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Abstract

Background Biliary atresia (BA) is the most common cause of obstructive jaundice in infants. Although the Kasai procedure
has greatly improved the prognosis, most patients still need liver transplantation (LT) for long-term survival. The pathogenesis
of BA has not been fully clarified, and liver fibrosis in BA is far beyond biliary obstructive cirrhosis.

Data sources Literature reviews were underwent through PubMed. Persistent inflammation, immune response, biliary epithe-
lial-mesenchymal transition, matrix deposition, decompensated angiogenesis, and unique biliary structure development all
contribute to the fibrosis process. Observed evidences in such fields have been collected and form the backbone of this review.
Results Interactions of the multiple pathways accelerate this process.

Conclusions Understanding the mechanisms of the liver fibrosis in BA may pave the way to improved survival after the

Kasai procedure.
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Introduction

Biliary atresia (BA) is characterized by progressive inflam-
mation and fibrotic sclerosis of the biliary tree. It is the
most common cause of obstructive jaundice in infants.
Children who are not treated usually die before age 2 years
because of cholestasis and progressive liver fibrosis [1].
Although the Kasai procedure has greatly improved the
prognosis, most patients still need liver transplantation
(LT) for long-term survival, which accounts for over half of
the LTs in children [2, 3]. Liver fibrosis in BA progresses
is more rapidly than any other hepatic or biliary diseases
among adults and children. The underlying pathogenic fac-
tors of this disease have not been fully clarified. Consider-
ing the complicated etiologies behind BA, its liver fibrosis
is far beyond biliary cirrhosis secondary to obstruction [4].
Understanding the pathogenesis of liver fibrosis in BA may
improve long-term outcome after operation and decrease
needs for LT (Fig. 1). Different from congenital hepatic
fibrosis, alpha 1 antitrypsin deficiency, citrin deficiency,
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progressive familial intrahepatic cholestasis, and Alagille
syndrome, BA has its own liver fibrosis features. Much
research has been done in the fields of ductal plate mal-
formation, virus infection, immune reaction, and epithe-
lial-mesenchymal transition (EMT). Long-term interac-
tions between different factors result in connective tissue
proliferation and diffuse extracellular matrix (ECM) depo-
sition (Fig. 2). Observed evidences in such fields above
have been collected and form the backbone of this review,
hope it will benefit the further studies.

Bile duct development and congenital
abnormalities

Human embryological studies have found that extrahe-
patic bile duct arises from an outpouching of foregut endo-
derm starting at about 20 days of gestation, while intrahe-
patic biliary network develops later until at least 49 days,
and successful union from both sides is expected around
11-12 weeks. The intrahepatic bile duct is formed from the
hepatic stem cells near the hilar portal vein and its intrahe-
patic branches to a double-layered epithelial structure, so-
called ductal plate (DP), forms from the hepatic portal to the
peripheral region [5]. Bile duct development and remodeling
are regulated by genetic, immune, and micro-environmen-
tal factors. Maldevelopment of intrahepatic bile ducts is
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Fig. 1 Possible mechanisms participate in the liver fibrosis of biliary
atresia. Virus infection initiates the injury and inflammation around
the perinatal period based on the knowledge from mice model. Ductal
plate malformation and other associated congenital abnormalities
have the constant impacts since gestation. Bacterial cholangitis will

Fig.2 Virus infection and
bacterial cholangitis cause
injuries to the bile duct epithe-
lium, which evoke the immune
response and activate the HSC.
Bacteria’s LPS, virus’ double-
stranded DNA and TGF-f
could induce EMT and transfer
the bile duct epithelium into
fibrogenic myofibroblasts (red
arrow). MB and HSC secrete
abundant collagens and increase
ECM deposition (green arrow),
causing the liver parenchyma’s
hypoxia and inducing angiogen-
esis. Because of the immaturity
and inflammatory of neo-
vessels with high permeability,
extravasation serum protein
will deteriorate the liver fibrosis
consequently (green arrow).
ECM extracellular matrix, EMT
epithelial-mesenchymal transi-
tion, HSC hepatic stellate cell,
LPS lipopolysaccharides, MB
myofibroblasts, TGF-f trans-
forming growth factor-f8

Bile duct epithelium

Immune cell
w TGF-B

regarded to occur by failure of the DP remodeling process

between 11 and 13 week gestation and becomes clinically

evident after birth, as ductal plate malformation (DPM) [6].
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rial injuries evoke inflammation under immature immune disorders.
Epithelial-mesenchymal transition, matrix collagen deposition and
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BA patients with DPM have more severe fibrosis, inflamma-
tory infiltration, and bridging necrosis [6] will have a shorter
native liver survival [7].
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Bile duct proliferation is seen in liver sections of neo-
natal infants with obstructive jaundice, especially in BA.
The improper ductal plate resembling the DP network was
reconstructed by computer-generated 3D reconstructions
study from serial BA liver sections [8]. Jose and colleagues
have found that hepatocytes undergo metaplasia and ductular
proliferation instead of replication to form ductular cells in
BA livers [9]. Such proliferation ductal reactions are typi-
cally present within the regions of bridging fibrosis, where
collagen-producing myofibroblasts origin from the portal
fibroblasts [10]. These ductal reactive cells express both
epithelial and mesenchymal markers [11, 12]. Progenitor/
stem cell marker expressing cells within and adjacent to the
ductular reactions can also stimulated collagen-1a expres-
sion and periportal fibrosis [13]. All patients with DP malde-
velopment and malfunction have worse bile drainage, which
occurs diversely from 15.4 to 69.2% in BA [6, 7].

As we all know, BA patients have malformation beyond
hepatic and biliary system. There are certain BA infants
with biliary atresia splenic malformation (BASM) and have
splenic abnormalities, vascular anomalies, situs inversus,
and cardiac anomalies [14]. This group accounts 10% of
whole BA population, featuring with an earlier onset of
jaundice and extrahepatic bile ducts absence [15]. CFC-1
missense mutations have been showed in around 50% BASM
cases indicating a genetic context in this subgroup [16]. It
is reported that 13% BA patients had associated congenital
abnormalities, with 3.6% portal vein anomaly, 6.0% infe-
rior vena cava interruption, and 7.9% cardiac malformations
[17]. Vascular malformations mentioned above could cause
portal cirrhosis and liver fibrosis with long-term increasing
pressure within the portal vein or inferior vena cava [18].

Virus infection, immune disorders,
and inflammation

Liver inflammatory injury with different causes finally acti-
vates hepatic stellate cells (HSCs), Kupffer cells, and sinu-
soidal endothelial cells, initiating liver fibrosis.

The most discussed hypothesis of BA is virus infection in
the perinatal period triggers immune—inflammatory injury.
Inappropriate innate immune response to double-stranded
RNA viruses resulted in a progressive, inflammatory, and
sclerosing cholangiopathy in biliary atresia [19, 20]. For
decades, viruses have been implicated as a potential trigger
for aggressive auto immune response to the infection [21,
22]. Hepatotropic viruses caused an inflammatory reaction
damaging the bile duct via blood flow to the liver. Neverthe-
less, the debate about whether the viruses are simply inno-
cent bystanders or integral to the pathogenesis still contin-
ues. A group from Hannover, Germany looked at multiple
possible viruses using polymerase chain reaction and found

nucleic acid evidence of reovirus (RV) in 33%, cytomegalo-
virus (CMYV) in 11%, enterovirus in 1.5%, and adenovirus
in 1% [23]. Maybe, such viruses were just selected by the
absence of bile salts [24]. The absence of dominant active
virus detected in BA patients and multiple virus positive
trending in older cases leave the hypothesis pending, and
further investigations are needed.

Bacterial cholangitis is a common scenario in BA after
Kasai procedure, which affects more than 50% of patients
[25]. Recurrent cholangitis results in bile flow obstruction
with a subsequent deterioration of the hepatic function, bile
flow and ongoing cirrhosis [26], increasing mortality, and
worsening prognosis [27]. The possible explanation is that
ascending bacterial infection originating from the enteric
conduit, and further blood cultures included Klebsiella
pneumoniae, Enterococcus, Escherichia coli, and Pseu-
domonas aeruginosa [25]. Bacterial components including
lipopolysaccharides induce and maintain the activation of
chronic inflammation immune cells in the periductal area
[20]. CMV IgM +ve BA group still has a decreased clear-
ance of jaundice and a significantly increased mortality [28],
which shows hepatotropic virus also played an important
role in the post-operatively disease progress. Inflammation
and fibrosis persisted in the CMV infection BA patients’
livers, and severe hepatocyte necrosis and portal area inflam-
mation were observed even after postoperative relief of jaun-
dice [28].

Hepatotropic virus infections also evoke inflammatory
pathways and mediators, causing liver and bile duct injury
and inflammatory further reaction. Biliary epithelial antigen
exposure and inflammatory reactions trigger and promote
liver fibrosis even after when virus could not be detected.
Virus antigens activate CD4 +/CD8+ T cells and Kupffer
cells via interferon (IFN)-y, while T helper 1 cell cytokine
profile is present in the portal tracts of patients with BA
[29]. The over reactivated T cells express CD14, inducible
nitric oxide synthase, perforin, IFN, interleukin (IL), gran-
zyme, and tumor necrosis factor (TNF) [30]. Such cytokines,
viruses, and necrotic decompositions evoke immune cells
and continue to increase bile duct epithelial and liver cells
necrosis and apoptosis. The imbalanced environment and
inflammatory pathways finally activate HSCs, facilitate
fibrogenic myofibroblasts, deposit collagen, and promote
biliary fibrosis [31]. Plenty of virus induced animal models
supported the proof of the abnormal inflammation and auto-
immunity in BA [5, 32-34]. RV targeting biliary epithelia
caused tissue-specific inflammatory injury in mice [34], and
some RV antigens triggered an autoimmune reaction [32].
Bile duct defects were induced in zebrafish through DNA
hypomethylation, and elevated IFN-y level was shown to
be the common pathway of multiple inflammatory injuries
in BA [35]. Such cross-reactivity loop continues even after
virus clearance and Kasai procedure.
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Evidence of humoral and cellular immune attack has
been found in BA models. Small amounts of bacterial tox-
ins and lipopolysaccharide can make liver macrophages
produce cytokines like TNF-a, transforming growth fac-
tor (TGF), and platelet-derived growth factor to activate
HSCs. Contamination and retrograde infection by intes-
tinal bacteria after Kasai procedure continuously acti-
vate CD14 macrophages in the BA liver to promote the
inflammatory reaction, bile duct damage, and fibrogenesis
[36]. T cells activated by the bile duct antigens induce
biliary epithelial necrosis and apoptosis through perforin,
granzyme, Fas/FasL, and locally released cytokines [30].
RV-primed CDS8 + cells were proven cytotoxicity to duct
epithelium in both coculture and BA mouse model [37].
Lu et al. found that a-enolase from Rhesus rotavirus
(RRV) activated humoral autoimmunity in BA animals and
patients [32]. The cross-talk between bile duct epithelium
and parenchymatous HSC is one of the events chain in BA
liver fibrosis [29, 30, 38, 39].

The cholangiocytes of extrahepatic bile ducts secreted
IL-33 to increase proliferation after RRV infection. The
elevation of IL-33 was mediated by upper-adjust type 2
innate lymphoid cells (ILC2s) to release IL-13 [38]. This
paracrine system of IL-33-ILC2s-IL-13 axis regulated
adjacent bile duct epithelial cells’ proliferation. Further-
more, IL-33 activates HSC and promotes hepatic fibrosis
[39]; such biliary epithelium-humoral/cellular immune-
HSC axis may also play a role in the liver parenchyma
fibrosis.

Regulatory T (Treg) cells play important roles in the
infectious and autoimmune diseases. An absence of Treg
cells may open the time window for the biliary inflamma-
tion in murine model without inhibiting NK cell expan-
sion [40]. It is important to maintain a stable immune
environment through regulatory cytokines with an immu-
nosuppressive effect. Th17 cells function through IL-17a,
which can regulate inflammatory infiltration to activate the
nuclear-factor-kB-mediated inflammatory response and
induce the expression of IL-6, TNF, monocyte chemoat-
tractant protein-1, and macrophage inflammatory protein-2
to damage liver and bile duct tissue [41]. The inflammatory
pathway proliferates Th17 cells also inhibits immunosup-
pressive Treg cells. One study has found increased Th17
and decreased Treg cells in BA blood samples, and the
imbalance is more obvious with aggravating fibrosis [41].
The infiltration of Th-17 in the liver was associated with a
worse surgical outcome in BA [42]. Loss of adequate num-
bers of Treg cells in BA could be responsible for decreased
inhibition of inflammation or autoreactivity [43]. Sustained
immune disorders after the Kasai procedure have contrib-
uted to the development of liver fibrosis in BA.
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Matrix collagen deposition after Kasai
procedure

Biliary epithelia, Kupffer cells, HSCs, and hepatocytes
secrete abundant collagen, increase ECM deposition, and
facilitate liver fibrosis [44]. Activated HSCs can trans-
form into myofibroblasts and fibroblasts, which are both
effector cells secreting matrix proteins in fibrosis [31]
(Fig. 2). Such effector cells synthesizing collagen in BA
liver are up-regulated by microRNA (miR)-29, TNF-a,
TGF-B, and IL-17 [45-47]. Compared to other cholestatic
liver disease, BA livers had increased integrin alpha 3 and
decreased laminin beta 1 in matrix [48].

Matrix metalloproteinases (MMPs) are a family of pro-
teolytic enzymes that target the ECM. Most MMPs mainly
degrade types I and III collagen, preventing matrix deposi-
tion and fibrosis in the liver. Recent study found that MMP-7
had the greatest increased fold in BA liver among MMPs
[49]. Tissue inhibitors of metalloproteinase (TIMPs) are spe-
cific suppressors of MMPs. It has been found that MMPs
and TIMPs are regulated in BA patients [50]. The synthetic
action of MMPs and TIMPs affects the quantity and pattern
of ECM. When targeted by different etiological factors, the
ongoing imbalance between MMPs and TIMPs may be the
initial step in collagen deposition.

Epithelial-mesenchymal transition

Epithelial-mesenchymal transition (EMT) is a basic
pathophysiological phenomenon that plays an important
role in embryonic development and tissue reconstruction.
Polarized epithelial cells change phenotype into fibrogenic
myofibroblasts through EMT. Recent research has found
EMT undergoing in BA characteristic with bile ductu-
lar proliferation, obliteration and liver fibrogenesis [51],
which could be developed by innate immunity against
double-stranded RNA [19] (Fig. 2).

TGF-B could induce EMT and collagen deposition in
cultured mouse hepatocytes [47]. There is strong staining
of TGF- mRNA in biliary epithelia of BA, which triggers
the fibrosis [52] and is affected significantly by miR-200b
[53]. The Wnt pathway was expressed in murine HSCs
by bile duct ligation [54], which could activate the HSCs,
induce fibrogenic myofibroblasts, and lead to hepatic fibro-
sis through EMT. Moreover, the cadherin, Snail/Slug, Shh,
and Notch pathways also mediate and transform the biliary
epithelial EMT [55]. All these pathways interact and cre-
ate a complicated cell signaling coordination network in
BA fibrosis. EMT is one of the BA liver fibrosis features,
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which form the cornerstone of characteristic portal fibrosis
in patients and animal models’ liver [4, 7, 28, 45, 51].

Angiogenesis

Angiogenesis is a hypoxia-stimulated and dynamic process.
Fibrosis and angiogenesis are found coexisting in many dis-
eases [56]. Some studies have found a significant increasing
in angiogenesis in liver cirrhosis [57-59]. Diffuse fibrosis
decreases the blood flow and induces liver cell hypoxia in
cirrhosis. Increased permeability of the sinusoidal endothe-
lial cell worsens hypoxia by intrahepatic shunts formation,
vascular contraction, and embolism. Hypoxia as a strong
stimulating factor also promotes the expression of IL-1,
IL-8, and TGF-f, which elevate the mRNA and protein level
of vascular endothelial growth factor (VEGF) [57]. VEGF is
strongly stained in hepatocytes, liver sinusoidal endothelial
cells, and intrahepatic vascular endothelial cells [58, 60],
which could induce HSC proliferation and activation [61].

Elevated VEGF can relieve hypoxia and maintain liver
cell function by inducing liver sinusoidal endothelial cell
division, hepatic sinus formation, and intrahepatic angio-
genesis [62]. However, the anatomic and fluid changes in
chronic liver diseases increased resistance to blood flow and
oxygen delivery from the sinusoids to the parenchyma [63].
Decompensation cannot improve the blood supply in BA
eventually, because of the immaturity and inflammatory of
new VEGF-induced neo-vessels with high permeability and
the blockage of the lumen with exosmic plasma fibrinogen
(Fig. 2). Persistent hypoxia continually activates the HSCs
and promotes liver fibrosis through VEGF, which might be
a potential therapeutic target for BA liver fibrosis [64].

Conclusions

In summary, the complicated etiological mechanisms in BA,
unique biliary structure development, persistent post-oper-
atively inflammation and immune response, biliary EMT,
matrix deposition, and decompensated angiogenesis play
important roles in the liver fibrosis of BA. Interactions of
the multiple pathways accelerate this process. Understanding
the mechanisms of the liver fibrosis in BA may pave the way
to improved survival after the Kasai procedure. Research
in this field may find potential targets to relieve the liver
fibrosis.
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