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A B S T R A C T

Cholestasis is a frequent clinical condition initiating or complicating chronic liver diseases, particularly cho-
langiopathies, where the biliary epithelium is the primary target of the pathogenetic sequence. Until a few
decades ago, understanding of cholestasis relied mostly on the experimental model of bile duct ligation in ro-
dents. However, a simple model of biliary obstruction cannot reproduce the complex mechanisms and networks
leading to cholestasis in cholangiopathies. These networks are underpinned by an intricate dysregulation of pro-
inflammatory and pro-fibrotic signals involving besides cholangiocytes, multiple cell elements of both innate and
adaptive immunity. Therefore, in the last years, a wide range of animal models of biliary injury have been
developed, mostly in mice, following three main approaches, chemical induction, immunization and genetic
manipulation. In this review, we will give an update of the animal models of the two main cholangiopathies,
primary sclerosing cholangitis and primary biliary cholangitis, which have provided us with the most relevant
insights into the pathogenesis of these still controversial diseases.

1. Introduction

The term cholestasis defines a liver dysfunction characterized by an
impairment of the bile flow and/or secretion, with subsequent mod-
ification of the bile composition, which may initiate or worsen a liver
disease process. The bile accumulation in the hepatobiliary system to-
gether with its altered composition exerts a toxic effect on both hepa-
tocytes and cholangiocytes, leading to cell injury and inflammation,
with progressive evolution to fibrosis, cirrhosis and eventually liver
failure and malignant transformation, including hepatocellular carci-
noma (HCC) and cholangiocarcinoma (CCA) [1,2]. Clinically, a wide
range of liver disorders express a cholestatic phenotype, encompassing
molecular defects of both hepatocytes and cholangiocytes caused by
single genetic mutations or drug-induced injury, structural changes of
the biliary tree due to congenital malformations or acquired obstructive
processes, and autoreactive damage mainly targeting the biliary epi-
thelium.

The pathomechanisms promoting the cholestatic damage are still
enigmatic, and consequently, pharmacological treatments against cho-
lestasis have been limited to ursodeoxycholic acid (UDCA), a hydro-
philic bile acid which is the only FDA-approved drug for the treatment

of human cholestatic liver diseases [3,4]. UDCA efficacy in cholestasis
is widely supported by convincing beneficial effects on both biochem-
ical and clinical parameters. Originally, the rationale behind the use of
UDCA laid in its ability as hydrophilic molecule to stimulate the he-
patocellular secretion of bile acids and organic anions coupled with the
generation of a bicarbonate-rich choleresis, whose protective effects on
the biliary epithelium hamper the perpetuation of liver damage [5]. It is
now recognized that UDCA effects are mediated by additional, more
complex mechanisms of action, going well beyond the simple hydro-
philicity of the molecule. Several lines of evidence indicate that bile
acids are potent signaling molecules which affect the metabolism and
secretory activity of cells at the transcriptional and post-transcriptional
level after entry via specific bile acid transport proteins (e.g. hepato-
cytes, cholangiocytes, ileocytes) or via membrane receptors like TGR5,
the first identified G-coupled protein receptor specific for bile acids
expressed by colon epithelia, adipocytes, Kupffer cells, among other cell
types [6].

Since the early ‘90s a main goal of the hepatology research has been
the development of different animal models to unveil novel pathoge-
netic concepts and, consequently, to test in vivo efficacy of new treat-
ment strategies. Among them, bile duct ligation (BDL) has been the first
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and most extensively used experimental model of cholestasis [7,8]. First
developed in 1932 by Cameron and Oakley [9], BDL is a surgically
created animal model, performed in rodents, consisting of ligation/
excision of the common bile duct. BDL was initially described in rats,
but since then it has been more suitably adapted to mice. BDL has many
advantages, such as the simple technical procedure, which can be easily
reproduced, the low cost, and the rapid liver damage development,
which makes experimental protocols shorter and thus, more con-
venient. In BDL, liver phenotype is characterized by well-established
features of cholestatic damage, such as cholangiocyte proliferation re-
sulting in exuberant ductular reaction, portal inflammation and brisk
establishment of biliary fibrosis [8,10,11], which however contrasts
with the slow progression of cholestatic liver diseases, in particular if
cholangiocyte is the primary site of injury, as occurring in cholangio-
pathies [12]. Rather, liver lesions featuring BDL are more consistent
with an acute obstruction, a condition quite uncommon in human pa-
thology, typically observed in choledocholithiasis, or in other causes of
extrahepatic cholestasis [11,13–15]. Moreover, these models fail to
recapitulate the much more complex mechanisms underlying chronic
cholestasis in primary cholangiopathies, such as primary sclerosing
cholangitis (PSC) and primary biliary cholangitis (PBC), which evolve
to ductopenia and biliary fibrosis usually over decades, in absence of
overt biliary obstruction. To meet these needs, in the last few years,
there has been a tremendous burst of studies aimed at developing novel
animal models of cholestasis, able to capture more faithfully the fun-
damental steps unleashed by a selective cholangiocyte injury. The ob-
jective of the present review is to give an outline of the more recent
animal models of PBC and PSC, highlighting the novel pathophysiology
concepts we can draw from them. The animal models of genetic cho-
langiopathies, a subject examined by a recent review, which the reader
can refer to [16], will not be discussed here. Before going through the
different animal models, we will briefly describe the mechanisms of bile
formation by emphasizing the role played by cholangiocytes, since
perturbations in the biliary electrolyte transport often contributes to the
pathogenesis of cholestasis in primary cholangiopathies.

2. Mechanisms of bile formation

The bile consists of 95% of water in which several exogenous
compounds, including drugs, xenobiotics and environmental toxins, are
dissolved to be discharged together with endogenous components, like
bile acids, conjugated bilirubin, lipids (mainly phosphatidylcholine and
cholesterol), amino acids, steroids, enzymes, vitamins, heavy metals,
glutathione (GSH), and ions, like Na+, Cl−, and HCO3

– [17].
The final bile composition is the result of several transformation

steps that originate in the hepatocytes and then continue in the bile
ducts, where secretory and absorptive functions of cholangiocytes
modify the primary ‘canalicular’ bile. Hepatocytes are polarized epi-
thelial cells endowed with a rich apical excretory domain equipped
with microvilli that delivers biliary constituents and bile acids into the
bile via active processes mediated by specialized transport proteins
belonging to the ATP-binding cassette (ABC) super family. The bile salt
export pump (BSEP, or ABCB11) is the main route of bile acid efflux
from the hepatocytes into bile acting in a uni-directional, ATP-depen-
dent manner. The multidrug resistance-associated protein 2 (MRP2,
ABCC2) is the major ABC conjugate export pump in the canalicular
membrane. MRP2 functions by transporting a large number of different
amphipathic, usually multivalent organic anion conjugates, such as
bilirubin diglucuronides, GSH disulfide (GSSG) and conjugates, leuko-
trienes, heavy metals, bile salts, as well as a variety of different drug
conjugates from the hepatocyte into bile. Another ABC super family
transporter named multidrug resistance protein 3 (MDR3, ABCB4),
mediates the biliary translocation of phosphatidylcholine, a phospho-
lipid essential for the formation of lipid micelles in bile. This is critical
to prevent the detergent effects of bile acids on biliary epithelial cell
membranes [1,17,18]. On the basolateral membrane, the organic anion

transporting polypeptide type 4 (OATP4) or solute carrier organic anion
transporter family 21, member 10 (SLC21A10) [19] regulates uptake
and transport of bile salts and solutes in exchange for intracellular
anions including GSH and HCO3

−. The primary bile released by the
hepatocytes from the canalicular pole is then modified by the intense
secretory activities of cholangiocytes, that regulate its alkalinity,
fluidity and volume [20], mostly through HCO3

– and water secretion to
the ductal lumen.

The net amount of water and HCO3
– secretion is determined by the

balance between pro-secretory effects, mediated by the secretin re-
ceptor activation, upon glucagon and vasoactive intestinal polypeptide
(VIP) stimulation, and the anti-secretory actions promoted by soma-
tostatine, insulin and endothelin-1 [21]. These opposite regulatory ac-
tivities converge at the level of the adenyl-cyclases (ACs), which are
transmembrane enzymes, expressed in the basolateral membrane of
cholangiocyte, able to regulate the intracellular levels of cyclic ade-
nosine monophosphate (cAMP), by its conversion from ATP. Among the
nine different types of AC reported so far, the intrahepatic biliary epi-
thelium expresses the isoforms AC from 4 to 9 (AC4-9), with a het-
erogeneous pattern dependent on the specific cholangiocyte sub-
population [22]. In cholangiocytes lining the large bile ducts, for
example, interaction between AC8 and AC9 with secretin leads to in-
creased intracellular levels of cAMP, activation of the protein kinase A
(PKA) and phosphorylation of the cystic fibrosis transmembrane con-
ductance regulator (CFTR) channel. This sequence induces Cl− secre-
tion into the ductal lumen coupled with the HCO3

– efflux operated by
the Cl−/HCO3– exchanger, also known as anion exchanger (AE)-2, or
SLC4A2. Moreover, cholangiocytes express other Cl− channels involved
in bile formation, such as: a) a Ca2+-dependent Cl− channel, a Ca2+

and cAMP-intensive high conductance anion channel; b) a basolateral
barium-sensitive K+ conductance, modulating the K+ efflux critical for
the maintenance of membrane hyperpolarization driving Cl− exit [23];
c) a bumetanide-inhibitable Na+-K+-2Cl co-transport, cooperating to
the basolateral Cl− uptake [24]. All these ions are essential for creating
the osmotic gradient, maintained by the ionic efflux gradient, that leads
to the passive secretion of water through paracellular transport in
concert with specific water channels, namely aquaporin-1 and 4 (AQ1-
AQ4) [25]. On the other hand, thanks to additional transport proteins
localized both at the apical and basolateral membrane, the biliary
epithelium is involved in the reabsorption of some bile constituents, as
glucose, GSH and bile salts, directing them to the cholehepatic circu-
lation [21]. Specifically, cholangiocytes possess apical Na+-dependent
bile acid transporter (ASBT) to take up bile acids from the bile and the
p-glycoprotein MRP3 to secrete them into the vessels nourishing the
bile duct wall (peribiliary vascular plexus).

3. Primary sclerosing cholangitis (PSC)

PSC is a fibro-inflammatory cholangiopathy of unknown etiology,
but likely sustained by immune-mediated mechanisms. Apart from liver
transplantation in the advanced cases, there are no effective treatments
in PSC, and therefore, it is recognized as ‘orphan’ disease. PSC is most
common in young individuals, with a slight predominance in male, and
an estimated prevalence in Western countries of about one per 10,000,
which makes PSC a ‘rare’ disease [26,27]. Clinically, PSC evolution is
unpredictable, and the most feared complication is CCA, which may
occur anytime along the course of the disease [28]. In PSC, liver phe-
notype is characterized by inflammatory and fibrotic lesions that may
affect bile ducts of any size, and generally extend to the large extra-
hepatic bile ducts, resulting in irregularities with strictures and dila-
tions [28]. Histologically, an onion skin-type periductal fibrosis ac-
companied by an intense ductular reaction is the hallmark of the
disease. However, PSC alterations are focally distributed showing
variable degrees of fibroinflammatory changes in different areas of the
liver, and thus, involvement can be limited only to scattered portal
tracts in the initial stages of the disease. A clinical variant of PSC with
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involvement restricted to the small intrahepatic bile ducts (‘small-duct’
PSC, accounting for 10% of total PSC), which may progress to large-
duct PSC in 20% of cases and with a low risk of CCA, has been recently
identified [26].

Furthermore, a distinctive clinical trait of PSC is its association with
inflammatory bowel disease (IBD), mostly ulcerative colitis. To explain
this association, a genome-wide analysis has indicated a linkage dis-
equilibrium of the human leukocyte antigen (HLA) locus for IBD and
PSC [29,30]. Furthermore, it has been suggested that the intestinal
microbiome playing a central role in the etiology of IBD may also
contribute to the pathogenesis of PSC [31–33]. Thus, failure of the in-
testinal barrier function may link IBD with PSC, in a way in which the
‘leaky’ gut allows bacterial products to reach the liver where they cause
a chronic peribiliary inflammatory response [31,32]. In fact, the rich
equipment of Toll-Like Receptor (TLR) constitutively expressed by
cholangiocytes, in particular TLR4, the receptor for lipopolysaccharide
(LPS), and TLR2, renders them particularly prone to endotoxin stimu-
lation [34,35]. One of the major hypothesis further explaining the close
PSC-IBD association postulates that memory T lymphocytes, once
primed in the gut may reach the liver where they stimulate an immune-
mediated response centered on the bile duct leading to pericholangitis
accompanied by a progressive recruitment of collagen-producing
myofibroblasts [33,36]. PSC association with IBD has indeed a strong
clinical relevance. In fact, those cases with onion skin-like biliary le-
sions confined to the small intrahepatic bile ducts, but without ac-
companying IBD, should better not be called ‘small duct’ PSC. Ideally,
immune-genetically predisposed experimental models of PSC would
develop fibrous-obstructive cholangitis of both intra- and extrahepatic
bile ducts in conditions of gut inflammation, with a marked propensity
to develop CCA over time (Fig. 1). Given these prerequisites, un-
fortunately not fulfilled by a single animal model, herein we will de-
scribe the animal models of human PSC that, variably reproducing
these fundamental traits, fall into three main groups, knockout mouse
models, models involving enteric bacterial cell wall components or

colitis, and models of chemically induced cholangitis (Table 1).

3.1. Mdr2 (Abcb4)−/− mice

In the Mdr2 knockout (Mdr2−/−) mouse, cholangiopathy is caused
by a primary defect of a translocase (flippase) expressed not by cho-
langiocytes, but by hepatocytes at the canalicular pole [37,38]. As
previously mentioned Mdr2 (MDR3 in humans) regulates the transport
of phosphatidylcholine and other biliary phospholipids into the outer
leaflet of the cell membrane, to be then delivered into the bile [38,39].
Lack of phospholipids in the bile determined by a defective Mdr2 in-
creases the biliary concentration of the non-micellar component of free
bile acids, which are detergent on the cell membrane of cholangiocytes,
leading to disruption of both tight junctions and basement membrane
and therefore, to bile leakage inside the portal tract [37,39,40]. Bile
leaked out of the ducts exerts potent harmful effects, triggering a se-
quence of events from peribiliary inflammation, to ductular reaction,
and myofibroblast activation with intense and early deposition of fi-
brotic tissue around the inflamed ducts that in the long-term may play
pro-tumorigenic functions. Although MDR3 defects are responsible for a
range of specific cholestatic diseases different from PSC, including
progressive familial intrahepatic cholestasis type 3 (PFIC-3), in-
trahepatic cholestasis of pregnancy (ICP), and adult biliary cirrhosis
[41–43], the Mdr2−/− mouse has been often used as a surrogate model
of sclerosing cholangitis. The main advantage of this model is its high
reproducibility and easy handling, warranted by well-established,
simple and extremely reliable readouts, making it particularly suitable
for studies of efficacy for innovative anti-fibrotic therapies. Among
them, norursodeoxycholic acid (norUDCA), a shorter chain homologue
of ursodeoxycholic acid (UDCA) with increased hydrophilicity, derived
from the loss in a methyl group, was able to markedly revert cholangitis
and biliary fibrosis in Mdr2−/− mouse [44]. Following passive ab-
sorption from bile by cholangiocytes, norUDCA undergoes the ‘chole-
hepatic shunting’ to reach hepatocytes, by which it is resecreted in bile.

Fig. 1. Graphical representation of the main traits of an ideal PSC animal model.
Fibrosing cholangitis of intra and extrahepatic bile ducts (yellow and blue asterisk star, respectively) with lymphocytic infiltration and “onion skin” fibrosis around
affected ducts (Panel A and B). Unique features of PSC are the close association with IBD, entailing alterations of the intestinal microbiota, and the propensity of the
biliary epithelium to the sequence dysplasia-cancer (Panel C and D).
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This process stimulates a HCO3
−-rich hypercholeresis, which in-

activates toxic bile acids, a protective mechanism regarded as ‘biliary
HCO3

- umbrella’ [45,46]. Mdr2−/− mouse has been recently used to
test the anti-fibrotic potential of vitamin D receptor (VDR) stimulation,
starting from the observation that VDR influences several key processes
related to cholestasis, including innate immunity activation, bile acid
homeostasis, bile duct integrity and biliary fibrogenesis [47,48]. In
Mdr2−/− mice vitamin D deficiency associated to an increased collagen
deposition, and animals fed with a high vitamin D diet showed lower
expression levels of profibrogenic genes and amelioration of liver injury
[49]. Mdr2−/− mice have been also used to test druggability of the
transforming growth factor (TGF)-β1 pathway. TGFβ1, the main pro-
fibrogenic cytokine in the liver, is secreted in a latent form, which is
locally activated by integrin αvβ6, a membrane receptor up-regulated
in ductal epithelia in response to injury and inflammation. Genetic
ablation or pharmacological targeting of integrin αvβ6 by blocking
antibodies has been pinpointed as an effective approach to prevent
progression of biliary fibrosis inMdr2−/− mice. The reduced peribiliary
collagen deposition was dependent upon the attenuation of the ductular
reaction due to the inactivation of the hepatic progenitor cell (HPC)
compartment. In fact, both ductular reaction and HPC express integrin
αvβ6 and rely on TGFβ1 activation for their function [50,51]. An al-
ternative target therapy of fibrosis is lysyl oxidase-like2 (LOXL2), an
enzyme member of a family inciting progression of fibrosis by med-
iating collagen crosslinking and stabilization. In Mdr2−/− mice, selec-
tive anti-LOXL2 antibodies inhibited pre-established and advanced
biliary fibrosis in conjunction with a striking reduction in ductular re-
action sustained by the activation of HPC, addressing a further role of
LOXL2 in the regulation of biliary repair mechanisms [52]. In the
current year, two studies have taken advantage ofMdr2−/− mice to test
novel anti-fibrotic strategies, such as antagonists of H1/H2 histamine
receptors (HRs) [53] and the bile acid sequestrant colesevelam [54].
Inhibition of H1/H2HR reversed biliary fibrosis and decreased cho-
langiocyte proliferation, a mechanism that can be relevant to hinder the
pro-tumorigenic functions in this model [53]. Colesevelam feeding in-
creased faecal bile acid excretion and enhanced bile acid conversion
towards secondary, more hydrophilic, bile acids, which stimulate TGR5
signaling in enteroendocrine L-cells favoring their secretion of glu-
cagon-like peptide 1 (GLP-1) in the portal system [54]. GLP-1 is known
to stimulate cholangiocyte proliferation and to protect biliary epithelia
against apoptosis [55]. This sequence led to an improvement in hepatic
inflammation, fibrosis and ductular proliferation in the Mdr2−/− mice,
highlighting the concept that interruption of the enterohepatic circu-
lation with reduced output of potentially toxic bile acids may be pro-
tective against cholestatic liver injury [54]. These innovative treatment
strategies evaluated in the Mdr2−/− mouse are summarized in Table 2.

However, a number of caveats limit suitability of the Mdr2−/−

mouse to mirror some pivotal PSC features and they must be under-
lined. First is the proclivity of fibrotic liver damage to progress at the
age of 4–6months, to macroscopic tumor nodules, histologically com-
patible with HCC, rather than CCA, at odds with the natural history of

human PSC [56–58]. Second is the absence of concomitant IBD, an issue
deserving careful consideration by future studies since currently there
are no established PSC-IBD models combining cholestatic liver injury
with gut inflammation. However, though Mdr2−/− mice do not display
overt colonic inflammation at baseline, PCR analysis of whole colon
tissue reveals elevated levels of pro-inflammatory cytokines (keratino-
cyte chemoattractant (KC)/C-X-C motif ligand (CXCL)1, tumor necrosis
factor (TNF)α, interleukin (IL)-1β, and IL-6). Based on this assumption,
Battista and coll. subjected Mdr2−/− mice to dextran sulfate sodium
(DSS), a polysaccharide with potent colitogen activity and antic-
oagulant properties, as a novel model of PSC-IBD [59]. Signs of IBD are
well exemplified by this experimental condition, and are characterized
by animal weight loss, bloody diarrhea, decreased colon length, and
evident histologic damage in the colon mucosa. Taken together, base-
line elevations in colonic levels of pro-inflammatory cytokines in
Mdr2−/− mice along with increased colitis susceptibility in the Mdr2−/

−/DSS model suggests that interdependent signaling pathways origi-
nating from liver-gut cross-talk mechanisms are important in promoting
intestinal injury.

3.2. Mice fed with 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC)

This model is the prototype of progressive cholestatic liver injury
induced by toxicants, relying on the ability of DDC to stimulate bile
secretion of porphyrins, which in chronic feeding (4 weeks), precipitate
leading to the formation of intraductal plugs in the small bile ducts.
Liver phenotype captures several key features of human PSC, such as
brisk ductular proliferation and intense pericholangitis associated with
‘onion skin-type’ periductal fibrosis evolving to porto-portal fibrosis.
Interestingly, these biliary lesions are preceded by specific transporter
abnormalities at the hepatocyte canalicular level, in particular down-
regulation of Oatp4 and Mrp2, responsible for reduced biliary excretion
of GSH and phospholipids [42]. Similarly, mice carrying a point mu-
tation in the ferrochelatase gene (fch/fch) develop pronounced biliary
fibrosis associated with intense ductular proliferation as the result of
porphyrinogenic compound accumulation in bile [60]. DDC adminis-
tration to these mice further enhances the biliary secretion of por-
phyrins with rapid formation of intraductal plugs, causing obstructive
cholestasis in a shorter time. This process is histologically accompanied
by accelerated peribiliary fibrosis led by activated portal fibroblasts
after only 4 weeks. Interestingly, in contrast with Mdr2−/− mouse, bile
flow and biliary excretion of cholesterol and phospholipids remain
unchanged following DDC feeding. Furthermore, DDC feeding does not
change bile acid composition, suggesting that toxic bile acids do not
play directly a pathogenic role in this model [42]. Interestingly, there is
a considerable variation among the different mouse strains regarding
the development of liver phenotype in response to DDC feeding, in
particular with respect to ductular proliferation and biliary fibrosis. A
critical difference of the DDC-fed mouse from human PSC, is the lack of
biliary strictures and dilations of the large extrahepatic bile ducts, as
elegantly demonstrated by bile duct plastination, despite the typical

Table 1
Animal models of PSC.

Models Animal species Major PSC features Specific considerations [Ref.]

Mdr2−/− ± DSS FVB/N mice • Peribiliary inflammation, and periductal fibrosis
• Concomitant IBD

- Primary hepatocyte dysfunction [37–40,59]

fch/fch+DDC Male and female BALB/c mice • Biliary fibrosis with intense ductular reaction - Obstructive cholestasis due to
intraductal plugs

[42,60,61]

TNBS ± BDL Male Sprague–Dawley rats; female
Lewis rats

• Irregularities of the bile ducts, focal stricturing of the intra-
and extrahepatic bile ducts
• Portal mononuclear cell infiltrate encompassing
macrophages and T-cells
• Development of ANCA and ASMA reactivities

- High mortality rate [62–65]

LCA Male Swiss albino mice • Partial bile duct obstruction, destructive cholangitis, and
periductal fibrosis

- No tolerable long-term protocol [66–70]
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‘onion skin-type’ periductal fibrosis affecting the small intrahepatic bile
ducts: thus this condition should serve as a model of the ‘small-duct’
PSC [61].

3.3. Rats fed with 2,4,6-trinitrobenzene sulfonic acid (TNBS)

TNBS elicits cell-mediated immune responses acting as hapten with
strong affinity for the lysine moieties of the membrane proteins of the
intestinal epithelial cells [62]. Since the early 90th, TNBS has been
recognized as a potent inducer of transmural inflammation in the gut,
and thus used as model of Crohn's disease. Later on, Mourelle and coll.
found that, in rats, a single intracholedochal injection of TNBS resulted
in significant increased levels of serum cholestatic indexes (alkaline
phosphatase and total bilirubin) as well as inflammatory cell infiltrates
in the portal areas and around the bile ducts, indicating pericholangitis
[63]. In some rats, ductal proliferation and thin porto-portal fibrotic
septa were observed in association with dilation of the extrahepatic bile
ducts. Orth and coll. studied the effects of TNBS intraductal injection in
BDL rats, resulting in chronic, fibrosing cholangitis accompanied by a
mild biliary stenosis in 8-week-old rats [64]. The TNBS-related models
showed several features consistent with PSC, including irregularities of
the bile ducts, diffuse focal structuring of the intra- and extrahepatic
bile ducts, portal mononuclear cell infiltrate predominantly populated
by macrophages and T-lymphocytes, cytokine production and devel-
opment of anti-neutrophil cytoplasmic antibodies (ANCA) and smooth
muscle autoantibodies (SMA) autoreactivity [65]. Unexpectedly, de-
spite the well-recognized toxicity of TNBS for the intestinal epithelium,
the rat model is biliary-specific and occurs in absence of IBD. Further-
more, a major limitation of the model is the high mortality rate caused
by complications derived from the combined surgical/chemical ap-
proach.

3.4. Lithocholic acid (LCA) fed mice

As a general concept, mice are less sensitive to bile acid toxicity
than humans are, since they tend to replace the bile acid pool with more
hydrophilic bile acids, including muricholic acid and atypical bile acid
species, which instead are not produced in humans [42,66,67]. Thus, to
understand the potential hepatotoxicity of hydrophobic bile acids in the
pathogenesis of cholestatic liver injury, several studies have adopted
the strategy to feeding mice with the monohydroxy bile acid LCA, as
prototype of toxic bile acids. The pronounced cholestatic effect exerted
by LCA can be explained by a number of mechanisms, including al-
terations of the biochemical properties of the bile canalicular mem-
brane, and the formation of crystalline plugs in bile canaliculi due to
the scarce solubility of LCA [68,69]. Importantly, potentially toxic bile
acids may affect not only hepatocyte but also cholangiocyte membrane
integrity, and similarly to what described in the Mdr2−/− mouse, LCA
fed mice develop bile duct injury and cholangitis even in the presence
of normal phospholipid secretion in bile. Histologically, partial bile
duct obstruction, bile infarcts, destructive cholangitis, and periductal
fibrosis develop within a few days following LCA feeding [70]. How-
ever, since animals do not tolerate the diet in the long-term, this is not
an appropriate model to study the chronic evolution of biliary injury.

3.5. Models involving enteric bacterial cell wall components or colitis

The close relationship between PSC and IBD that is central in the
PSC pathogenesis has inspired hypothetical animal models to under-
stand the role of gut bacteria or bacterial products in driving the
chronic biliary damage. In fact, early theories on PSC pathogenesis
proposed that portal bacteremia or bacterial products released from the
inflamed gut in IBD promote inflammation all along the biliary tract.
Originally, this concept was highlighted in a rat model of small in-
testinal bacterial overgrowth (SIBO). In the early 90's, Lichtman and
coll. [71] showed that the surgical creation of a self-filling jejunal blind
loop (SFBL) in the susceptible Lewis and Wistar rat strains caused a
cholangitis involving both intra and extrahepatic bile ducts, which
appeared thickened, fibrotic, and dilated. The disease was most likely
caused by gut-derived bacterial products, primarily via activation of
TLR pathways, consistent with the observation that cholangitis was
significantly attenuated by antibiotics and peptidoglycan-degrading
enzymes. In fact, selective gut microflora decontamination using a
cocktail of non-absorbable broad spectrum antibiotics was shown to
slow down the progression of the disease, in particular of liver fibrosis
induced by BDL. Increased plasma levels of LPS were found also in
experimental models of liver fibrosis induced by administration of
carbon tetrachloride (CCl4), or thioacetamide (TAA) [72]. This has lent
support to the notion that increased intestinal permeability and gut
microflora-derived LPS contribute to the progression of liver fibrosis.
Notably, in TLR4-mutant mice liver fibrosis was reduced even if LPS
levels were similar to wild type mice [34], thereby suggesting that in
the liver, TLR4 activation is mediated by gut-derived LPS, though this
translocation is independent of the intestinal TLR4. The exact me-
chanism by which experimental liver injury may induce a leaky gut
barrier remains elusive. Further mouse model studies performed in
germfree animals or in animals with known composition of the in-
testinal microbiota provided new insights into the causative role of gut
inflammation in cholangitis. In 2007, Garret and coll. elegantly de-
scribed how transferring the microbiota from a mouse model of colitis
into wild type littermates resulted in a phenotype similar to a geneti-
cally induced model of colitis [73]. More recent studies have used
germ-free mice as approach for mono-colonization experiments and
humanization of the gut microbiota. An important challenge in the
context of biliary diseases is the different bile acid profile of mice from
humans, which make hard the interpretation of findings in murine
models. However, in biliary disease models, microbiota data are so far
limited and some controversies exist. For example, in a recent study,
Tabibian and coll. re-derivedMdr2−/− mouse by embryo transfer into a
germ-free facility [74]. The new housing condition caused a dramati-
cally worsened PSC phenotype, characterized morphologically by in-
creased cholestasis, with exacerbation of ductular reaction, peribiliary
fibrosis and ductopenia, and functionally by enhanced pro-in-
flammatory cytokine secretion and increased cholangiocyte senescence,
which the authors interpreted as mechanistic determinant of the pro-
gression of biliary disease. Noteworthy, UDCA, a metabolite generated
by commensal microbial activities, revoked senescence in vitro, in-
dicating that in PSC intestinal microbiota and the secondary bile acids
they produce might act as critical protective factors against biliary

Table 2
Treatment strategies for biliary fibrosis tested in the Mdr2−/− mouse.

Compound Therapeutic target Mechanism of action [Ref.]

norUDCA HCO3- secretion Toxic bile acid inactivation [44]
Vitamin D VDR Innate immunity activation, bile acid homeostasis, bile duct integrity and biliary fibrogenesis [49]
Anti-αvβ6 antibodies Integrin αvβ6 Reduced peribiliary collagen deposition, reduced ductular reaction and HPC activation [50,51]
Anti-LOXL2 antibodies LOXL2 Reduced collagen cross-linking and ductular reaction [52]
Anti-H1/H2HR blockers H1/H2 histamine receptors Reduced cholangiocyte proliferation and collagen deposition [53]
Colesevelam Faecal bile acid sequestration Enhanced bile acid conversion towards secondary bile acids, stimulating secretion of GLP-1 by

enteroendocrine L-cells
[54]
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injury [74].

4. Primary biliary cholangitis (PBC)

PBC, whereby the term ‘cholangitis’ has recently replaced the
former ‘cirrhosis’, is an inflammatory, slowly evolving cholangiopathy
with features of autoimmunity, typically affecting females in the fifth/
sixth decade, with a variable female:male ratio, up to 10:1, depending
upon the geographical areas [75]. Incidence and prevalence of PBC
vary largely worldwide, but both have increased significantly in the last
20 years, ranging from 0,33–5,8 per 100,000 inhabitants/year and
1,91–40,2 per 100,000 inhabitants, respectively, rates which are much
higher than PSC [27]. The apparent increase in incidence and pre-
valence for PBC over time has been widely reported, and several risk
factors may be implicated, including cosmetic products. PBC liver
phenotype is characterized by a selective destruction of the small in-
terlobular intrahepatic bile ducts associated with a rich lymphocytic
infiltrate in the portal tract (more intense than in PSC), character-
istically in a granuloma configuration (‘non-suppurative destructive
cholangitis’) leading to portal fibrosis that may progress to biliary cir-
rhosis and eventually, to end-stage liver disease [75,76]. Unlike PSC,
PBC progression is effectively halted by UDCA and malignant trans-
formation is much less common, though some cases of HCC have been
reported [77]. The diagnostic hallmark of PBC is the presence of anti-
mitochondrial antibodies (AMA) directed against the lipoyl domain of
the immunodominant E2 component of pyruvate dehydrogenase com-
plex (PDC) in serum of more than 90% of patients. Noteworthy, AMA
reactivity can develop years before the clinical appearance of the dis-
ease [78], suggesting it can be etiologically relevant. Consistent with
the pathogenetic role of the adaptive immune system, the portal in-
filtrate predominantly encompasses helper (CD4+) T cells, with lesser
increase in cytotoxic/effector (CD8+) T cells. Numbers of CD4+ and
CD8+ T cells reactive to mitochondrial auto-antigens are also increased
in the hilar lymph nodes and in the peripheral blood of affected pa-
tients, while detected neither in healthy controls nor in patients with
other liver diseases, supporting the high specificity of mitochondrial
autoreactivity in PBC [79]. In the pathogenesis of PBC, the in-
appropriate activation of the immune response results from a complex
interplay between genetic and environmental factors, addressed by
recent genome-wide studies pointing towards a pivotal role of the IL-12
pathway [80].

Based on these unique phenotypic traits, a potential PBC model
should include positive testing for AMA, histological evidence of in-
terlobular bile duct injury, preferably with granuloma formation, and
female predominance. The first attempts to develop a PBC animal
model were performed by transferring peripheral blood mononuclear
cells (PBMC) from PBC patients into severe combined immunodeficient
(SCID) mice, but these first mouse models did not prove to be successful
due to the lack of PBC-like morphology and the technical difficulties
making them scarcely reproducible [81] (Fig. 2). Afterwards, several
new murine models of PBC have been generated, and they can be
clustered into spontaneous models employing genetically modified
mice and inducible models, with the aid of xenobiotics harboring
structural similarities to PDC-E2 (molecular mimicry) or self-biliary
antigens (Table 3).

4.1. NOD.c3c4 mice

The introgression of large genetic intervals on chromosomes 3 and 4
in non-obese diabetic (NOD) mouse strain leads to the development of
NOD.c3c4 mice. These mice are protected from autoimmune diabetes
but spontaneously develop lymphocytic infiltrates with a peribiliary
localization and AMA positivity [82]. Notably, AMAs were detected in
female mice, in accordance with the female predominance of human
PBC. Importantly, in the liver of NOD.c3c4 mice, portal tracts appear
infiltrated by CD4+ and CD8+ lymphocytes surrounding selectively the

interlobular bile ducts without any evidence of hepatocyte targeting
[82,83]. Furthermore, intrahepatic cell phenotyping from NOD.c3c4
show increased numbers of T-cells with specific T-cell receptors (TCR),
natural killer (NK), and NKT cells compared to lymph nodes or spleen.
With aging, eosinophils are enriched in the portal infiltrates, reprodu-
cing the early stages of human PBC, a finding not detected in any other
mouse model. However, infiltrating lymphocytes are also observed at
the level of the common bile duct, a feature more consistent with PSC
than PBC phenotype. Moreover, as the disease progresses, cholangitis
evolves into non-suppurative cystic lesions in both the intrahepatic and
extrahepatic bile ducts, with partial exfoliation of the lining biliary
epithelium, and dense neutrophil infiltration, findings which typically,
are not seen in PBC. Nonetheless, even with these limitations, the
fundamental pathogenetic role played by the infiltrating lymphocytes
has been demonstrated by the observation that disease development
was hindered following treatment with monoclonal anti-CD3 antibodies
[82]. Accordingly, liver disease was not observed in NOD.c3c4-SCID
mice. Altogether, although morphological changes in NOD.c3c4 mice
are not completely coherent with the PBC phenotype, this model is
helpful for addressing the role of T cells.

4.2. IL-2Rα−/− mice

IL-2Rα−/− mice, as well as mice deficient in other components of
the IL-2R complex, develop severe anemia and lymphoproliferative
autoimmune disorders as well as IBD, with appearance of autoimmune
cholangitis and serum AMAs [84,85]. Furthermore, these mice develop
lymphocytic liver infiltrates and biliary inflammation that come to full
development only after treatment with broad-spectrum antimicrobial
therapy. The antibiotic therapy stimulates the generation of hepatic
lesions in association with a significant decrease in the gut-specific
inflammation. CD4+ and CD8+ lymphocytes represent the major cell
types and are predominant in the portal spaces, while NKT or NK cell
populations are not increased. However, granuloma formation and
portal fibrosis are undetectable at 24 weeks [84].

Surprisingly, these animals show concomitant severe intestinal in-
flammation, which is not typical of PBC. To decipher whether and to
what extent IL-12, a cytokine consisting of a p40 and a p35 subunit,
drives bile duct damage in PBC, IL-2Rα−/−IL-12p40−/− double-
knockout mice were generated. Deletion of the IL-12p40 chain in IL-
2Rα−/− mice led to more severe portal inflammation and splenome-
galy, due to liver fibrosis and portal hypertension, in association with
an amelioration of colitis compared to IL-2Rα−/− mice [85]. Notably,
in double-KO mice, lymphocytic portal infiltrate comprised increased
CD8+ T cells, mainly effector memory cells, thus indicating that in
liver, IL-12 acts as negative regulator of inflammation by inhibiting Th1
response.

4.3. dnTGFβRII mice

Transforming growth factor-β (TGF-β) is a cytokine with pleiotropic
effects on cell growth and differentiation, including the immunological
cell compartment, where it modulates the activation of the regulatory
CD4+ T cells. Ishigame and coll. generated the dnTGFβRII mouse,
harboring a dominant negative TGF-β receptor that was expressed
under a CD4 promoter, thus abrogating TGF-β responsiveness selec-
tively in T cells. The dnTGFbRII mouse is characterized by diffuse au-
toimmune manifestations affecting several organs associated with the
production of multiple self-reactive antibodies [86]. In the liver,
dnTGFβRII mouse develop PBC-like features with lymphoid cell in-
filtration of the portal spaces with 100% of AMA positivity, including
PDC-E2. However, even in this case, the drawback of the model is the
concomitant association of autoimmune cholangitis to colitis. Ac-
cording to human PBC, and unlike IL-2Rα−/− mice, phenotyping of the
lymphocytic infiltrates in the liver showed a quantitative increase of the
NK cell subset compared with the circulating pool, as well as the
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Fig. 2. Graphical representation of the main traits of an ideal PBC animal model.
Requirement for the ideal model of PBC must include incidence in middle-aged females and development of AMA autoreactivity found in about 90% of patients
(Panel A and B). Morphologically, disease process should target the interlobular bile ducts (C) resulting in a peribiliary lymphocyte infiltration and granulomas
formation (D).

Table 3
Animal models of PBC.

Models Animal species Major PBC features Specific considerations [Ref.]

NOD.c3c4 mice NOD.B10 Idd9.1/9.2/9.3 and
NOD.B6 Idd3/17/10/18 background

• PBC-specific AMA (50–80%)

• Portal infiltrates with CD4+ and CD8+
T cells and eosinophils

• Granulomas

- No gender bias
- Dilation of the common bile duct

[82,83]

IL-2Rα−/− mice C57BL/6 background • PBC-specific AMA

• Portal infiltrates enriched with CD8+ T
cells

- Increased serum levels of TNF-a, IFN-g, IL-6, IL-12p40
and IgA
- Defective Treg cells
- Deletion of CD8 leads to attenuated damage of the bile
ducts but increased colon inflammation

[84,85]

dnTGFpRII mice C57BL/6 background • PBC-specific AMA

• Portal infiltrates
- Inflammatory infiltration in the colon and lungs
- Defective Treg cells

[86–90]

Scurfy mice Male Treg-deficient Foxp3s-f/Y;
C57BL/6 background

• PBC-specific AMA

• Portal infiltrates enriched with CD8+ T
cells

- Increased serum levels of TNF-α, IFN-γ, IL-6, IL-12p40
and IL-18
- Defective Treg cells

[91,92]

Ae2−/− mice BALB/c background • PBC-specific AMA

• Portal infiltrates enriched with CD8+ T
cells

• Spontaneous cholestasis

• Spontaneous portal fibrosis

- Constitutive Ae2 defect results in generalized
abnormalities
- Increased production of IFN-γ and IL-12
- Decreased number of Treg cells

[93–95]

2OA-BSA injection Young female C57BL/6 mice • PBC-specific AMA

• Portal infiltrates with high number of
CD8+

T cells and CD19+ B cells

- Increased serum levels of TNF-α and IFN-γ [96–98]

ARE-Del −/− mice C57BL/6 background • PBC-specific AMA

• Portal infiltrates enriched with CD8+ T
cells

• Formation of granuloma

• Female predominance

- Increased production of IFN-γ [99]

MRL/lpr mice C57BL/6 background • PBC-specific AMA

• Portal inflammatory infiltrates

• Biliary damage

- Only 50% of mice develop PBC-like features
- Generalized lymphadenopathy and autoimmune
manifestation

[100,101]
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presence of isolated B cells.
Furthermore, the generation of CD1d−/−-dnTGFβRII mice allows to

elucidate the central role of NKT cells in PBC pathogenesis [87]. Ab-
lation of the NKT function caused stark amelioration of inflammation
and bile duct damage with only mild ductopenia, and therefore, im-
provement of cholestasis, and ultimately of biliary fibrosis. Although
some lymphocytic aggregates could be identified, typical granulomas
were absent. The role of lymphocytes was further investigated using the
recombinant-activating gene (Rag1)−/− mice, which lack mature T and
B cells (‘nonleaky’ SCID mice) [88]. Interestingly, immuno-deficient
Rag1−/− mice receiving CD8+ cells isolated from dnTGFbRII devel-
oped PBC-like features, while CD4+ T cell transfer had no effect on the
liver phenotype but worsened colitis. These mice displayed an altered
cytokine profile resembling PBC, indicating analogous cell activation
patterns. Specifically, serum levels of interferon (IFN)-γ, TNF-α, IL-6
and IL-12p40 appeared all significantly increased in dnTGFbRII mice
compared to wild type littermates. In particular, the contribution of IL-
12 was studied by generating IL-12p35−/− and IL-12p40−/− mouse
strain on the dnTGFβRII background. IL-12p40−/− mice were pro-
tected from liver inflammation [89], while in IL-12p35−/− mice, liver
inflammation was similar but with delayed onset compared to the
parental dnTGFβRII mice[90]. The IL-12p35−/− dnTGFβRII liver
phenotype was characterized by smoldering liver fibrosis sharing sev-
eral immunological and histological features with human PBC [90].

The involvement of IL-6, which gradually increased in the
dnTGFβRII mouse in an age-dependent fashion, was studied by gen-
erating dnTGFβRII/IL-6−/− double KO mice. In this mouse model,
whereas IBD improved, at both clinical (diarrhea) and histological
(intestinal lymphocyte infiltration) level, autoimmune cholangitis
worsened, with exacerbation of biliary injury sustained by increase in
pro-inflammatory cytokines (IFN-γ and TNF-α) and T cell activation.
Thus, in dnTGFβRII mouse cholangitis and colitis are likely under-
pinned by distinct mechanisms, and IL-6 antagonism might be detri-
mental for cholangitis.

However, in this setting, phenotypic effects of other cytokines, in-
cluding IL-23 and IL-35, are worth of further investigations by cytokine
supplementation or cytokine neutralization approaches.

4.4. Scurfy mice

Scurfy mice have a missense mutation in the gene encoding for the
transcription factor forkhead-box protein 3 (FoxP3), also known as
scurfin, which negatively regulates CD4+ T cell function [67,91,92].
These mice lack functional CD4+FoxP3+ regulatory T cells (Treg) re-
sulting in hyper-responsive CD4+ T cells and develop an autoimmune
disease with multi-organ inflammation, more pronounced in the skin,
lung and liver. Liver damage is characterized by serological and mor-
phological features of peribiliary lymphocytic infiltrate, with enhanced
cytokine secretion, including TNF-α, IFN-γ, IL-6, IL-12 and IL-23, and
AMA production on a background of a multi-system autoimmunity.
Therefore, this model highlights the significance of Treg cells in the
pathogenesis of PBC. Regrettably, the extremely short life span of these
mice (not exceeding the 4 weeks) seriously limits their use for long-
itudinal studies, and thus this model is unsuitable to evaluating disease
progression, or drug testing.

4.5. Ae2a,b−/− mice

The Cl−/HCO3– exchanger AE2 mediates the electroneutral Na-in-
dependent HCO3– efflux in exchange with Cl− across the apical plasma
membrane of ductal epithelia, including cholangiocytes. In addition to
alter bile composition by reducing its alkalinization, it has been sug-
gested that AE2 dysfunction may eventually affect the immune system,
predisposing animals to develop a PBC-like disease. This hypothesis
stemmed from the observation that AE2 is also expressed by peripheral
blood lymphocytes, where it regulates intracellular pH, and that mouse

Ae2-defective CD8+ (cytotoxic) T cells expands more actively upon T-
cell stimulation. In line with PBC onset in middle-aged women,
Ae2a,b−/− mice showed in adult age, significant portal inflammation
with damaged interlobular bile ducts with portal infiltrates enriched in
CD8+ T cells [93]. In young animals, intrahepatic CD8+ T cells were
activated but then effectively deleted by apoptosis via programmed cell
death (PD-1)/PD1 ligand (PD-L1) interaction driven by cholangiocytes.
The PD-1/PD-L1 pathway is a protective mechanism against excessive T
cell response, which can initiate when necessary, but it is dampened
soon afterwards to avoid chronic autoimmune damage [94]. In older
Ae2a,b−/− mice, activated intrahepatic CD8+ T cells could expand
because PD-1 silencing by epigenetics mechanism (DNA methylation)
prevented their apoptotic loss thereby leading to autoimmune bile duct
inflammation. This experimental model extends the role of AE2 beyond
bicarbonate biliary secretion to immune homeostasis, unveiling that
deficiency of AE2 in liver-infiltrating CD8+ T cells affects im-
munosuppressive mechanisms when age-related epigenetic changes
occur [95]. However, it is worth mentioning that histological changes
are variable, with some mutated mice resembling control wild type, and
animal breeding is difficult. Furthermore, it is unclear whether large
ducts are also involved, and eventually, if biliary fibrosis will develop
later on.

4.6. Immunization of mice and guinea pigs using xenobiotics and self-
antigens

Amano and coll. discovered that 2-octynoic acid (2OA), a xeno-
biotic, chemically synthetized compound not found in nature, widely
used in cosmetic products, such as perfumes, soaps, and lipstick, as well
as in many common food flavorings, had the potential to modify PDC-
E2 in vivo [96]. Thus, 2OA has been regarded as an optimal candidate
for antigenic modification of the PDC-E2 peptide. Starting from this
observation, immunization of C57BL/6 mice with 2OA in bovine serum
albumin (BSA) solution induced AMA autoreactivity characterized by
production of anti-PDC-E2 antibodies accompanied by a rich lympho-
cytic infiltration of the portal areas around the bile ducts. Phenotypi-
cally, portal infiltrates were dominated by CD8+ T cells and levels of
TNF-α and IFN-γ were found to be elevated in serum. These findings
give strong support to the concept that environmental factors may in-
itiate AMA generation by xenobiotic modification of PDC-E2, and that
this mechanism can be of paramount pathogenetic significance. Taking
a single gene-deleting approach in mice immunized with 2OA, recent
studies showed that both IL-12/Th1 and IL-23/Th17 signaling path-
ways were strongly associated with the pathogenesis of PBC [90]. A
shift from a Th1 to a Th17 response occurs at advanced stages, sug-
gesting therapeutic interference of the IL-23/Th17 pathway as a po-
tential strategy for late PBC.

Other groups tested the effects of immunization with other chemical
compounds with affinity to PDC-E2 on the onset of PBC. Leung and coll.
demonstrated that guinea pigs immunized with 6-bromhexanoate (BH-
6) coupled to BSA developed PDC-E2 autoantibodies, but with a de-
layed development of PBC-like features (after 18months) and with a
rather mild phenotype compared to 2OA, making this model of more
limited interest [97]. Thus, 2OA can be regarded as a more relevant
trigger of PBC pathogenesis.

However, all these models are based on the structural modification
of PDC-E2 by cross reactive xenobiotics. To address more directly the
loss of tolerance, a fundamental step in the natural history of PBC, a
recent study performed mouse immunization with self-tissue, using
syngeneic bile duct proteins (BDP). Mice immunized with BDP devel-
oped a liver-specific inflammatory phenotype, centered on the portal
tracts, with increased number and activation state of CD4+ and CD8+ T
cells, which also extended to the spleen, where germinal centers were
hyperplasic. Of note, in this model, AMA autoreactivity was found in
100% of animals [98].
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4.7. ARE-Del−/− mice

IFN-γ has been emerging as a key factor in the pathogenesis of PBC,
and importantly, it is usually found increased in patient's serum, al-
though its precise functions are still a conundrum. To generate a mouse
model with a dysregulation of IFN-γ signaling, the adenylate-uridylate-
rich element (ARE) of the IFN-γ 3′-untranslated region was deleted
resulting in the constitutive and persistent production of the cytokine
(ARE-Del−/− mice) [99]. ARE-Del−/− mice spontaneously captured
many typical manifestations of human PBC, including non-suppurative
destructive cholangitis, AMA production, and elevated serum total bile
acid levels [99]. Noteworthy, these features were predominant in fe-
male mice, likely related to the exacerbating effects of estrogens on
immune cell production of IFN-γ, as described in NOD mouse. Com-
pared to males, female mice indeed developed a moderate-to-severe
portal tract lymphoid cell infiltration at 20 weeks of ages, leading to a
destruction of small interlobular bile ducts associated with granuloma
formation. These findings were associated to a strong up-regulation of
Th1-mediated signaling in female but not in male. Adoptive cell
transfer of CD4+ T cells from ARE-Del−/− mice to B6/Rag1−/− mice
induced moderate inflammatory changes paralleled by up-regulation of
genes potentially defining early stages of PBC. Therefore, this novel
animal model is of great relevance since it provides functional evidence
linking female gender dominance with the pathogenic role of IFN-γ in
the early stage of PBC [99].

On the other hand, ablation of IFN-γ signaling prevents PBC ap-
pearance, in line with the concept that a Th1 response is critical for
initiating disease activity by determining tolerance breaking.

4.8. MRL/lpr mice

Mice harboring the homozygous mutation of the lymphoprolifera-
tive gene lrp (also known as MRL) spontaneously develop massive
lymphadenopathy associated with proliferation of T cells, hyper-γ-glo-
bulinemia, multiple serum autoantibodies, and a generalized auto-
immune disease comprising of glomerulonephritis and arthritis, thus
serving as a valuable model to study systemic lupus erythematosus. In
the early 2000, MRL/lpr mouse was also proposed as a suitable animal
model of PBC due to an abundant plasmacellular infiltration of the
portal fields (more prominent compared to other animal models here
discussed) with biliary damage and AMA production [100,101]. How-
ever, the use of MRL/lpr mouse as a good model of PBC was limited by
the fact that only about 50% of mice actually developed in the liver
PBC-like features.

5. Conclusion

Cholestasis is a multifaceted clinical condition resulting from mul-
tiple etiologies that for many years has been mostly investigated by
means of the classic BDL rodent model. Although supported by un-
questionable advantages, it was clear that BDL was insufficient to re-
capitulate the intricate mechanisms underpinning cholestasis as it de-
velops in cholangiopathies, which are the most common chronic
cholestatic liver diseases unrelated to biliary obstruction. In most
cholangiopathies, such as PSC and PBC, bile duct damage is induced by
chronic inflammation resulting from a tight dysregulation of innate and
adaptive immunity. Thus, it became strong the need to generate ex-
perimental conditions able to capture the fundamental features of these
peculiar diseases, going well beyond a simple model of obstructive
cholestasis. Keeping this necessity in mind, in the last decade there has
been a sort of ‘gold rush’ aimed at modeling cholestatic cholangio-
pathies following two main approaches, ‘spontaneous’ models based on
genetically modified mice, and ‘inducible’ models, based on the ad-
ministration of toxicants, targeting both biliary epithelium and colonic
mucosa, or on the immunization with xenobiotics or self-antigens.
Thanks to these models, a number of mechanistic insights have been

gained making much clearer the pathogenesis of cholestasis in these
specific settings. For instance, in PSC we have been convinced that
signals derived from the liver are critical in directing intestinal injury,
while on the other side, normal intestinal microbiota may be protective
on the biliary tree by generating secondary bile acids, though the strong
differences in bile acid composition between mice and humans make
the translatability of this observation quite difficult. Moreover, the role
of IL-12 in PBC has been elucidated as negative regulator of Th1 re-
sponse, which instead, is unleashed by IFN-γ, and these events seem to
be essential for initiating the disease process. Expression of AE-2 by
lymphocytes and effects of its dysregulation in PBC models are para-
digmatic of how mechanisms underlying cholestasis and inflammation
can be interwoven. Furthermore, 2OA has been identified as a putative
xenobiotic able to mimic or cross-react with self-antigens thereby
triggering PBC pathogenesis. This notwithstanding, several gaps remain
to bridge, such as in PSC modeling of concomitant intra and extra-
hepatic involvement of biliary fibrosis, as well as of its malignant
progression towards CCA, or in PBC the generation of models with a
cleaner PBC phenotype or with a better characterization of fibrosis
progression. All these issues will deserve deeper attention by the next
future studies.

Transparency document

The Transparency document associated this article can be found, in
online version.

Acknowledgements

LF was supported by the University of Padua, Progetti di Ricerca di
Dipartimento (PRID) 2017.

References

[1] M. Strazzabosco, L. Fabris, C. Spirli, Pathophysiology of cholangiopathies, J. Clin.
Gastroenterol. 39 (2005) S90–S102.

[2] B.K. Chung, T.H. Karlsen, T. Folseraas, Cholangiocytes in the pathogenesis of
primary sclerosing cholangitis and development of cholangiocarcinoma, Biochim.
Biophys. Acta 1864 (2018) 1390–1400.

[3] G. Paumgartner, U. Beuers, Ursodeoxycholic acid in cholestatic liver disease:
mechanisms of action and therapeutic use revisited, Hepatology 36 (2002)
525–531.

[4] A.H. Ali, J.H. Tabibian, K.D. Lindor, Update on pharmacotherapies for cholestatic
liver disease, Hepatol. Commun. 1 (2017) 7–17.

[5] U. Beuers, J.L. Boyer, G. Paumgartner, Ursodeoxycholic acid in cholestasis: po-
tential mechanisms of action and therapeutic applications, Hepatology 28 (1998)
1449–1453.

[6] U. Beuers, M. Trauner, P. Jansen, R. Poupon, New paradigms in the treatment of
hepatic cholestasis: from UDCA to FXR, PXR and beyond, J. Hepatol. 62 (2015)
S25–S37.

[7] N. Rosenthal, S. Brown, The mouse ascending: perspectives for human-disease
models, Nat. Cell Biol. 9 (2007) 993–999.

[8] M. HCI, Building a Better Mouse: One Hundred Years of Genetics and Biology,
Place Published, 2007.

[9] C.L.O.G.R. Cameron, Ligation of the common bile duct, J. Path. Bact. Lond. 35
(1932) 769–798.

[10] R.L. Perlman, Mouse models of human disease: an evolutionary perspective, Evol.
Med. Public Health 2016 (2016) 170–176.

[11] A.M. Geerts, E. Vanheule, M. Praet, H. Van Vlierberghe, M. De Vos, I. Colle,
Comparison of three research models of portal hypertension in mice: macroscopic,
histological and portal pressure evaluation, Int. J. Exp. Pathol. 89 (2008) 251–263.

[12] T.G. Marques, E. Chaib, J.H. da Fonseca, A.C. Lourenco, F.D. Silva, M.A. Ribeiro
Jr., F.H. Galvao, L.A. D'Albuquerque, Review of experimental models for inducing
hepatic cirrhosis by bile duct ligation and carbon tetrachloride injection, Acta Cir.
Bras. 27 (2012) 589–594.

[13] C.G. Tag, S. Sauer-Lehnen, S. Weiskirchen, E. Borkham-Kamphorst, R.H. Tolba,
F. Tacke, R. Weiskirchen, Bile duct ligation in mice: induction of inflammatory
liver injury and fibrosis by obstructive cholestasis, J. Vis. Exp. 96 (2015) 52438.

[14] M.A. Aller, J.L. Arias, I. Prieto, M. Losada, J. Arias, Bile duct ligation: step-by-step
to cholangiocyte inflammatory tumorigenesis, Eur. J. Gastroenterol. Hepatol. 22
(2010) 651–661.

[15] Y. Popov, D.Y. Sverdlov, K.R. Bhaskar, A.K. Sharma, G. Millonig, E. Patsenker,
S. Krahenbuhl, L. Krahenbuhl, D. Schuppan, Macrophage-mediated phagocytosis
of apoptotic cholangiocytes contributes to reversal of experimental biliary fibrosis,
Am. J. Physiol. Gastrointest. Liver Physiol. 298 (2010) G323–G334.

V. Mariotti et al. BBA - Molecular Basis of Disease 1865 (2019) 954–964

962

https://doi.org/10.1016/j.bbadis.2018.07.025
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0005
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0005
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0010
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0010
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0010
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0015
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0015
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0015
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0020
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0020
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0025
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0025
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0025
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0030
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0030
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0030
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0035
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0035
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0040
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0040
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0045
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0045
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0050
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0050
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0055
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0055
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0055
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0060
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0060
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0060
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0060
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0065
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0065
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0065
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0070
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0070
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0070
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0075
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0075
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0075
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0075


[16] V. Mariotti, M. Strazzabosco, L. Fabris, D.F. Calvisi, Animal models of biliary in-
jury and altered bile acid metabolism, Biochim. Biophys. Acta 1864 (2018)
1254–1261.

[17] J.L. Boyer, Bile formation and secretion, Compr. Physiol. 3 (2013) 1035–1078.
[18] A. Esteller, Physiology of bile secretion, World J. Gastroenterol. 14 (2008)

5641–5649.
[19] M. Trauner, P.J. Meier, J.L. Boyer, Molecular pathogenesis of cholestasis, N. Engl.

J. Med. 339 (1998) 1217–1227.
[20] M. Strazzabosco, R. Fiorotto, S. Melero, S. Glaser, H. Francis, C. Spirli, G. Alpini,

Differentially expressed adenylyl cyclase isoforms mediate secretory functions in
cholangiocyte subpopulation, Hepatology 50 (2009) 244–252.

[21] M. Strazzabosco, L. Fabris, Functional anatomy of normal bile ducts, Anat. Rec.
(Hoboken) 291 (2008) 653–660.

[22] C. Spirli, L. Fabris, E. Duner, R. Fiorotto, G. Ballardini, T. Roskams, N.F. Larusso,
A. Sonzogni, L. Okolicsanyi, M. Strazzabosco, Cytokine-stimulated nitric oxide
production inhibits adenylyl cyclase and cAMP-dependent secretion in cho-
langiocytes, Gastroenterology 124 (2003) 737–753.

[23] M.G. Lionetto, M.E. Giordano, F. De Nuccio, G. Nicolardi, E.K. Hoffmann,
T. Schettino, Hypotonicity induced K+ and anion conductive pathways activation
in eel intestinal epithelium, J. Exp. Biol. 208 (2005) 749–760.

[24] W. Honscha, M. Ottallah, A. Schenk, K. Schuh, E. Petzinger, Separation and pur-
ification by two-dimensional gel electrophoresis of a 52–54 kDa bumetanide
binding protein from rat liver plasma membranes, Eur. J. Pharmacol. 226 (1992)
215–223.

[25] G.L. Lehmann, M.C. Larocca, L.R. Soria, R.A. Marinelli, Aquaporins: their role in
cholestatic liver disease, World J. Gastroenterol. 14 (2008) 7059–7067.

[26] T.H. Karlsen, T. Folseraas, D. Thorburn, M. Vesterhus, Primary sclerosing cho-
langitis - a comprehensive review, J. Hepatol. 67 (2017) 1298–1323.

[27] K. Boonstra, U. Beuers, C.Y. Ponsioen, Epidemiology of primary sclerosing cho-
langitis and primary biliary cirrhosis: a systematic review, J. Hepatol. 56 (2012)
1181–1188.

[28] J.K. Dyson, U. Beuers, D.E.J. Jones, A.W. Lohse, M. Hudson, Primary sclerosing
cholangitis, Lancet 391 (10139) (2018) 2547–2559.

[29] Y. Liu, C. Meyer, C. Xu, H. Weng, C. Hellerbrand, P. ten Dijke, S. Dooley, Animal
models of chronic liver diseases, Am. J. Physiol. Gastrointest. Liver Physiol. 304
(2013) G449–G468.

[30] S.G. Ji, B.D. Juran, S. Mucha, T. Folseraas, L. Jostins, E. Melum, N. Kumasaka,
E.J. Atkinson, E.M. Schlicht, J.Z. Liu, T. Shah, J. Gutierrez-Achury, K.M. Boberg,
A. Bergquist, S. Vermeire, B. Eksteen, P.R. Durie, M. Farkkila, T. Muller,
C. Schramm, M. Sterneck, T.J. Weismuller, D.N. Gotthardt, D. Ellinghaus,
F. Braun, A. Teufel, M. Laudes, W. Lieb, G. Jacobs, U. Beuers, R.K. Weersma,
C. Wijmenga, H.U. Marschall, P. Milkiewicz, A. Pares, K. Kontula,
O. Chazouilleres, P. Invernizzi, E. Goode, K. Spiess, C. Moore, J. Sambrook,
W.H. Ouwehand, D.J. Roberts, J. Danesh, A. Floreani, A.F. Gulamhusein,
J.E. Eaton, S. Schreiber, C. Coltescu, C.L. Bowlus, V.A. Luketic, J.A. Odin,
K.B. Chopra, K.V. Kowdley, N. Chalasani, M.P. Manns, B. Srivastava, G. Mells,
R.N. Sandford, G. Alexander, D.J. Gaffney, R.W. Chapman, G.M. Hirschfield, M. de
Andrade, U.-P. Consortium, I.B.D.G.C. International, P.S.C.S.G. International,
S.M. Rushbrook, A. Franke, T.H. Karlsen, K.N. Lazaridis, C.A. Anderson, Genome-
wide association study of primary sclerosing cholangitis identifies new risk loci
and quantifies the genetic relationship with inflammatory bowel disease, Nat.
Genet. 49 (2017) 269–273.

[31] T.H. Karlsen, K.M. Boberg, Update on primary sclerosing cholangitis, J. Hepatol.
59 (2013) 571–582.

[32] T.H. Karlsen, E. Schrumpf, K.M. Boberg, Primary sclerosing cholangitis, Best Pract.
Res. Clin. Gastroenterol. 24 (2010) 655–666.

[33] B. Eksteen, The gut-liver axis in primary sclerosing cholangitis, Clin. Liver Dis. 20
(2016) 1–14.

[34] E. Seki, S. De Minicis, C.H. Osterreicher, J. Kluwe, Y. Osawa, D.A. Brenner,
R.F. Schwabe, TLR4 enhances TGF-beta signaling and hepatic fibrosis, Nat. Med.
13 (2007) 1324–1332.

[35] R. Fiorotto, R. Scirpo, M. Trauner, L. Fabris, R. Hoque, C. Spirli, M. Strazzabosco,
Loss of CFTR affects biliary epithelium innate immunity and causes TLR4-NF-
kappaB-mediated inflammatory response in mice, Gastroenterology 141 (2011)
1498–1508 (1508 e1491–1495).

[36] B. Eksteen, A.E. Miles, A.J. Grant, D.H. Adams, Lymphocyte homing in the pa-
thogenesis of extra-intestinal manifestations of inflammatory bowel disease, Clin.
Med. (Lond.) 4 (2004) 173–180.

[37] J.J. Smit, A.H. Schinkel, R.P. Oude Elferink, A.K. Groen, E. Wagenaar, L. van
Deemter, C.A. Mol, R. Ottenhoff, N.M. van der Lugt, M.A. van Roon, et al.,
Homozygous disruption of the murine mdr2 P-glycoprotein gene leads to a com-
plete absence of phospholipid from bile and to liver disease, Cell 75 (1993)
451–462.

[38] R.P. Oude Elferink, R. Ottenhoff, M. van Wijland, J.J. Smit, A.H. Schinkel,
A.K. Groen, Regulation of biliary lipid secretion by mdr2 P-glycoprotein in the
mouse, J. Clin. Invest. 95 (1995) 31–38.

[39] P. Fickert, A. Fuchsbichler, M. Wagner, G. Zollner, A. Kaser, H. Tilg, R. Krause,
F. Lammert, C. Langner, K. Zatloukal, H.U. Marschall, H. Denk, M. Trauner,
Regurgitation of bile acids from leaky bile ducts causes sclerosing cholangitis in
Mdr2 (Abcb4) knockout mice, Gastroenterology 127 (2004) 261–274.

[40] Y. Popov, E. Patsenker, P. Fickert, M. Trauner, D. Schuppan, Mdr2 (Abcb4)−/−
mice spontaneously develop severe biliary fibrosis via massive dysregulation of
pro- and antifibrogenic genes, J. Hepatol. 43 (2005) 1045–1054.

[41] J.M. de Vree, E. Jacquemin, E. Sturm, D. Cresteil, P.J. Bosma, J. Aten, J.F. Deleuze,
M. Desrochers, M. Burdelski, O. Bernard, R.P. Oude Elferink, M. Hadchouel,
Mutations in the MDR3 gene cause progressive familial intrahepatic cholestasis,

Proc. Natl. Acad. Sci. U. S. A. 95 (1998) 282–287.
[42] M. Trauner, P. Fickert, M. Wagner, MDR3 (ABCB4) defects: a paradigm for the

genetics of adult cholestatic syndromes, Semin. Liver Dis. 27 (2007) 77–98.
[43] R.A. Morotti, F.J. Suchy, M.S. Magid, Progressive familial intrahepatic cholestasis

(PFIC) type 1, 2, and 3: a review of the liver pathology findings, Semin. Liver Dis.
31 (2011) 3–10.

[44] E. Halilbasic, R. Fiorotto, P. Fickert, H.U. Marschall, T. Moustafa, C. Spirli,
A. Fuchsbichler, J. Gumhold, D. Silbert, K. Zatloukal, C. Langner, U. Maitra,
H. Denk, A.F. Hofmann, M. Strazzabosco, M. Trauner, Side chain structure de-
termines unique physiologic and therapeutic properties of norursodeoxycholic
acid in Mdr2−/− mice, Hepatology 49 (2009) 1972–1981.

[45] U. Beuers, S. Hohenester, L.J. de Buy Wenniger, A.E. Kremer, P.L. Jansen,
R.P. Elferink, The biliary HCO(3)(−) umbrella: a unifying hypothesis on patho-
genetic and therapeutic aspects of fibrosing cholangiopathies, Hepatology 52
(2010) 1489–1496.

[46] S. Hohenester, L.M. Wenniger, C.C. Paulusma, S.J. van Vliet, D.M. Jefferson,
R.P. Elferink, U. Beuers, A biliary HCO3- umbrella constitutes a protective me-
chanism against bile acid-induced injury in human cholangiocytes, Hepatology 55
(2012) 173–183.

[47] J. Cheng, Z.Z. Fang, J.H. Kim, K.W. Krausz, N. Tanaka, J.Y. Chiang, F.J. Gonzalez,
Intestinal CYP3A4 protects against lithocholic acid-induced hepatotoxicity in in-
testine-specific VDR-deficient mice, J. Lipid Res. 55 (2014) 455–465.

[48] D.R. Schmidt, S.R. Holmstrom, K. Fon Tacer, A.L. Bookout, S.A. Kliewer,
D.J. Mangelsdorf, Regulation of bile acid synthesis by fat-soluble vitamins A and
D, J. Biol. Chem. 285 (2010) 14486–14494.

[49] K. Hochrath, C.S. Stokes, J. Geisel, M.J. Pollheimer, P. Fickert, S. Dooley,
F. Lammert, Vitamin D modulates biliary fibrosis in ABCB4-deficient mice,
Hepatol. Int. 8 (2014) 443–452.

[50] Z.W. Peng, N. Ikenaga, S.B. Liu, D.Y. Sverdlov, K.A. Vaid, R. Dixit, P.H. Weinreb,
S. Violette, D. Sheppard, D. Schuppan, Y. Popov, Integrin alphavbeta6 critically
regulates hepatic progenitor cell function and promotes ductular reaction, fibrosis,
and tumorigenesis, Hepatology 63 (2016) 217–232.

[51] Y. Popov, E. Patsenker, F. Stickel, J. Zaks, K.R. Bhaskar, G. Niedobitek, A. Kolb,
H. Friess, D. Schuppan, Integrin alphavbeta6 is a marker of the progression of
biliary and portal liver fibrosis and a novel target for antifibrotic therapies, J.
Hepatol. 48 (2008) 453–464.

[52] N. Ikenaga, Z.W. Peng, K.A. Vaid, S.B. Liu, S. Yoshida, D.Y. Sverdlov, A. Mikels-
Vigdal, V. Smith, D. Schuppan, Y.V. Popov, Selective targeting of lysyl oxidase-like
2 (LOXL2) suppresses hepatic fibrosis progression and accelerates its reversal, Gut
66 (2017) 1697–1708.

[53] L. Kennedy, L. Hargrove, J. Demieville, W. Karstens, H. Jones, S. DeMorrow,
F. Meng, P. Invernizzi, F. Bernuzzi, G. Alpini, S. Smith, A. Akers, V. Meadows,
H. Francis, Blocking H1/H2 histamine receptors inhibits damage/fibrosis in
Mdr2(−/−) mice and human cholangiocarcinoma tumorigenesis, Hepatology
(2018), https://doi.org/10.1002/hep.29898 [Epub ahead of print].

[54] C.D. Fuchs, G. Paumgartner, V. Mlitz, V. Kunczer, E. Halilbasic, N. Leditznig,
A. Wahlstrom, M. Stahlman, A. Thuringer, K. Kashofer, T. Stojakovic,
H.U. Marschall, M. Trauner, Colesevelam attenuates cholestatic liver and bile duct
injury in Mdr2(−/−) mice by modulating composition, signalling and excretion
of faecal bile acids, Gut (2018), https://doi.org/10.1136/gutjnl-2017-314553
[Epub ahead of print].

[55] M. Marzioni, G. Alpini, S. Saccomanno, C. Candelaresi, J. Venter, C. Rychlicki,
G. Fava, H. Francis, L. Trozzi, S. Glaser, A. Benedetti, Glucagon-like peptide-1 and
its receptor agonist exendin-4 modulate cholangiocyte adaptive response to cho-
lestasis, Gastroenterology 133 (2007) 244–255.

[56] D.F. Calvisi, S.S. Thorgeirsson, Molecular mechanisms of hepatocarcinogenesis in
transgenic mouse models of liver cancer, Toxicol. Pathol. 33 (2005) 181–184.

[57] M. Katzenellenbogen, L. Mizrahi, O. Pappo, N. Klopstock, D. Olam, J. Jacob-
Hirsch, N. Amariglio, G. Rechavi, E. Domany, E. Galun, D. Goldenberg, Molecular
mechanisms of liver carcinogenesis in the mdr2-knockout mice, Mol. Cancer Res. 5
(2007) 1159–1170.

[58] X. Mu, R. Espanol-Suner, I. Mederacke, S. Affo, R. Manco, C. Sempoux,
F.P. Lemaigre, A. Adili, D. Yuan, A. Weber, K. Unger, M. Heikenwalder,
I.A. Leclercq, R.F. Schwabe, Hepatocellular carcinoma originates from hepatocytes
and not from the progenitor/biliary compartment, J. Clin. Invest. 125 (2015)
3891–3903.

[59] C.T.S. Kayla Danae Battista, Erica E. Alexeev, Louise E. Glover, Dennis R. Petersen,
Sean P. Colgan, Blair P. Fennimore, A novel murine model of primary sclerosing
cholangitis associated inflammatory bowel disease, FASEB J. 31 (1_supplement)
(2017).

[60] L. Meerman, N.R. Koopen, V. Bloks, H. Van Goor, R. Havinga, B.G. Wolthers,
W. Kramer, S. Stengelin, M. Muller, F. Kuipers, P.L. Jansen, Biliary fibrosis asso-
ciated with altered bile composition in a mouse model of erythropoietic proto-
porphyria, Gastroenterology 117 (1999) 696–705.

[61] P. Fickert, M.J. Pollheimer, U. Beuers, C. Lackner, G. Hirschfield, C. Housset,
V. Keitel, C. Schramm, H.U. Marschall, T.H. Karlsen, E. Melum, A. Kaser,
B. Eksteen, M. Strazzabosco, M. Manns, M. Trauner, P.S.C.S.G. International,
Characterization of animal models for primary sclerosing cholangitis (PSC), J.
Hepatol. 60 (2014) 1290–1303.

[62] D.A. Erkes, S.R. Selvan, Hapten-induced contact hypersensitivity, autoimmune
reactions, and tumor regression: plausibility of mediating antitumor immunity, J
Immunol Res 2014 (2014) 175265.

[63] M. Mourelle, A. Salas, J. Vilaseca, F. Guarner, J.R. Malagelada, Induction of
chronic cholangitis in the rat by trinitrobenzenesulfonic acid, J. Hepatol. 22
(1995) 219–225.

[64] T. Orth, M. Neurath, P. Schirmacher, P.R. Galle, W.J. Mayet, A novel rat model of

V. Mariotti et al. BBA - Molecular Basis of Disease 1865 (2019) 954–964

963

http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0080
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0080
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0080
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0085
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0090
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0090
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0095
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0095
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0100
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0100
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0100
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0105
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0105
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0110
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0110
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0110
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0110
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0115
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0115
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0115
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0120
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0120
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0120
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0120
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0125
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0125
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0130
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0130
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0135
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0135
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0135
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0140
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0140
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0145
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0145
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0145
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0150
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0150
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0150
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0150
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0150
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0150
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0150
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0150
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0150
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0150
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0150
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0150
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0150
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0150
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0150
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0150
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0155
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0155
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0160
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0160
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0165
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0165
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0170
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0170
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0170
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0175
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0175
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0175
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0175
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0180
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0180
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0180
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0185
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0185
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0185
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0185
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0185
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0190
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0190
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0190
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0195
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0195
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0195
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0195
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0200
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0200
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0200
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0205
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0205
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0205
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0205
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0210
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0210
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0215
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0215
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0215
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0220
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0220
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0220
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0220
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0220
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0225
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0225
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0225
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0225
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0230
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0230
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0230
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0230
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0235
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0235
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0235
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0240
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0240
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0240
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0245
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0245
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0245
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0250
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0250
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0250
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0250
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0255
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0255
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0255
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0255
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0260
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0260
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0260
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0260
https://doi.org/10.1002/hep.29898
https://doi.org/10.1136/gutjnl-2017-314553
https://doi.org/10.1136/gutjnl-2017-314553
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0275
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0275
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0275
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0275
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0280
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0280
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0285
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0285
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0285
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0285
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0290
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0290
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0290
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0290
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0290
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0295
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0295
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0295
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0295
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0300
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0300
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0300
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0300
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0305
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0305
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0305
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0305
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0305
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0310
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0310
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0310
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0315
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0315
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0315
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0320


chronic fibrosing cholangitis induced by local administration of a hapten reagent
into the dilated bile duct is associated with increased TNF-alpha production and
autoantibodies, J. Hepatol. 33 (2000) 862–872.

[65] M. Goetz, H.A. Lehr, M.F. Neurath, P.R. Galle, T. Orth, Long-term evaluation of a
rat model of chronic cholangitis resembling human primary sclerosing cholangitis,
Scand. J. Immunol. 58 (2003) 533–540.

[66] P. Lam, R. Wang, V. Ling, Bile acid transport in sister of P-glycoprotein (ABCB11)
knockout mice, Biochemistry 44 (2005) 12598–12,605.

[67] R. Wang, M. Salem, I.M. Yousef, B. Tuchweber, P. Lam, S.J. Childs, C.D. Helgason,
C. Ackerley, M.J. Phillips, V. Ling, Targeted inactivation of sister of P-glycoprotein
gene (spgp) in mice results in nonprogressive but persistent intrahepatic choles-
tasis, Proc. Natl. Acad. Sci. U. S. A. 98 (2001) 2011–2016.

[68] B.L. Woolbright, H. Jaeschke, Novel insight into mechanisms of cholestatic liver
injury, World J. Gastroenterol. 18 (2012) 4985–4993.

[69] K. Yang, K. Kock, A. Sedykh, A. Tropsha, K.L. Brouwer, An updated review on
drug-induced cholestasis: mechanisms and investigation of physicochemical
properties and pharmacokinetic parameters, J. Pharm. Sci. 102 (2013)
3037–3057.

[70] L. Fabris, M. Cadamuro, R. Fiorotto, T. Roskams, C. Spirli, S. Melero, A. Sonzogni,
R.E. Joplin, L. Okolicsanyi, M. Strazzabosco, Effects of angiogenic factor over-
expression by human and rodent cholangiocytes in polycystic liver diseases,
Hepatology 43 (2006) 1001–1012.

[71] S.N. Lichtman, R.B. Sartor, J. Keku, J.H. Schwab, Hepatic inflammation in rats
with experimental small intestinal bacterial overgrowth, Gastroenterology 98
(1990) 414–423.

[72] D.E. Fouts, M. Torralba, K.E. Nelson, D.A. Brenner, B. Schnabl, Bacterial translo-
cation and changes in the intestinal microbiome in mouse models of liver disease,
J. Hepatol. 56 (2012) 1283–1292.

[73] W.S. Garrett, G.M. Lord, S. Punit, G. Lugo-Villarino, S.K. Mazmanian, S. Ito,
J.N. Glickman, L.H. Glimcher, Communicable ulcerative colitis induced by T-bet
deficiency in the innate immune system, Cell 131 (2007) 33–45.

[74] J.H. Tabibian, S.P. O'Hara, C.E. Trussoni, P.S. Tietz, P.L. Splinter, T. Mounajjed,
L.R. Hagey, N.F. LaRusso, Absence of the intestinal microbiota exacerbates he-
patobiliary disease in a murine model of primary sclerosing cholangitis,
Hepatology 63 (2016) 185–196.

[75] A. Lleo, S. Marzorati, J.M. Anaya, M.E. Gershwin, Primary biliary cholangitis: a
comprehensive overview, Hepatol. Int. 11 (2017) 485–499.

[76] S. Hohenester, R.P. Oude-Elferink, U. Beuers, Primary biliary cirrhosis, Semin.
Immunopathol. 31 (2009) 283–307.

[77] E.M. Kuiper, B.E. Hansen, R.P. Adang, C.M. van Nieuwkerk, R. Timmer,
J.P. Drenth, P. Spoelstra, H.T. Brouwer, J.P. Kuyvenhoven, H.R. van Buuren,
P.B.C.S.G. Dutch, Relatively high risk for hepatocellular carcinoma in patients
with primary biliary cirrhosis not responding to ursodeoxycholic acid, Eur. J.
Gastroenterol. Hepatol. 22 (2010) 1495–1502.

[78] J.V. Metcalf, H.C. Mitchison, J.M. Palmer, D.E. Jones, M.F. Bassendine,
O.F. James, Natural history of early primary biliary cirrhosis, Lancet 348 (1996)
1399–1402.

[79] G.M. Hirschfield, M.E. Gershwin, The immunobiology and pathophysiology of
primary biliary cirrhosis, Annu. Rev. Pathol. 8 (2013) 303–330.

[80] H.J. Cordell, Y. Han, G.F. Mells, Y. Li, G.M. Hirschfield, C.S. Greene, G. Xie,
B.D. Juran, D. Zhu, D.C. Qian, J.A. Floyd, K.I. Morley, D. Prati, A. Lleo, D. Cusi,
U.S.P.B.C.C. Canadian, P.B.C.G.S.G. Italian, U.-P. Consortium, M.E. Gershwin,
C.A. Anderson, K.N. Lazaridis, P. Invernizzi, M.F. Seldin, R.N. Sandford, C.I. Amos,
K.A. Siminovitch, International genome-wide meta-analysis identifies new pri-
mary biliary cirrhosis risk loci and targetable pathogenic pathways, Nat. Commun.
6 (2015) 8019.

[81] M.R. Abedi, L. Hammarstrom, U. Broome, B. Angelin, C.I. Smith, B. Christensson,
Reduction in serum levels of antimitochondrial (M2) antibodies following im-
munoglobulin therapy in severe combined immunodeficient (SCID) mice recon-
stituted with lymphocytes from patients with primary biliary cirrhosis (PBC), Clin.
Exp. Immunol. 105 (1996) 266–273.

[82] J. Irie, Y. Wu, L.S. Wicker, D. Rainbow, M.A. Nalesnik, R. Hirsch, L.B. Peterson,
P.S. Leung, C. Cheng, I.R. Mackay, M.E. Gershwin, W.M. Ridgway, NOD.c3c4
congenic mice develop autoimmune biliary disease that serologically and patho-
genetically models human primary biliary cirrhosis, J. Exp. Med. 203 (2006)
1209–1219.

[83] G.X. Yang, Y. Wu, H. Tsukamoto, P.S. Leung, Z.X. Lian, D.B. Rainbow,
K.M. Hunter, G.A. Morris, P.A. Lyons, L.B. Peterson, L.S. Wicker, M.E. Gershwin,
W.M. Ridgway, CD8 T cells mediate direct biliary ductule damage in nonobese
diabetic autoimmune biliary disease, J. Immunol. 186 (2011) 1259–1267.

[84] K. Wakabayashi, Z.X. Lian, Y. Moritoki, R.Y. Lan, K. Tsuneyama, Y.H. Chuang,
G.X. Yang, W. Ridgway, Y. Ueno, A.A. Ansari, R.L. Coppel, I.R. Mackay,
M.E. Gershwin, IL-2 receptor alpha(−/−) mice and the development of primary
biliary cirrhosis, Hepatology 44 (2006) 1240–1249.

[85] W. Hsu, W. Zhang, K. Tsuneyama, Y. Moritoki, W.M. Ridgway, A.A. Ansari,
R.L. Coppel, Z.X. Lian, I. Mackay, M.E. Gershwin, Differential mechanisms in the
pathogenesis of autoimmune cholangitis versus inflammatory bowel disease in
interleukin-2Ralpha(−/−) mice, Hepatology 49 (2009) 133–140.

[86] H. Ishigame, M.M. Mosaheb, S. Sanjabi, R.A. Flavell, Truncated form of TGF-
betaRII, but not its absence, induces memory CD8+ T cell expansion and lym-
phoproliferative disorder in mice, J. Immunol. 190 (2013) 6340–6350.

[87] Y.H. Chuang, Z.X. Lian, G.X. Yang, S.A. Shu, Y. Moritoki, W.M. Ridgway,
A.A. Ansari, M. Kronenberg, R.A. Flavell, B. Gao, M.E. Gershwin, Natural killer T
cells exacerbate liver injury in a transforming growth factor beta receptor II
dominant-negative mouse model of primary biliary cirrhosis, Hepatology 47
(2008) 571–580.

[88] P. Mombaerts, J. Iacomini, R.S. Johnson, K. Herrup, S. Tonegawa,
V.E. Papaioannou, RAG-1-deficient mice have no mature B and T lymphocytes,
Cell 68 (1992) 869–877.

[89] K. Yoshida, G.X. Yang, W. Zhang, M. Tsuda, K. Tsuneyama, Y. Moritoki,
A.A. Ansari, K. Okazaki, Z.X. Lian, R.L. Coppel, I.R. Mackay, M.E. Gershwin,
Deletion of interleukin-12p40 suppresses autoimmune cholangitis in dominant
negative transforming growth factor beta receptor type II mice, Hepatology 50
(2009) 1494–1500.

[90] K. Kawata, M. Tsuda, G.X. Yang, W. Zhang, H. Tanaka, K. Tsuneyama, P. Leung,
X.S. He, S. Knechtle, A.A. Ansari, R.L. Coppel, M.E. Gershwin, Identification of
potential cytokine pathways for therapeutic intervention in murine primary biliary
cirrhosis, PLoS One 8 (2013) e74225.

[91] V.L. Godfrey, J.E. Wilkinson, L.B. Russell, X-linked lymphoreticular disease in the
scurfy (sf) mutant mouse, Am. J. Pathol. 138 (1991) 1379–1387.

[92] M.E. Brunkow, E.W. Jeffery, K.A. Hjerrild, B. Paeper, L.B. Clark, S.A. Yasayko,
J.E. Wilkinson, D. Galas, S.F. Ziegler, F. Ramsdell, Disruption of a new forkhead/
winged-helix protein, scurfin, results in the fatal lymphoproliferative disorder of
the scurfy mouse, Nat. Genet. 27 (2001) 68–73.

[93] J.T. Salas, J.M. Banales, S. Sarvide, S. Recalde, A. Ferrer, I. Uriarte, R.P. Oude
Elferink, J. Prieto, J.F. Medina, Ae2a,b-deficient mice develop antimitochondrial
antibodies and other features resembling primary biliary cirrhosis,
Gastroenterology 134 (2008) 1482–1493.

[94] S. Dai, R. Jia, X. Zhang, Q. Fang, L. Huang, The PD-1/PD-Ls pathway and auto-
immune diseases, Cell. Immunol. 290 (2014) 72–79.

[95] A.R. Concepcion, J.T. Salas, E. Saez, S. Sarvide, A. Ferrer, A. Portu, I. Uriarte,
S. Hervas-Stubbs, R.P. Oude Elferink, J. Prieto, J.F. Medina, CD8+ T cells undergo
activation and programmed death-1 repression in the liver of aged Ae2a,b−/−
mice favoring autoimmune cholangitis, Oncotarget 6 (2015) 28588–28,606.

[96] K. Amano, P.S. Leung, R. Rieger, C. Quan, X. Wang, J. Marik, Y.F. Suen,
M.J. Kurth, M.H. Nantz, A.A. Ansari, K.S. Lam, M. Zeniya, E. Matsuura,
R.L. Coppel, M.E. Gershwin, Chemical xenobiotics and mitochondrial autoantigens
in primary biliary cirrhosis: identification of antibodies against a common en-
vironmental, cosmetic, and food additive, 2-octynoic acid, J. Immunol. 174 (2005)
5874–5883.

[97] P.S. Leung, C. Quan, O. Park, J. Van de Water, M.J. Kurth, M.H. Nantz,
A.A. Ansari, R.L. Coppel, K.S. Lam, M.E. Gershwin, Immunization with a xeno-
biotic 6-bromohexanoate bovine serum albumin conjugate induces anti-
mitochondrial antibodies, J. Immunol. 170 (2003) 5326–5332.

[98] W.T. Ma, Q.Z. Liu, J.B. Yang, Y.Q. Yang, Z.B. Zhao, H.D. Ma, M.E. Gershwin,
Z.X. Lian, A mouse model of autoimmune cholangitis via syngeneic bile duct
protein immunization, Sci. Rep. 7 (2017) 15246.

[99] H.R. Bae, P.S. Leung, K. Tsuneyama, J.C. Valencia, D.L. Hodge, S. Kim, T. Back,
M. Karwan, A.S. Merchant, N. Baba, D. Feng, O. Park, B. Gao, G.X. Yang,
M.E. Gershwin, H.A. Young, Chronic expression of interferon-gamma leads to
murine autoimmune cholangitis with a female predominance, Hepatology 64
(2016) 1189–1201.

[100] K. Tsuneyama, M. Nose, M. Nisihara, K. Katayanagi, K. Harada, Y. Nakanuma,
Spontaneous occurrence of chronic non-suppurative destructive cholangitis and
antimitochondrial autoantibodies in MRL/lpr mice: possible animal model for
primary biliary cirrhosis, Pathol. Int. 51 (2001) 418–424.

[101] K. Ohba, K. Omagari, K. Murase, H. Hazama, J. Masuda, H. Kinoshita, H. Isomoto,
Y. Mizuta, M. Miyazaki, I. Murata, S. Kohno, A possible mouse model for spon-
taneous cholangitis: serological and histological characteristics of MRL/lpr mice,
Pathology 34 (2002) 250–256.

V. Mariotti et al. BBA - Molecular Basis of Disease 1865 (2019) 954–964

964

http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0320
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0320
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0320
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0325
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0325
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0325
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0330
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0330
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0335
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0335
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0335
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0335
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0340
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0340
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0345
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0345
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0345
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0345
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0350
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0350
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0350
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0350
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0355
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0355
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0355
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0360
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0360
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0360
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0365
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0365
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0365
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0370
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0370
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0370
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0370
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0375
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0375
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0380
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0380
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0385
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0385
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0385
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0385
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0385
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0390
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0390
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0390
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0395
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0395
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0400
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0400
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0400
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0400
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0400
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0400
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0400
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0405
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0405
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0405
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0405
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0405
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0410
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0410
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0410
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0410
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0410
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0415
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0415
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0415
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0415
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0420
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0420
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0420
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0420
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0425
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0425
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0425
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0425
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0430
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0430
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0430
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0435
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0435
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0435
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0435
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0435
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0440
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0440
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0440
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0445
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0445
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0445
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0445
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0445
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0450
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0450
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0450
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0450
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0455
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0455
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0460
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0460
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0460
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0460
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0465
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0465
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0465
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0465
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0470
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0470
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0475
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0475
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0475
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0475
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0480
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0480
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0480
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0480
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0480
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0480
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0485
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0485
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0485
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0485
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0490
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0490
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0490
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0495
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0495
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0495
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0495
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0495
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0500
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0500
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0500
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0500
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0505
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0505
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0505
http://refhub.elsevier.com/S0925-4439(18)30274-6/rf0505

	Animal models of cholestasis: An update on inflammatory cholangiopathies
	Introduction
	Mechanisms of bile formation
	Primary sclerosing cholangitis (PSC)
	Mdr2 (Abcb4)−/− mice
	Mice fed with 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC)
	Rats fed with 2,4,6-trinitrobenzene sulfonic acid (TNBS)
	Lithocholic acid (LCA) fed mice
	Models involving enteric bacterial cell wall components or colitis

	Primary biliary cholangitis (PBC)
	NOD.c3c4 mice
	IL-2Rα−/− mice
	dnTGFβRII mice
	Scurfy mice
	Ae2a,b−/− mice
	Immunization of mice and guinea pigs using xenobiotics and self-antigens
	ARE-Del−/− mice
	MRL/lpr mice

	Conclusion
	Transparency document
	Acknowledgements
	References




