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Abstract
Cholestatic liver disease causes significant morbidity 
and mortality in children. The diagnosis and man­
agement of these diseases can be complicated by an 
inability to detect early stages of fibrosis and a lack 
of adequate interventional therapy. There is no single 
gold standard test that accurately reflects the presence 
of liver disease, or that can be used to monitor fib­
rosis progression, particularly in conditions such as 
cystic fibrosis. This has lead to controversy over how 
suspected liver disease in children is detected and 
diagnosed. This review discusses the challenges in 
using commonly available methods to diagnose he­

patic fibrosis and monitor disease progression in 
children with cholestatic liver disease. In addition, the 
review examines the mechanisms hypothesised to be 
involved in the development of hepatic fibrogenesis in 
paediatric cholestatic liver injury which may ultimately 
aid in identifying new modalities to assist in both dis­
ease detection and therapeutic intervention.
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INTRODUCTION
Cholestatic liver disease is a significant cause of  mor­
bidity and mortality in infants and children. The in­
ability to detect early stages of  fibrosis and to monitor 
progressive hepatic injury hampers both the diagnosis 
and management of  these diseases. Recent studies aimed 
at understanding the cellular and molecular basis of  
hepatic fibrogenesis in adult and paediatric liver disease 
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have the potential to improve diagnostic capability and 
may lead to improved therapeutic intervention. This 
review details the difficulties associated with the use 
of  commonly available methods to detect liver injury, 
diagnose hepatic fibrosis and monitor progression to 
cirrhosis in children with cholestatic liver disease, in 
particular in infants with biliary atresia and children 
with liver disease associated with cystic fibrosis, and 
examines the proposed mechanisms associated with the 
development of  hepatic fibrogenesis in these conditions.

DIAGNOSIS OF FIBROSIS AND 
ASSESSMENT OF DISEASE 
PROGRESSION
Common paediatric cholestatic liver diseases
The most common diagnosis in infants presenting with 
clinical or biochemical evidence of  liver disease is benign 
Idiopathic Neonatal Hepatitis accounting for up to 40% 
of  cases[1], with incidence rates reported between 1 in 
4 800 and 1 in 9 000 live births[2]. Bilary Atresia is a liver 
disease of  the newborn affecting the intra- and extra-
hepatic bile ducts, with incidence rates reported to be 
between 1 in 8 000 to 1 in 21 000 live births (reviewed 
in[3]). Biliary atresia is the major indication for liver trans­
plantation in children. The natural history of  the disease 
is variable, with an unpredictable rate of  progression 
and outcome. Diagnosis is complicated as infants have 
clinical symptoms which can be indistinguishable from 
Neonatal Hepatitis. A confirmed diagnosis of  biliary 
atresia is made by operative cholangiogram, during which 
a liver biopsy is performed to assess the extent of  hepatic 
fibrosis. If  a diagnosis of  biliary atresia is confirmed, 
then a portoenterostomy (Kasai procedure) is usually 
performed before 100 d of  life. However, the successful 
establishment of  bile drainage with this procedure is 
variable and up to 40% of  children will develop significant 
fibrosis and progress to liver transplantation within the 
first few years of  life[3]. The autosomal recessive disorder 
Alpha-1-antitrypsin deficiency affects 1 in 1 800 live births 
and is the most common genetic cause of  liver disease 
in children. A mutation in the ATZ protein renders the 
molecule incapable of  correct folding resulting in the 
aggregation of  misfolded protein in the endoplasmic reti­
culum, subsequently leading to liver damage[4]. However, 
not all patients with the ATZ mutation develop liver 
disease[5]. The natural history of  the disease is variable 
suggesting that both host and genetic factors play an 
important part in the pathogenesis[4].

Another relatively common paediatric cholestatic 
condition is liver disease associated with cystic fibrosis 
(CF). With increasing life expectancy of  children born 
with CF, the prevalence of  liver disease is escalating and 
the progression of  fibrosis to cirrhosis is contributing 
increasingly to adverse outcomes in the CF population. 
This review will focus on current modalities used to 
diagnose fibrosis and to monitor fibrosis progression to 

cirrhosis in these children. The diagnosis of  liver disease 
and more importantly, fibrosing liver disease in children 
with CF is difficult. There are limited biochemical and 
clinical tests that give definitive diagnoses of  disease 
or offer an accurate, minimally invasive method of  
monitoring the progression of  fibrosis.

Diagnosis and monitoring CF liver disease
As the life expectancy of  children and adults with CF has 
increased over the past decade, there has been a steady 
increase in the incidence of  non-respiratory complications 
of  CF such as liver disease[6]. The origin of  the pathogenic 
lesion in CF is focal hepatic biliary fibrosis[7] which 
typically progresses slowly and unpredictably during 
childhood and adolescence. Clinical presentation with 
hepatomegaly and/or splenomegaly is usually around 
10 years of  age. Diagnosis of  liver disease relies on a 
combination of  clinical, biochemical, radiological and 
histological assessments; however, this is complicated 
by inconsistent use of  definitions for what constitutes a 
diagnosis of  liver disease[7]. 

It is estimated that up to 17% of  children with 
CF will develop significant liver disease[8,9], with up to 
10% developing cirrhosis, and prior to the advent of  
transplantation, end stage liver disease was the primary 
cause of  death for 5% of  patients with CF[10]. It has long 
been suspected that liver cirrhosis is also an important 
factor in premature death from other primary causes 
such as respiratory failure. However, the true prevalence 
of  CF liver disease (CFLD) is unknown due to the poor 
sensitivity and specificity of  available clinical tools used in 
diagnosis and monitoring disease progression. Based on 
radiological methods (ultrasound scanning), biochemical 
tests, clinical methods [presence or absence of  hepato (± 
spleno) megaly] and histological assessment, the estimated 
prevalence of  hepatic fibrosis and liver disease is proposed 
to be between 26%-45% in patients with CF[10-12]. How­
ever in studies undertaken at autopsy, the prevalence 
of  significant liver disease is suggested to be as high as 
10% in children, and 72% in adults[13]. Methods that are 
sensitive and specific enough to detect early evidence 
of  cholestatic liver disease, and that can accurately 
monitor hepatic fibrosis progression are lacking[8]. This is 
particularly important in the setting of  CF in which early 
detection of  hepatic injury and fibrosis alerts the clinician 
to a more complicated future with further increased 
energy expenditure, impaired GI function and the need 
for more aggressive clinical management. It also allows 
for the timely commencement of  ursodeoxycholic acid 
therapy which is proposed, though not demonstrated, 
to have a better efficacy earlier in the natural history of  
cholestatic liver diseases.

Diagnosis of  liver disease using the presence of  he-­ 
patomegaly and/or splenomegaly: Clinical liver dise- 
ase is defined as an increase in volume and harder con- 
sistency of  the liver, particularly of  the right lobe with  
or without splenomegaly[14,15]. Studies using the pres­
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ence of  hepatomegaly, alone or in combination with 
splenomegaly, as indicative of  liver disease report a 
prevalence rate of  4%-40%[7,12,16-18]. The use of  hepato/
splenomegaly as a method for the diagnosis of  liver 
disease is inconsistent and controversial.

Biochemical markers of  liver disease: In children 
with suspected CFLD, abnormalities in liver function 
tests (LFTs) are unreliable for the detection of  signi­
ficant liver disease and fibrosis[8], and hence are not 
useful to detect or measure the progression of  fibrosis.  
Abnormal LFTs in CF are likely to be from more benign 
causes such as intercurrent infections, drug reactions 
and steatosis, and many children with advanced fibrosis 
have normal biochemistry. There is no consensus in the 
literature on a definition of  “biochemically indicated liver 
disease” further complicating the assessment and use of  
biochemical markers of  liver disease. The United States 
cystic fibrosis Foundation recommend that liver disease 
should be suspected if  the child has any liver enzyme 
elevated by more than 1.5 times the upper limit of  
normal on two concurrent occasions and recommends 
more frequent testing of  LFTs[8]. In comparison many 
clinical studies define biochemical liver disease as an 
elevation of  LFTs for more than 2 years in patients who 
are > 4 years of  age[10]. 

There is considerable evidence to suggest that children 
can have normal LFTs but underlying fibrogenesis[12,18,19]. 
When compared with fibrosis staged by liver biopsy, 
significant histological disease has been reported in up to 
56% of  patients with normal LFTs[15]. Abnormal LFTs 
are seen in 17%-80% of  patients with CF, unrelated to 
the presence of  neonatal cholestatsis[8,10,12,15,16,20], and in the 
absence of  overt histological involvement. Many children 
who present with biochemical liver disease do not go 
on to develop histological liver disease[10], but abnormal 
biochemical markers have been associated with future 
development of  abnormal ultrasound or the presence 
of  clinical hepato/splenomegaly in 75% of  children[20]. 
In patients with CF, treatment with ursodeoxycholic 
acid leads to improvement of  biochemical markers of  
liver disease (ALT/AST)[21], however there is little evi­
dence that it changes the natural history of  the disease, 
further supporting the idea that biochemical markers 
of  liver disease do not accurately reflect the underlying 
pathogenesis. 

Ultrasound imaging: Hepatic ultrasound scanning 
is a common clinical tool used to detect and diagnose 
liver fibrosis in children with cholestatic liver disease, 
specifically in children with suspected CFLD. Although 
widely used, ultrasound has poor sensitivity and specificity 
for detecting and staging fibrosis[22]. Between 18% and 
35% of  children with CF will display abnormalities 
detected by ultrasound scanning by age 6[20,23], irrespective 
of  evidence of  biochemical or histological liver disease. 
Abnormal ultrasound scores do not correlate with bio­
chemical markers of  liver disease or with the presence 

of  hepatomegaly, with abnormal echogenicity frequently 
found in the absence of  biochemical, or clinical indicators 
of  liver disease[24]. 

A diagnosis of  fibrosis based only on ultrasound may 
be erroneous because steatosis appears sonographically 
similar to focal fibrosis in the liver, both lesions being 
common in the setting of  CFLD. A recent study exa­
mined the relationship between ultrasound scores and 
fibrosis staged by dual pass liver biopsy in children with 
suspected CFLD[22]. This study found that ultrasound 
scanning had poor sensitivity and specificity in diag­
nosing the absence of  fibrosis but had some utility in 
confirming the presence of  advanced liver fibrosis and 
cirrhosis. In children with indeterminate ultrasound 
scores, liver histology ranged from normal with no evi­
dence of  fibrosis to advanced stages of  fibrosis inclu
ding cirrhosis. 

Because of  poor sensitivity for early and moderate 
liver fibrosis, ultrasound is a poor predictor of  the future 
development of  serious liver complications. Children 
with normal hepatic ultrasound scores can still develop 
clinically significant liver disease and display evidence 
of  fibrosis upon liver biopsy[22]. In most paediatric 
cholestatic liver diseases, ultrasound is a better diagnostic 
tool for detecting the presence of  ascites, hepatic vein 
dilation, gallstones and common bile duct stones[8].

Ling and colleagues demonstrated that over a 4 year 
follow-up period, 92% of  children with CF showed 
some evidence of  liver abnormality determined by either 
biochemical tests, ultrasound or the presence of  hepato/
splenomegaly. Biochemical and ultrasound abnormalities 
were often intermittent suggesting a high rate of  false 
positivity[23]. Biochemical testing, ultrasound scanning and 
the presence of  hepatosplenomegaly are poor diagnostic 
indicators of  sustained hepatic fibrosis and give a poor 
indication of  the underlying fibrogenesis.

Use of  liver biopsy to detect fibrosis in CF liver dise­
ase: Given the lack of  sensitivity and specificity in the use 
of  clinical, biochemical or radiological tests, liver biopsy 
is considered the gold standard to detect hepatic fibrosis. 
However, the use of  liver biopsies to detect fibrosis in 
CF is not routine, and mainly limited to tertiary paediatric 
transplant centres. Liver biopsy is not without risk. Patient 
discomfort, the use of  a general anaesthetic in children, 
and the risk of  rare, but serious complications including 
blood transfusion for bleeding, biliary peritonitis and 
pneumothorax are noted disadvantages. Liver biopsy in 
adults had an estimated morbidity of  3% and a mortality 
rate of  0.03%, prior to the more recent practice of  ultra­
sound guidance. The pathogenic lesion in CFLD is the 
formation of  focal biliary fibrosis which can ultimately 
progress to multilobular cirrhosis. Thus, the focal nature 
of  CFLD can influence the reproducibility and reliability 
of  liver biopsy in demonstrating fibrosis; cirrhosis can 
be difficult to diagnose given the irregularity of  fibrosis 
distribution and the sample size associated with needle 
biopsies[25]. Studies have suggested that multiple biopsies 
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will only have a concordant diagnosis of  cirrhosis in 33% 
of  cases (reviewed in[26]). Contamination by stroma and 
nodularity may suggest cirrhosis, however, a complete 
regenerative nodule is required for an accurate diagnosis 
of  cirrhosis. The likelihood of  significant sampling 
error is not limited to cases of  cirrhosis given that it is 
estimated that only 1/50 000th of  the liver is sampled. 
This is compounded even further in cholestatic disorders 
such as CFLD, PSC, Alagilles where fibrogenesis is more 
heterogeneous compared to primarily hepatitic liver dis­
eases such as hepatitis C virus (HCV) infection and Non-
Alcoholic Steatohepatitis (NASH). 

A recent study evaluated the utility of  liver biopsy to 
diagnose liver disease and detect fibrosis in children with 
suspected CFLD[19]. This preliminary study illustrated 
that dual pass liver biopsies improved detection of  li­
ver fibrosis compared with a single pass; there was a 
significant level of  discordance between the first and 
second pass with 35% of  liver biopsy pairs found to be 
non-concordant. Additionally, a diagnosis of  fibrosis 
would have been missed in approximately 1 in 5 cases. 
However, sampling error and inter-observer error can 
be reduced by using dual pass liver biopsies, and rejec­
ting biopsies that have < 5 portal tracts available for 
analysis[27]. 

Given the major limitations of  biochemical and radio­
logical tests to detect fibrosis and monitor the progression 
of  fibrosis, it must be inferred that liver biopsy is the best 
currently available tool to monitor fibrosis progression. 
However, there are no studies available examining fibro
genesis in multiple liver biopsies in children with CFLD. 
Preliminary results from a recent clinical study suggest 
that increasing stage of  fibrosis may predict the deve­
lopment of  portal hypertension[19], although further con­
firmatory studies are required.

Utility of  additional non-invasive methodologies 
for fibrosis detection: With the aforementioned risks 
associated with liver biopsy especially in children, it is 
desirable to find alternative methods to accurately detect 
and stage liver fibrosis and to monitor fibrosis pro­
gression in children with cholestatic liver disease. 

Transient elastography: In the search for non-invasive 
tools to detect fibrosis in adult liver disease, transient 
elastography shows significant promise. Transient elas
tography assesses the stiffness of  the liver by measuring 
the elastic shear of  a vibrational wave that propagates 
through the liver tissue. The harder the tissue, the faster 
the shear wave is propagated[28]. This technology offers 
a non-invasive, easily reproducible, bedside method 
of  measuring liver stiffness and is increasingly used to 
determine and monitor liver fibrosis in diseases such 
as HCV and NASH[28]. Transient elastography can be 
performed on most patients except for those who are 
obese or have ascites[29]. A significant advantage of  this 
technique is the increased proportion of  the liver that 
is sampled and a lower intra- and inter-observer error 
when compared with liver biopsy. Transient elastography 

has a sample size of  approximately 3cm2, some 100 
times greater than the sample size of  liver biopsy[29]. Tran­
sient elastography has been validated for use in adults 
with either Hepatitis B virus (HBV), HCV, NASH, 
alcoholic liver disease or haemochromatosis. However, 
this technology has not been studied extensively in adu­
lts or children with cholestatic liver disease (reviewed 
in[30]). The utility of  transient elastography in diagnosing 
liver fibrosis in most patients may lie in distinguishing 
cirrhotic patients from non-cirrhotic patients[30]. 

To date, four studies have examined the utility of  tran­
sient elastography in detecting hepatic fibrosis in children, 
including NASH[31], CFLD[32], a mixed population of  
chronic liver diseases including CFLD, HBV, HCV, bili­
ary atresia, Autoimmune Hepatitis, Wilsons disease[33], 
and in children with the congenital heart defect resulting 
in Fontan circulation[30]. The most extensive study was 
that conducted in NASH[31], where hepatic fibrosis was 
assessed using both transient elastography and liver bio­
psy. This study suggested that transient elastography 
was able to distinguish between no fibrosis, significant 
fibrosis and advanced fibrosis. However, while there was 
a significant correlation between increasing elastography 
scores and the Brunt histology score, there was overlap in 
the values determined by transient elastography between 
fibrosis stages 0 and 1, and between fibrosis stages 1 and 
2. This suggests that transient elastography has utility 
in distinguishing between no fibrosis and advanced fi­
brosis, but has limited sensitivity for detecting mild or 
moderate fibrosis and thus cannot be definitively used to 
stage fibrosis[31] (similar results were seen in children with 
Fontan circulation[30]). 

The study by De Ledinghen and colleagues compared 
transient elastography results with fibrosis staged by 
liver biopsy in 33 children who had chronic liver disease 
due to varying different aetiologies[33]. The majority of  
children had liver diseases as defined as ‘other’ by the 
authors (n = 18), biliary atresia (n = 9) and Autoimmune 
Hepatitis (n = 5). Overall, increased elastography scores 
correlated with increasing METAVIR fibrosis stage, 
however, the authors did not examine this relationship 
in specific disease groups and from this paper it was not 
possible to determine whether transient elastography 
has any utility in the diagnosis of  fibrosis in cholestatic 
liver disease. Finally, Witters and colleagues used tran­
sient elastography to detect liver fibrosis in children 
with CFLD[32]. This study did not perform liver biopsy 
and instead used biochemical evidence of  liver disease 
(LFTs) and/or the presence of  hepatomegaly ± sple­
nomegaly. Hence, given all the limitations of  these 
clinical modalities in CFLD, as discussed above, the 
value of  elastography in CFLD was not confirmed. The 
use of  transient elastography to diagnose fibrosis in 
cholestatic liver diseases is confounded by the fact that 
extrahepatic cholestasis is associated with increased liver 
stiffness, irrespective of  the stage of  liver fibrosis. High 
elastography values, normally indicative of  cirrhosis 
in other liver diseases (HCV, alcoholic liver disease), 
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were not associated with cirrhosis in adult patients with 
cholestatic liver disease[34]. A recent study of  49 children 
with biliary atresia suggested transient elastography may 
be useful in identifying oesophageal or gastric varices in 
children post-Kasai portoenterostomy[35], suggesting that 
while transient elastography is not useful in identifying 
liver fibrosis in cholestatic disease, it may help identify 
other significant liver associated problems. 

Poor study design, inconsistent classification of  liver 
disease (especially in the case of  CFLD) and lack of  
comparison to fibrosis staged by liver biopsy have hin­
dered studies attempting to validate transient elastography 
in children with cholestatic liver disease. Importantly there 
is limited data on the ability of  transient elastography 
to predict development of  serious liver complications. 
In other diseases (e.g. HCV) the 5 year mortality and 
morbidity outcome derived from transient elastography 
data is similar to that determined from liver biopsy data. 
This suggests that in diseases where transient elastography 
reflects liver fibrosis staged by liver biopsy, outcome data 
generated by transient elastography may be valid. Further 
investigation and validation of  this technology is required, 
especially in paediatric cholestatic liver diseases.

Serum markers of  hepatic fibrosis: In the search for an 
alternative diagnostic to liver biopsy, serum markers 
show some promise. The common pathway for cirrhosis 
development in CFLD is via hepatic fibrogenesis due 
to an imbalance between the synthesis and degradation 
of  extracellular matrix by hepatic stellate cells (HSC), 
resulting in increased fibrillar collagen deposition[36]. 
Evaluating the mechanisms involved in the development 
of  fibrogenesis may provide a method of  determining 
fibrogenic activity in the liver and thus assist in the diag
nosis of  hepatic fibrosis. There is considerable evidence 
in adult liver diseases that serum markers of  hepatic 
fibrogenesis provide a good indication of  current un­
derlying liver function. Serum collagen type Ⅳ (CL-Ⅳ), 
prolyl hydroxylase, procollagen Ⅲ polypeptide (PⅢP), 
and matrix metalloproteinase-1 (MMP-1) are increased 
in cirrhosis due to various different liver diseases[37]. In 
chronic HCV infection, Walsh and colleagues demon­
strated elevated serum tissue inhibitor of  metalloprotei­
nase (TIMP)-1 and TIMP-2[38], whereas others have shown 
increased levels of  hyaluronic acid[39]. CL-Ⅳ and laminin 
have been demonstrated to be increased in alcoholic 
hepatitis[40]. In patients with HFE-haemochromatosis, 
serum TIMP-1, hyaluronic acid, CL-Ⅳ and MMP-2 are 
elevated[41,42], with only CL-Ⅳ and MMP-2 levels shown 
to be associated with fibrosis progression[42], whereas an 
elevated hyaluronic acid > 46.5 ng/mL has been shown 
to accurately diagnose patients with cirrhosis with 100% 
sensitivity and specificity[43]. These results suggest that 
certain serum markers may be both disease-specific and 
may better predict differing stages of  fibrogenesis.

To date, the majority of  serum marker analyses have 
been performed in adults. It is important to note that 
some serum markers such as MMPs and TIMPs, can be 
influenced by childhood growth as seen in kidney and 

bone[44,45]. Despite this, many serum fibrosis markers are 
not influenced by growth and development as reported 
in a study of  Indian Childhood Cirrhosis, which showed 
elevated levels of  serum CL-Ⅳ, laminin and PⅢP vs age-
matched controls[46]. In CF, the multi-systemic nature 
of  the disease makes it difficult to identify liver-specific 
serum fibrosis markers. Many of  these markers are 
involved in extracellular matrix remodelling, a process 
which clearly occurs in the lung and pancreas associated 
with CF.

A number of  groups have demonstrated increased 
levels of  serum collagen type-Ⅵ[47], hyaluronic acid[48], as 
well as PⅢP and prolyl hydroxylase[49] in children with 
CFLD. Additionally, serum TIMP-1, prolyl hydroxylase 
and CL-Ⅳ levels have been shown to be significantly 
elevated in children with CFLD compared with children 
with CF and no liver disease (CFnoLD) and age-mat­
ched controls, suggesting that these serum markers may 
have relative specificity for liver injury in CF[50]. Serum 
hyaluronic acid levels have been reported to be signi­
ficantly increased in CFLD compared with controls, but 
not when compared with CFnoLD[50], suggesting that 
the extra-hepatic complications associated with CF may 
have a confounding influence over the use of  certain 
serum markers. Serum TIMP-1, prolyl hydroxylase[50] 
and monocyte chemotaxis protein-1 (MCP-1)[51] were 
significantly higher in children with CFLD who had 
minimal or no histological evidence of  fibrosis, suggesting 
a potential role for these markers in the early detection 
of  liver injury, and potential utility in distinguishing 
between serious liver fibrosis and no fibrosis. These few 
studies suggest that further investigation and development 
of  panels of  serum markers may provide an excellent 
surrogate to assess fibrosis progression and predict the 
future development of  serious liver complications.

In lieu of  a viable, minimally invasive alternative me 
thod to detect and monitor fibrosis in paediatric chole­
static liver disease, liver biopsy remains the gold standard. 
Biochemical and clinical markers of  disease are inadequate 
in detecting fibrosis, monitoring fibrosis progression, 
and predicting future development of  serious liver com­
plications such as portal hypertension. It remains to be 
seen whether transient elastography will be useful in 
the cholestatic setting, given the presence of  increased 
liver stiffness in the absence of  overt liver disease and 
fibrosis. However, serum markers detecting the underlying 
processes of  hepatic fibrogenesis show significant pro­
mise and warrant further investigation.

MECHANISMS OF HEPATIC 
FIBROGENESIS AND DEVELOPMENT OF 
CIRRHOSIS
Despite the diverse aetiologies of  paediatric cholestatic 
liver diseases, bile acid accumulation, resulting in 
hepatotoxicity, is common to all conditions. Bile acid 
toxicity impacts all liver cells, and thus can have either 
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direct or indirect effects on the phenotype of  HSC, the 
principal source of  fibrotic tissue in the liver. This section 
of  the review will discuss the potential mechanisms 
associated with the cholestasis-induced transformation 
of  HSC into a myofibroblastic phenotype. New and 
emerging concepts including the heterogeneity of  HSC, 
the role of  HSC in eliciting portal hypertension and the 
interplay between HSC and cells of  the ductular reaction 
and immune system will also be discussed. 

Bile acid synthesis in the liver
Bile acids are generated from cholesterol metabolism 
within hepatocytes, secreted into bile canaliculi with bile 
subsequently hydrated by cholangiocytes as it drains into 
the common bile duct and gall bladder. Bile from the 
gall bladder is released into the duodenum where bile 
acids aid in the solubilisation and absorption of  fats and 
fat soluble vitamins. Chenodeoxycholic acid (CDCA) 
and cholic acid (CA) are primary bile acids produced in 
the liver and subsequently modified by gut bacteria in 
the small intestine to produce the secondary bile acids, 
deoxycholic acid (DCA) and lithocholic acid (LCA). 
All bile acids are reabsorbed in the gut and recycled 
back to the liver in the portal venous system, i.e. via the 
enterohepatic circulation. These bile acids are conjugated 
with either taurine or glycine and rarely exist in an 
unconjugated form in the normal human bile acid pool.

The polar nature of  these bile salts, which is essential 
for their function in fat digestion, makes them toxic 
to cell membranes of  liver and gut cells. Bile toxicity 
is determined by bile acid polarity, with hydrophobic 
bile acids being more toxic that hydrophilic bile acids. 
Ursodeoxycholic acid (UDCA) is a hydrophilic bile 
salt that plays a role in hepatoprotection when the pro­
portion of  UDCA in the bile is elevated relative to the 
proportion of  hydrophobic bile salts. Bile acid toxicity 
is ranked as follows: LCA < DCA < CDCA < CA < 
UDCA[52]. In the normal liver toxicity is moderated 
by the formation of  mixed micelles (with bilirubin, 
cholesterol, phospholipids proteins), bile hydration, 
conjugation, alkalinisation, the presence of  mucin and 
the bile flow out of  the liver. If  any of  these factors are 
perturbed, cholestasis ensues. 

In patients with CFLD, there is a correlation between 
serum cholic acid levels and the stage of  hepatic fibrosis, 
inflammation score, and limiting plate disruption[53]. A 
similar correlation has also been demonstrated when 
using the cholic acid/chenodeoxycholic acid ratio. This 
same study demonstrated that endogenous biliary levels 
of  UDCA are increased in CFnoLD patients when 
compared to patients with CFLD and controls, suggesting 
a potential mechanism may exist to protect against liver 
disease in a cohort of  patients with CF[53]. In a more 
recent study the hydrophobic bile acid taurine-conjugated 
cholic acid (or taurocholate), was increased in the bile 
of  patients with CFLD and also in an animal model of  
cholestatic liver injury, the bile duct ligated (BDL) rat[51]. 
Serum taurocholate was also correlated with the stage of  

hepatic fibrosis in both CFLD and in the animal model, 
suggesting a potential causal association.

Control of bile acid metabolism
Cytochrome P7A1 (CYP7A1) or cholesterol 7a-hydro­
xylase is the rate limiting step in the conversion of  
cholesterol to bile acids in hepatocytes[54]. In the normal 
liver this enzyme is controlled at the level of  transcription 
by a short heterodimer partner (SHP) which is in turn 
regulated by interaction of  the farnezoid-X receptor 
(FxR) with bile acids[55,56]. In patients with cholestatic 
liver disease, the presence of  excess bile acids results 
in the concomitant upregulation of  FxR. However, 
there is no change in the level of  SHP which suggests a 
different pathway of  regulation is at play. Recent work 
has suggested this may involve fibroblast growth factor 
19 (FGF19)[57,58]. FGF19 is an endocrine growth factor 
that is produced by enterocytes of  the terminal ileum in 
response to uptake of  bile salts from the small intestine[57]. 
While FGF19 mRNA is not expressed in normal liver, 
it is markedly increased in both liver and serum in early 
cholestasis[59]. In the presence of  excess bile acids, FxR 
stimulates the production of  FGF19 which along with its 
signalling cofactor, β-Klotho, binds to fibroblast growth 
factor receptor 4 (FGFR4) to downregulate CYP7A1 and 
decrease de-novo bile acid synthesis[57].  

Since FGFs are crucial hormones in bile acid synthesis, 
they are important disease-specific genes to be considered 
when attempting to understand the mechanisms associated 
with the development of  cholestatic liver disease. While 
basic FGF (bFGF) has been shown to impact on HSC 
activation[60], the potential role of  FGF19 and FGFR4 in 
HSC activation associated with cholestatic injury remains 
to be investigated. Given the early induction of  FGF19 in 
cholestasis, this molecule along with other protein family 
members may be viable targets to investigate further in 
the detection of  early liver injury and fibrogenesis.

Toxic effects of bile acids
The toxic effects of  bile acids are varied, but include 
hepatocellular apoptosis, which in turn may play a role 
in the activation of  HSC into myofibroblasts (Figure 
1). Apoptosis (or programmed cell death) is a process 
that occurs in the normal liver to remove unwanted, 
senescent or damaged cells, but in cholestasis apoptosis 
is increased and dysregulated. Apoptosis is histologically 
characterised by cell shrinking and nuclear fragmentation 
and is regulated by either extrinsic factors such as 
death receptors, including tumor necrosis factor-related 
apoptosis-inducing ligand (TRAIL)[61,62], or by intrinsic 
pathways such as mitochondrial release of  pro-apoptotic 
factors. Both result in the release of  effector caspases 
(intracellular proteases and endonucleases) that result in 
the degradation of  cellular components into apoptotic 
bodies which are phagocytosed by Kupffer cells, ma­
crophages and HSC. Electron transport mechanisms 
are impaired in hepatic mitochondria resulting in the 
production of  lipid peroxidation metabolites which are 
the main reactive oxygen species (ROS) in cholestasis. 
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Phagocytic NADPH oxidase (PHOX) is an enzyme 
which catalyses the production of  further ROS in 
Kupffer cells. CD68+ Kupffer cells have been identified 
in the perisinusoidal space in close proximity to scar 
tissue in the liver of  patients with biliary atresia[63]. These 
cells produce tumor necrosis factor α (TNFα)[64] which 
can activate HSC. Bile acids also induced oxidative 
stress directly in HSC and this is mediated by the non-
phagocytic NADPH oxidase (NOX2)[65]. 

Bile acid-induced hepatocellular injury, whether due 
to liver cell apoptosis, the generation of  ROS or the 
release of  soluble factors such as cytokines, results in the 
activation of  HSC from a quiescent to a myofibroblastic 
phenotype. In the normal liver HSC are responsible for 
maintaining the basement membrane and are a store 
for vitamin A. HSC are quiescent and are located in 
the perisinusoidal Space of  Dissé, with projections that 

come into close contact with hepatocytes. Upon injury 
to the liver, HSC are transformed into myofibroblasts[66] 
which are proliferative, fibrogenic (as well as fibrolytic), 
contractile and motile. Activated HSC have been de­
monstrated to be present in CFLD liver biopsies prior to 
histological evidence of  fibrosis or procollagen Ⅰ mRNA 
expression[36]. 

It is envisaged that both necrosis and apoptosis con­
tribute to HSC activation in cholestatic liver disease[67]. At 
high concentrations (> 100 µmol/L), hydrophobic bile 
acids can have a detergent action and cell necrosis may 
predominate. Necrosis is characterized by cell swelling, 
disruption of  intracellular and plasma membrane, ATP 
depletion, ion dysregulation, mitochondrial swelling, 
activation of  degradative enzymes and cell lysis. However, 
the exact mechanisms linking necrosis to HSC activation 
are not yet well characterised.
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Figure 1  Schematic representation of the activation, function and interaction of Hepatic Stellate Cells (HSC) with other cells of the liver in cholestatic 
liver injury. Bile acid mediated injury is proposed to impact on HSC directly and indirectly via oxidative stress mediated pathways, resulting in the transformation 
of quiescent HSC to an activated phenotype, i.e. myofibroblast. Activated HSC are proliferative and fibrogenic and are responsible for increased production and 
deposition of fibrillar collagens and extracellular matrix, leading to fibrosis and cirrhosis. In response to hepatocyte and cholangiocyte-derived chemokines, motile 
HSC are recruited to the site of injury along the growing margin of scar tissue, with HSC and portal myofibroblasts also demonstrated surrounding bile ducts. HSC 
assume a vasoconstrictive phenotype resulting in increased portal pressure. Hepatic fibrosis is ultimately resolvable with disease treatment or cessation of injury, 
as HSC produce fibrinolytic enzymes and are themselves subject to apoptosis as part of the process of fibrosis resolution. TRAIL: tumor necrosis factor-related 
apoptosis-inducing ligand; PHOX: phagocytic NADPH oxidase; NOX2: non-phagocytic NADPH oxidase; TNFα: tumor necrosis factor α; TGFβ: transforming growth 
factor β; MCP-1: monocyte chemotaxis protein-1; IL-8: interleukin-8; MIP1: macrophage inflammatory protein 1; PDGF: platelet derived growth factor; RANTES: 
regulated upon activation, normal T cell expressed and secreted; CXCR3 ligand: chemokine (C-X-C) receptor 3 ligand; EGF: epidermal growth factor; bFGF: basic 
fibroblast growth factor; VEGF: vascular endothelial growth factor; NO: nitric oxide; ET-1: endothelin 1; MMP-1: matrix metalloproteinase-1; TIMPS: tissue inhibitors of 
metalloproteinase; HGF: hepatocyte growth factor.



Activation of HSC to a myofibroblastic phenotype
Transforming growth factor β (TGF-β) is a key profi­
brogenic cytokine present in various tissues, including the 
lungs, kidneys, skin (reviewed[68]), and the liver[69]. TGF-β1 
is elevated in the liver of  children with biliary atresia[63] 
and CFLD[36]. In these studies, TGF-β1 was expressed 
predominantly in bile duct epithelial cells, but also in 
HSCs and hepatocytes at the interface between normal 
liver and scar tissue. TGF-β protein is produced as a large 
latent form which is bound to liver extracellular matrix 
and is activated by proteases, ROS and integrins[70]. The 
active TGF-β signals through (serine/threonine kinase) 
type Ⅰ and type Ⅱ receptors which in turn complex 
with mothers against decapentaplegic homolog (Smad) 
2, 3 and 4 proteins to translocate to the cell nucleus 
and interact with DNA binding proteins to modulate 
several cellular processes[71]. Smad 6 and 7 proteins are 
inhibitory molecules[72]. TGF-β increases the expression 
of  extracellular matrix components[73] by modulating the 
expression of  MMPs and enzymes such as plasminogen 
activator inhibitor 1 (PAI-1)[74] and TIMP[75] in HSC. In 
patients with CFLD, TGF-β expression correlates with 
the stage of  hepatic fibrosis[36].

Factors which stimulate the proliferation of HSC
PDGF is the major driver of  HSC proliferation in 
cholestatic liver disease[76]. HSC produce PDGF and 
also express receptors for PDGF[77]. Four isoforms of  
PDGF have been identified (A, B, C and D) and of  
these PDGF-D is thought to be the most potent HSC 
mitogen[78]. The downstream effectors of  PDGF-mediated 
HSC proliferation include the phosphatidylinositol 
3-kinase (PI3K)[79,80] and extracellular signal-related 
protein kinase 5 (ERK5)[81] signalling pathways. PI3K also 
controls other aspects of  HSC function such as collagen 
synthesis[80] and potentially plays a role in upregulation of  
proinflammatory mediators of  fibrosis such as ICAM-1, 
RANTES and IL-1β[82]. Other HSC mitogens include 
epidermal growth factor (EGF), bFGF[60], VEGF[83] and 
thrombin[84] (Figure 1). EGF[85] and thrombin[86] receptors 
have also been identified on HSC.

Fibrogenesis and fibrolysis mediated by HSC
HSC are the principle source of  fibrotic tissue including 
collagens Ⅰ, Ⅲ and Ⅳ[87,88], glycoproteins (laminins, 
SPARC, undulin, elastin, hyaluronan, tenascin)[89,90], and 
proteoglycans (biglycan, decorin, BIGH3, fibronectin 
and vesican)[91-93] (Figure 1). The composition of  the 
fibrotic matrix is thought to be similar in all forms of  
liver fibrosis irrespective of  aetiology[94] which suggests 
myofibroblasts, regardless of  their origin, produce the 
same components. However, this hypothesis needs 
to be validated in light of  growing evidence for the 
heterogeneity of  both HSC[95], and the myofibroblastic 
population[96], discussed in subsequent sections.

HSC are also responsible for the remodeling of  
fibrotic tissue via the production of  collagenases, MMPs[97] 
and their inhibitors, TIMPs[98]. Many of  the components 

of  the fibrolysis system including MMPs, TGFβ and 
Hepatocyte Growth Factor (HGF) are secreted in an 
inactive form with the plasmin protease system essential 
for their activation. Plasmin is itself  activated from 
inactive plasminogen by tissue plasminogen activator 
(tPA) and uroplasminogen activator (uPA) which are 
in turn activated by IGFBP-5 and inhibited by PAI-1. 
Many components of  the plasmin protease system are 
produced in the liver[99]. PAI-1 is produced by HSC[100] 
and its expression is decreased in cirrhotic livers[101]. PAI-1 
is a key mediator of  cholestatic liver disease in bile duct-
ligated, PAI-1 knockout mice[102,103]. Insulin-like growth 
factor binding protein-5 (IGFBP-5) binds to PAI-1 in 
the extracellular matrix[104] and in the absence of  PAI-1, 
IGFBP-5 has been shown to enhance the effect of  tPA 
on plasminogen[105], suggesting that IGFBP-5 plays a role 
in MMP modulation. Thus, it is postulated that decreased 
PAI-1 and increased IGFBP-5 could increase MMP 
activity.

Toll-like receptor expression in HSC
HSC express toll like receptors (TLR) which are usually 
involved in recognising unmethylated bacterial DNA, 
naturally rich in cytidine-phosphate-guanosine (CpG) 
sequences[106]. When mammalian hepatic cells undergo 
apoptosis they are subject to severe modifications which 
may include the enrichment of  CpG sequences[107]. DNA 
from apoptotic hepatocytes induces the differentiation 
and chemotaxis of  human and mouse HSC via TLR9 
and PDGF[108]. Bile duct-ligated TLR9-/- mice have been 
demonstrated to exhibit reduced fibrosis, HSC activation 
and MCP-1 expression compared to control wild type 
mice, suggesting a role in cholestasis-induced injury[109]. 
A single nucleotide polymorphism (SNP) in the TLR4 
gene at c.1196C > T (rs4986791, p.T399I) is shown to 
confer protection from fibrosis in patients with HCV 
infection[110]. This SNP along with another at c.896A > 
G (rs4986790, p.D299G), was functionally linked to a 
lower apoptosis threshold in the cultured HSC LX2 cell 
line[111]. The role of  TLRs in cholestasis-induced liver 
disease is deserving of  further investigation.

Heterogeneity of myofibroblasts
It is now recognised that fibrotic tissue is produced in 
the liver by a heterogeneous population of  activated 
myofibroblastic cells[75]. In addition to the perisinusoidal 
HSC, portal (myo) fibroblasts which are located around 
bile ducts in the portal tract are thought to be important 
contributors to biliary fibrosis. However, it is unclear 
whether they are an extension of  the differentiation 
lineage of  activated HSC or if  they are from a different 
embryological origin. In mouse embryos both HSCs 
and portal myofibroblasts originate from mesenchymal 
cells which express the p75 neurotrophin receptor 
(p75NTR)[112]. Both HSC and portal myofibroblasts 
express alpha-smooth muscle actin (αSMA) and both 
perisinusoidal and periductal αSMA expression has been 
demonstrated in the liver of  children with CFLD and 
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biliary atresia[36,63]. Efforts to identify markers unique 
to each cell type have produced conflicting data[113-116]. 
However, recent studies suggest that Fibulin-2, Thy-1[117] 
and gremlin[118] are unique to portal myofibroblasts while 
laminin is expressed only by HSC[119]. An important qu­
estion which needs to be addressed is whether the two cell 
types produce fibrotic tissue of  different compositions. 
The temporal activation of  the two cell types may also 
differ. In cholestatic liver diseases, HSC may drive the 
initial fibrotic response, with portal myofibroblasts 
assuming a greater role later in fibrosis development; in 
addition, there may also be differences in acute versus 
chronic cholestatic injury[120]. These may be important 
questions to take into consideration when designing 
therapeutic targets for cholestatic liver diseases.  

Bone marrow-derived cells are also recruited to the 
liver and contribute to hepatic fibrosis. Mice transplanted 
with green fluorescent protein (GFP)-expressing bone 
marrow cells showed GFP-positive HSC in the liver[121-122]. 
Human patients who underwent gender-mismatched 
bone marrow or liver transplants have provided further 
evidence for the bone marrow as a source of  HSC, 
or myofibroblasts in the liver[123]. However, a different 
study suggested these cells are not mature HSC; rather, 
that these bone marrow-derived cells are mesenchymal 
precursors (or fibrocytes) which differentiate into myo­
fibroblasts after taking residence in the liver[124].

Further sources of  myofibroblastic cells have been 
identified. These include the myofibroblasts derived 
from the transformation of  hepatocytes[125], and/or cho­
langiocytes[126], via the process of  epithelial-mesenchymal 
transition (EMT). Fibroblasts of  the Glisson’s capsule[127] 
and smooth muscle cells (termed second layer cells) 
around the central vein[128] also contribute to fibrotic tissue 
in the liver.

Ductular reaction
In the normal liver regeneration occurs via hepatocyte 
replication. If  this process is impaired or overwhelmed, 
a secondary pathway involving hepatic progenitor cells 
is activated. These progenitor cells give rise to small 
reactive bile ducts as well as intermediate hepatocytes. 
The term ductular reaction was coined by Popper and 
colleagues in 1957[129] to describe a lesion they observed 
which was characterised by the swelling and proliferation 
of  cholangiocytes. A strong correlation exists between 
the ductular reaction and hepatic fibrosis, not only in 
cholestatic liver disease such as seen in biliary atresia[130], 
but also in hepatocellular injury associated with HCV[131] 
and NASH[132]. Conversely, patients with Alagille 
Syndrome, who have no reactive bile ductules[133], are 
slow to develop fibrosis despite severe cholestasis and 
puritis[134]. The cells of  the ductular reaction appear to 
play a role in the development of  hepatic fibrosis but 
the nature of  this interaction is yet to be adequately 
defined. It has been suggested that the ductular reaction 
drives fibrosis; indeed a recent study has shown that 
both hepatic progenitor cells and HSC express epithelial 

and mesenchymal markers[135], which suggest direct 
mesenchymal-epithelial transition is possible between 
progenitor cells and HSC. Alternatively, HSC activation 
may be mediated by proinflammatory or profibrogenic 
factors released by hepatic progenitor cells, or cells of  
the ductular reaction[136] although this hypothesis remains 
to be evaluated. Other theories suggest that the ductular 
reaction and hepatic fibrosis are not interdependent but 
rather, either occur in parallel in response to a common 
stimulus (reviewed in[137]), or even that progenitor cell 
expansion occurs after fibrosis is initiated by HSC[138]. 
Clearly, controversial, this field of  research warrants 
further extensive investigation.

A recent study demonstrated the potential for direct 
progenitor cell and HSC interaction driving chemotaxis-
associated inflammation associated with wound healing 
and hepatic regeneration in a murine model of  portal 
fibrosis[139]. This proinflammatory pathway was initiated 
via lymphotoxin-β (LT-β), a cell surface-bound ligand 
expressed on progenitor cells interacting with the LT-β 
receptor expressed on adjacent HSC. This interaction 
induced an NFκB-regulated signalling pathway which 
upregulated the expression of  chemotaxis-associated 
factors RANTES and ICAM-1, which was proposed 
to cause the recruitment of  CCR5+ inflammatory cells, 
HSC and progenitor cells to the site of  hepatic injury 
aiding in wound healing and fibrogenesis[139].

HSC chemotaxis in response to MCP-1
HSC are responsive to a variety of  different chemokines 
and chemoattractants including PDGF[140,141], CXCR3 
l igands[142], macrophage inf lammatory protein 1 
(MIP-1)[143], CCL5/RANTES[144] and IL-8[145] (Figure 1).

One of  the most potent HSC chemokines is MCP- 
1[146,147]. Elevated MCP-1 expression has been demon­
strated in cholangiocytes in adult patients with PBC[148], 
and elevated serum MCP-1 has been observed in children 
with Bilary Atresia[149]. These findings were confirmed in a 
well characterised cohort of  children with cholestatic liver 
disease (CFLD and biliary atresia) and also in the BDL 
rat model of  cholestatic liver injury[51]. In the liver, MCP-1 
protein was expressed predominantly by hepatocytes at 
the scar margin and also by cholangiocytes of  reactive 
bile ductules in close proximity to activated HSC and 
myofibroblasts, respectively. Using in situ hybridisation, 
MCP-1 mRNA was also seen in perisinusoidal cells[51], 
suggesting HSC themselves produce MCP-1[150] as de­
monstrated in vitro. MCP-1 was localized to the apical 
membrane of  cholangiocytes and the pericanalicular 
membrane of  hepatocytes suggesting it may be actively 
secreted into bile. Elevated MCP-1 was also detected 
in the bile in both CFLD and in the animal model. 
Importantly, MCP-1 expression was elevated in CFLD 
patients and cholestatic rats with stage 0 fibrosis, i.e., prior 
to the histological evidence of  fibrosis, suggesting that 
MCP-1 plays a crucial role in the early events associated 
with hepatic fibrogenesis[51,136].

In this same study, hepatocytes isolated from BDL 
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rats produced increased levels of  MCP-1 which caused 
HSC chemotaxis, in vitro[51]. This effect was inhibited in a 
dose-dependent manner by up to 80% using a neutralizing 
antibody to MCP-1. The bile acid taurocholate was 
demonstrated to induce MCP-1 expression in normal 
control hepatocytes suggesting its potential as an initiating 
stimulus in cholestasis, which was verified in both CFLD 
and cholestatic rats showing a correlation between tauro­
cholate and MCP-1 in serum and bile. The primary 
receptor for MCP-1 on monocytes, chemokine (C-C) 
receptor 2 (CCR2), has not been demonstrated on human 
HSC[146] or rat portal myofibroblasts[151], although a recent 
study has identified CCR2 on mouse HSC[152]. Other 
receptors may play a role in eliciting the chemotactic 
effects on rat and human HSC, and portal myofibroblasts, 
although these remain to be identified. 

Role of HSC contractility in portal hypertension 
associated with fibrosis
Portal hypertension is a common complication of  hepatic 
fibrosis. It is seen in biliary atresia patients even after 
successful Kasai portoenterostomy[153], as well as children 
with CFLD with varying degrees of  liver disease. Portal 
hypertension is defined as a portal pressure gradient 
between the portal vein and the hepatic vein of  greater 
than 5 mm Hg. HSC are proposed to contribute to portal 
hypertension by several mechanisms including increased 
contractility, the deposition of  collagen, sinusoidal remo­
delling and angiogenesis[94,154].

HSC contractility is maintained in the normal liver 
via a balance between vasodilators and vasoconstrictors. 
HSC dilators include nitric oxide (NO), carbon monoxide, 
H2S and prostaglandin, while Endothelin-1 is a potent 
HSC constrictor. In the normal liver NO is produced 
constitutively in sinusoidal endothelial cells by endothelial 
nitric oxide synthase (eNOS)[155] or by inducible nitric 
oxide synthase (iNOS) in HSC[156]. In cholestasis, and 
the resultant oxidative stress, eNOS-derived nitric oxide 
synthesis is impaired and the negative regulation of  HSC 
contractility is lifted (Figure 1). Endothelin-1 expression 
is also increased. Serum endothelin-1 levels are elevated 
in patients with biliary atresia with portal hypertension[157]. 
Endothelin in produced by sinusoidal endothelial cells[158] 
with HSC expressing endothelin receptors[159], thus HSC 
are proposed to control sinusoidal blood flow by con­
stricting the perisinusoidal space surrounding endothelial 
cells[154]. 

In addition to its vasodilatory role, nitric oxide inhibits 
HSC proliferation and migration. NO can elicit HSC 
apoptosis through mitochondrial membrane depolarisation 
in a mechanism which is caspase-independent[160]. Thus, 
the nitric oxide depletion seen in cholestasis also results 
in a lifting of  the negative regulation of  HSC apoptosis. 
Instead, HSC proliferate and collagen deposition is 
increased, further contributing to portal hypertension.

Liver immunity in cholestatic liver disease
A marked inflammatory infiltrate has been documented 

in the liver of  children with biliary atresia, Idiopathic 
Neonatal Hepatitis, choledochal cysts, total parenteral 
nutrition[161-164] and paediatric-onset PBC[165]. These 
studies have shown increased levels of  CD4+, CD3+ and 
CD8+ T cells, CD56+ Natural Killer cells and CD68+ 
macrophages around the bile ducts. The CD4+ T cells 
express the Th-1 cytokines interferon-γ and IL-2[162,163] as 
well as Th-2 cytokines, IL-4 and IL-10[166], while CD68+ 
macrophages express TNF-α[163] and IL-18[166]. The 
mechanisms by which these immune cells and cytokines 
interact with HSC and contribute to fibrosis are not yet 
clear. As discussed earlier, the role of  chemokines and 
cytokines (such as MCP-1, RANTES and TGF-β) in 
stimulating HSC in cholestatic livers is well established. 
However the role of  these factors in recruiting lym­
phocytes to the cholestatic liver also requires further 
characterisation. 

While CD4+/CD25+ T cell numbers have been 
shown to be increased in biliary atresia[161] , these cells 
are depleted in the liver of  patients with PBC[167,168], 
an autoimmune disease. CD25 (which is also the IL-2 
receptor alpha) is an important marker of  regulatory T 
cells and plays a key role in maintaining self  tolerance[169]. 
HSC are believed to contribute to the liver’s immune-
tolerance through T cell suppression[170], an effect which 
may be enhanced in PBC, although the role of  these 
T cells in other paediatric cholestatic liver diseases is 
unknown.

Therapeutics to reverse hepatic fibrosis
The hepatic fibrosis which accompanies cholestatic li­
ver disease is reversible[171,172] and HSC are crucial in 
this process[173]. In patients with HBV[174] and HCV[175] 

infections, even advanced fibrosis is reversible and patient 
outcomes can be improved. Several studies have attempted 
to reverse fibrosis by targeting various aspects of  HSC 
activation or function (review[176]). More recently, in a BDL 
rat model of  cholestatic injury, Rapamycin was shown 
to target HSC function on several levels including HSC 
activation and proliferation, EMT and liver progenitor 
cell proliferation[177]. Sorafenib[178] has been shown to 
reduce portal hypertension in BDL rats by reducing 
HSC-mediated sinusoidal constriction. Nevertheless 
the shortcoming of  all these studies is the lack of  liver 
specificity as these factors target collagen deposition or 
fibrosis in all organs. Therapeutic agents with a further 
level of  specificity in targeting HSC, but sparing other 
liver cells, would be even more valuable. Some of  the 
most promising agents being investigated are those which 
selectively induce apoptosis of  HSC, but not hepatocytes. 
These include gliotoxin[179], proteosome inhibitors[180] and 
TRAIL[181]. These may be used alone or in conjunction 
with agents that block hepatocyte apoptosis[182].

As discussed earlier, UDCA is an endogenous hy­
drophilic (and therefore protective) bile acid which 
normally makes up approximately 3% of  the human[183] 

bile acid pool. It is commonly used as a therapeutic 
agent in various cholestatic liver diseases[184], since it 
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is well tolerated and has few side effects. The exact 
mechanisms by which it modulates HSC function are now 
being elucidated. The effects of  UDCA are proposed 
to include hepatoprotection against oxidative stress, in­
hibition of  apoptosis, stimulation of  bile flow, as well 
as immunomodulatory effects on cytokine suppression 
(reviewed in[185]). In PBC, there is some evidence to 
suggest that long-term use of  UDCA delays fibrosis 
progression (reviewed in[186]). However, there is little 
evidence to suggest a direct influence of  UDCA on the 
regression of  hepatic fibrosis in CF[21,187], although more 
comprehensive long-term prospective follow-up studies 
are required.

CONCLUSION
Detecting hepatic fibrosis and monitoring disease pro­
gression in paediatric cholestatic liver disease remains a 
challenge.  The development of  significant liver disease 
in children with CF is increasingly recognised but it is 
difficult to identify those likely to progress to cirrhosis 
and at risk of  greater morbidity and mortality. Neonatal 
Hepatitis and biliary atresia are conditions with similar 
clinical presentation and thus difficult to differentially 
diagnose without an invasive operative cholangiogram. 
Commonly used clinical methods have poor sensitivity 
and poor specificity for detecting and staging fibrosis. 
While liver biopsy is the gold standard to detect fibrosis, 
it is not without limitations, particularly in focal diseases 
such as CFLD. New non-invasive serum marker panels 
or imaging technologies may provide a minimally invasive 
method to stage and monitor fibrosis progression. 
However, given the congestive nature of  cholestatic liver 
diseases, transient elastography may not be a clinically 
useful alternative in children with suspected cholestasis. 
Significant advances have been made in understanding the 
biology of  HSC and the interaction between HSC and 
cholangicytes, hepatocytes, Kupffer cells, inflammatory 
cells and progenitor cells. Understanding the cellular 
and molecular mechanisms associated with cholestasis-
induced hepatocellular injury and fibrogenesis may 
provide novel markers to aid in better diagnosis of  
liver disease, detection of  fibrosis and prediction of  
outcome. The role of  the endocrine growth factor 
intestinal FGF19 in regulating bile acid synthesis and 
the taurocholate-induced HSC chemokine MCP-1 in 
wound healing and fibrogenesis, have helped to identify 
previously unrecognised regulatory pathways of  disease 
progression in paediatric cholestatic liver disease. Further 
investigation into the processes associated with wound 
healing will greatly assist in more accurate diagnosis 
and better management of  infants and children with 
paediatric cholestatic liver disease, and ultimately aid in the 
development of  more targeted therapeutic modalities. 

REFERENCES
1	 Emerick KM, Whitington PF. Neonatal liver disease. Pediatr 

Ann 2006; 35: 280-286

2	 Shet TM, Kandalkar BM, Vora IM. Neonatal hepatitis--an 
autopsy study of 14 cases. Indian J Pathol Microbiol 1998; 41: 
77-84

3	 Petersen C. Pathogenesis and treatment opportunities for 
biliary atresia. Clin Liver Dis 2006; 10: 73-88, vi

4	 Perlmutter DH, Brodsky JL, Balistreri WF, Trapnell BC. 
Molecular pathogenesis of alpha-1-antitrypsin deficiency-
associated liver disease: a meeting review. Hepatology 2007; 
45: 1313-1323

5	 Perlmutter DH. Liver injury in alpha1-antitrypsin defi
ciency: an aggregated protein induces mitochondrial injury. 
J Clin Invest 2002; 110: 1579-1583

6	 The Cystic Fibrosis Foundation Patient Registry 1997 
Annual Data Report. 1999

7	 Diwakar V, Pearson L, Beath S. Liver disease in children 
with cystic fibrosis. Paediatr Respir Rev 2001; 2: 340-349

8	 Sokol RJ, Durie PR. Recommendations for management 
of liver and biliary tract disease in cystic fibrosis. Cystic 
Fibrosis Foundation Hepatobiliary Disease Consensus 
Group. J Pediatr Gastroenterol Nutr 1999; 28 Suppl 1: S1-S13

9	 Colombo C, Crosignani A, Battezzati PM. Liver involve
ment in cystic fibrosis. J Hepatol 1999; 31: 946-954

10	 Lindblad A, Glaumann H, Strandvik B. Natural history of 
liver disease in cystic fibrosis. Hepatology 1999; 30: 1151-1158

11	 Lamireau T, Monnereau S, Martin S, Marcotte JE, Winnock 
M, Alvarez F. Epidemiology of liver disease in cystic fibro
sis: a longitudinal study. J Hepatol 2004; 41: 920-925

12	 Collardeau-Frachon S, Bouvier R, Le Gall C, Rivet C, Cabet 
F, Bellon G, Lachaux A, Scoazec JY. Unexpected diagnosis 
of cystic fibrosis at liver biopsy: a report of four pediatric 
cases. Virchows Arch 2007; 451: 57-64

13	 Vawter GF, Shwachman H. Cystic fibrosis in adults: an 
autopsy study. Pathol Annu 1979; 14 Pt 2: 357-382

14	 Mowat A, Apley J. Liver disorders in childhood: Butter
worths, London, 1987

15	 Potter CJ, Fishbein M, Hammond S, McCoy K, Qualman 
S. Can the histologic changes of cystic fibrosis-associated 
hepatobiliary disease be predicted by clinical criteria? J 
Pediatr Gastroenterol Nutr 1997; 25: 32-36

16	 Gaskin KJ, Waters DL, Howman-Giles R, de Silva M, 
Earl JW, Martin HC, Kan AE, Brown JM, Dorney SF. Liver 
disease and common-bile-duct stenosis in cystic fibrosis. N 
Engl J Med 1988; 318: 340-346

17	 FitzSimmons SC. The changing epidemiology of cystic 
fibrosis. J Pediatr 1993; 122: 1-9

18	 Colombo C, Apostolo MG, Ferrari M, Seia M, Genoni S, 
Giunta A, Sereni LP. Analysis of risk factors for the develop
ment of liver disease associated with cystic fibrosis. J Pediatr 
1994; 124: 393-399

19	 Walsh M, Lewindon P, Shepherd R, Greer R, Williamson 
R, Pereira T, Frawley K, Bell S, Smith J, Ramm G. Detection 
and follow-up of liver fibrosis in cystic fibrosis: A role for 
diagnostic liver biopsy and serum markers in the evaluation 
of and follow up of cystic fibrosis liver disease. Hepatology 
2009; 50 Suppl 4: A759

20	 Ling SC, Wilkinson JD, Hollman AS, McColl J, Evans TJ, 
Paton JY. The evolution of liver disease in cystic fibrosis. 
Arch Dis Child 1999; 81: 129-132

21	 Colombo C, Setchell KD, Podda M, Crosignani A, Roda A, 
Curcio L, Ronchi M, Giunta A. Effects of ursodeoxycholic 
acid therapy for liver disease associated with cystic fibrosis. 
J Pediatr 1990; 117: 482-489

22	 Mueller-Abt PR, Frawley KJ, Greer RM, Lewindon PJ. 
Comparison of ultrasound and biopsy findings in children 
with cystic fibrosis related liver disease. J Cyst Fibros 2008; 7: 
215-221

23	 Lenaerts C, Lapierre C, Patriquin H, Bureau N, Lepage G, 
Harel F, Marcotte J, Roy CC. Surveillance for cystic fibrosis-
associated hepatobiliary disease: early ultrasound changes 
and predisposing factors. J Pediatr 2003; 143: 343-350



80 June 15, 2010|Volume 1|Issue 2|WJGP|www.wjgnet.com

Pereira TN et al . Fibrogenesis in paediatric cholestatic liver disease

24	 Durieu I, Pellet O, Simonot L, Durupt S, Bellon G, Durand 
DV, Minh VA. Sclerosing cholangitis in adults with cystic 
fibrosis: a magnetic resonance cholangiographic prospective 
study. J Hepatol 1999; 30: 1052-1056

25	 Wanless IR, Nakashima E, Sherman M. Regression of 
human cirrhosis. Morphologic features and the genesis of 
incomplete septal cirrhosis. Arch Pathol Lab Med 2000; 124: 
1599-1607

26	 Czaja AJ, Carpenter HA. Optimizing diagnosis from the 
medical liver biopsy. Clin Gastroenterol Hepatol 2007; 5: 
898-907

27	 Scheuer PJ. Liver biopsy size matters in chronic hepatitis: 
bigger is better. Hepatology 2003; 38: 1356-1358

28	 Sandrin L, Fourquet B, Hasquenoph JM, Yon S, Fournier C, 
Mal F, Christidis C, Ziol M, Poulet B, Kazemi F, Beaugrand 
M, Palau R. Transient elastography: a new noninvasive 
method for assessment of hepatic fibrosis. Ultrasound Med 
Biol 2003; 29: 1705-1713

29	 Foucher J, Chanteloup E, Vergniol J, Castéra L, Le Bail B, 
Adhoute X, Bertet J, Couzigou P, de Lédinghen V. Diagnosis 
of cirrhosis by transient elastography (FibroScan): a pros
pective study. Gut 2006; 55: 403-408

30	 Friedrich-Rust M, Koch C, Rentzsch A, Sarrazin C, Schwarz 
P, Herrmann E, Lindinger A, Sarrazin U, Poynard T, Schäfers 
HJ, Zeuzem S, Abdul-Khaliq H. Noninvasive assessment 
of liver fibrosis in patients with Fontan circulation using 
transient elastography and biochemical fibrosis markers. J 
Thorac Cardiovasc Surg 2008; 135: 560-567

31	 Nobili V, Vizzutti F, Arena U, Abraldes JG, Marra F, Pietro
battista A, Fruhwirth R, Marcellini M, Pinzani M. Accuracy 
and reproducibility of transient elastography for the diag
nosis of fibrosis in pediatric nonalcoholic steatohepatitis. 
Hepatology 2008; 48: 442-448

32	 Witters P, De Boeck K, Dupont L, Proesmans M, Vermeulen 
F, Servaes R, Verslype C, Laleman W, Nevens F, Hoffman 
I, Cassiman D. Non-invasive liver elastography (Fibroscan) 
for detection of cystic fibrosis-associated liver disease. J Cyst 
Fibros 2009; 8: 392-399

33	 de Lédinghen V, Le Bail B, Rebouissoux L, Fournier C, 
Foucher J, Miette V, Castéra L, Sandrin L, Merrouche W, 
Lavrand F, Lamireau T. Liver stiffness measurement in 
children using FibroScan: feasibility study and comparison 
with Fibrotest, aspartate transaminase to platelets ratio 
index, and liver biopsy. J Pediatr Gastroenterol Nutr 2007; 45: 
443-450

34	 Millonig G, Reimann FM, Friedrich S, Fonouni H, Me
hrabi A, Büchler MW, Seitz HK, Mueller S. Extrahepatic 
cholestasis increases liver stiffness (FibroScan) irrespective 
of fibrosis. Hepatology 2008; 48: 1718-1723

35	 Chang HK , Park YJ, Koh H, Kim SM, Chung KS, Oh 
JT, Han SJ. Hepatic fibrosis scan for liver stiffness score 
measurement: a useful preendoscopic screening test for the 
detection of varices in postoperative patients with biliary 
atresia. J Pediatr Gastroenterol Nutr 2009; 49: 323-328

36	 Lewindon PJ, Pereira TN, Hoskins AC, Bridle KR, Wil
liamson RM, Shepherd RW, Ramm GA. The role of hepatic 
stellate cells and transforming growth factor-beta(1) in 
cystic fibrosis liver disease. Am J Pathol 2002; 160: 1705-1715

37	 Ueno T, Tamaki S, Sugawara H, Inuzuka S, Torimura T, 
Sata M, Tanikawa K. Significance of serum tissue inhibitor 
of metalloproteinases-1 in various liver diseases. J Hepatol 
1996; 24: 177-184

38	 Walsh KM, Timms P, Campbell S, MacSween RN, Morris 
AJ. Plasma levels of matrix metalloproteinase-2 (MMP-2) 
and tissue inhibitors of metalloproteinases -1 and -2 (TIMP-1 
and TIMP-2) as noninvasive markers of liver disease in 
chronic hepatitis C: comparison using ROC analysis. Dig 
Dis Sci 1999; 44: 624-630

39	 Guéchot J , Laudat A, Loria A, Serfaty L, Poupon R, 
Giboudeau J. Diagnostic accuracy of hyaluronan and type 
III procollagen amino-terminal peptide serum assays as 

markers of liver fibrosis in chronic viral hepatitis C evalu
ated by ROC curve analysis. Clin Chem 1996; 42: 558-563

40	 Castera L, Hartmann DJ, Chapel F, Guettier C, Mall F, 
Lons T, Richardet JP, Grimbert S, Morassi O, Beaugrand 
M, Trinchet JC. Serum laminin and type IV collagen are 
accurate markers of histologically severe alcoholic hepatitis 
in patients with cirrhosis. J Hepatol 2000; 32: 412-418

41	 George DK, Ramm GA, Powell LW, Fletcher LM, Walker 
NI, Cowley LL, Crawford DH. Evidence for altered hepatic 
matrix degradation in genetic haemochromatosis. Gut 1998; 
42: 715-720

42	 George DK, Ramm GA, Walker NI, Powell LW, Crawford 
DH. Elevated serum type IV collagen: a sensitive indicator 
of the presence of cirrhosis in haemochromatosis. J Hepatol 
1999; 31: 47-52

43	 Crawford DH , Murphy TL, Ramm LE, Fletcher LM, 
Clouston AD, Anderson GJ, Subramaniam VN, Powell 
LW, Ramm GA. Serum hyaluronic acid with serum ferritin 
accurately predicts cirrhosis and reduces the need for liver 
biopsy in C282Y hemochromatosis. Hepatology 2009; 49: 
418-425

44	 Thrailkill KM, Kumar S, Rosenberg CK, Auten KJ, Fowlkes 
JL. Characterization of matrix metalloproteinases in human 
urine: alterations during adolescence. Pediatr Nephrol 1999; 
13: 223-229

45	 Bord S, Horner A, Beeton CA, Hembry RM, Compston JE. 
Tissue inhibitor of matrix metalloproteinase-1 (TIMP-1) 
distribution in normal and pathological human bone. Bone 
1999; 24: 229-235

46	 Trivedi P, Risteli J, Risteli L, Tanner MS, Bhave S, Pandit 
AN, Mowat AP. Serum type III procollagen and basement 
membrane proteins as noninvasive markers of hepatic 
pathology in Indian childhood cirrhosis. Hepatology 1987; 7: 
1249-1253

47	 Gerling B, Becker M, Staab D, Schuppan D. Prediction of 
liver fibrosis according to serum collagen VI level in children 
with cystic fibrosis. N Engl J Med 1997; 336: 1611-1612

48	 Wyatt HA, Dhawan A, Cheeseman P, Mieli-Vergani G, 
Price JF. Serum hyaluronic acid concentrations are increased 
in cystic fibrosis patients with liver disease. Arch Dis Child 
2002; 86: 190-193

49	 Leonardi S, Giambusso F, Sciuto C, Castiglione S, Castiglione 
N, La Rosa M. Are serum type III procollagen and prolyl 
hydroxylase useful as noninvasive markers of liver disease in 
patients with cystic fibrosis? J Pediatr Gastroenterol Nutr 1998; 
27: 603-605

50	 Pereira TN, Lewindon PJ, Smith JL, Murphy TL, Lincoln 
DJ, Shepherd RW, Ramm GA. Serum markers of hepatic 
fibrogenesis in cystic fibrosis liver disease. J Hepatol 2004; 41: 
576-583

51	 Ramm GA, Shepherd RW, Hoskins AC, Greco SA, Ney 
AD, Pereira TN, Bridle KR, Doecke JD, Meikle PJ, Turlin 
B, Lewindon PJ. Fibrogenesis in pediatric cholestatic liver 
disease: role of taurocholate and hepatocyte-derived mono
cyte chemotaxis protein-1 in hepatic stellate cell recruitment. 
Hepatology 2009; 49: 533-544

52	 Thomas C, Pellicciari R, Pruzanski M, Auwerx J, Schoonjans 
K. Targeting bile-acid signalling for metabolic diseases. Nat 
Rev Drug Discov 2008; 7: 678-693

53	 Smith JL, Lewindon PJ, Hoskins AC, Pereira TN, Setchell 
KD, O'Connell NC, Shepherd RW, Ramm GA. Endogenous 
ursodeoxycholic acid and cholic acid in liver disease due to 
cystic fibrosis. Hepatology 2004; 39: 1673-1682

54	 Myant NB, Mitropoulos KA. Cholesterol 7 alpha-hydro
xylase. J Lipid Res 1977; 18: 135-153

55	 Goodwin B, Jones SA, Price RR, Watson MA, McKee DD, 
Moore LB, Galardi C, Wilson JG, Lewis MC, Roth ME, 
Maloney PR, Willson TM, Kliewer SA. A regulatory cascade 
of the nuclear receptors FXR, SHP-1, and LRH-1 represses 
bile acid biosynthesis. Mol Cell 2000; 6: 517-526

56	 Lu TT, Makishima M, Repa JJ, Schoonjans K, Kerr TA, 



81 June 15, 2010|Volume 1|Issue 2|WJGP|www.wjgnet.com

Pereira TN et al . Fibrogenesis in paediatric cholestatic liver disease

Auwerx J, Mangelsdorf DJ. Molecular basis for feedback 
regulation of bile acid synthesis by nuclear receptors. Mol 
Cell 2000; 6: 507-515

57	 Schaap FG, van der Gaag NA, Gouma DJ, Jansen PL. High 
expression of the bile salt-homeostatic hormone fibroblast 
growth factor 19 in the liver of patients with extrahepatic 
cholestasis. Hepatology 2009; 49: 1228-1235

58	 Song KH, Li T, Owsley E, Strom S, Chiang JY. Bile acids 
activate fibroblast growth factor 19 signaling in human 
hepatocytes to inhibit cholesterol 7alpha-hydroxylase gene 
expression. Hepatology 2009; 49: 297-305

59	 Nishimura T, Utsunomiya Y, Hoshikawa M, Ohuchi H, Itoh 
N. Structure and expression of a novel human FGF, FGF-19, 
expressed in the fetal brain. Biochim Biophys Acta 1999; 1444: 
148-151

60	 Pinzani M, Gesualdo L, Sabbah GM, Abboud HE. Effects 
of platelet-derived growth factor and other polypeptide 
mitogens on DNA synthesis and growth of cultured rat 
liver fat-storing cells. J Clin Invest 1989; 84: 1786-1793

61	 Higuchi H, Yoon JH, Grambihler A, Werneburg N, Bronk 
SF, Gores GJ. Bile acids stimulate cFLIP phosphorylation 
enhancing TRAIL-mediated apoptosis. J Biol Chem 2003; 278: 
454-461

62	 Faubion WA, Guicciardi ME, Miyoshi H, Bronk SF, Roberts 
PJ, Svingen PA, Kaufmann SH, Gores GJ. Toxic bile salts 
induce rodent hepatocyte apoptosis via direct activation of 
Fas. J Clin Invest 1999; 103: 137-145

63	 Ramm GA, Nair VG, Bridle KR, Shepherd RW, Crawford 
DH. Contribution of hepatic parenchymal and nonparen
chymal cells to hepatic fibrogenesis in biliary atresia. Am J 
Pathol 1998; 153: 527-535

64	 Canbay A , Feldstein AE, Higuchi H, Werneburg N, 
Grambihler A, Bronk SF, Gores GJ. Kupffer cell engulfment 
of apoptotic bodies stimulates death ligand and cytokine 
expression. Hepatology 2003; 38: 1188-1198

65	 De Minicis S, Brenner DA. NOX in liver fibrosis. Arch 
Biochem Biophys 2007; 462: 266-272

66	 Friedman SL. Hepatic stellate cells. Prog Liver Dis 1996; 14: 
101-130

67	 Jaeschke H, Lemasters JJ. Apoptosis versus oncotic necrosis 
in hepatic ischemia/reperfusion injury. Gastroenterology 
2003; 125: 1246-1257

68	 Border WA, Ruoslahti E. Transforming growth factor-beta 
in disease: the dark side of tissue repair. J Clin Invest 1992; 
90: 1-7

69	 Hellerbrand C, Stefanovic B, Giordano F, Burchardt ER, 
Brenner DA. The role of TGFbeta1 in initiating hepatic 
stellate cell activation in vivo. J Hepatol 1999; 30: 77-87

70	 Patsenker E, Popov Y, Stickel F, Jonczyk A, Goodman SL, 
Schuppan D. Inhibition of integrin alphavbeta6 on cholangi
ocytes blocks transforming growth factor-beta activation and 
retards biliary fibrosis progression. Gastroenterology 2008; 135: 
660-670

71	 Nakao A, Imamura T, Souchelnytskyi S, Kawabata M, 
Ishisaki A, Oeda E, Tamaki K, Hanai J, Heldin CH, Miyazono 
K, ten Dijke P. TGF-beta receptor-mediated signalling 
through Smad2, Smad3 and Smad4. EMBO J 1997; 16: 
5353-5362

72	 Dooley S, Hamzavi J, Ciuclan L, Godoy P, Ilkavets I, Ehnert 
S, Ueberham E, Gebhardt R, Kanzler S, Geier A, Breitkopf K, 
Weng H, Mertens PR. Hepatocyte-specific Smad7 expression 
attenuates TGF-beta-mediated fibrogenesis and protects 
against liver damage. Gastroenterology 2008; 135: 642-659

73	 Dooley S, Delvoux B, Lahme B, Mangasser-Stephan K, 
Gressner AM. Modulation of transforming growth factor 
beta response and signaling during transdifferentiation of 
rat hepatic stellate cells to myofibroblasts. Hepatology 2000; 
31: 1094-1106

74	 Zhang LP, Takahara T, Yata Y, Furui K, Jin B, Kawada N, 
Watanabe A. Increased expression of plasminogen activator 

and plasminogen activator inhibitor during liver fibrogenesis 
of rats: role of stellate cells. J Hepatol 1999; 31: 703-711

75	 Knittel T, Mehde M, Kobold D, Saile B, Dinter C, Ramadori 
G. Expression patterns of matrix metalloproteinases and their 
inhibitors in parenchymal and non-parenchymal cells of rat 
liver: regulation by TNF-alpha and TGF-beta1. J Hepatol 1999; 
30: 48-60

76	 Kinnman N, Goria O, Wendum D, Gendron MC, Rey C, 
Poupon R, Housset C. Hepatic stellate cell proliferation is an 
early platelet-derived growth factor-mediated cellular event 
in rat cholestatic liver injury. Lab Invest 2001; 81: 1709-1716

77	 Marra F, Choudhury GG, Pinzani M, Abboud HE. Regulation 
of platelet-derived growth factor secretion and gene ex
pression in human liver fat-storing cells. Gastroenterology 
1994; 107: 1110-1117

78	 Borkham-Kamphorst E, van Roeyen CR, Ostendorf T, Floege 
J, Gressner AM, Weiskirchen R. Pro-fibrogenic potential of 
PDGF-D in liver fibrosis. J Hepatol 2007; 46: 1064-1074

79	 Lechuga CG , Hernández-Nazara ZH, Hernández E, 
Bustamante M, Desierto G, Cotty A, Dharker N, Choe M, 
Rojkind M. PI3K is involved in PDGF-beta receptor upregu
lation post-PDGF-BB treatment in mouse HSC. Am J Physiol 
Gastrointest Liver Physiol 2006; 291: G1051-G1061

80	 Son G, Hines IN, Lindquist J, Schrum LW, Rippe RA. 
Inhibition of phosphatidylinositol 3-kinase signaling in 
hepatic stellate cells blocks the progression of hepatic fibrosis. 
Hepatology 2009; 50: 1512-1523

81	 Rovida E, Navari N, Caligiuri A, Dello Sbarba P, Marra F. 
ERK5 differentially regulates PDGF-induced proliferation 
and migration of hepatic stellate cells. J Hepatol 2008; 48: 
107-115

82	 Ruddell RG, Hoang-Le D, Barwood JM, Rutherford PS, 
Piva TJ, Watters DJ, Santambrogio P, Arosio P, Ramm GA. 
Ferritin functions as a proinflammatory cytokine via iron-
independent protein kinase C zeta/nuclear factor kappaB-
regulated signaling in rat hepatic stellate cells. Hepatology 
2009; 49: 887-900

83	 Yoshiji H, Kuriyama S, Yoshii J, Ikenaka Y, Noguchi R, 
Hicklin DJ, Wu Y, Yanase K, Namisaki T, Yamazaki M, 
Tsujinoue H, Imazu H, Masaki T, Fukui H. Vascular endothe
lial growth factor and receptor interaction is a prerequisite 
for murine hepatic fibrogenesis. Gut 2003; 52: 1347-1354

84	 Marra F, Grandaliano G, Valente AJ, Abboud HE. Thrombin 
stimulates proliferation of liver fat-storing cells and expre
ssion of monocyte chemotactic protein-1: potential role in 
liver injury. Hepatology 1995; 22: 780-787

85	 Svegliati-Baroni G, Ridolfi F, Hannivoort R, Saccomanno 
S, Homan M, De Minicis S, Jansen PL, Candelaresi C, 
Benedetti A, Moshage H. Bile acids induce hepatic stellate 
cell proliferation via activation of the epidermal growth 
factor receptor. Gastroenterology 2005; 128: 1042-1055

86	 Marra F, DeFranco R, Grappone C, Milani S, Pinzani M, 
Pellegrini G, Laffi G, Gentilini P. Expression of the thrombin 
receptor in human liver: up-regulation during acute and 
chronic injury. Hepatology 1998; 27: 462-471

87	 Rojkind M, Martinez-Palomo A. Increase in type I and type 
III collagens in human alcoholic liver cirrhosis. Proc Natl 
Acad Sci USA 1976; 73: 539-543

88	 Friedman SL, Roll FJ, Boyles J, Bissell DM. Hepatic lipo
cytes: the principal collagen-producing cells of normal rat 
liver. Proc Natl Acad Sci USA 1985; 82: 8681-8685

89	 Schuppan D. Structure of the extracellular matrix in normal 
and fibrotic liver: collagens and glycoproteins. Semin Liver 
Dis 1990; 10: 1-10

90	 Van Eyken P, Geerts A, De Bleser P, Lazou JM, Vrijsen 
R, Sciot R, Wisse E, Desmet VJ. Localization and cellular 
source of the extracellular matrix protein tenascin in normal 
and fibrotic rat liver. Hepatology 1992; 15: 909-916

91	 Gallai M, Kovalszky I, Knittel T, Neubauer K, Armbrust T, 
Ramadori G. Expression of extracellular matrix proteoglycans 



82 June 15, 2010|Volume 1|Issue 2|WJGP|www.wjgnet.com

Pereira TN et al . Fibrogenesis in paediatric cholestatic liver disease

perlecan and decorin in carbon-tetrachloride-injured rat liver 
and in isolated liver cells. Am J Pathol 1996; 148: 1463-1471

92	 Meyer DH, Krull N, Dreher KL, Gressner AM. Biglycan 
and decorin gene expression in normal and fibrotic rat liver: 
cellular localization and regulatory factors. Hepatology 1992; 
16: 204-216

93	 Jarnagin WR, Rockey DC, Koteliansky VE, Wang SS, Bissell 
DM. Expression of variant fibronectins in wound healing: 
cellular source and biological activity of the EIIIA segment 
in rat hepatic fibrogenesis. J Cell Biol 1994; 127: 2037-2048

94	 Rockey DC. Hepatic fibrosis, stellate cells, and portal hy
pertension. Clin Liver Dis 2006; 10: 459-479, vii-viii

95	 Ramm GA, Britton RS, O'Neill R, Blaner WS, Bacon BR. 
Vitamin A-poor lipocytes: a novel desmin-negative lipocyte 
subpopulation, which can be activated to myofibroblasts. 
Am J Physiol 1995; 269: G532-G541

96	 Kallis YN, Forbes SJ. The bone marrow and liver fibrosis: 
friend or foe? Gastroenterology 2009; 137: 1218-1221

97	 Arthur MJ, Stanley A, Iredale JP, Rafferty JA, Hembry RM, 
Friedman SL. Secretion of 72 kDa type IV collagenase/
gelatinase by cultured human lipocytes. Analysis of gene 
expression, protein synthesis and proteinase activity. Biochem 
J 1992; 287 ( Pt 3): 701-707

98	 Iredale JP, Murphy G, Hembry RM, Friedman SL, Arthur 
MJ. Human hepatic lipocytes synthesize tissue inhibitor of 
metalloproteinases-1. Implications for regulation of matrix 
degradation in liver. J Clin Invest 1992; 90: 282-287

99	 Kruithof EK. Plasminogen activator inhibitors--a review. 
Enzyme 1988; 40: 113-121

100	 Knittel T, Fellmer P, Ramadori G. Gene expression and 
regulation of plasminogen activator inhibitor type I in 
hepatic stellate cells of rat liver. Gastroenterology 1996; 111: 
745-754

101	 Fitch P, Bennett B, Booth NA, Croll A, Ewen SW. Distribution 
of plasminogen activator inhibitor in normal liver, cirrhotic 
liver, and liver with metastases. J Clin Pathol 1994; 47: 218-221

102	 Wang H, Vohra BP, Zhang Y, Heuckeroth RO. Transcrip
tional profiling after bile duct ligation identifies PAI-1 as a 
contributor to cholestatic injury in mice. Hepatology 2005; 42: 
1099-1108

103	 Bergheim I, Guo L, Davis MA, Duveau I, Arteel GE. Critical 
role of plasminogen activator inhibitor-1 in cholestatic liver 
injury and fibrosis. J Pharmacol Exp Ther 2006; 316: 592-600

104	 Nam TJ, Busby W Jr, Clemmons DR. Insulin-like growth 
factor binding protein-5 binds to plasminogen activator 
inhibitor-I. Endocrinology 1997; 138: 2972-2978

105	 Sorrell AM, Shand JH, Tonner E, Gamberoni M, Accorsi 
PA, Beattie J, Allan GJ, Flint DJ. Insulin-like growth factor-
binding protein-5 activates plasminogen by interaction with 
tissue plasminogen activator, independently of its ability to 
bind to plasminogen activator inhibitor-1, insulin-like growth 
factor-I, or heparin. J Biol Chem 2006; 281: 10883-10889

106	 Vollmer J. TLR9 in health and disease. Int Rev Immunol 
2006; 25: 155-181

107	 Huck S, Deveaud E, Namane A, Zouali M. Abnormal DNA 
methylation and deoxycytosine-deoxyguanine content in 
nucleosomes from lymphocytes undergoing apoptosis. 
FASEB J 1999; 13: 1415-1422

108	 Watanabe A, Hashmi A, Gomes DA, Town T, Badou A, 
Flavell RA, Mehal WZ. Apoptotic hepatocyte DNA inhibits 
hepatic stellate cell chemotaxis via toll-like receptor 9. 
Hepatology 2007; 46: 1509-1518

109	 Gäbele E, Mühlbauer M, Dorn C, Weiss TS, Froh M, Schnabl 
B, Wiest R, Schölmerich J, Obermeier F, Hellerbrand C. 
Role of TLR9 in hepatic stellate cells and experimental liver 
fibrosis. Biochem Biophys Res Commun 2008; 376: 271-276

110	 Huang H, Shiffman ML, Friedman S, Venkatesh R, Bzowej 
N, Abar OT, Rowland CM, Catanese JJ, Leong DU, Sninsky 
JJ, Layden TJ, Wright TL, White T, Cheung RC. A 7 gene 
signature identifies the risk of developing cirrhosis in patients 
with chronic hepatitis C. Hepatology 2007; 46: 297-306

111	 Guo J, Loke J, Zheng F, Hong F, Yea S, Fukata M, Taro
cchi M, Abar OT, Huang H, Sninsky JJ, Friedman SL. 
Functional linkage of cirrhosis-predictive single nucleotide 
polymorphisms of Toll-like receptor 4 to hepatic stellate cell 
responses. Hepatology 2009; 49: 960-968

112	 Suzuki K, Tanaka M, Watanabe N, Saito S, Nonaka H, 
Miyajima A. p75 Neurotrophin receptor is a marker for 
precursors of stellate cells and portal fibroblasts in mouse 
fetal liver. Gastroenterology 2008; 135: 270-281.e3

113	 Tiggelman AM, Boers W, Linthorst C, Brand HS, Sala M, 
Chamuleau RA. Interleukin-6 production by human liver 
(myo)fibroblasts in culture. Evidence for a regulatory role of 
LPS, IL-1 beta and TNF alpha. J Hepatol 1995; 23: 295-306

114	 Cassiman D, Libbrecht L, Desmet V, Denef C, Roskams 
T. Hepatic stellate cell/myofibroblast subpopulations in 
fibrotic human and rat livers. J Hepatol 2002; 36: 200-209

115	 Ramadori G, Saile B. Portal tract fibrogenesis in the liver. 
Lab Invest 2004; 84: 153-159

116	 Guyot C, Lepreux S, Combe C, Doudnikoff E, Bioulac-Sage 
P, Balabaud C, Desmoulière A. Hepatic fibrosis and cirrhosis: 
the (myo)fibroblastic cell subpopulations involved. Int J 
Biochem Cell Biol 2006; 38: 135-151

117	 Dezso K, Jelnes P, László V, Baghy K, Bödör C, Paku S, 
Tygstrup N, Bisgaard HC, Nagy P. Thy-1 is expressed 
in hepatic myofibroblasts and not oval cells in stem cell-
mediated liver regeneration. Am J Pathol 2007; 171: 1529-1537

118	 Ogawa T, Tateno C, Asahina K, Fujii H, Kawada N, Obara M, 
Yoshizato K. Identification of vitamin A-free cells in a stellate 
cell-enriched fraction of normal rat liver as myofibroblasts. 
Histochem Cell Biol 2007; 127: 161-174

119	 Beaussier M, Wendum D, Schiffer E, Dumont S, Rey 
C, Lienhart A, Housset C. Prominent contribution of 
portal mesenchymal cells to liver fibrosis in ischemic and 
obstructive cholestatic injuries. Lab Invest 2007; 87: 292-303

120	 Piscaglia F, Dudás J, Knittel T, Di Rocco P, Kobold D, Saile 
B, Zocco MA, Timpl R, Ramadori G. Expression of ECM 
proteins fibulin-1 and -2 in acute and chronic liver disease 
and in cultured rat liver cells. Cell Tissue Res 2009; 337: 
449-462

121	 Baba S, Fujii H, Hirose T, Yasuchika K, Azuma H, Hoppo T, 
Naito M, Machimoto T, Ikai I. Commitment of bone marrow 
cells to hepatic stellate cells in mouse. J Hepatol 2004; 40: 
255-260

122	 Russo FP, Alison MR, Bigger BW, Amofah E, Florou A, 
Amin F, Bou-Gharios G, Jeffery R, Iredale JP, Forbes SJ. 
The bone marrow functionally contributes to liver fibrosis. 
Gastroenterology 2006; 130: 1807-1821

123	 Forbes SJ, Russo FP, Rey V, Burra P, Rugge M, Wright NA, 
Alison MR. A significant proportion of myofibroblasts are of 
bone marrow origin in human liver fibrosis. Gastroenterology 
2004; 126: 955-963

124	 Kisseleva T, Uchinami H, Feirt N, Quintana-Bustamante O, 
Segovia JC, Schwabe RF, Brenner DA. Bone marrow-derived 
fibrocytes participate in pathogenesis of liver fibrosis. J 
Hepatol 2006; 45: 429-438

125	 Zeisberg M, Yang C, Martino M, Duncan MB, Rieder F, 
Tanjore H, Kalluri R. Fibroblasts derive from hepatocytes in 
liver fibrosis via epithelial to mesenchymal transition. J Biol 
Chem 2007; 282: 23337-23347

126	 Rygiel KA, Robertson H, Marshall HL, Pekalski M, Zhao L, 
Booth TA, Jones DE, Burt AD, Kirby JA. Epithelial-mesen
chymal transition contributes to portal tract fibrogenesis 
during human chronic liver disease. Lab Invest 2008; 88: 
112-123

127	 Bhunchet E, Wake K. Role of mesenchymal cell populations 
in porcine serum-induced rat liver fibrosis. Hepatology 1992; 
16: 1452-1473

128	 Nakano M, Lieber CS. Ultrastructure of initial stages of per
ivenular fibrosis in alcohol-fed baboons. Am J Pathol 1982; 
106: 145-155



83 June 15, 2010|Volume 1|Issue 2|WJGP|www.wjgnet.com

Pereira TN et al . Fibrogenesis in paediatric cholestatic liver disease

129	 Popper H, Kent G, Stein R. Ductular cell reaction in the liver 
in hepatic injury. J Mt Sinai Hosp NY 1957; 24: 551-556

130	 Fabris L, Cadamuro M, Guido M, Spirli C, Fiorotto R, 
Colledan M, Torre G, Alberti D, Sonzogni A, Okolicsanyi 
L, Strazzabosco M. Analysis of liver repair mechanisms 
in Alagille syndrome and biliary atresia reveals a role for 
notch signaling. Am J Pathol 2007; 171: 641-653

131	 Clouston AD, Powell EE, Walsh MJ, Richardson MM, 
Demetris AJ, Jonsson JR. Fibrosis correlates with a ductular 
reaction in hepatitis C: roles of impaired replication, 
progenitor cells and steatosis. Hepatology 2005; 41: 809-818

132	 Richardson MM, Jonsson JR, Powell EE, Brunt EM, Neus
chwander-Tetri BA, Bhathal PS, Dixon JB, Weltman MD, 
Tilg H, Moschen AR, Purdie DM, Demetris AJ, Clouston 
AD. Progressive fibrosis in nonalcoholic steatohepatitis: 
association with altered regeneration and a ductular reaction. 
Gastroenterology 2007; 133: 80-90

133	 Piccoli DA, Spinner NB. Alagille syndrome and the Jagged1 
gene. Semin Liver Dis 2001; 21: 525-534

134	 Emerick KM, Rand EB, Goldmuntz E, Krantz ID, Spinner 
NB, Piccoli DA. Features of Alagille syndrome in 92 patients: 
frequency and relation to prognosis. Hepatology 1999; 29: 
822-829

135	 Sicklick JK, Choi SS, Bustamante M, McCall SJ, Pérez 
EH, Huang J, Li YX, Rojkind M, Diehl AM. Evidence for 
epithelial-mesenchymal transitions in adult liver cells. Am J 
Physiol Gastrointest Liver Physiol 2006; 291: G575-G583

136	 Ramm GA. Chemokine (C-C motif) receptors in fibrogenesis 
and hepatic regeneration following acute and chronic liver 
disease. Hepatology 2009; 50: 1664-1668

137	 Clouston AD, Jonsson JR, Powell EE. Hepatic progenitor 
cell-mediated regeneration and fibrosis: chicken or egg? 
Hepatology 2009; 49: 1424-1426

138	 Van Hul NK, Abarca-Quinones J, Sempoux C, Horsmans Y, 
Leclercq IA. Relation between liver progenitor cell expansion 
and extracellular matrix deposition in a CDE-induced murine 
model of chronic liver injury. Hepatology 2009; 49: 1625-1635

139	 Ruddell RG, Knight B, Tirnitz-Parker JE, Akhurst B, 
Summerville L, Subramaniam VN, Olynyk JK, Ramm GA. 
Lymphotoxin-beta receptor signaling regulates hepatic 
stellate cell function and wound healing in a murine model of 
chronic liver injury. Hepatology 2009; 49: 227-239

140	 Ikeda K, Wakahara T, Wang YQ, Kadoya H, Kawada N, 
Kaneda K. In vitro migratory potential of rat quiescent 
hepatic stellate cells and its augmentation by cell activation. 
Hepatology 1999; 29: 1760-1767

141	 Kinnman N, Hultcrantz R, Barbu V, Rey C, Wendum D, 
Poupon R, Housset C. PDGF-mediated chemoattraction of 
hepatic stellate cells by bile duct segments in cholestatic 
liver injury. Lab Invest 2000; 80: 697-707

142	 Bonacchi A, Romagnani P, Romanelli RG, Efsen E, An
nunziato F, Lasagni L, Francalanci M, Serio M, Laffi G, 
Pinzani M, Gentilini P, Marra F. Signal transduction by the 
chemokine receptor CXCR3: activation of Ras/ERK, Src, and 
phosphatidylinositol 3-kinase/Akt controls cell migration 
and proliferation in human vascular pericytes. J Biol Chem 
2001; 276: 9945-9954

143	 Leifeld L, Dumoulin FL, Purr I, Janberg K, Trautwein C, 
Wolff M, Manns MP, Sauerbruch T, Spengler U. Early up-
regulation of chemokine expression in fulminant hepatic 
failure. J Pathol 2003; 199: 335-344

144	 Schwabe RF, Bataller R, Brenner DA. Human hepatic stellate 
cells express CCR5 and RANTES to induce proliferation and 
migration. Am J Physiol Gastrointest Liver Physiol 2003; 285: 
G949-G958

145	 Yamashiki M, Kosaka Y, Nishimura A, Watanabe S, Nomoto 
M, Ichida F. Analysis of serum cytokine levels in primary 
biliary cirrhosis patients and healthy adults. J Clin Lab Anal 
1998; 12: 77-82

146	 Marra F, Romanelli RG, Giannini C, Failli P, Pastacaldi S, 
Arrighi MC, Pinzani M, Laffi G, Montalto P, Gentilini P. 

Monocyte chemotactic protein-1 as a chemoattractant for 
human hepatic stellate cells. Hepatology 1999; 29: 140-148

147	 Pinzani M, Marra F. Cytokine receptors and signaling in 
hepatic stellate cells. Semin Liver Dis 2001; 21: 397-416

148	 Tsuneyama K, Harada K, Yasoshima M, Hiramatsu K, 
Mackay CR, Mackay IR, Gershwin ME, Nakanuma Y. 
Monocyte chemotactic protein-1, -2, and -3 are distinctively 
expressed in portal tracts and granulomata in primary biliary 
cirrhosis: implications for pathogenesis. J Pathol 2001; 193: 
102-109

149	 Kobayashi H, Tamatani T, Tamura T, Kusafuka J, Koga H, 
Yamataka A, Lane GJ, Miyahara K, Sueyoshi N, Miyano T. 
The role of monocyte chemoattractant protein-1 in biliary 
atresia. J Pediatr Surg 2006; 41: 1967-1972

150	 Bertolani C, Sancho-Bru P, Failli P, Bataller R, Aleffi S, 
DeFranco R, Mazzinghi B, Romagnani P, Milani S, Ginés 
P, Colmenero J, Parola M, Gelmini S, Tarquini R, Laffi G, 
Pinzani M, Marra F. Resistin as an intrahepatic cytokine: 
overexpression during chronic injury and induction of proin
flammatory actions in hepatic stellate cells. Am J Pathol 2006; 
169: 2042-2053

151	 Kruglov EA, Nathanson RA, Nguyen T, Dranoff JA. Secre
tion of MCP-1/CCL2 by bile duct epithelia induces myo
fibroblastic transdifferentiation of portal fibroblasts. Am J 
Physiol Gastrointest Liver Physiol 2006; 290: G765-G771

152	 Seki E, de Minicis S, Inokuchi S, Taura K, Miyai K, van 
Rooijen N, Schwabe RF, Brenner DA. CCR2 promotes hepatic 
fibrosis in mice. Hepatology 2009; 50: 185-197

153	 Chongsrisawat V, Chatchatee P, Samransamruajkit R, 
Vanapongtipagorn P, Chottivittayatarakorn P, Poovorawan 
Y. Plasma endothelin-1 levels in patients with biliary atresia: 
possible role in development of portal hypertension. Pediatr 
Surg Int 2003; 19: 478-481

154	 Rockey DC, Weisiger RA. Endothelin induced contractility 
of stellate cells from normal and cirrhotic rat liver: implica
tions for regulation of portal pressure and resistance. Hepato­
logy 1996; 24: 233-240

155	 Rockey DC, Chung JJ. Reduced nitric oxide production by 
endothelial cells in cirrhotic rat liver: endothelial dysfunction 
in portal hypertension. Gastroenterology 1998; 114: 344-351

156	 Rockey DC, Chung JJ. Inducible nitric oxide synthase in rat 
hepatic lipocytes and the effect of nitric oxide on lipocyte 
contractility. J Clin Invest 1995; 95: 1199-1206

157	 Hasegawa T, Kimura T, Sasaki T, Okada A. Plasma en
dothelin-1 level as a marker reflecting the severity of portal 
hypertension in biliary atresia. J Pediatr Surg 2001; 36: 
1609-1612

158	 Cahill PA , Redmond EM, Sitzmann JV. Endothelial 
dysfunction in cirrhosis and portal hypertension. Pharmacol 
Ther 2001; 89: 273-293

159	 Housset C, Rockey DC, Bissell DM. Endothelin receptors 
in rat liver: lipocytes as a contractile target for endothelin 1. 
Proc Natl Acad Sci USA 1993; 90: 9266-9270

160	 Langer DA, Das A, Semela D, Kang-Decker N, Hendrickson 
H, Bronk SF, Katusic ZS, Gores GJ, Shah VH. Nitric oxide 
promotes caspase-independent hepatic stellate cell apo
ptosis through the generation of reactive oxygen species. 
Hepatology 2008; 47: 1983-1993

161	 Davenport M, Gonde C, Redkar R, Koukoulis G, Tredger 
M, Mieli-Vergani G, Portmann B, Howard ER. Immuno
histochemistry of the liver and biliary tree in extrahepatic 
biliary atresia. J Pediatr Surg 2001; 36: 1017-1025

162	 Bezerra JA, Tiao G, Ryckman FC, Alonso M, Sabla GE, 
Shneider B, Sokol RJ, Aronow BJ. Genetic induction of 
proinflammatory immunity in children with biliary atresia. 
Lancet 2002; 360: 1653-1659

163	 Mack CL, Tucker RM, Sokol RJ, Karrer FM, Kotzin BL, 
Whitington PF, Miller SD. Biliary atresia is associated with 
CD4+ Th1 cell-mediated portal tract inflammation. Pediatr 
Res 2004; 56: 79-87

164	 Shinkai M, Shinkai T, Puri P, Stringer MD. Increased CXCR3 



84 June 15, 2010|Volume 1|Issue 2|WJGP|www.wjgnet.com

Pereira TN et al . Fibrogenesis in paediatric cholestatic liver disease

expression associated with CD3-positive lymphocytes in the 
liver and biliary remnant in biliary atresia. J Pediatr Surg 2006; 
41: 950-954

165	 Dahlan Y, Smith L, Simmonds D, Jewell LD, Wanless I, 
Heathcote EJ, Bain VG. Pediatric-onset primary biliary 
cirrhosis. Gastroenterology 2003; 125: 1476-1479

166	 Narayanaswamy B, Gonde C, Tredger JM, Hussain M, 
Vergani D, Davenport M. Serial circulating markers of 
inflammation in biliary atresia-evolution of the post-operative 
inflammatory process. Hepatology 2007; 46: 180-187

167	 Lan RY , Cheng C, Lian ZX, Tsuneyama K, Yang GX, 
Moritoki Y, Chuang YH, Nakamura T, Saito S, Shimoda 
S, Tanaka A, Bowlus CL, Takano Y, Ansari AA, Coppel 
RL, Gershwin ME. Liver-targeted and peripheral blood 
alterations of regulatory T cells in primary biliary cirrhosis. 
Hepatology 2006; 43: 729-737

168	 Aoki CA, Roifman CM, Lian ZX, Bowlus CL, Norman 
GL, Shoenfeld Y, Mackay IR, Gershwin ME. IL-2 receptor 
alpha deficiency and features of primary biliary cirrhosis. J 
Autoimmun 2006; 27: 50-53

169	 Wakabayashi K, Lian ZX, Moritoki Y, Lan RY, Tsuneyama 
K, Chuang YH, Yang GX, Ridgway W, Ueno Y, Ansari 
AA, Coppel RL, Mackay IR, Gershwin ME. IL-2 receptor 
alpha(-/-) mice and the development of primary biliary 
cirrhosis. Hepatology 2006; 44: 1240-1249

170	 Chen CH, Kuo LM, Chang Y, Wu W, Goldbach C, Ross 
MA, Stolz DB, Chen L, Fung JJ, Lu L, Qian S. In vivo 
immune modulatory activity of hepatic stellate cells in mice. 
Hepatology 2006; 44: 1171-1181

171	 Kaplan MM, DeLellis RA, Wolfe HJ. Sustained biochemical 
and histologic remission of primary biliary cirrhosis in 
response to medical treatment. Ann Intern Med 1997; 126: 
682-688

172	 Hammel P, Couvelard A, O'Toole D, Ratouis A, Sauvanet 
A, Fléjou JF, Degott C, Belghiti J, Bernades P, Valla D, 
Ruszniewski P, Lévy P. Regression of liver fibrosis after 
biliary drainage in patients with chronic pancreatitis and 
stenosis of the common bile duct. N Engl J Med 2001; 344: 
418-423

173	 Issa R, Williams E, Trim N, Kendall T, Arthur MJ, Reichen 
J, Benyon RC, Iredale JP. Apoptosis of hepatic stellate cells: 
involvement in resolution of biliary fibrosis and regulation 
by soluble growth factors. Gut 2001; 48: 548-557

174	 Hadziyannis SJ, Tassopoulos NC, Heathcote EJ, Chang 
TT, Kitis G, Rizzetto M, Marcellin P, Lim SG, Goodman 
Z, Wulfsohn MS, Xiong S, Fry J, Brosgart CL. Adefovir 
dipivoxil for the treatment of hepatitis B e antigen-negative 
chronic hepatitis B. N Engl J Med 2003; 348: 800-807

175	 Bruno S, Stroffolini T, Colombo M, Bollani S, Benvegnù 
L, Mazzella G, Ascione A, Santantonio T, Piccinino F, 
Andreone P, Mangia A, Gaeta GB, Persico M, Fagiuoli S, 
Almasio PL. Sustained virological response to interferon-
alpha is associated with improved outcome in HCV-related 
cirrhosis: a retrospective study. Hepatology 2007; 45: 579-587

176	 Tsukada S, Parsons CJ, Rippe RA. Mechanisms of liver 
fibrosis. Clin Chim Acta 2006; 364: 33-60

177	 Bridle KR, Popa C, Morgan ML, Sobbe AL, Clouston AD, 
Fletcher LM, Crawford DH. Rapamycin inhibits hepatic 
fibrosis in rats by attenuating multiple profibrogenic path
ways. Liver Transpl 2009; 15: 1315-1324

178	 Hennenberg M, Trebicka J, Stark C, Kohistani AZ, Heller 
J, Sauerbruch T. Sorafenib targets dysregulated Rho kinase 
expression and portal hypertension in rats with secondary 
biliary cirrhosis. Br J Pharmacol 2009; 157: 258-270

179	 Wright MC, Issa R, Smart DE, Trim N, Murray GI, Primrose 
JN, Arthur MJ, Iredale JP, Mann DA. Gliotoxin stimulates the 
apoptosis of human and rat hepatic stellate cells and enhances 
the resolution of liver fibrosis in rats. Gastroenterology 2001; 
121: 685-698

180	 Anan A, Baskin-Bey ES, Bronk SF, Werneburg NW, Shah 
VH, Gores GJ. Proteasome inhibition induces hepatic 
stellate cell apoptosis. Hepatology 2006; 43: 335-344

181	 Taimr P, Higuchi H, Kocova E, Rippe RA, Friedman S, Gores 
GJ. Activated stellate cells express the TRAIL receptor-2/
death receptor-5 and undergo TRAIL-mediated apoptosis. 
Hepatology 2003; 37: 87-95

182	 Pockros PJ, Schiff ER, Shiffman ML, McHutchison JG, Gish 
RG, Afdhal NH, Makhviladze M, Huyghe M, Hecht D, 
Oltersdorf T, Shapiro DA. Oral IDN-6556, an antiapoptotic 
caspase inhibitor, may lower aminotransferase activity in 
patients with chronic hepatitis C. Hepatology 2007; 46: 324-329

183	 Hofmann AF. Pharmacology of ursodeoxycholic acid, an 
enterohepatic drug. Scand J Gastroenterol Suppl 1994; 204: 
1-15

184	 Paumgartner G, Beuers U. Ursodeoxycholic acid in choles
tatic liver disease: mechanisms of action and therapeutic use 
revisited. Hepatology 2002; 36: 525-531

185	 Perez MJ, Briz O. Bile-acid-induced cell injury and protec
tion. World J Gastroenterol 2009; 15: 1677-1689

186	 Paumgartner G. Ursodeoxycholic acid for primary biliary 
cirrhosis: treat early to slow progression. J Hepatol 2003; 39: 
112-114

187	 Cheng K, Ashby D, Smyth R. Ursodeoxycholic acid for 
cystic fibrosis-related liver disease. Cochrane Database Syst 
Rev 2000; CD000222

S- Editor  Zhang HN    L- Editor  Hughes D    E- Editor  Liu N


