
polycystic kidney disease (ARPKD). Nephrol. Dial. Transplant. 2009, 24, 1819–1827. [CrossRef] [PubMed]

150. Spirli, C.; Locatelli, L.; Morell, C.M.; Fiorotto, R.; Morton, S.D.; Cadamuro, M.; Fabris, L.; Strazzabosco, M.
Protein kinase a-dependent pser(675)-β-catenin, a novel signaling defect in a mouse model of congenital
hepatic fibrosis. Hepatology 2013, 58, 1713–1723. [CrossRef]

151. Hino, S.; Tanji, C.; Nakayama, K.I.; Kikuchi, A. Phosphorylation of β-catenin by cyclic AMP-dependent
protein kinase stabilizes β-catenin through inhibition of its ubiquitination. Mol. Cell Biol. 2005, 25, 9063–9072.
[CrossRef]

152. Medzhitov, R. Origin and physiological roles of inflammation. Nature 2008, 454, 428–435. [CrossRef]
[PubMed]

153. Sica, A.; Mantovani, A. Macrophage plasticity and polarization: In vivo veritas. J. Clin. Investig. 2012, 122,
787–795. [CrossRef] [PubMed]

154. Gallagher, A.R.; Esquivel, E.L.; Briere, T.S.; Tian, X.; Mitobe, M.; Menezes, L.F.; Markowitz, G.S.; Jain, D.;
Onuchic, L.F.; Somlo, S. Biliary and pancreatic dysgenesis in mice harboring a mutation in PKHD1. Am. J.
Pathol. 2008, 172, 417–429. [CrossRef] [PubMed]

155. Woollard, J.R.; Punyashtiti, R.; Richardson, S.; Masyuk, T.V.; Whelan, S.; Huang, B.Q.; Lager, D.J.;
vanDeursen, J.; Torres, V.E.; Gattone, V.H.; et al. A mouse model of autosomal recessive polycystic kidney
disease with biliary duct and proximal tubule dilatation. Kidney Int. 2007, 72, 328–336. [CrossRef] [PubMed]

156. Katsuyama, M.; Masuyama, T.; Komura, I.; Hibino, T.; Takahashi, H. Characterization of a novel polycystic
kidney rat model with accompanying polycystic liver. Exp. Anim. 2000, 49, 51–55. [CrossRef] [PubMed]

157. Lee, T.Y.; Lee, S.S.; Jung, S.W.; Jeon, S.H.; Yun, S.C.; Oh, H.C.; Kwon, S.; Lee, S.K.; Seo, D.W.; Kim, M.H.;
et al. Hepatitis B virus infection and intrahepatic cholangiocarcinoma in korea: A case-control study. Am. J.
Gastroenterol. 2008, 103, 1716–1720. [CrossRef] [PubMed]

158. Fava, G.; Marzioni, M.; Benedetti, A.; Glaser, S.; DeMorrow, S.; Francis, H.; Alpini, G. Molecular pathology
of biliary tract cancers. Cancer Lett. 2007, 250, 155–167. [CrossRef] [PubMed]

159. Fava, G.; Lorenzini, I. Molecular pathogenesis of cholangiocarcinoma. Int. J. Hepatol. 2012, 2012, 630543.
[CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1093/hmg/ddg274
http://www.ncbi.nlm.nih.gov/pubmed/12925574
http://dx.doi.org/10.1038/ng833
http://www.ncbi.nlm.nih.gov/pubmed/11919560
http://dx.doi.org/10.1053/j.gastro.2011.04.030
http://www.ncbi.nlm.nih.gov/pubmed/21515270
http://dx.doi.org/10.1152/ajprenal.00341.2007
http://www.ncbi.nlm.nih.gov/pubmed/18256315
http://dx.doi.org/10.1002/hep.22636
http://www.ncbi.nlm.nih.gov/pubmed/19065671
http://dx.doi.org/10.1093/ndt/gfn744
http://www.ncbi.nlm.nih.gov/pubmed/19176689
http://dx.doi.org/10.1002/hep.26554
http://dx.doi.org/10.1128/MCB.25.20.9063-9072.2005
http://dx.doi.org/10.1038/nature07201
http://www.ncbi.nlm.nih.gov/pubmed/18650913
http://dx.doi.org/10.1172/JCI59643
http://www.ncbi.nlm.nih.gov/pubmed/22378047
http://dx.doi.org/10.2353/ajpath.2008.070381
http://www.ncbi.nlm.nih.gov/pubmed/18202188
http://dx.doi.org/10.1038/sj.ki.5002294
http://www.ncbi.nlm.nih.gov/pubmed/17519956
http://dx.doi.org/10.1538/expanim.49.51
http://www.ncbi.nlm.nih.gov/pubmed/10803363
http://dx.doi.org/10.1111/j.1572-0241.2008.01796.x
http://www.ncbi.nlm.nih.gov/pubmed/18557716
http://dx.doi.org/10.1016/j.canlet.2006.09.011
http://www.ncbi.nlm.nih.gov/pubmed/17069969
http://dx.doi.org/10.1155/2012/630543
http://www.ncbi.nlm.nih.gov/pubmed/21994887
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Cholangiocytes as Pacemakers of Fibrosis Deposition 
	Fibroinflammatory Response in Cholangiopathies 
	Cell Types Involved in Fibroinflammatory Response 
	Epithelial Cells 
	Mesenchymal Cells 
	Immune Cells 

	Epithelial-Mesenchymal Cross-talk 
	Growth Factors 
	Morphogens 
	Proinflammatory Cyto and Chemokines 

	Mechanisms of Neoplastic Transformation 
	Fibroinflammatory Cholangiopathies Heralding CCA 
	Primary Sclerosing Cholangitis (PSC) 
	Caroli’s Disease (CD) 

	Conclusions 
	References

